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CHAPTER I, INTRODUCTION

The scientific and technologi'c;al developments in all fields tend toward
equipment of ever-increasing complexity. This complexity brings with it the
inescapable concomitant - delicacy. In addition, the multinational posture of
many of the leading corporations demanci that this delicate equipment be
transported to virtually every corner of the globe. Consequently, extremely
sophisticated container systems are required to protect this delicate equip-
ment during its journey throughout the world,

Many items come adequately packaged by nature, Consider the grape~
fruit with its outside protective shield which protects it from damage on the
tree and in transit to the consumer's table, Unfortunately, many of man's
physical creations do not possess a protective shield, since to provide one
would be economically infeasible, If a protective shield capable of preventing

any damage to a missile system were incorporated into the basic structure of
the.missile, the missile would be incapable of flight due to the weight burden.
Consequently, missile systems are designed with only an in-flight protective
shield incorporated. The container designer is then assigned the task of
designing a protective shield, for the various segments of the missile system,
to be utilized for ground handling protection, The fundamental product of the

design effort is identified as a container system. The container system is the
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" dev : utilized to protect the item during transit to its destination point,
hopefuliy without damage and at a minimum cost.

In an attempt to satisfy the demand for unique container systems, the
container designer is confronted with a three faceted problem. He is expected
to protect items of greater and greater fragility against greater and greater
environmental shock hazards, at lower and lower values of weight, volume,
and cost, In response, the container degig‘ner has turned to a variety of bulk
cushioning materials, primarily because of the rapidly mounting costs for the
design of special shock~isolation systems. However, to provide protection
against the anticipated hazards encountered in transit, the container designer
requires information on the physical properties of cushioning materials, and
the methods of configurations available for the most economical use of the

cushioning materials,

The Container Cushioning Concept

.Cushioning systems are incorporated into container systems to protect
fragile items. The degree of fragility of the item determines the amount of
cushioning required to protect it from damage during handling and shipment.
Some items are inherently strong and rugged except for one or more exceed-
ingly fragile components. When the fragile components cannot be removed
for separate cushioning, the entire item must be treated as fragile, even
though the result may be an unavoidably large, cumbersome container,

A basic container cushioning problem is shown in Figure 1 wh ch

utilizes a foamed material as the cushioning system. The item which is to be
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Figure 1, Container cushioning system,

protected from damage is located in the center., A rigid, wooden outside

container encases the protected item and the foamed cushion, The thickness

g{

of the cushioning material is apparent, In this simplified sketch, when the
container is accidentally dropped, it falls freely until a rigid surface of some
type is encountered. Assuming a nonresilient rigid surface which the con~
tainer strikes in a flat fashion, it is noted that the container, being rigid,
impacts with considerable force. However, if the proper foamed cushion has
been provided, the item to be protected does not stop as quickly as the outside
container (from a timr point of view) since the protected item compresses
into the foamed cushioning material, If the cushion is thick enough and of

proper density for the ensuing impact, the protected item will not be damaged,
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The challenge then is to determine the proper size and density of a foamed
cushioning material to utilize as a shock mitigation system.

The container system includes the container and the cushioning system,
regardless of the cushioning material utilized, The cushioring system relates
to the cushioning material itself, together with the cushioning configuration
utilized. In Figure 1 the cushioning configuration shown utilizes side pads.
Since various outer containers can be devised to encase almost any size of

item, the crucial determination reduces to cushion thickness and cushion

configuration,

Research Objective
The objective of this research effort is to develop the methodology for

confined, temperature sensitive, cushioning system modeling., These models

should be capable of predicting the dynamic cushioning performance of the
Minicel cushioning material in the confined state. A secondary objective is to
assess the relationship between unconfined drop test results on the Minicel
material,

In response to this research objective, a systematic study of back-

ground material was conducted, The evolution of cushion design is discussed

.
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in Chapter Il. The experimental design necessary for drop test data acquici-
tion is given in Chapter IIIl. The parameters of the overall impact response

model are identified, together with the viscoelastic theory upon which the

model is predicated, in Chapter IV,
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The development of the interior box model, together with the total box

=3

model, is presented in Chapter V. This includes the individual dynamic
cushioning equations for the interior box, the general model for the interior
box, the individual total box equations, and the general model for the total

box. Chapter VI contains the results of the validation of the two general

models. Chapter VII combines the twe models for an analysis of the tempera-

ture effects upon the cushioning material. Chapter VIO contains the conclu~

y
e

T

sions and recommendations resulting from the research effort.

It is anticipated that the development of the overall container impact
response mathematical model will result in a more realistic predictor of
cushioning response within the container and, in turn, will prove to be more

cost effective to cushioning designers.,
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CHAPTER II. THE EVOLUTION OF CUSHION DESIGN

Prior to the 1940's, proper cushioning was determined via the "‘cut ard
try'" method, One used his judgment in selecting the optimum cushioning
material, the cushion configuration, and the material thickness, If it pro-
vided the required protection it was deemed adequate.

Early scientific investigation took the classic stress-strain approach,
By slowly applying a load to a specimen and measuring the resulting deflection,
data were collected for the plotting of strain curves for various cushioning
materials. These curves provided information pertaining to the amount of
energy stored by the specimen and the point at which resilient properties were
lost by the specimen,

Prompted by the increased sophistication of equipment and the advances
in cushi;ming material fabrication, serious scientific research into cushioning
design was begun. R. D, Mindlin of Columbia University is credited with
havi.ng made the first scientific effort in this field in 1945.

Mindlin [1] first derived equations of motion by treating the cushion as
a linear spring. Then, assuming a linear load-displacement, he used the
equations of motion to find the maximum displacement of the packaged item

within the container to insure the item does not attain a critical acceleration.
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Since in practice a container system rarely has linear spring characteristics,
Mindlin developed equations to describe the maximum displacement for non-
linear springs.

In determining the optimum cushion thickness, Mindlin used the maxi-
mum allowable acceleration, the predicted drop height, and the weight of the
item to find the necessary displacement of the cushion. The displacement
distance can be compared with the load-displacement data for the various
cushioning materials from which a selection can be made.

In this approach, load-displacement data were acquired by applying
successively increasing loads, with weights or in a load testing machine, and
measuring the corresponding displacements. This type of testing is cate-
gorized as static because of the low loading rate.

Mindlin's development of the mathematical equations describing the
maximum acceleration and displacement of the protected item is considered
classical and his approach to cushion design was not significantly changed for
over a‘decade.

Although information on the static properties of cushioning materials
is ilelpful, it does not permit the cushioning designer to predict the expected
limit of protection for an item under severe handling conditions., Protective
cushioning must be capable of responding to a sharp force of short duration if
adequate item protection is to be provided.

Figure 2, taken from Mindlin's paper, depicts an idealized mechanical

system representing an item during a drop test. The outer container is
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Figure 2, Idealized mechanical system representing item
during a drop test [1].

T

represented by m_, and m

1 9 is the protected item. The cushion between the

item and the outer container is represented by a spring, k1 .

In addition to Mindlin, extensive research effort was conducted by
K. Q. Kellicutt, R, E. Jones, and D, L. Hunzicker at the Forest Products
Laboratory of the U, Department of Agriculture, Another active researcher
was A, M. Underhill os the General Electric Company. Most of these efforts
were directed toward collection of load~displacement data on the various
materials available at that time for application to the cushion design methods

of Mindlin [1] and Masel [2],

Gretz [3] extended the force-displacement approach to derive an

ygj i “dwh

T

efficiency factor for the cushioning material, The efficiency factor was
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then used in the following equation to arrive at the necessary cushion thick-
ness:

{Drop Height) (Cushion Deflection) ( Efficiency)
(Maximum G's)

Cushion Thickness =

Janssen [4] utilized the applied load to the cushion and the energy
absorbing capacity of the cushion (defined as the area under the load-
displacement curve) to form a dimensionless ratio which he called the cushion
factor or "'J'" factor. The cushion factor was the ratio of optimum stress to
optimum strain and was used to calculate the cushion thickness.

These cushion design methods were adequate for most of the cushioning
materials available during the 1940's and early 1950's. However, with the
development and proliferation of a myriad of foam materials in the late 1950's,
it became apparent to cushion designers that the load-displacement curves
produced through static testing did not reflect the true nature of viscoelastic
materials.

Consequently, it was necessary to perform dynamic tests to investigate
foamed material performance. A dynamic test is performed by having a
plate, whose weight may be varied to achieve different static stresses, drop
onto the cushioning material. The plate is instrumented to sense the peak
acceleration it attains. Figure 3 shows the apparatus used in this type of test.
This type of testing is referred to as flat pad or unconfined dynamic testing.

Kerstner [5] pointed out the inconsistencies found in the dynamic test-

ing of only one thickness of cushion and then utilizing that data to predict the
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behavior of other thicknesses. Hce also stated that the cushion factors would
vary according to the area of the cushion specimen tested. He attributed this
to materials which had a relatively high pneumatic characteristic,

Stern [6] described the phenomenon of the drastic difference between
the response of some materials to dynamic loading and that of static loading.
He attributed this to the pneumatic effect of the partially entrapped air in the
material, The effect was found to be most pronounced in interconnected
cellular materials and varied with the dimensions of the material. In a static
test the air had sufficient time to escape without absorbing energy. In a dynamic
test the load approached that of a free falling object and the rate of loading
upon the cushion was much more rapid. As the cushion was compressed, the
entrapped air in the cellular material was not akle to escape as the cells
suddenly collapsed.

Figure 4 shows the difference in energy absorption ability during static

and impact loading. E, is the energy cissipated, Es is the energy stored in

d

the cushion, and e is the maximum strain the cushion encounters [7]. The

open circles represent static loading while the solid circles depict the ratio of

dissipated energy to stored energy of a cushion under impact loading conditions.
Kerstner's solution to the dilemma of static versus dynamic data was

to use peak acceleration versus static stress graphs. The peak accelerations

obtained during dynamic testing were plotted against the change in load or

static stress, This resulted in the graphs shown in Figure 5 [8]. Peak

acceleration-static stress graphs were developed for various cushioning

- lgEteesh — - T E——
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Figure 4. The ratio of dissipated energy to stored
energy during static and impact loading [7].

materia-ls at various drop heights. The fragility level of the item to be pro-
tected was determined by anticipating the maximum acceleration the item
could undergo without being damaged or destroyed. The graphs are read by
firding the fragility level on the vertical axis and drawing a horizontal line
from that point, intersecting the dynamic cushioning curves. The cushion
thickness associated with the first curve which falls below the line, within the
expected stress levels the item will encounter, is the proper cushion amount

to utilize,
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Although Kerstner indicated that his method could also be utilized to
produce the cushion efficiency factor, the dynamic cushioning curves gained
lone acceptance and are still utilized today.

Extensive research work has been underway over the past two decades
resulting in the development of dynamic cushioning curves for various cush-
ioning materials, However, many of these early curves were derived from
data collected at ambient temperature. )

McDaniel and Wyskida [9] were the first to conduct extensive research
on the effects of temperature upon cushioning materials. It was demonstrated
conclusively that the temperature effects were significant. In 1975, McDaniel
[10] derived the first general mathematical model to predict peak acceleration
for flat pad drops at different temperatures. He generated, via drop tests,
dynamic test data on Minicel, the commercial name for a closed cell, cross-
linked polyethylene foam material. Using a stepwise regression procedure
he was able to develop the general mathematical model from the experimental
data, ﬁcDaniel's general model has been used to develop specific mathe~
matical models for polyester and polyether types of polyurethane, and Dow
Eﬂlafoam polyethylene.

Figure 6 is a typical set of dvnamic cushioning curves used by modern
package designers. The three curves represent three different temperatures,
Points on the curves correspond to the peak acceleration {given in G's)
experienced by the cusnioned item at the corresponding static stresses. The

horizontal line depicts the fragility level to which the item under consideration
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300 MINICEL CUSHOP
H = 160.00 TOPT = 3.00 MINIMUM BEARING AREA = 80.00
A = 70.00 GLMAX = 40.00 MAXIMUM BEARING AREA ~ 142,86
250k C = 65.00 SSL=0.70 ITEMWEIGHT = 100.00
DH =30.00 SSU=1.26
200}
c
’ \
¢ 150
w
-
(L)
100+
A
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o ] L 1 1 1 1 1 ) I . |
0.1 0.2 04 060810 20 3.04.050

STATIC STRESS (psi)
Figure 6. Typical dynamic cushioning curves at selected
temperatures derived from unconfined test data.
must be protected. The package designer must choose a material with a
material thickness which possesses dynamic cushioning curves for the tem-
perature range for which he is designing and, furthermore, a portion of the
curves must be below the specified fragility level, A separate set of curves
is necessary for each unique set of parameters (i.e., drop height, cushion
thickness, and material),
Wyskida, Johannes, and Wilhelm [11] also devised a cushion optimiza-
tion program on the Hewlett-Packard (HP) 9815A with a plotting capability.
The modern design engineer has access to this program which includes five

cushioning materials,




s R = i
———— 2 TR S i =

16
As stated previously, the dynamic cushioning curves used by cushion
designers are derived from data obtained when drop tests are made on a flat
pad (unconfined testing). Even the impact response model developed by
McDaniel [10] was derived from flat pad drops. The cushion itself is not

enclosed in any way. In spite of this advancement of the state-of-the~art,

many items must be placed within a container for shipment purposes.
McDaniel did not consider the effects of a container in his model development. a
This lack of data on container effects and inability to predict them has been a
major concern to cushion designers.

Since the flat pad impact response has been modeled, it is now possible
to extend it to the response within a container. Although there have been very
few direct comparisons in this area, the assumption has been that the flat-pad
data result in conservative designs. Grabowski [12], using foamed poly- -
styrene and flat drops in a corrugated board container, wood crate, and steel
cylinder at 30-in, drop heights, found that the peak accelerations were lower
than tho.se for corresponding static stresses and thicknesses of the flat pad
test. If the impact response of the overall container system (i.e., the con-
tainer logether with the cushioning material as one unit) could be modeled, it
would undoubtedly result in substantial savings to the cushion design,

Prior to modeling the overall container system, it is necessary to
develop an experimental design which is capable of acquiring the experimental

data for modeling purposes. This is the topic of Chapter III,
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CHAPTER III. EXPERIMENTAL CONSIDERATIONS

Dynamic cushioning curves are derived from data obtained when drop
tests are conducted on a flat pad cushion. This method of obtaining impact
response was not designed to take into consideration the effects of an outside
container upon the impact response. Mz;zzei [13] found that there was a
definite difference in confined (outside container) and unconfined (no container)
test results., He attributed this difference to pneumatic effects within the
container. Since there are known to be container effects, the lack of data on
container effects and the inability to predict them has been a major concern to
cushion system designers. Consequently, the immediate objective is tc deter-
mine whether the methodology, developed by McDaniel in constructing a mathe-
matical model for impact response from unconfined data, could be extended to
the development of a general model for data collected from drop tests of an
overall container., Consequently, a drop test experiment was designed from
which data were available to apply these mathematical modeling techniques.

McDaniel [10] developed a specific model for the impact response of
the Hercules Minicel cushioning material based upon flat pad cushion data.
Minicel possesses the ability to withstand extreme temperatures, without a

degradation in cushioning ability. Consequently, a 2-in, thick Minicel
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cushion was selected as the bulk cushioning material for use in the cverall
container experimental model,

Physical Description
Twenty~five complete container systems were prepared for experi-
mental testing. A complete container system is shown in Figure 7. The two
major components are the outside container and the interior box. The interior
box is a 19-in. plywood cube protected by a 2-in. thickness of Minicel cushion-
ing material configured as corner void pads. This interior box was enclosed

in a military standard cleated plywood shipping container as shown in
Figure 7.

Figure 7,

Interior box and outside container.
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Six different static stress levels were obtained by varying the total
area of the cushioning material on the six faces of the interior box so that
each face of the box represents a different stress level, The relationship
betweer static stress o, weight W 3 and total cushion area A, was used to

determine the size of the corner pads in the following equation:

s ¥

=2 o

Using the average weight of the interiur boxes, 25.5 1b, and the following . H
cushion pad dimensions, the resulting static stress levels are: § zH
Cushion Pad Total Static Stress |

Side Area Levels

(in,) (in.?) (psi) i

8. 50 289, 00 0.088 :

5,00 100,00 0.255

3. 50 49,00 0. 520 :

3.00 36.00 0.708

2,75 30.25 0.843

2.25 20.25 1.255 :

It should be noted that the actual size of the corner void pads was
determined prior to calculating the static stress levels, due to the physical
dimension constraint on the surface of the interior box. Should lower stress
levels be desired, the dimensions of the infterior box must be increased ; ’

accordingly to accommodate the larger cushions which would be required,
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The six temperatures at which drops were considered desirable were
-65, -20, 20, 70, 110, and 160°F, These are the temperatures specified by
the U. S. Army Natick Laboratories for use in testing bulk cushioning
materials, The -20°F temperature is especially important since this is the
region where some bulk cushions crystallize. The four standard drop heights
utilized were 12, 18, 24, and 30 in, Three replicates were performed for
each set of experimental conditions with four containers for each replicate.

One set of 12 containers was utilized for temperatures -20, 70, and
160°F, and the other 12 confainers for 20, 110, and -65°F. This nrevents
any one container system from experiencing the entire temperature range of
225°F, which is unlikeiy to occur in an actual situation. The remaining co-n-
tainer system was utilized as the prototype in the development of the container

design,

Prior to conditioning, the container systems were instrume ted with

i 1."-?!‘\&!3""\"(.’"&{‘.‘l!ii.ﬁ’ﬁ;h"‘h L R EE T A e R T

R

three accelerometers in the interior box, and three in the outer container,

DI

The complete container systems were conditioned in environmental chambers
(F"igure 8) at the required temperature for 24 hours prior . testing.

All tests were conducted at the U, S. Army Missile Research and
Development Command's Dynamic Test Facility., Figure 9 shows the drop
tester and the container positioned ready to drop. Figure 10 shows the test .
apparatus after a drop. Note that the outer container is almost as wide as the

drop tester platform. Therefore, the choice of size for the outer container

T o (L S T e e
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Figure 8. Container systems in environmental chambers.

Figure 9. Drop tester and container system prior to drop.
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Figure 10, Test apparatus after drop.

was constrained. This, in turn, limited the choice of cushion thicknesses and

\

and the ability to test various thicknesses.

Experimental Design

The order of the drops was randomized as much as physically possible.
One constraint on randomization was the use of the environmental chambers for
temperature conditioning, Chamber space necessitated the drop test procedure
to consider all of one temperature simultaneously. That is, all three repli-
cates for one temperature were conditioned as a group. Since each box
required a cable to be attached, just prior to testing but after rems: sal from
the chamber, it was not feasible to randomize the boxes within the replicate.
However, the static stresses and drop heights were randomized within each

replicate, The randomized order of the drops was determined by the computer
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generated form shown in Figure 11. One page of this form gives the order of
drops for one replicate at a particular temperature on each of four boxes.

The order of drops for each box is given in the column under the box number,
The letter for each drop indicates the face (or stress level) on which the box
is being dropped, while the inches following the letter indicate the drop height.

The time required to perform the necessary drops on all six surfaces
of one box was less than 2 minutes. Since temperature is involved, experi-
mentation was performed to determine if a significant change in temperature
occurred prior to completion of the sequence of six drops on one container.
Fortunately, the change in temperature was not significant in the required
2-minute interval.

The peak accelerations encountered by the interior box and the total
box during the 432 drops were compiled. The peak accelerations (in G's) for
the interior box are given in Appendix A. Appendix B contains the peak
accelerations for the total box. It is these basic test data which will now be
utilized in the development of a mathematical model for the confined cushioning
material situation, However, prior to model development initiation, it is

. necessary to consider the theoretical aspects of the situation which is to be

modeled,
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Figure 11, Randomized drop test sequence,
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CHAPTER IV. THEORETICAL CONSIDERATIONS

A container system is composed of three elements; the exterior ship-
ping container, the cushioning material, and the protected item. Figure 12A
depicts the system with the three elements. By suvbstituting springs for the
cushioning material, the system may be represented s in Figure 12B. To
study the reaction in only one direction, all the springs may be represented as
one as in Figure 12C. When a container is dropped, it obeys the laws of
Galileo and Newton by uniformly increasing its speed of descent under the pull

of gravity until it strikes whatever floor or platform intervenes at a speed

CUSHIONING MATERIAL

{A) {PRODUCT]

-+— SHIPPING CONTAINER

(B)

c) PRODUCT

—

Figure 12. Schematics of standard container system [3].
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dependent upon the drop height (8.5 mph for a 30~-in, drop height). As shown

in Figure 13, the container stops but the protected item, also moving at

8.5 mph, pushes into the cushioning until the resistance of the compressed

cushioning is equal to the force of the moving item., The protected item,

slowed to a stop after expending its energy of motion (derived from the free

fall) in compressing the cushioning, is returned to its original position by the

energy stored in the compressed cushion,

|

=

30in. ] 1 'I " l|
% N & =Ml
.00 sec 395 sec 397 sec ~309 sec
START PACKAGE PRODUCT SPRING
OF HITS STOPS RETURNS
DROP FLOOR SPRING PRODUCT
COMPRESSED

Figure 13. Free fall of container system shown in various stages [3].

The cushion's function is to decelerate the protected item in a few

inches which is a fraction of the drop height originally available for the package

to accelerate to its impact velocity. Since the initial acceleration was due to

the force of gravity, the deceleration must be proportionately greater, since

the distance available is much less.
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The protected item, during its deceleration, experiences the same
pressure as the cushion which is resisting the downward pressure of the
descending protected item. This force starts at zero at the time contact and
initial compression are made and increases to a maximum when the protected

item is stopped and returns to zero as the compressed cushioning material

4
L

e by m:sm:mmqﬁxi»,:s,-:mﬁmmrmmm:ﬁﬁ«‘ni’@%smi‘%ﬁi@d@%ﬂimm'ﬁh‘m

returns the product to its original position.

In developing the impact response of the protected item several

parameters were considered. From previous research, the peak acceleration

R ey

is related to other parameters as

W R s

G = f(O's, T, 9, h)

b, m»ﬁkftmmm‘mmmmwmmm»

i
i

where

wmmﬂwmwm;mmwmmwmﬂ,’mmm

R AR R

G = acceleration (G's)
'os = static stress (psi)
T = thickness of cushion (in.)

cushion temperature (°F)

-
]

drop height (in.).

-
fl

The objective of the derivation which follows is to determine the rela-

*

tionship of the previously mentioned parameters in the impact response model

T A

",

Y oy

for the interior box, However, some basic concepts will be discussed first.

o
I

The theoretical model to predict impact response is developed from the

oy

constitutive relationships taken from viscoelastic theory. The approach is to

P B g, R ey
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consider the viscoelastic cushioning material as a standard linear solid,
defined as a material in which the stress-strain behavior can be represented
by linear relations involving not only stress and strain but also tkeir time
derivatives of all orders. An elastic material represents the special case of
a linear material in which the time derivatives can be neglected for the range
of frequencies involved, Materials which are time dependent in their response
are called viscoelastic.

In past studies when a falling body was dropped directly onto the
cushion placed on a rigid base, a Kelvin viscoelastic model was utilized to
depict this situation. The present research is more complicated in that the
falling body and the cushion are packed together in a wooden box which is
dropped onto the rigid base., The box provides shock absorbing or cushioning
capacity, as does the cushioning material. The mechanical model used to
describe this behavior is shown in Figure 14. The cushioning material is
represented by a Kelvin model. The wooden box is represented by a group of

springs in parallel in which the springs impact the rigid plane. The shock is

(P4 3

., 2338 % 3 VAV AN A aewed

Figure 14. Interior box cushioned under impact loads.
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transmitted through the springs representing the box into the Kelvin model
representing the foamed cushion material and finally into the protected item,

Consider a container system which is dropped a distance h. Inside
the container is another box with weight W and mass m. The interior box

is cushioned by the cushioning material which is in a tailored corner void

configuration of thickness T. The static stress between the cushicn, with
total area per side, A, and the interior box, is represented by e

The spring and dashpot configuration on the left in Figure 14 represents
a standard linear solid. The stiffness of the outer box is represented by
parallel springs whose sum is ke . The relaxation modulus according to

Flugge [14] for the standard linear solid may be expressed as

"k k k. -t(k +k.) /g
e 1 e e 1
Er(t) s (k s 1+~ e (Iv-1)
e 1 1

where t represents time and 5 represents the viscosity of the cushioning

material,

The equation ot motion of the interior box after contact with the cushion

may be expressed as
mX = W-0 A | (1v-2)

where x is the position of the interior box with respect to the top of the

cushioning material,
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If the model used is that of a linear viscoelastic solid, then

o= Er(t)e .

The strain ¢ is defined as the ratio of displacem~nt x to thickness T of the

cushioning material so that the static stress may be expressed as

o Er(t)x
s T

and the equation of motion becomes

AEr(t)x

mx = W -~ . (1v-3)

The correspondence principle described by Flugge [14] states that under
impact conditions, the modulus of elasticity (which is not time dependent) may

be substituted for the viscoelastic relaxation modulus in linear solids, giving

mx = w- 2B (1v-4)
T
where E is the elastic counterpart corresponding to Er(t) . )

The general solution of Equation (IV~4) may be expressed as

x(t) = %+Asinwt+B cos wt
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where w?= % is the square of the undamped natural frequency of the sys~
tem. Using the initial conditions x(0) = 0 and x(0) = N'2gh where g is the
gravitational constant, the constants A and B are evaluated and the solution
of x(t) is

WT 2TWh . wT
am — — — . -
x(t) = sinwt cos wt (Iv-5)

Using

W_T_)
- AE
¢ = tan™! ——~ ,

2TWh
AE

Equation (IV-5) becomes

WT OTWh (WT\
x(t) = AE +J AE +(AE sin (wt -¢) . (Iv-6)

According to Fowles [15], the amplitude of the oscillations or maximum value

wT J2Tm+ WT
AE AE AE

respect to time to obtain the acceleration yields

P
of x is ) . Differentiating Equation (IV-6) twice with

2AEh
WwT

X(t) = -g [1+ sin (w0t -¢) .

Jsing Schapery's approximation method for obtaining viscoelastic solu-
tions [16], the relaxation modulus may be substituted for the modulus of

elasticity so that

2
3]

3
3
i
g
b
e
3
%
2
Es)
E|
=
=
=
=

Bt o B A0 S0 WA A A g R s e g

it it} T e

e 4 A P AN ot 3 0

002 00 BN Ay P B b iy s IS




" -,u“.“-c“
’}‘.%I[}l"r‘, PR

AR B

e it
kit

/ 2AE (t)h

x(t) = -8, 1+——_\-)\T'.1-‘-— sin (wt - ¢)

Since only the peak accelerations are of interest in this research, the

oscillatory component may be ignored. Using the series approximation

1 15 l1 4
+ = 4 - - — — .o s
NI+x 1 2x 8x+16x+

the peak acceleration may be expressed as

hAE_(t hAE_(1\?
.}E(t) = -g 1+___L(_)_ - .l.(___ﬁ.(_)_) +.."

. 77
wWT 2 WT (1v-7)

Past research [10, 17] has shown that only the quadratic terms are signifi-
cant. The stiffness factor ke in the relaxation modulus Er(t) should be
many times greater than the stiffness factor kl . Then, for impact loads, the

magnitude of Er(t) may be approximated as

7

C
IE| » ke &l

where c is a constant, Equation (IV-7) may then be expressed as

nak e/7 hak /M)
X e 1 e
x(t) = ~g |1+ 5 ~ 3\ "wT +aee . (1V-8)

The quantity W/A is the static stress o . If the stiffness factor &_ is

assumed fo be approximately equal to the square of the intensity of the load
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X(t) = -g 1+——s————-% — ] +... . (1v-9)

For values of os less than approximately 1.5, a transformation function of
the form (1 - cos os) permits Equation (IV-9) to be expressed approximately

as

. c/n
x(t) = -g [1+heT (1-cos o)
hZ
-% P2 (1-coso )2 ezc/n+.._. . (Iv-10)
If a series approximation is used for ec/n in the form

X
e = 1+X+'§'+...

and the viscosity 7 is inversely proportional to the temperature ¢, then

N h(l—coscrs)
X(t) = g |1+ =7 (C,+C,0+Co’+...)

h? 2 2 2
- - + C o o0 o 00 O
= (1 - cos as) (c1 Cop0+ Ca6”+ )e+

2

If only arbitrary constants are used, selected terms from the following general

form may be used to approximate the peak acceleration:




n h 1 i n_’l‘ ]
G=C+ iz;l Ci(?) (1 - cos os) jZ’i Dijo . (Iv-11)

Previous studies [10, 17] on the impact response of unconfined cushioning 3

materials predicted an expression of the form
= ~-r____ v ) _
G=C+ 5 L ko . (1v-12)

Expressions of the form given in Equations (IV-11) and (IV-12) are
likely candidates for empirically curve-fitting cushioning system experimental
data. Chapter V will utilize the previous expressions as a framework from

which to develop a general model for the conditions under study.
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CHAPTER V. MODEL DEVELOPMENT

As stated previously in Chapter IV, the relationship of static stress to

weight of a cushioned item and total cushioned area is given by the equation

Although the 19-in, plywood cubes utilized as the dummy items within the
containers were constructed according to government specifications, their
individual weights varied enough to cause the static stresses to vary among the
24 samples, Table I lists the weights of the protected interior box, the
exterior box, and the total box. The resulting variation in the respective
static stresses for each of the six surfaces of each cube are given in Table II.
The data analysis procedure was determined prior to the experimenta-
tion. 'i‘his procedure requires the experimental data to be in replicates of
three for each surface of the experimental boxes, as outlined in the experi-
mental considerations chapter, Consequently, it was necessary to devise a
method to transform the experimental data for the interior box to reflect a

common static stress level for each respective side. This was accomplished

through the use of the following linear transformation, If the adjusted acceler-

ation is denoted by G, the uniform static stress by Tgs the measured peak
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Table I. Weights of Test Specimens

Interior Box Exterior Box Total Box

Weight Weight Weight

Box No. (1b) (1b) (1b)
1 24.50 32.25 56.75
2 26.31 34.56 60.88
3 26.06 34.2, 60.31
4 25.00 32.88 57.88
5 26.50 34.81 61.31
6 25.81 33.94 59.75
7 25.19 33.13 58.32
8 26.19 34.44 60.63
9 24.75 32.56 57.31
10 25.44 33.44 58.88
11 25.69 33.75 59.44
12 26.13 34.38 60.50
13 24.56 32.31 56.88
14 24.75 34.50 59.25
15 26.25 34.50 £0.75
16 23.81 31.31 55.13
17 25.44 33.44 58.88
18 26.38 33.81 60.19
19 25.38 33.38 58.75
20 24.88 31.88 56.75
21 25,50 33.25 58.75
22 26.50 34.81 61.31
23 24.63 32.38 57.00
24 25.13 33.00 58.13
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Table II. Si:-> Stresses for Each Surface of Each Interior Box
Surface _

Box No. A B C D 1 E F
1 0.082 | 0.245 | 0.500 { 0.681 f 0.810 | 1.210
2 0.088 | 0.263 | 0.537 § 0.731 ] 0.870 { 1.299
3 0.088 | 0.261 } 0.532 ] 0.724 | 0.862 } 1.287
4 0.084 | 0.250 | 0.510 | 0.694 | 0.826 | 1.235
5 0.089 | 0.265 | 0.541 | 0.736 | 0.876 | 1.309
6 0.087 f0.258 | 0.527 | 0.717 { 0.853 | 1.275
7 0.085 | 0.252 | 0.514 | 0.700 } 0.833 | 1.244
8 0.088 | 0.262 | 0.534 } 0.727 | 0.866 } 1.293
9 0.083 | 0.248 | 0.505 | 0.688 { 0.818 | 1.222
10 0.085 § 0.254 | 0.519 | 0.707 } 0.841 } 1.256
11 0.086 | 0.257 } 0.524 | 0.714 | 0.849 | 1.269
12 0.088 | 0.261 | ©.533 | 0.726 | 0.864 | 1.290
13 0.023 ] 0.246 | 0.501 | 0.682 § 0.812 | 1.213
14 0.033 | 0.248 | 0.505 | 0.683 { 0.818 | 1.222
15 0.088 | 0.263 | 0.536 | 0.729 § 0.868 | 1.296
16 0.080 ] 0.238 | 0.486 | 0.661 | 0.787 } 1.176
17 ;).085 1 0.254 §0.519 | ¢.707 | 0.841 | 1.256
18 0.088 | 0.264 } 0.538 | 0.733 § 0.872 | 1.302
19 0.085 | 0.254 } 0.518 § 0.705 § 0.839 | 1.253
20 0.084 1 0.249 | 0.508 | 0.691 | 0.822 | 1.228
21 0.086 | 0.255 § 0.520 | 0.708 | 0.843 } 1.259
22 0.089 | 0.265 | 0.541 | 0.736 | 0.876 | 1.309
23 0.083 ] 0.246 | 0.503 | 0.684 | 0.814 | 1.216
24 0.084 | 0.251 { 0.513 { 0.198 | 0.831 | 1.241
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acceleration by A, and the actual static stress by S, then the following

relationship may be used to obtain the adjusted peak acceleration:

6oy (2) .

The original data with the associated static stresses are given in Appendix A.

The adjusted accelerations are given in Appendix C.

Preliminary Data Analysis

With any experimental effort, a set of observations, assumed to be
taken under the same conditions, may vary widely from other observations or
be what is known as an outlier, The experimenter must decide whether to
retain the outlier observation in his computations or to discard it as a faulty
measurement, Even though the data point is discarded from computation, it
is still recorded.

The argument for exclusion of outlying data is that if the data are good
one SiI!-lply loses some of the relevant information; in this research effort, it
means discarding one of the three replicated observations, If the discarded
observation is truly inaccurate; then its inclusion would bias the results and
the estimate of precision by an unknown, and generally unknowable, amount.

Consequently, it was determined that a test for outliers would be per-
formed. The first step in the outlier test is to compute the sample variance,
while holding static stress ccastant, for each set of three replications of peak

acceleraticns to find which set has the maximum sample variance. For the
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set of observations having the largest variance, each observation of the set is

then tested individually as a candidate for rejection as an outlier by using the

statistic

e

where
X, = an individual observation in a set of three replications
X = the sample mean of the three observations

s, = an independent external estimate of the standard deviation from
concurrent data,

This statistic is based upon an extension of the extreme studentized deviate
from the sample mean (Nair Criterion).

The set of replications of G's having the maximum sample variance
corresponding to a particular stress level is eliminated from the calculation

of sv.. From the remaining sets of replications of G's, s, is calculated with

the expression

where s :

th
i is the sample variance of the i set of replications of G's and n is

the number of stress levels.
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The values of the statistic for each observation in the set of replicates
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being tested are compared with the appropriate value from a table of per-

i

A

centage points of the extreme studentized deviate from the sample mean, and
a point is rejected as an outlier if t(calculated) > t(ta,ble) .

If an observation is rejected in the first iteration of the outlier test,
the set of replicates to which it belonged is no longer considered in further
calculations, but the procedure then moves to the set of replicates with the
next highest sample variance to check for outliers. Iteration is continued
until a set of replications is checked and no points are rejected. Those data
points determined to be outliers are marked with an asterisk in Appendix B.

Also, a computer code for determining outliers as described is contained in

Appendix D.

Interior Box Model Development
With the outlying data points determined and isolated from the compu-
tations, development was initiated on the polynomial regression model which
would predict the maximum acceleration the interior box undergoes upon
impact (inside a container) for a given temperature and drop height. Initial
attempts to acquire a meaningful model with the experimental data in its

original form proved fruitless, Consequently, a search was initiated for a

data transformation for the static stress variable, If y; is the predicted
acceleration and X, represents the static stress, the general form of the

p-order polynomial regression equation is:
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Many relationships of peak acceleration versus static stress were
investigated, It was found that the best agreement was obtained when the
transformation was (1-cosx). As a statistical test of this agreement, first,
second, third, and fourth order regression equations were developed for each

temperature and drop height combination. An ANOVA was compiled for each

order, with a comparison of

MShuE TO

F =
MSABOUT

with F table — 3.0 and o« = 0.10 for each order indicating that the second
order regression was the only order not rejected. The correlation coefficients
for the individual dynamic cushioning curves (IDCC) were in the 0.70 to 0.96
range.
éonsequently, the IDCCs took the general form:
2
y; = b0+ b1 (1 ~ CoS os.)+b2 (1 - cos os.) .
i \ i
The resulting IDCC equations for predicting the maximum acceleration as seen
by the interior box are given in Table IIf. These equations may be utilized

over the specific data range which was identified by the experimental data,

They represent the specific mathematical model given for each temperature,
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=
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Table III. Interior Box IDCC Equations

Drop
Temperature Height

(°F) (in.) Box Equation
-65 12 y = 34.56 - 40.75(1 - cos x) + 24.83(1 - cos x)° -
18 y = 43.13 - 45.38(1 - cos x) + 29.40(1 - cos x)° E
24 y = 32.15  2.97(1 - cos x) + 9.08(1 - cos x)> ]
30 y = 46.9C - 58.71() - cos x) + 60.42(1 - cos x)2 %
-20 12 y = 42.26 - 110.62(1 - cos x) + 118.69(1 - cos x)° E
18 | y = 43.43 - 74.75(1 - cos x) + 68.70(1 - cos x)° E
24 Yy = 64.63 - 170.13{1 - cos x) + 164.84(1 - cos x)° .3
30 y = 62.51 - 123.09(1 - cos x) + 120.88(i - cos x)° E
20 12 y = 42.18 - 109.62(1 - cos x) + 108.26(1 - cos x)> 3
18 y = 41.70 - 55.87(1 - cos x} + 48.88(1 ~ cos x)° ;
24 y = 43.74 -~ 49.24(1 - cos x) + 36.23(1 - cos x)z ;
30 y = 57.55 - 130.25(1 - cos x) + 151.13(1 ~ cos x)> :
70 12 y = 32.07 - 58.67(1 - cos x) + 61.64(1 ~ cos x)> E
18 y = 38.33 - 43.61(1 - cos x) + 30.48(1 ~ cos x)° E
24 y = 36.04 -~ 9.38(1 - cos x) + 0.09(L - cos x)° {
30 y = 60.49 - 145.11(1 -~ cos x) + 160.52(1 - cos x)z §
110 12 y = 27.03 - 49.05(1 - cos x) + 47.24(1 - cos x)° p
18 y = 28.47 - 13.52(1 - cos x) + 7.67{1 - cos x)° g
24 y = 46.28 - 73.39(1 - cos x) + 65.84(1 - cos x)° i
30 7 = 36.47 - 45.93{i - cos x) + 64.80(1 - cos x)° :
100 12 | y = 31.97 - 86.81(1 - cos x) + 96.25(1 - cos x)° :
18 y = 32.30 - 50.53{1 - cos x) + 53.23(1 - cos x)° :
24 y = 31.17 - 46.76(1 - cos x) + 63.77(1 - cos x)° :
30 y = 45.80 - 54.76(1 - cos x) + 51.37(1 - cos x)° :
TFigure 15 provides a representative sample of an IDCC plotted from an egua- “-
tion from Table III.
The IDCC's developed are applicable only to a specific tempe.cature i
and drop height with 2-in, Minicel bulk cushioning. The next step is the :
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Figure 15. Interior box IDCC prediction at -65°F and
a 30-in, drop height.
development of the general model for 2-in, Minicel which has as independent
variables, drop height h, static stress O thickness of cushion T, and

temperature 4, and as a dependent variable, G, the peak acceleration.
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The initial model, Equation (IV-11), proved deficient in representing

the nonlinear characteristics of cushion response for the interior box., Con-

sequently, a modular modeling technique was utilized in which each independ-
ent v.riable was studied with its effzct upon the dependent variable, Previous

research efforts [10] have shown that the peak acceleration is related to an

exponential form of temperature ¢. Similarly, the drop height h has been
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found to enter the mathematical model 9s the square root of that value, while
thickness T is a negative exponential. Note that the data transformation
(1-cos os) used for static stress in the IDCC equations, is also utilized

here for static stress.

A stepwise regression procedure was utilized in acquiring the general

o

model expression. Draper and Smith [18] offer this procedure as an improved

il R
»
R T L TR YA
ISR < L weiE

version of the forward seiection process for variable selection. In the step-

wise regression procedure, the variables already in the equation are reeval-

uated at each stage. A total of 45 terms were examined in the stepwise

regressior. procedure. These terms were various combinations of variables

I [ -
@ia'mm‘“““r W‘T\ﬁx 'M?’.{'lﬁy ) -\%ﬁ.’},x,

found by previous research [9, 10, 11] to describe the behavior of bulk

cushioning, Table IV lists the 45 terms., The variable combinations are
identified by an x in the appropriate column., A zero value in the coefficient
column indicates a variable combination which is not in the developed model.

The interior box general model may be stated as:

Ry

i 1/2 i 1 % j % i
G=C,+ ) h ———— Y ¢ Y c. ,(1-cosqc)
é L k=0 T(l/ 2+k) j=1  i=0 ijk4 s
- 3 n 2 m
+ Z 0 Z ¢ (1-cos os) .
n=1 m=0

From this general model it is necessary to select the combinslion of

terms which best describes the situation o be modeled, Each time a variable

is added to the interior box general model, it is necessary to evaluate the

R
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Table IV, General Model for Interior Box

Variables
Terms Coefficient v 1a 03 hl“ T-”z T-JF { - cos os) (1 ~ cos 05)2
4] -14.475703
1 0.0 x x
F4 0.0 x X x
3 0.0 X x x
4 7.1865625 x x x
5 0.0 x x x x
6 0.0 x x x X
7 0.0 X x x
8 0.0 x x x x
9 0.0 x x x x
10 0.0 X X
11 0.0 x S x
12 0.0 x L x
13 =0.57911897 x x x
14 0.0 x b3 x x
15 0.0 x x x
16 0.0 x % x
17 0.0 x X X x
18 0.0 x x x x
19 0.0 x x
20 0.0 x X x
21 =0.53894447 x x x
22 0.0 x x x
23 0.0 x x x x
24 0.0 x x x S
25 0.0 x x x
26 0.0 x x X x
27 0.0 x x x x
28 30.088255 x x
29 0.0 x x x
30 66.557902 X x x
31 0.0 x x
32 0.0 x x x
33 0.0 x x x
34 0.0 x x
35 4.1031526 x x x
36 0.0 x x x
37 0.0 x
38 0.0 x
39 0.0 x x
40 0.0
41 ~10.219992 %
42 0.0 *
43 ~0 22965288 x
44 0.0 x
45 0.0 x
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resultant dynamic cushioning curves to assure the proposed model is provid-
ing the hypothesized U-shaped curves of unconfined testing which do not

possess negative peak accelerations and the curves are distinct. Obviously,

many of the proposed models are similar in their predictive ability, However,
based upon first~hand observations during the experimental phase, and
supported by statistical evaluations at each step of the model development
effort, it was determined that the best interior box general model to describe
the confined situation for the cushioning material under consideration was a

constant and eight independent variables, The resulting nine term interior

box general model is:

3 2
6h1/2 92h1/2 6 (1--cos os)
G = ~14.88+ 7,19 ~—— —

- 0.58 - 0,54
T3/2 T3/2 T1/2

6(1 - cos os)2
372 + 4,10

+ 30,99

6> (1-cos o)
3/2

0
+ 66,56
T3/2

T T

- 10,22 02 (1 - cos os) - 0.23 03

where
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The confined general model has a 0,806 correlation coefficient. All
statistical tests have been performed at an alpha level of 0. 10, The model

should be used only within the ranges of the following independent vcriables:




h = drop height from 12 to 30 in.
o, = static stress range from 0,088 to 1,255 psi

# = temperature from -65 to 160°F.,

The model will predict accurately within the ranges given for the
previously mentioned variables. Since data were not available outside the
ranges of the independent variables, ‘the accuracy of the model to predict in
those ranges is unknown.,

Figure 16 is a typical example of the predictive ability of the interior
box general model. It is noted that the curve is U-shaped and possesses
characteristics similar to the unconfined situation, Further comparisons

between the confined and unconfined models will be presented in Chapter VII,
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Figure 16. Interior box general model prediction at -65°F and
a 30-in, drop height.
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Total Box Model Development

The manner in which the experimental design acquired experimental
data permitted the acquisition of total box peak acceleration observations at
no additional testing cost. Consequently, three accelerometers were attached
on an internal surface of the exterior box to acquire these peak accelerations,

Since the interior box varied in weight, the total weight of the interior
and exterior box combined also varied. This total weight variation was also
affected by the moderately varying weight between each of the individual
outside boxes. A summary of the individual box weights, both interior and
exterior, is given in Table I,

Since the total box weights did vary, it was hypothesized that a total
box model could be developed that could predict the peak accelerations which
the exterior box encounters as a function of total box weight. Furthermcore,
it is intuitive that as box weight increases, the G-level will alsc increase.
What is not known is the effect of temperature upon the exterior box and the
increased total box weight. It is anticipated, however, that the total box
model will be linear in nature,

The total box experimental data are given in Appendix B, with truly
anomalous readings identified with an asterisk, based upon an outlier pro-
cedure. The best fitting equation for a particular drop height and temperature
situation was determined in the same manner as that utilized for the interior
box, The correlation coefficients for the individual box equations were in the

0.65 to 0. 80 range. A complete set of individual total box equations is given
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in Table V. The computer program used to obtain the individual total box
equations is given in Appendix E. It is significant to note that 22 of the 24
developed individual total box equations possess a positive slope, verifying

the earlier conjecture of increasing peak acceleration as a function of increas-
ing weight.

These equations will predict total box peak accelerations for a par-
ticular drop height, temperature, and total box weight. However, the pre-
dictive range is limited to the values of the basic experimental data, Figure
17 is a typical plot of a total box individual equation.

To provide further compatibility between the interior and exterior
boxes, a general model is desirable which depicts the peak acceleration
anticipated by the total box, Consequently, the data utilized to develop the
individual total box equations is combined to provide an experimental basis
for a general total box model. The total box model development modifies the
procedure utilized in the development of the interior box general model. In
particuiar, weight (W) is substituted for the term (1 - cos x).

The total box model may be stated as:
1 3 1
_ 1/2 j i
G =Cy+ _Z%)h 219 2 Cipy™’® .

From this general model it is possible to identify the combinatiun of
terms which best describes the situation to be modeled. Each time a variable

is added to the total box general modecl, it is necessary to evaluate the
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Table V.

Individual Total Box Equations

g . e ot i

Temperature Drop Height
(°F) (in.) Box Equation
-65 12 y = =-239.44 + 5.78 W
18 y = =281.00 +7.29 W
24 y = 103.33 + 1.24 W
30 y = =122.48 + 4.58 W
-20 12 y = -=551.45 +11.04 W
18 -y = 92.67 + 1.06 W
24 y = =409.48 + 9.23 W
30 y = =36.99 4+ 3.52 W
20 12 y = 30.66 + 2.21 W
18 y = =145.90 + 4.98 W
24 y = 94.72 + 1.06 W
30 y = -266.22 +7.76 W
70 12 y = -208.96 + 6.67 W
18 y = -440.38 +11.38 W
24 y = =272.13 + 9.19 W
30 y = 102.01 + 2.39 W
110 12 y = ~415.67 + 9.08 W
18 y = 26.12 + 2.05 W
24 y = 749.16 - 9.66 W
30 y = 97.08 + 9.92 W
160 12 y = 300.21 - 3,30 W
18 y = 123.22 + 0.51 W
24 y = =237.87 + 6.27 W
30 y = 113.78 + 1.31 W
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Figure 17, Individual total box prediction at -65°F and
a 30-in, drop height,
resultant total box line to assure the proposed model is providing the hypothe-
sized positive sloped line, The positive sloped line is based upon the concept
that force ie in direct proportion to weight. This leads to the selection of the

following total box model:

G = -6.3548 + 0,0723 02" 2W - 0.0092 ¢°h 2w .

The confined total box model has a 0,772 correlation coefficient.

As can be seen, the previously mentioned model contains temperature
6, drop height h, and total box weight W as the parameters which vary.
Consequently, it is possible to select a particular temperature, drop height,

and total box weight, and predict the peak acceleration for those conditions.

LSl A L v e s s 1 st et s s

¢
i

i
!

, 31.,...-..,.
il
g %mr




WMM e

1 A Sy #1 ‘r".,‘.ﬂli‘i AT

AT AR = " = — .
~ - t e =
. 1

52
Figure 18 is an example of the predictive ability of the total box general
model.,
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Figure 18. Total box general model prediction at -65¢F and
a 30-in. drop height.

The immediate task then is to validate the general models which have

been developed in this chapter, This will be accomplished in Chapter VI.
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CHAPTER VI. MODEL VALIDATION

In the previous chapter a basis for a general model was presented

which approximates the peak acceleration upon an item within a cleated ply-

wood container cushioned with corner void pads of 2-in. Minicel. This model

had the general form:
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Out of the 45 terms generated by .e previous equation, eight terins were
retained using a stepwise resression proccure. Before the general model can
be accepted as adequately predicting immnact response, it must be validated.

To provide data for validation of the general model, additional drop
tests were conducted in the same manner as the original drop tests, These
tests were made at the same ‘emperatures and static stress levels as pre~-
viously, but at only one drop heighi, 21-in. Twenty-one inches was not one of
the original drop heights. The 21~in. data were not utilized in the general

model development but are unigue data dropped at an intermediate drop height.

These data are given in Appendix F.




Identification of Validation Approach

The ultimate test of validity for any model is to assess the ability of

the model to predict some parameter, in this case, impact response.

AL

Natrella [19] states that ""many statisticians, when analyzing an experiment

for the purpose of testing a statistical hypothesis, find that they prefer to

AL R,

present results in terms of the appropriate prediction limit.'" The problem,

TR

of course, is that every statistical test cannot be put in the form of a predic-
tion limit. In general, tests that are direct tests of the value of a parameter
of the parent population can be expressed in terms of prediction limits.

The choice then is between a significance test which provides a go/no-
go decision, or a prediction limit approach which provides much more informa-
tion, The prediction limit procedure contains information similar to an OC
curve, and is intuitively mor~ appealing than a test of significance, If the

model value is contained within the prediction limits, it is possible to state

that the model has been validated. The width of the prediction interval is a

it 0 sk 0 h b

good indication of the firmness of the yes/no conclusion. A great advantage

& Uk

of the prediction limit approach is that the width of the limit is in the same
units as the parameter. Consequently, the information is easy to compare
with other information already obtained., Thus, the prediction limit approach
will be utilized in an attempt to validate both the interior box model and the

total box model.

.
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Interior Box Model Validation
The prediction limit method is based upon the premise that the general
model is valid if, for selected values of static stress, the general model
predicts values within the prediction !imits. This method generates predicted

peak accelerations for both the individual dynamic cushioning curve (IDCC)

and the general model, using the IDCC to establish prediction limits.

Mendenhall and Scheaffer [20] outline an appropriate equation for the

development of prediction limits for a second-order equation which can be

modified for wme interior box situation as follows:

PLIB

T+ tm/2 s Jl + [§]T (xTx) -1 (a]

P
where LIB

interior box prediction limit

2
b0+b1 (1 -cos as) +b2 (1 =cos os)

<
]

1

a= (1-cosas)
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Any alpha level can be utilized in the equation for the development of
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prediction limits. However, to be consistent with previous statistical tests,

by

alpha is set at 0.10 for all prediction limit calculations in this work. Pre-

i

diction limits are calculated at selected static stress levels for the usual
combinations of temperature and a drop height o 21-in. The computer pro-
gram for the interior box validation is given in Appendix G.

Table VI provides a typical example of the computer validation method

G e e S e

for a temperature of 20°F. It should be noted that the static stress values are

i

permitted to continue to 1. 538 psi to indicate the general form of the curve

o

beyond the upper data limit of 1.255. The column entitied IDCC represents

the predicted peak acceleration based upon the experimental data for a par-

ticular temperature and a particular drop height. The upper and lower pre-
diction limits are developed around the IDCC function and are shown in Columns
Three and Five. The general model is then given the specific temperature and

d-op height under consideration, with the general model output given in Column

A

Four. When the general model output is contained within the prediction limits,

the general model is capable of predicting peak acceleration response with

sufficient accuracy to be utilized in actual practice.

As can be seen from Table VI, the values calculated by the general

model fall within the developed prediction limits. In fact, at the point of
maximum cushioning (approximately 1.07 psi), the IDCC and the model predict
within 2,65 G's of each other. Similar results are noted for the other five

temperatures as shown in Table VII. In five of the six cases, the general
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Table VI. Prediction Liinit Validation for Interior Box
at 20°F and a Zi-in, Drop Height

Acceleration (G)
Static Stress
(pei) IDCC Lower-P Model Upper-P
0.088 49,60 36.03 45,17 63.16
0.138 49.00 35.52 44.75 62.48
0.188 48,15 34.78 44.16 61.53
0.238 47.07 33.82 43.40 60.32
0.288 45.77 32.65 42,49 58.86
0.338 44,28 31.28 41.44 57.28
0.388 42,62 29.73 40.27 55.52
0.438 40,83 28.01 39.01 53.65
0.488 38.94 26.15 37.67 51,72
0.538 36.98 24,19 36.27 49.77
0.588 35.00 22.17 34.85 47.83
0.638 33.03 20.13 33.44 45,93
0.688 31.12 18.12 32.05 44,12
0.738 29,21 16.20 30.73 42,41
0.788 27.65 14.44 29.49 40.85
0.838 26.17 12.88 28.38 39.46
0.888 %93 11.59 27.41 38.27
0.938 23.96 10.61 26.62 37.32
0.988 23.31 9.97 26.04 36.66
1.038 23.02 9,70 25.68 36.33
1.088 23.11 9.80 25.58 36.42
1.138 23.63 10.27 22.76 37.00
1.188 24,61 11.05 26.24 38.17
1.238 26,07 12.C9 27.04 40,05
1.288 28.04 13.33 28.17 42.74
1.338 30.52 14.69 29.64 46.35
| 1.388 33.55 | 16.15 | 31.47 | 50.95
1.478 37.12 17 .67 33.56 56.56
1.488 41.24 19.27 36.21 63.20
1.538 45,90 20,95 9,12 79.85
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Table VII. Summary of Interior Box Prediction Limit
Validation Results

Prediction A at Maximum
Temperature General Model Within Cushioning Level

(°F) Prediction Limits (G's)

-65 Yes -0.05

-20 Yes 5.34

20 Yes 2.56

70 Yes 6.82 *
110 Yes 4,12 :
160 Yes 1.37 "

model predicted higher than the IDCC, providing for a conservative prediction
of the cushioning ability of the particular material under the specified condi-
tions. The remaining case (~. .°F) indicated an optimistic prediction for the
model. In cushion design it is desirable to predict in the conservative direc~
tion rather than in the optimistic direction. In general, the results presented

in Table VII are very acceptable.

Total Box Model Validation
The wtal box model validation is somewhat less complicated than the
interior box model validation. The primary difference between the two models
is that the interior box model is quadratic while the total box model is linear.
Consequently, the total box model prediction limits are acquired from the

first-order equation modified as follows:



T < il = il o ¥ M e s e s TSR T =

The alpha level utilized for total box validation purposes is 0.10. The com-
puter program for total box validation is given in Appendix H.
Table VIII provides a typical example of the prediction limits for a

temperature of 20°F, The weight range for the total box is from 55.13 to

59

b 4 = <\I_L + ;\/ R I':'IT /-,T..\ -1, :
PHTB =y = va/2 sA1+4 Lt} \A Ay {a} _t
where PLTB = total box prediction limit
A -
y = bO + blw '
)

5 = ;
w f

1 W1

1 9

X = . . *i
1w

L n .

61.31 lb, Consequently, a weight range of 55 to 61.5 lb, by 0, 5-lb increments,
was selected for the development of prediction limits.
As can be seen in Table VIII, the individual total box line (ITBL)

ranges from 144 G's at 55 1b to 164 G's at 61.5 Ib. Over the same weight

Sttt

range, the total box model predicts values of 158 to 177 G's. The slope of

both linear equations is noted to be positive which appears to be intuitively
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Table VIIl. Prediction Limit Validation for Total Box at 20°F and
= a 21-in. Drop Height
9 Weight Acceleration (G)
(1b) ITBL Lower Model Upper :
2
55.00 143.95 29.68 157.99 258.23

55.50 | 145.44 | 34.08 | 159.48 | 256.80
56.00 | 146.93 | 38.16 | 160.98 | 255.71
56.50 | 148.42 | 41.89 | 162.47 | 254.96
57.00 | 149.92 | 45.24 | 163.96 | 254.59 )
57.50 | 151.41 | 48.20 | 165.46 | 254.62
58.00 | 152.90 | 50.74 | 166.95 | 255.05 y
58.50 | 154.39 | 52.86 | 168.45 | 255.91 :
59.00 | 155.88 | 54.55 | 169.94 | 257.21 :
59.50 | 157.37 | 55.80 | 171.44 | 258.93
60.00 | 158.86 | 56.82 | 172.93 | 261.09
60.50 | 160.35 | 57.02 | 174.42 | 263.68
61.00 | 161.84 | 57.01 | 175.92 | 266.67
61.50 | 163.33 | 56.60 | 177.41 | 270.06

A I R GTARRPR

correct, since a heavier falling item is expected to impact a rigid surface with

more G's than a lighter falling item. It is also noted that the model values

fall within the prediction limits associated with the ITBL for this particular
case. Ina similar fashion, the model values for the remaining five cases all

fall within their respective prediction limits,

Table IX further substantiates the intuitive feeling expressed in the

T S o T KA

previous paragraph. The slope for all six ITBL equations is positive, indicat-
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ing that G's increase as a function of increased weight. Table X presents the

peak acceleration ranges for the ITBL and the model for the six different

mﬁﬂﬂf%vﬁzﬁﬂlhlr,!éimwuq;ﬁ%}m@;&ﬁgﬁ,;ﬁ.&.&r,:‘4,6 T R

W :!“'1 "y




ORI - e oy T AT T T
s e e | S A T e T ST 7 TR T =3 e oz 3 e
. o i

N S ier L o A =

Table IX. Regression Coefficients for ITBL for
21~in, Drop Height

Coefficient
Temperature

(°F) bo b1

-65 -195.04 6.14
-20 ~49,02 3.30
* 20 -20.00 2.98
70 -235.70 6.27

110 65.21 1.63
160 ~51.44 3.46

Table X. Model and ITBL G-level Ranges for
21-in. Drop Height

i= Temperature

'% (°F) ITBL Model

-65 142.85 — 185.85 | 135.60 — 153.66
~20 132.43 — 155.52 | 149.64 — 169.50
20 143.96 — 164.83 | 157.99 — 178.91
70 108.92 — 152.78 | 161.55 — 182.92
110 154.67 — 166.05 | 157.82 — 178.71
160 139.09 — 163.33 | 143.46 — 162.52

temperature levels., All six cases are noted to exhibit the expected near

parallel line phenomenon, that is, the two lines are nearly parallel and do not

R S
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intersect over the data range. Also, in five of the six cases, the model predicts

higher peak accelerations than the ITBL, resulting in conservative designs.

The only case in which th.s is not true is for -65°F. Since this case is at one
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of the temperaturce cxtremes, il is possible that an unidentified physical
phenomenon is taking place. However, a more plausible explanation is that
erratic observations due to uneven drops have caused a distortion in the data
for this one temperature. It should be noted that a similar situation exists
for the interior box at -65°F, resulting in optimistic designs.
Thus, the validation for the total box model has shown that all model .
predictions are within the specified pred.iction limits. Hence, it is believed

that the total box model is an adequate means to predict peak acceleration for

intermediate temperature and drop height requirements for a total box

possessing similar weight and size characteristics.
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CHAPTER VII. RESEARCH FiINIiNGS

In Chapter V two general ivapact response n.odels were developed, one
for the interior box and one for the total box. Validation ot these two eneral

models was accomplished in Chapter VI. This Chapter will demonstrate the

areas in which these two models may be utilized,

Integration of the Two General Models
As previously noted, the interior box s~..cral model prediction of peak
acceleration is a function of static stress, temperature, drop height, and
cushion thickness. The total box general model prediction of peak acceleration
is a function of weight, temperature, and drop height. It is desirable to view
the two general models as an integrated pair, in which the interior box general

model is a subset of the total box general model. Then, it is possible to

3
=
=
e
=
3
=

isolate the shock absorption capabilities of the cushioning material by taking
the difference between the total box model results and the interior box model
results for selected values of static stress.

Since the two models were developed with different (but related)

parameters, to achieve compatibility it is necessary to utilize the basic

equation:
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s - W
s A
where
os = an interior box static stress value

W = weight of the total box

A = footprint of the tot::i box.

The footprint of the total box is the surface area of that portion which makes
contact with the rigid surface. The experimental total boxes possessed sur-
face areas of 172.5 in.%. Since the weight range of the experimental boxes
was from 55 to 61. 5 1b, substitution of these values in the previous equation
gives the range of static stress values for comparison purposes.

Utilizing the 21~-in, validation data as an example (Tables XI through

XVI), it is observed that the interior box has not reached the optimum loading
point at any temperature level. The optimum point would be an inflectiion point
on the curve plotted from the interior box column. In fact, the interior box
peak ac»:,;elerations are decreasing slightly with increases in total box weight.
Furthermore, in each case the cushion still possesses sufficient ability to
absorb most of the increase in peak acceleration which occurs as a function of

increased weight. As expected, the total box peak accelerations continue to

=
=

= increase as a function of increased total box weight, The computer ccde

=
)
=
%E

utilized to develop Tables XI through XVI is contained in Appendix I. )
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- Table XI. Integrated Confined Model Data for ~65°F and

a 21-in. Drop Height

: Box Weight Acceleration (G)

: (i) Total Box Interior Box Cushion

3 55.00 135.59 41.38 94.20

3 55.50 136.88 41.32 95.55

= 56.00 138.17 41.27 96.90

%‘ 56.50 139.46 41.21 98.25

3 57.00 140.75 41.15 99.60

i 57.50 142.04 41.09 100.94 i

£1: 58.00 143.33 41.03 102.29 i
58.50 144.62 T 40.97 103.64 !
59.00 145.91 40.91 105.00 )
59.50 147.20 40.85 106.35
60.00 148.49 40.79 107.30
60.50 149.78 40.73 109.05
61.00 151.07 40.67 110.40
61.50 152.37 40.61 111.75

Table Xil. Integrated Confined Model Data for -20°F and

a 21~in, Drop Height
Box Weight Acceleration (G)

(1b) Total Box Interior Box Cushion

55.00 149.64 42.27 107.37

55.50 151.06 42.20 108.85

56.00 152.47 42.14 110.33

56.50 153.89 42.08 111.81 ]

57.00 155.31 . 42,02 113.29 f

57.50 156.73 41.96 114.77 ;

58.00 158.15 41.89 116.25 F
_ 58.50 159.57 41.83 117.73 i

59.00 160.98 41.77 119.21 :

59.50 162.40 40.70 120.70 |

60.00 163.82 41.64 122.18

60.50 165.24 41.57 123.66

61.00 166.66 41.51 125.15

61.50 168.07 41.44 126.63
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Table XIII. Integrated Confined Model Data for 20°F and

a 21-in. Drop Height

Box Weight Acceleration (G)
(1b) Total Box Interior Box Cushion
55.00 157.99 41.85 116.13
55.50 159.48 41.79 117.69
56.00 160.98 41.73 119.24
56.50 162.47 41..) 120.80
57.00 163.96 41.60 122.36
57.50 165.46 41.54 123,92
58.an 166.95 41.47 125.47
58.50 168.45 41.41 127.03
59.00 169.94 41.35 128.59
59.50 171.44 41.28 130.15
60.00 172.93 41.21 131,71
60.50 174.42 41.15 133.27
61.00 175.92 41.08 134.83
61.50 177.41 41.02 136.39

Table XIV. Integrated Confined Model Data for 70°F and

a 21-in, Drop Height
Box Weight Acceleratiot (G)
(1b) Total Box Interior Box Cushion
55.00 161.55 39.65 121.89
55.50 163.07 39.59 123.48
56.00 164.60 39.54 125.06
56.50 166.13 39.48 126.65
57.00 167.65 39.42 128.23
57.50 169.18 39.36 129.82
58.00 170.71 39.30 131.%1
58.50 172.23 39.23 132.93
59.00 173.76 39.17 134.58
59.50 175.29 39.11 136.17
60.00 176.81 39.05 137.76
60.50 178.34 38.99 139.35
61.00 179.86 38.92 140.94
61.50 181.39 38.86 142.52
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Table XV, Integrated Confined Model Data for 110°F and
a 21-in, Drop Height

Box Weight Acceleration (G)
(1b) Total Box Interior Box Cushion

55.00 157.81 36.47 121.33
55.50 159.30 36.42 122.88
56.00 160.80 36.37 124.42

56.50 162.29 36.32 125.97
57.00 163.78 36.26 127.51
57.50 165.27 36.21 129.06
58.00 166.77 36.16 130.60
58.50 168.26 " 36.10 132.15
59.00 169.75 36.05 133.70

59.50 171.24 36.00 135.24
60.00 172.74 35.94 136.79
60.50 174.23 35.88 138.34

61.00 175.72 35.83 139.89
61.50 177.21 35.77 141.43

Table XVI. Integrated Confined Model Data for 160°F and
a 21-in, Drop Height

Box Weight Acceleration (G)
(1b) Total Box Interior Box Cushion

55.00 143.45 30.63 112.82
55.50 144.81 30.59 114.22
56.00 146.18 30.55 115.62
56.50 147.54 30.51 117.02
57.00 148.90 30.48 118.42
57.50 150.26 30.44 119.82
58.00 151.62 30.40 121.22
58.50 152.99 30.36 112.62
59.00 154.35 30.32 124.02
59.50 155.71 30.28 125.42
60.00 157.07 30.24 126.83
60.50 158.43 30.20 128.23
61.00 159.79 30.16 129.63
61.50 161.16 30.12 131.03
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Temperature Effects
Perhaps the most significant finding of this research effort is the
column entitled ""Cushion’ in Tables XI through XVI. Heretofore, the actual
peak acceleration absorbed by a cushion as a function of weight and temperz~
ture has never been calculated. Consequently, Figure 19 illustrates the
effect of temperature upon the interior box cushion as a function of total box
weight, It should be noted that the Miniqel cushion performs well at the
lowest temperature, -65°F., This low temperature phenomenon is not common
to all cushioning materials, but indicates some unique characteristics for the
Minicel material. Further observation indicates that the Minicel material
performs better, from a cushioning standpoint, at approximately 70°F,

This phenomenon may be due to the closed cell constiuction of the ‘oam
itself, Minicel is composed of tiny closed cells in which air is entrapped,
Compressing the closed cell is comparable to compressing a balloon. Two
fact s in the construction of the cell which contribute to the cushioning
ability of the foam material are the entrapped air and the walls of the cell.

As the foam material is cooled, the air contracts and causes the cell to be
compressed even though the cell walls are somewhat rigid from the cold
temperature, At the higher temperatures, the walls of the cell become softer
and are able to be compressed with less force than at lower temperatures,

At the very low temperatures the contraction of air is a factor and au Ligher

temperatures the flexibility of the cellular walls is a Eushioning factor [21].
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Figure 19. Cushion absorption as a function of temperature
and total box weight for a 21-in. drop height.
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Figure 20 illustrates the effect of temperature upon the interior box
peak accelerations. It is evident that the total box weight has a much smaller
effect than temperature. Furthermore, the interior box experiences the
greatest peak acceleration near -20°F, and the smallest peak accelerations
at the high temperature extreme, 160°F.

Figure 21 depicts the total box peak accelerations as a function of
temperature. In this situation, the outside container is seen to be affected by
the different temperature levels, which means the wooden construction serves
as a better shock absorber at the cold and hot extremes than at ambient
temperature. The wood is considered to be a closed cell composite [20].

As a closed cell material it undergoes changes as the temperature varies.

One additional effect of temperature is observed when the data for a
particular item weight from Tables XI through XVI is selected. A summary
of these data is provided in Table XVII for a 55-Ib item. The development of
an additional column in Table XVII which gives the percent of total box G's
absorbe-ad by thc cushion reveals that the Minicel cushion performs best at the
highest temperature, 160°F, It is noted that at the low temperature, -65°F,
the cushion absorbs 63% of the fotal box G!s available increasing slowly until
a level of 79% is achieved at 160°F. Hence, the cushion absorbs considerably
more of the available shock at the higher temperature than at the lower tem-
peratures. Similar results in cushion absorption occur for varying item

weights,
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Table XVII. Cushion Absorption Percentage as a Function of Temperature
for a Selected Item Weight and a 21-in. Drop Height

Acceleration (G)
Total Interior Absorbed by Percent of
Temperature Box Box Cushion G's Absorbed
-65 136 41 94 69
-20 150 42 107 71
20 158 42 116 73
70 162 40 122 75
110 158 36 ' 121 77
160 143 31 113 79 £

Confined Versus Unconfined Comparisons

It is generally accepted that designing cushioning systems from uncon-
fined (flat pad) drop tests will result in conservative (too much cushion)
Jdesigns. The problem has been that the magnitude of conserv-tism which was
experienced was unknown. Consequently, knowledgeable cushioning system
designe;'s continue to utilize the best source currently available (i.e., uncon-
fined data).

| The results of this research permit a comparison between confined and

unconfined test results., As previously noted, McDaniel [10] developed a

general Minicel cushioning model based upon unconfined data. Both this
research and McDaniel's utilized Minicel cushioning material, with each

including the 2-in. thickness. Since both models have geuneralized the
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temperature and drop height parameters, it is possible to compare the uncon-
fined interior box general model results with McDaniel's unconfined general

model results,

Typical results are shown in Figures 22 through 24, where it is noted

that the unconfined model predicts peak accelerations above the confined model
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Figure 22, Comparison of confined and unconfine peak

accelerations at -65°F with a 30-in, drop height.
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Figure 23, Comparison of confined and unconfined peak
accelerations at 70°F with a 30-in, drop height.

when one considers the optimum cushioning point as the confined model mini-
mum, This confirms the original hypothesis that unconfined drop tests result
in conservative designs, It is further noted in Figures 22 through 24 that the

optimum cushioning peint (lowest peak acceleration) does not occur at the

same static stress level for the unconfined and confined cases. In fact, when
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Figure 24. Comparison of confined and unconfined peak
accelerations at 160°F with a 30-in. drop height.
the optimum cushioning point for the confined case is to the left of the uncon-
fined point (Figure 22), the two curves intersect to the right of both optimum
points. When the confined optimum cushioning point is to the right of the
unconfined optimum point, the two curves intersect prior to the confined
optimum point (Figure 23),
Table XVIII summarizes the optimum cushioning point at the six

standard temperatures for the unconfined and confined cases for a 30~in,
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Table XVIII. Summary of Unconfined Versus Confined Peak
Acceleration Minimums for a 30-in, Drop Height

Unconfined Confined
Temperature
(°P Static Stress G's Static Stress G's
-65 1.238 40 1.038 33
-20 0.938 43 0.988 33
20 0.688 42 1.088 32
70 0.538 40 1.088 31
110 0.388 " 39 1.038 31
160 0.338 44 0.938 30

drc p height, For five of the six temperatures, the peak acceleration minimum
for the confined case is at a larger static stress value than for the unconfined
case, Only at -65°F is the peak acceleration minimum at a lower static stress
value for the confined case. Furthermore, irrespective of the temperature or
static stress value, the peak acceleration minimums for the confined case are
always lower than those for the unconfined case. Hence, once again the con-
servati-ve nature of the unconfined approach is identified.

One additional point concerning the confined and unconfined general
m&dels warrants mentioning, The general models available permit the cushion
designer to acquire cushion design information at any desired intermediate
drop height value between 12 and 30 in, Similar selections may be exercised

for the range of temperature between -65 and 160°F,
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Figure 25 is an illustration of the confined and unconfined general
models? ability to predict at the drop height value of 20~in. for a temperature

of 110°F, The usual phenomena between the two general models are noted.
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Figure 25, Comparison of unconfined and confined peak

accelerations at 110°F with a 21-i1. drop height.
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CHAPTER VIII, CONCLUSIONS AND RECOMMENDATIONS

The scientific evolvement of cushioning design is beginning to reach
fruition, Mindlin's [1] original scientific basis continues to serve as a frame-
work for advances into understanding the phenomena of cushioning., The equa-
tions of motion first derived by Mindlin s;erved as a bacis for the work con-
tained herein,

This research has resulted in the development of a general mathemat-
ical model for a confined cushioning system and a general mathematical model
for the exterior container which surrounds the confined corner void configured

cushions.

Conclusions
fI‘he objective of this research was to develop the methodology for
modeling the impact response for the Minicel cushioning material in the
unconfined state, This objective was satisfied through the development of an
experimental drop test design, conducting an extensive drop test program, and
then modeling the resultant test data.
The developed general model portraying the peak accelerations of the

confined cushioning system utilizing 2 1b/ft’ Minicel material is
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The model is predicated upon viscoelastic theory and incorporates the effect of =
drop height, static stress, thickness, and temperature of the cushion upon the éﬂg

peak acceleration of a confined cushioning system. This general model raay £

R TR A G

provide the basic underlying structure of peak acceleration for any of the other
bulk cushioning materials utilized in the confined configuration for shock

isolation. Utilizing the developed confined Minicel model, it is possible to

vredict the peak accelerations which the protected item will expericnce. As
expected, considerable disparity exists between the confined and unconfined

(McDaniel's research) results for a protected item. It has been known for

TR BT RATRI

some time that the unconfined data result in conservative cushioning designs.

T AR

These confined results provide a measure of this conservatism.

In addition, a general model was developed portraying the peak accel-

erations experienced by the total container. This model may be stated as

Loepd i i
G=c,+ LY e ) e w . i
£=0 j=1 i=0 E

This model incorporates the effects of drop height, temperature, and total box

weight upon the peak acccleration of the total container,
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The total container model places the temperature concept in perspec-
tive, since it is possible to identify the cushion absorption capability as a
function of changing temparatures. Interestingly, the cushion is most effec-
tive at the high temperature extreme, which is a unique characteristic of
polyethylene cushions.

It is believed that the combination of the two developed models provides
the cushioning system designer with another measure of cushion performance
to assist in the design of cushioning systems. In particular, the assessment
of temperature controlled confined and unconfined cushions provides informa-

tion unavailable until this time.

Recommendations

Based upon the consistent results obtained in this investigation, it is
recommended that additional drop tests be performed to extend these results
to other bulk cushioning materials, This would provide the cushioning system
designer with a more valid indication of the materials' performance in the
confined state.

It also appears reasonable to develop an expanded experimental design
which includes containers from the 10~lb range up to 200 lb. This would
permit the extension of the total box concept to the entire static stress range
ordinarily desired. Perhaps the experimental design could emphasize data
compaction between varymg box sizes as a means to reduce the voluminous

data problem.
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The testing of containers in a controlled temperature environment is
very costly, However, based upon the significant temperature results obtained
by McDaniel, and the drop tests conducted in this research, it is recommended
that any additional confined cushioning testing include the minimum six tem-
peratures utilized in this work.

It is also possible that the general methodology provided in this
research effort may be applicable to a rglatively recent approach to cushion-
ing, which involves a material in the form of bubbles in which air is entrapped.
Since little is known about these bubbled cushioning materials' performance in
the unconfined state, perhaps it would be best to progress to the confined state
immediately. The methodology is now available to make this analysis, if the

cushioning system designer desires.
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WY P P S E YT YIS TP PR3 PYT SR PRSI FES VFVPLST IS SIS 22822 NS 222 22 224

.
9
9

InfcK10R pOX UATA ANALYSIS

(WYY L P I T YT s VIR SR RN S P Py PP PRS2 222222 SR 222 22 22 R 22 222 2 2 222

[

¢
¢
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"
%
L
<
¢
L
¢
C
L
L
¢
"
"
"
‘

10v
29u

S0v

o5y

wAils DRAVER KEAUS THE CuSHIule MATERIAL UATA RECORD COSISTING OF

TEmFERATUKE s DKUP HEIGHT» THICKNESS: STRESS-LEVEL+ G=J1ALUE,
RePLLCATION AU MATERIAL TYPE {Iis THIS ORUER).

LHITIALLZES ARKAYS CALL OUTLh (OUTLIER SUBPROGKAM)e A D CALLS

CVKEG (CUKVILINEAK REGKESSION SUBPROGRAM) e

THe OUTPUT IS 1w THE FORM OF:
FOR A PARTICULAK
1. CRUP HELGHT ¢ TEMPERATURE »AND MATERIAL THICKNES: A
TAbLE CUNTAINING Ire STRESS LEVELS AND G=VALU:S»
Anwb AnNY PULINT THAT »AS REJECTEU BY OUTLR IS A_SO LISTED.

e The F = STATEISTIC anib THe FIRST, SLCONue THIRu AND
FOURTr utbREE POLYwURMIAL COEFFICIENTS ARE LISIEU.

BARRLBAEEE A LR ERRBEB ARSI KS R RN BAF R AR KR EEEERR AR X RL KX FRE LK S X X KK S XK KRB EF

UVIMENSIUH STRU72) e G(75)r ALFH(3)» X(75)

UIMENSIUN COLF(lu)e YI(75)r SIGHAT(4)

uIMtNSION ANEw(75)s YHew(75)

wImbtNSIUN 5T(18)

UATA(ST(I)2IS1rll) /40062¢uBLIUUBEY 6255002557 ¢2550e5cur o520 527

1 «7080eTUB 7080843248430 e8431L.25501.255¢16255 /
REAL(Sew0ci) iv

A=y

LFLAGZY

AFLAG=U

=4
PRanT 2900
v 10 200
Kivi=1
J=i
PRINT 2000
w0 TO0 3v0
REAUL Se1700rcNUZHU0) ALrA22A32A49ASsApe (ALPH(L) 2 I=190)
AF(KNToEQe0)DTU=AL
iF (Al.nEe DTJ ) 6O TO SoU
KNI=KNT+1
TEMP=AL
PRANT 550urAlrAD
UHISA2
THCR=AJ3
STR{KNT}=S1 (V)
G{RNT)IS(ST(J)*xAD) /A4
COnTINUL

W st

ary W

U0 e

e s e

4t

i

32




== . e = = a
v ———. ez > s - e G st i B

u=utl
nEr=AB
JTJ=AL
w0 10 2v0
“Ju LFLAG=L
2JL WP ESTKNT
U0 600 L1=ieNPI>
A(1)= Leu~L0S(STRIL))
oty COnT1Ikue
wRITE (00lb0u) ALPHeUHY oTr.ﬂPvTHCK
wRilt (orlyu) .
1=,
LTLMP=IPTY
100 IF (1,0T.11EMP) b0 TU 100U
90u aRLITE (LecuDO) bIh(l)OSTR(I+1)vSTR(A+2)-X(I)oX(I+1)ox(I+2)oG(I)vG(
LL4.)06(142)
L=1+3
oG TO 7v0

1009 COnTINUL
CHRRBRERIS AR A EASE LR AER XA AR SRR A X B KRR XX R AR SR KRR AT LA KR KL RS R LS

CALL OUTLR (NPTSe Xe Gl aPTSs ANEWe YINEW)
(MY 3L 2RI VIR TSI RS P 3s 22 L AT S S FFTEE I F 33T PRI FTIE P IVTTY TE £
nNIZ=0 .

11u) WIS+l
(WTTTYL FEFITTTE PERI T T FEY TR POL DR FPTIET PLTT TEPE PEPLITPLL PP PP PO PP pperpe s |

CALL CVREo (NLeNEwPTSeANEW YIEEWIUEGRE » COEF)
(TP FT IV YR IIL T FTIT IR P L TP PLPPE TT L PETT VPP PP PPPE P P Pe e
2LoHAT (1) =0,
v POLYNOMLAL CALCULATION
u0 1200 I=1eNEwWFIS
YIWL)=ZCOEF (1) +COEF (2) sanEw(])
IF (NI «Ewe2) YIULISYIC(I)+COLF (3D XNEW(]1) %62
LFANL o bweI)YI(LIZYL(II4COLF(4) *XNEW(]I) %3
IF (N oEwe ) YIC(LISYI (L) 4COLF(S)SXNEW( L) 50
SIOHAT (NI )SSIGHAT (NI ) $(YNLN (1) =Y1(1))xx2
12u0 CONTINUCL
UFSREWPIS=NI=1
SIGHAT(NL)I=S1I6HAT (1) 70F
IF (N1eoTel) G6u TO 1300
w0 TO 1136
1o0u0 1IF(N]1 eNEes 2) 0OTU 1350
«RITE(ivo 4Gu0) IHCRsDHT o TEMP » NEWPTSe (COLF(I) v I=1v 3)
CARLTE(Ne4010) (XNEW(I) 2 I=1eNEWPTS)
WRITE(NeG010) C(YNEw(I) o I=1r 1 WPTS)
1350 COnTINUE
IF (NI.LT.4) Gu TO 1100
4400 LF (IFLAG.tQ.1) 60 TO 31500
60 TO 100
190 5Tui

loud FORMAT (/7/772Xe*F S99E15¢809x¢'SIG' 91119950 ='0E15.8¢5X0 'SIG' 11050
1 T 9E15.8)

s
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1800

1999

<uud
civd
3403
340
43uv
013
4920
25ul
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FORMAT (3F10eur2FlueSrF1GeuroXe3Ay)

FORmAT(/7/7ixe0n4r e UROP HolohT OF ¢ eFS5.192HY 2% TEMPEKATURE *9F6.1
10tk r THICKLESSY1Fhele2nt /)

FOrRMAT (1t 28X 'STRESS LEVCLS'121Xr'140~CO5(STRESS LEVEL) * 225X e 3HG
1'S)

FORMAT (1H +#3(oF1044+5x))

FORMAT (1ed o 3{rdlue40250))

FORMAT (1H »3(ckivelts1bX))

FOrRMAT(1HLr15Xe *URIGINAL wATAY://)

FORMAT(OFDelelor OF1247)

FORMAT (LUFoe40/016F8.4)

FonwAT(21)

FONMAT(DX"’ IZ.DDFlb.S)

[ AV

i

L s




SUURUUTENE OUTLR (NPTSeXe Yo NEWPTS o XINEWe YNEW)

CAAKERRRRERE AR AREKREREEE ISR KRR SRR A RRR SRR E KRR KRR AR R KRR KRR R KK
C

. OUTLIER POINT REJECTION SUBPROGRAM.

"

CARRARREER KRR KRR B KRR MR R KRR RGN R R R AR R RS Rk KRR KK
ME 1HOD wASED ON THE NALR CRITERIUN (AN EXTENSION OF TnE

eXTREME STuLENILIZED UEVIATE FROM THE SaMPLE MEAN),

c

L 9
<
" FOK THE ScT OF UbStRVATIONS hAVING THE LARGEST VARIANLE
. cAcH OpSERVATION UF THe SET..IS TESTEL INDIVIDUALLY AS A
C CANDIDATE FOR REJELTION AS Al OUTLIER.
N .
Y L T I YTy YT T VP P P Y P PP PP TP PP TS PR LT TP T PR ST TP PEE S E L
IMENSIUN X(1)e YOL) 9 XNEw(l)e YiEw(1)s XA(25)e XBi(25)¢ XC(25)s YA
L(2u)r Yulab)e YO 2ZL)r YMEAN(B)» S2N(25) ¢ KEY(25)
TESIV = 1e/3%
JO 100 1=1¢25
J Y] KREY(I)=Y
NTeMP=NPTS=2
=l
Iz
200 LOnTINUE
Jaitl
n=l+2
IF (1,61 NIEMP) 6V TO 200
GuT0 25¢
1F (X(J) et e Xin)) GO Tu 44Uy
IF (X({I)eheX{J)) 6O Tu 300
ehy CulTINUVE
AALL)=XA(T)
AB(L)=X(J)
AC(L)=X(K)
YA(L)=YLD)
Yull)=Y (J)
YCIL)=Y(K)
AEY(L)=0
LSL+l
I=1+43
60 TO 2u0
S0y COnT INUL
Izi+}
Q0 TU 2vd
40u CONTINUE
i=1+2
w0 TO 200
o>0u COnT INUE
LoL=-1
nWP=L
NPTS=(L#3) 1
¢ CALCULATE MEANS & VARIANCES
V0 700 i=leNP




Sl

gl
yNC T

MRS s

A

IF (YACL) eWEo Yo (1} oOReYA(L) JNEWYC(L)) 0O TO 60U
YMeANC(IISYAL{L)
SZivli)=ueV
aRLTE (0r2d00) YMEAN(I) »Sen(1)
ou Tu 7U0
vy L0l INUe
YMEAN(T)S(YACL)+YL(I)+YC(1)) /3,
S (II=C(YACI)=YMEANCT) ) %224+ (YB (L) =YMEANCI) ) %224 (YC () =YMEAN(]I) ) *x
1c)72
Iy LOT INUE .
CARRARE LR RTAOR R AR KRR AR AR R AR KR KA KR KRR RA KRR R Rk KRR K E R KK
C S0rT IN ORUER UF UECREASING VARIANCE
CALL SORT (MPeSZN? YMEAN, YAr Yur YCr XA XB2 XC)
CRARAREREKKRRERKKRERS KD R EA R KRR KR KRR R KRR IR R R K KA AR R KRR
¢ CALCULATE SNhU

L=l
¢ SUm VAKLIANLES
sGo KNT=y

SUmV=0.

vO 900 1=1'NP
1F (KEY(L)eEQel) ©U TO 9uu
4F (I.tuel) GU 10 90v
SUmVISUmMV+S52NL)
Kivi=nMNT+1
Y0u COnNTINUL
SNUSSER | (SUMV/ (ANT=1))
. TSt
TAZAUS((YA(L) =YMEaR{L) ) /750U)
TB=ABS ((YB (L)=YMEAN(L) ) /SivJ)
1C<ABS((YC (L) =YMEAN(L) ) /SINJ) .
IF (TAecQe IBeUReTAJEWeTCeURLIBEQ.TC) w0 TU 1300
TE=MAX(TA?TReIL)
IF (TEWLESIESTV) bu TO 13uu
IF (TEecQeT1A) 00 TO 10300
IF (TEece¥B) U Tu 11uQ
IF (TEecQeiC) wU TO f200
00 TO 1504
1300 WRLITE (002400) LeXA{L) rYA(L) e TE»SNU
. AAL)=9Y9.
REY(L)=1
v0 10 1500
L1y0 WRATE (oez40u) LeXp(L) e YB(L) o TEPSINU
AB(L)=9Y9,.
nEY(L)=1
60 TO 1500
Leul  ARATE (0r2400) L2 ACIL)pYC(L) 2 TEPONU
XC(L)=999.
KEY(L)=1

¢ CheCK Tu SEE IF ALL VALUES

L340 AF (LebwennP) 60 TO 1400
Lo+l
G0 TO 800

¢
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g v c¢0ud
s
? s <lud
¢2ul
.
«3uld
<4yl

PUL IN HEw ARRAYS

v

NE"P15=U

LoLtl

1F (XACL) =999 1uu0e170ur loud
POLNT AcCerTEY

NEWPTOSNERPTSHL

ANCw (NE4PTS)SXALL)

(e w (NEaP I9)SYALL) .
LE (XB(L) =999} 1bu0r 19000 Loub
WEWPTSERENFTS*L

ANew (NEaPTS) =X (L)

Yhew (HeaP TS =Yoo (L)

IF (XC(L)=999.}) 2000921002 2000
NWEwPTS=HEWNFTSHL

Ancw (NEnPTS) AL L)

YN (HEAPTSISYCLL)

IF (LebeliP) wu TU 2200

w0 TO 1500

HE tURN

FOrMAT (LlHurl2Ar *SAME vALued
FORMAT (POREJECE POINTVol3ety X
195U ='9Fve2)
ciu

SVeFdettetr Y SVoF6e20 T =t F6e2e "
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SULROUTINE CVRE® (N1 eNPTrarY e DEGRE»COEF)
ht&*******t******#*t***‘¥*##***t*t#*#**t******‘##**‘*t*#*****t**‘***‘t*

("

" CURVILINEAK KeoRESSION

L CUKVILIMEAR REGRESS1ON DETCKMINES THE £QUATIONS

t OF THE STATISIICALLY 8uST FLTTING POLYNOMIALS OF FIRS1»
.

L

o oo P 2 R Y, VOOTNITERL TR 0

SELuNDe THIRD AnD rOURIH URUER

4*********#*4*******#*&**t#***4**#****#**t#****#*t*******tt*t‘**#*#***
OIMENSIVIl a{lurdlde XUL)e y{1)s COLF(1)s WUN(1Y)
welildl .
m=jetl
ANPT=NRT
wu 100 4=Lell
V0 1lul J=lrM
19v Alied)=ue
ACrrl)=nPT J
uUu 400 KR=1NPT
wh 509 izisM
w0 300 w=1eN . .
LPu2sl+u=c b
IF (IPJQ) 400+200Lr200
Alsr ) =ALLnJ)+X(KI ¥%IPO2
COnTINUL
uQ 400 i=2#N
43u A(llM)iﬂ(IoM)+A(K)**(I-l)*f(h)
v0 900 J=1!NPT
A(L'M):A(lrm)§Y(J)
DO 660 u=lsM
v0 000 131eN
0JU A(L'd)=A(IoJ)/nNP1
lenR=0
Mointl
WO 1300 I=arN
IF (A(l¢1)) 8uUrTuue80U
13y lEnr=1
w0 TO 1409
odv TEMleoU/A(IlI)
Ipl=1+1
w0 900 w=IPleM
90u AlLed)ZAlIrd) > icMP
w0 1200 K=31rid
iF (1=K) 1000¢120U019000
1000 WO 110d J=iPlem
11lud AlR eI ZALKPJ) =ALK 1) *¥ALT v D)
1eud  CORTINULE
1360 COnTINUE
N=il+l
. M=N+HL
14y 1F (1Ekw) 150u? 160Y2 1500
1560 WRITE (©e310ui
w0 TO 2300

B e

W
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WA RN e

FCTT

1700

1809

1940

<1ud

2200
%JOO

2440
2bul
cbuld
2740
2800
29900
3040
3100

COnT INUL

U0 1700 K=1sN

CULF (K)=A{K M)

SUMR2Z040

V0O 1900 I=1eNPT

YC=COEF (1)

V0 1600 K=geiN
YCZYC4+COEF (K) #X (1) 2% (K=1)
R=Y(I)=~YC
SUMK2=SUMRc+R*K
SIGMA=SURT (SUMK/ANPT)
SSERR=SUMKe

SUMR2=Y (1)

V0 2000 I=zeNPT
SUMRZZSUMRg+Y (1)

BAKY 1=SUMRZ/NPT
SUmMK2=0.0

DO 2100 I=1eNPI

Ry (J)=8ARY1
SUMR2=SUMR2+R*R
SSTOT=SUMRZ
SSKEG=SSTUT-SSERK
USKEG=SSREG/NL
DSERRSSSERRZ (v T=(N141))
FRATO=DSREG/DSERR
VEGFT=NL

DEOFB=NPT=(N1+1)
UEGRE=NPT=1
cTS=SSERR/SSTOT
LF(ETSeuEe1e0)eTS=100
CORR=SRT{1+0=ETS)

wRLITE (603000) N1

WRLTE (002000)

WRLTE (602700) SSKEGDEGFTrDSREG»FRATOrCORR
WRITE (022800) SSCRReDEGFY» USERR
WRITE (0r2900) SSTOTeDeGRE
ARS{TE (002400)

MM=N1+1

po 2200 I=1r10
Kow(1)=1-1

WRITE (002500) (KONCI) v COLF (1) 0 IS1eMM)
RETURN

FORMAT (/792Xe?'CURVE COEFFICIENTS®)
FORMAT (/72Xe2Hb(?11s1H) +3XeE15e7)
FonMAT(//ozXo'SOURCEvo9x:'s.s'o9x.'o.Fvo9x~'M.s'n9XovF'.12xovR-)
FORMAT (//02Xs'DUE TO'1S(4XsEL0e4))
FORMAT (/7»2Xe YABOUT* #3(4XeELD.H))
FORMAT (/792X TOTALY r2(4X2ELDeH))
FOKMAT (1H1s2X?*ANOVA FOR CURVE OF ORDER*¢13)
EOKMAT (/7 +4X» *SINGULAK MATRIX *¢/etXe *CURVE FIT IMPOSSIBLEY)
Nu
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SUBROUTINE SORTINrVALeX1eX20 X3¢ X4 XS0 X092 XT7)
P P L LTI T T I T P TP P PP I AT 2SI PRI P PSS 2L R 222222 23R 22 22 2 2 2 22 4

¢
" SUBROUTINE FOR SORTING N NUMBERS IN DESCENLING ORDER
(%
CRARRRERKERKREERERKERREE KRR KRR TR AR E R RE RS ERRE AR ERE R R KRR TR X
UIMENSIUN VALC(1) o X1(1) o X2(1) e X3{1) e Xt(21) o X5(1) e X6 (1) XT7(1)
MISpn=1
V0 10C i=leM
L=141
U0 100 1I=SLeN .
IF(VAL(1) +GE. vAL(1I)) GUTI 1u0
F = vaL(I}
VAL(I) = VAL(I1)
VAL(I1) = ¢
F=al(l}
X1(I)=x1(11)
KL(II)=F
F=x2(I)
Xxe(ly=xe(lil1)
Xe(11)=r
F=Xx3(1)
A3LI)I=Xs(L1)
A3(II)=F
Fzau(l)
AGCII=SX4(11)
X4(1l)=r
Faas5(1)
X5(1)=X5(i1)
XS{I1)=F
=A6(1)
X6(I)=Xo(l4)
Xe(lI1)=F
Fax7(1)
X7(I)=X7(11)
A7¢(1I)=F
100 CONTINUL
RETURN
ENv

e
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CELRAR R AR KRR KB REI KRR R SRR AR R R R R KR AR HELRRRRE R RRERRR SR KA KRR B KRR XF KR F XK
¢

% TUTAL BOX DATA ANALYSIS

%
CRAREARRRRREEEERBRRRRRA AR R KRR R R K E AR R R R AR KRR IR AR RKRREE AR KA KRR E KR EE
¢

MAIN DRiVEK REAUS THE CUSHIuUN MATERIAL DATA RECORD CONSISTING OF
TEMPERATURE» UROP HEIGHTe THICKNESS» BOX WEIGHTS » G=VALUE

vOA NUMpER ANU MATERIAL TYPE (IN THIS ORDER) .

INITIALLZES ARRAYS CALL OUTLK (OUTLIER SUBPROGRAM)» AND CALLS
CVREG (CURVILINEAR REGRESSIOUN SUBPROGRAM) «

THe F = STATISTIC AND THE FIRSTs StCONus THIRU AND
FUURTH WEGREE POLYWOMIAL COEFFICIENTS ARE LISTED.

PRI F T PP T T TS P P P P e R e P PP PE T PR T P IR Y

cCcacccccccccec .

DIMENSION WT(72)r G(79)e ALPH(3)» X(75)+B0X(75)
UIMENSION COEF(L1G)e YI(75)r SIGHAT(4)
UDIMENSION XNEW(75)¢ YNEW(75)
KNT=0
1IFLAG=0
KFLAG=0
GO0 TO 2u0
19y KNT=1
w0 TO 300 .
200 READ( Se1700/ENCZHU0) ALrA2rA3rA4eASeAGr (ALPH(1) ¢ I21,3)
IF(KNT.£Qeu)DTU=AZ
IF (A2+ivEe DTJ ) 60 TO S50u
ANTSKNT+1
S0u TEMP=AL
Uhi=A2
THLK=A3
uTusA2
osTKNT) = ab4
. BOX(KNT)=Ab
G (xNT)=AS
00 TO 200
4G9 IFLAG=1
v0ou WP YSSKNT
U0 000 I=ieNPTS
X(1) = wT(1)
wlu CONTINUE
WRITE (6015600) ALPH+DHT, TEMP» THCK
WwRITE {001900)
i=1
ITEMP=NPTS
700 IF (1.GTITEMP) GO TO 1000
WRITE (002100) WTUI)y» o(I) »80X(I)
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m
i
(il

9
3

i

RN

g

SIS P 0 A rOWD s  mt m1e 2

R

KFLAG=L
{=i+l
60 TO 7ud
Luud  CONTINUG
#######ttttt#$$ttt*‘t#t##tt‘t*t‘t*t##*‘*"

CHRAE SRR ERREAEEES
CALL OUTLR (NPTSe X e 0o NEWPTS s XNEW? YNEW)
vtttt#**t#*t**tt‘t#t#**ttttts*tt*ttt##*t*t*#*t

wi=0
1100 wI=RNI+1
C*tt‘##t*##*t;#*ttttt*tttt##t*#t#ttt#ttt#tttts##t*t#t
CALL. CVKEG (Nl-NEﬁPTSoXNEuo!NEthEGREvLOEF)
&ttt#ttt*t*tttt##:#tt#tt#ttt#*ttﬁz####*t#*t##t#####‘*t*t#*tt#tttttt*tt*

SIGHAT(NI)=0.

¢ POLYNOMIAL CALCULATION
U0 120y ISLeNEWPTS
YI(I):CUEF(1)+»OEFla)*KNEu(l)
lF(NI.E«.&)YI(1):YI(I)+CO:F(3)*XNEN(I)**2
IF(NI.EJ.&)Yl(L):Vl(I)+COEF(“)*XNEW(I)**3

LF(NI.Eu.uiYI(;)rYI(1)+c0tF(b)tXNEu(1)¢:u

SIGHAT(NI)=SIGHAT(N1)+(YNEW(1)-¥I(1))Vta
12a0 COnTINUL
OF=NEWP TS=NhI-1
SIoHAT(NI):SIGnAT(NI)/bF
1IF (NJeoTe1) Gu TO 1300
60 TO 1100
IGHATINI)?

13v0 F=NBS((SIbhAT(NI-l)-SIbHAT(Nl))/S
IF(NI.hu.H)F=AﬁS((SIGHAT(2)~$IGHAT(4))/SIGHAT(M))

NI4=NI=1
ARITE (oeloOUS FDNIIoSIGHAT(NII)oNIvSIbHAT(NI)
IF (NIeLTou) Gu 10 11300

1400  IF (L AGetQe1) 6L 10 1500

60 70 190
1500 STOP

AEERRKEEES

#****#t*‘t*t#ltstt‘*t#t“

SERERRRREREERREENE

v

1060 FOKMAT (/77250 F T ,E15.8¢5%X0 'SI6% 011050 =t E15.805Xr 151G+ 114 'SE
1 ='9E15e8) .

1700 FORMAT (3F10c0'F100202F1000va'SAQ)

1300 FOKMAT (1t e3A4r e DROP HEIGHT OF ¢ sF5ele2H Ve e TEMPEKATURE *#F6el
10 THICKNESS"F“-IDZH")

1900 FORMAT (1H e2Xe? BOX WEIGHTS Yo 12X 3H0'Se 23Xy *80X NUMBER?)

2lu0 FORMAT (1H sl {FL0e%e15A))
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‘ Yﬁ% MAIL':EMW‘}M\,M "y

[ T

SULKOUTINE OUTLK (INPTSe Xe Yot WHTSe XNEWe YNEW)
Oy P P P P T N N T P P T T T I T L L Ly e T
L

¢ OUTLIER POINT wEJECTION SUbPRUGRAM

-

o S S LT EE TN L e T Y P P T P P T L
L METHUD oAStD un THE NALR CRITEKIOWN (AN EXTENSION OF THE

¢ LXixeME STUDENTIZEUL DEVIATE FROM THE SaMPLE MEAN),

.

v

CEXRERFR XK R FEEREERERRAER KRR E R AR R R EREE KRR KR KRR KRR R KA KR KRR R R KR KR
UIMENSION X(1)e Y(1)s» XNEw{l)r YNEW(1)s» XA(25)s XB(25)r XC{25)» YA
1(22) s Yu(2n)r YC(ZS)e YMEAN(Z5)r S2N(25)¢ KEY(25)
TESTV = 1.734
U0 100 £(=1:25
1904 KEY(I)=y
NTLMPSNPTS-2
L=1
1=1
<0u LOWTINUE
v+l
KSji+2
IF (1.G1.NTEMP) 60U TO 500
2ou CUNTINUE
XA(L)=Xx(])
AB(LY=X (V)
AC(LI=X KD
YA(L)=Y(])
YB(LY=Y(J)
YC(L)=Y(K)
KEr(L)=u
Lat+1
12443
L0 TO 246
290 CONTINUE
=1+
60 TO0 200
40y COnTINUL
=142
- 60 TO 200
o0u COnTINUL
Lo~}
NPzl
"NPTS=(L*3)=1
C CALCULATE MEANS & VARIANCES
U0 700 I=1eNP .
IF (YA(1) eEeYBUI)eOReYA(L1) (NESYC(I)) 60 TV 60u
YMEANCI)SYALT)
S2n(1)=0,.,0
WRITE (602500) YMEAN(I)»S2N(I)
60 T0 700
00J CONTINUE
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YMEANCL)S(YACT)+YB(I)+YC(I)) /3,

S2NCIISCIYACT)=YMEAN(T) ) %524 (YB(I)=YMEAN( L) ) s#24(YC(I)=YMEAN(I) ) 5%

12)/24
700 CONTINUL
[RITIFTFTIZIT IR TEL 22223222 PP FEIA2 2L SRR S 2Y L2322 2232 2822222222222 ¢ L2
C SORT IN ORUER OF DECREASING VARIANCE

CALL SORT (NPeS2N? YMEAN: YAr YEeYCe XA XBo XC)
CxRR X R AR S EKE X R A B R EEEREERE R KR A B AR S SRR AR SR B A A S SR SR AR AR R LR ERE R R EEBE KA KES
(W CALCULATE SNU

L=1
C SUm VARIANCES
800 KNT=0

SUMV=0.

00 900 i=1.NP
IF (KEY(I).EQel) GO TO 900
IF (l.Ed.L) GO TO 900
SUMV=SUMV+S2N(L)
KNT=KNT+1
900  CONTINUE
SNUS=SORT (SUMV/ (KNT=1))
C TEST
TA=ABS( (YA(L)~YMEAN{L))/SNU)
TB=ABS((YB(L)~YMEAN(L) ) /SNU}
TC=ABS({YC(L)=YMEANIL) ) /SNU)
* IF (TAEQeTBeORTALEQeTC.OR,TB-EQ.TC) GO TV 1300
TE=MAX(TA?TB»TC)
IF (TE.LE.TESTV) GO TO 1300
IF (TE.tQeTA) 60 TO 1000
IF (TE.EQ.TB) 00 TO 1100
IF (TE«tQeTC) 60 TO 1200
GO TO 1300
1000 WwRATE (0022400) LeXACL) e YA(L)TE2SNU
XA(L)=999.
KEY{(L)=1
GO TO 1300
1100 NWRITE (602400) LeXg(LJ}sYB(L)TEsSNU
XB(L)=999.
KEY(L)=1
60 T0 1300 :
1200 WRITE (602400) LeXCCL)oYCU(L) e TES#SNU
XC(L)=999.
KEY{(L)=1
C . CHECK TO SEE IF ALL VALUES
1300 IF (L.EQ.NP) GO TO 1400
Lou+y
60 TO 800
C PUT IN NEW ARRAYS
1400 L=0
. NEWPTS=0
1500 L=L+l
IF (XACL)=999.) 1600+1700¢1600
POINT ACCEPTED

o
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R T T T
1600 NEWPTSSNEWPTS*L
XNE W (NEWPTS)=XA(L)
tNtw(NEuPTS)zYML)
1760 IF (AB(L)=999.) 1800019001800
1800 NEWPTSENEWPTS*1
XNEW (NEWPTS) =X L)
YNEN(NE&PTS):YMU
1900 IF (XC (1) =999) 2000,210092000
20u0 NEWPTSSNEWPTS+H1
XNEW (NEWPTSIZXC (L) N ¢
YNiw(NEuPTS):YC(L) ‘ .
2100 IF (L.GE.NP) GO 10 2200 |
G0 TO 1500 :
2200 RETURN :
C 3
2300 FORMAT (1HO»12Xs YSAME VALUES 12F6.0) :
2400 FOXMAT (YOKEJECT POINT'332%» X =tyFBelrte Y SVrF6e20 00T =09F6e20? d
1¢SNU ='¢F6.2) :
£END :
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SULBROUTINE CVREG (N1e+NPT»XeYsDEGRE,COEF)
CAREBABARRAEEXERRERABEEEEEREX AR AR SR AR AR BR AL AARRBES AR R A4 E XSS AS RS

C
< CUKVILINEAR REGRESSION

. CUKVILINEAR REGRESSION DETERMINES THE EQUATIONS

C OF THE STATISTICALLY BEST FITTING POLYNOMIALS OF FIRSTe
c SECONDs THIRD AND FOURTH ORLER.

C

<

2244 XX RERA R X R ERE RS SR XX R E RS R R KBS AR SRR A SRS S E B XX LR E SRR R KL SR E L X RSB K
DIMENSION_A(IO!II)' X(1)e Y(1)e» COEF(1)r KON(10)
NSN1+1 J
MSN+1
ANPT=NPT
VO 100 1=1/N
00 100 J=1sM

100 AlIvJ)=0e
A(1e1)=NPT
DO 400 K=1,NPT
DO 300 I=1+N
00 300 J=1.N
IPu2=1+u=2
IF (IPJ2) 30005002200
<00 ACLoJ)IZACTnJ) +X(K) **IPU2
300 CONTINUE
DO 400 1=2:N
+00 ACLoMISA(TIoMIEX(K) s (I~1) 5Y(K)
U0 500 J=1¢NPT
2006 ACLIMISA(1sM)+Y(J)
DO 600 v=1M
DO 600 I=1!N
600 ACIeJ)=A(IrJ) 7ANPY
1EKRR=0
MmNt
D0 1300 I=1.N
IF (ACI,I)) 80007000800

700 1ERR=1
G0 TO 1400

600 TEMP=1.0/A(I+ 1)
IP1=I+1

D0 900 J=IP1sM
900 A(IrJI=A(IeJ)STEMP
U0 1200 KS1eN
IF (1-K) 1000012001000
1000 00 1100 J=1P1:M
1100 A(KeJIZALKIJI=A(K2 1) %A(T0J)
1200 CONTINUE
1300 CONTINUE
N=N1+1
- MIN+L
1400 IF (1ERR) 1500016001500
1500 WRITE (b¢3100)
60 TO 2300




10600
1700

16u0
1900

2000

2100

<200
2300

2400
2500
2600
2760
<800
2909
3000
5100

CONTINUE

U0 1700 K=1+!N
COLF(K)=A(KIM)
SUMR2=0.0

VO 1900 I=1+NPTY
YC=COEF (1)

V0 1800 K=¢e¢N
YC=YC+COEF (K)#X(I)s%(K=-1)
R=Y(I)=YC
SUMR2=SUMR2+R*R
SIOGMA=SQRT (SUMK2/ANPT)
SSERR=SUMRZ

SUMR2=Y (1)

DO 2000 I=2:NPT
SUMR2=SUMRZz+Y (4}
BARY1=SUMR2/NPT
SUMR2=0.0

DO 2100 I=1NPTY
R=Y(I)=~BARY1
SUMR2=SUMR2+R*R
SSTOT=SUMR2
SSREG=S5TOT=SSERR
DSHEG=SSREG/NL
DSERR=SSERR/ (NPT-(N1+1))
FRATO=DSREG/DSERR
DEOLFT=N1
DEGFB=NPT=(N1+1)
DEGRE=NPT=1
ETS=SSERR/SSTOT
IF(ETS«6E«10)ETS=140
CORR=SQRT (1.0-ETS)
WRITE (6+3000) N1
wRITE (0r2600)

WR1TE (692700) SSREG+DEGFT»DSREGeFRATOsCORK
WRITE (br2000) SSERRDEGFBrUSERR

wRITE (602900) SSTOT+DEGRE
*RATE (602400)

MMSN1+1

DO 2200 1=1-10

Kon(I)=i-1

WRITE (022500) (KON(I)¢COLF(I)2I=1sMM)

RETURN

FORMAT (/7¢2X¢*CURVE COEFFICIENTS®)

FORMAT (//72Xe2HB(91101H) #3XsEL1ST)

FORMAT(//¢2X9 *SOURCE® ¢ 9X 0 *S.S?+9Xr *D.F?25X0 "MeST99Xs *F ¥y 2X2 'R?)
FORMAT (//¢2Xe'DUE TO'e5(4XeE104))

FORMAT (//+2X2 'ABOUT Y #3(4X0E10.44))

FORMAT (/7¢2Xs*TOTALY22(4X¢EL1D.4))

FOKMAT (1H1¢2Xe'ANOVA FOR CURVE OF ORDER'r13)

FORMAT (//+4Xe *SINGULAR MATRIX *¢/+4Xe*CURVE FIT IMPOSSIBLE?)

ENu




SUBROUTINE SORT(N'VALvXL!XZ:XSOX“OXSOXO!X?)
L**t*###*#*t**#***#tt******##*#t*t#*#t****t#tt*##*##*&*t***##t*t*tt##t#t

%
¢ SUBRCUTLNE FOR SORTING N WUMBERS IN DESCENDING ORDER
C
C#*l**‘******‘t*#*‘****“#**#*****t#*t*******t***#**#**t**#****t****$*‘*
DIMENSION VAL(l)oX1(1)0x2(1)1X3(1)vXQ(l)oXS(l)'X6(1)oX7(1)
M=in=1
DO 100 L=1eM
L=i+l
VO 100 II=LeN ,
IF(VAL(L) «GE. VAL(IID) 6OT0 109
F = VALLD
VAL(I) = VAL(IL)
VAL(ID) = F
. =xi(I)
x1(I)=X1(I1}
X111 =F
F=x2(I1)
x2(1)=xz(ll)
X2(11)=F
=x3(1)
X3(1)=X3(11)
X3(11)=F
SAk(I)
X4¢I)sSXu(Il)
X4 (I1)=F
=x5(1)
X5(1)=X9(11}
XS(11)=F
F=anl(l)
xe(l)=xe(Il)
X6(11)=F
F=x7(1)
X7(I)=X7(1I1)
X7T(ID=F
100 CONTINUE
RETURN
END .

ORIl e oo
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PEAK ACCELERATIONS AT 21-INCH DROP HEIGHT

APPENDIX F.
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APPENDIX G.
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L INTERIOR BOX VALIDATION
¢
(Rt P IR PR L S Sl L L TP TY PE Y R T S P S T S T R 2 2R A P Tl
¢

INTEGER TYPEM

COMMON TYPEM(3) +NVsCONST»COcF (45)

COMMON TP»UH» TC25S+GLINVR PV (45)

UIMENSION A(S0U)e Y(500)» YM(500)s YPL(500)

1 YPU(500) rb(3) + YL (500) » YU(500)

UATA (TYPEM(4)¢1=1e3) / *MINI'#'CEL *rtBOX */

UATA (CUEF(I)ri=1745) /04000.0006007.1665626¢640¢0¢=0.57911897¢

A 7%0e09=0+5389444796%00030.u88255¢ 0.0066¢557902¢4%0.0»
b 441063152695%0,0010.219992+0.02-0022965288¢2%0.,0/
<
KAWGE=1.+0 '
CONST = =14.475703
¢
C PRINT CUSHION MATERIAL TERMS AND COEFFICIENTS.
PRINT 3999.CONST
PRINT 40002 (IeCOLF(I)eIx=1045)
Cc
C NUMBER UF COEFFICIENTS FOK THE MODEL
C
NV =45
WA =45
C
400 PRINT 1700
C

REAL (501600+,END=1500) TCrUHe TPINPTSe (s (K) 2 K=1¢3)
NPTASNPTS+1
READ(503000) (X(LL)oLL=2¢NPTA)
READ(S523000) (Y(LL) o LL=2¢NPTA)
%00 PRINT 23000 TYPEMU1)»TYPEM(2) ¢ TYPEM(3) e DHeTCe TP
X(1)=NPTS
Y(1)=NPTS
CALL CONFIU(XeYINPTSsYLYUrH)
UELTA=0.05
x(2)=0.088
I=¢
000 CONTINUE
CIF(XLI) +6Te 2497 GOTO 700

SECOND URDER POLYNOMIAL

O C O

Y(L)=B(1)+b(2)%(10 - COS(X(I)})

I=1+41

X({1) =X(I=-1)+UELTA

G070 500 -
700 CONTINUE

x(1)=1-2
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Y(1)=I~2
by COnTINUL
n=1-1
u0 900 L=2:K
YLISY (L) +b(3)%11e0 = COSIX(L)))*s2

[ 93

L VENERAL CUSHION MATERIAL MOuUEL

<
S8 = x(iL)

L#tttt*tttttt*t40ttttt#‘ttt#ttttt##tt#*tttttl#*t‘*tt##*tt‘t*t#*t‘tttt“
CALL MODEL J

(9% 4 t**#*t#tt*#z*ttt#stt‘tt#tttt*t*:t‘***tt*tt*tlt‘t‘tt#‘tt‘#t‘#‘t#tt‘t‘*
YM(L) =olL

90 CONTINUL

c

¢ CALCULAIE PREDICTION LIMITS

(&
NPTA=X(1)

[ TYI T T TIITYS ISR YIE233 223 PP IR E LSS 2222222022 222 22223 222222222 Lt
CALL PREDIC(XeYeNPTAeYiL o YUrt» YPLsYPU)

b#ttt:tttttttt#:‘t#ttt*sttttt**t*tftttt:ttttstttttt#;tttttsttt*tttttttt

¢

" FInD M1nIMUM JUCC G-LEVEL

<

YMiN=10000

00 1200 I=cek

iF (YMIiveLLsY(L)) GO TO 1200

YMLiv=Y (1)

m=i

200 CONTINUL

UETERMINE VALIu MODEL HRANGE FROM BOUNDED IucCC
AND PrEVDICTION LIMITS,

COCC -

AMANSX (H)
XL=xMIN=-RANGE .
XUSXMIN+RANGE
WRATE (002500)
WRITE (022000)
U0 1400 I=g¢K
N=3H
iB=3H . :
CIF(X(1) eGEeXLoANDeX(I) «LE«XU) IBZ3H *#
IF(YPL(L) eoTeTMUI) oOReYPU(L) JLToYM(I)IN=3H =
IF (YPL(I)eLEeG+G) GO TO 1300
SRITE (0027000 X(I)aY(1)oYPL(I)eIBsYM{I) o NeYPU(T)
©0 70 1400
C NEGATIVE G-VALUES SET 10 = = »
13u0 WRITE (br200U) X(I)eY(1) 0l YM{I) oNeYPU(I)
14u0 CONTINUL

C PRiNT 5000:8(1)¢B(2)R(3)

135




NEAT CASE
6010 4ou

ENL OF uOo
WRITE (5e2900)
CALL EMaT

FORMAT(3F5.2013¢3F12,7)
FOKMAT(1H1)

FORKMAT (///+224K0°0%0F15,.8)
FORMAT (18XeI52F15.8¢5X015A4)

1TEMPERATURL *)
FORMAT (//716X¢'STATIC STRESS'»17Xs *ACCELEKATION (G) )

FORMAT (18X oFT o409 0F T 20 4X0ETe204X0A3eFTe2¢A303X0F72)
FORMAT(1BXeFTe499XrFTelsTXP V= = 95X A3eFTecrA31IX0FTec)
FORMAT (1Hl»? end OF JOur)

FOKMAT(10F8e4)

FORMAT(LH1»5Xe *CONST9F15.7)

FORMAT(45(5X1109F15eH0/))

ENu

FORMAT(DA?P VB(1) S'oF12e703XKe'B(2)= *»F12s793X0'B(3°= *3F12.7)

FORMAT (1H1015K23A494XeF%ele? INe Derle *¢F7.1¢? IN. ThICK'oFBol"

FORMAT (21Xxe'PS1*r13Xe *I0CC* 14X s *LOWER=P* 29X ¢ *MODEL * »6X¢ *UPPER=P?")

B e

R T

411w ah o

R LRI L R T T T

il bt 4

k.
h




ey

e yed U

LG

i
Ej:
H:
H

iE

o
N et — e v e e

C
¢
¢

100

<00
v

400

500
000

700

SUBROUTINE CONFID(XeYonPTSeYLeYUrB)
[WTTTETIIEIPT IS LLS 2 SLF2 S22 22232223222 222 22328222 LJ 2222232122222 2 Y12

COMPUTE THE PREDICTION LIMITS OF THE CURVES

COMMON TFsLHeTCoSSeGLINVRIV (45)

VIMENSION x(1)e Y(1)e YPUCL1)s YPL(1)e B8(1)eYL{1)sYU(L1)

[T TFTIT IR LT IS LIS SR 2222222 2SR SR FE 222282 S22 222 2 222 2222 222 22 2L 2
COMMON TYPEM(3) #NVeCONST e COEF (45)

DIMENSION xAR(D0003)» YAR(S00)r» C(3)» A(303)e XIN(3e3)e E(I)

TAR= 1.734
uX=0.0
¥S=0.0
NPIS=X(1)
U0 300 i=1,3
C(1)=0.0
£E(1)=0.0
V0 100 =1,3
AIn(Iel)=0.0
“(1'L)=0.0
COnTINUE
u0 200 J=1eNPTS
XAx{Jr1)=0.0
YAKR{J)=0.0
CONTINUL
CONTINUL
=00
S=0e0
SSu=0.9
V0 400 A=1/NPTS
J=i+l1
XAK{I«1)=1.0
XAR(Le2) = X(U)
RKARCIo3I=XAR(I02) 552
YAR(I)=Y(J)
ConTiNue
DO 600 I=1¢3
U0 500 J=1HPTS
CLLIZCUI)+XAR(Ue 1) 2 YAR{ )
CONTINUE
BXx= BX+L(I)sB(1)
CONTINUE
U0 700 u=1:NPTS
YS=YS+YAR () 552
CONTINUE
SSu=(YS=BX) 7(X{1)=3.0)
SISART(S5SG)
U0 800 J=1:NPTS
AC(101)=A(121)+XAR(Jr1)EXAR LU L)
A(1902)=A(102)+XAR(Jr 1) XAK (U9 2)
AC1e3)=A{1e3)+XAR(UP 1) $XAK (UL 3)
A(2e1)=A(201) +XAR(U22)8XARC(Jr 1)
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Gais s Sl = R
=5 SRR E

Alze2)=A(202) +AAR(U92) sXAR (UL 2)
Alze3)=a(Z0) +2ARUI2) eXAK (UL )
A(301)SA(3¢e1) +XAR(Is 3) sXAR( e 1)
AlSe23=p(502: *AARU2» 3) 2XAR UL 2)
Al593)=RA(3e3)+AARLUIZ) 2 XAR(U 3)

odu COiTIWUL
USAL101)5{A(202)%A(393)=A(3:2)2A(293) ) +A(102) % (A(321)2A(2¢3)~A(2r}
1)8A0303) 244020 3) 8 A(20 1) 2AL3:2)=A(321)3A(2,2))
XInt193)=(R 20 2)3A(303)=A(302)%A(203))/D
KInt102)=(A(302) %A (103)=AL1+2)*A(3+3))/D
XIN(Le33S(A(102)3R(203)=A(2e2)%A{1¢3))/D
XKIN(G201)=(Av301)%A(203)=A(2,1)%A(323))/D
XInt202)=CAL101)3A(393)=A(3:1i%ALL103))/D
RInN(293!=Al2¢1)%A(1+3)=A(101)%A(2¢3))/D
AIN(391)=(A(201)%A(322)=A13,1)2A(2:2))/D
XIn(322)=(A(321)%A{1+2)=A(101)%A(302))/D
XIin€3e3)=(a(1r1)2A(202)=A(291)%A(102))/D
RETURN

ENTRY PHREDLIC(XKeYehPTSoYL s YUsb e YPL, YPU)
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u0 900 4=1sNPTS
XAk(Ir1)=1.

J=i+l

XKAK(L1e2) = 140=COS(X(J))
XAR(I23)=XAR(I22) *%2
CONT INUL

YPL(1)SNPTS
YPU(1)=NPTS

vl 1400 J=1eNPT>

v0 1100 I=1,3

U0 1000 K=1r3

el )SECL) +RAR(JPKI R XIN(K 1D ™

CONTINUE

CONTINUE

V0 1200 I=1¢3
FoF+E(I)*XAR(Je 1)
COWTINUE

F2=1.0+F

F2=5SQRT({F2)
FSSWRTI(F)

Neutl
YUINISY (N) + TAH%SsF
YL W) ZY (N) =TAH*S%F
YPUINISY (N} +TAH®S#F2
YPLAN)ZY{N)=TANXS*F2
F=0e0

U0 1300 I=1.3
E(L)=0.0

CONTINUL

.ONTINUE

RETURN

ENL

2%
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SUbROUT ANe MOt
Ct*4*;**4******:tt****t*#***4t*4*#*****t*t#*t***4*&****:******t*tttt#**t
Crrsarxsns DYNAMLIC CUSHIONING MuuEL AR LR R LEL LD S LT B e
L#*******tt********t**********************t*4******#t*******t**t****#**#

INTEGER TYPEM

COmMMON IYPhM(J)oNVrCONbTOCU;F(QS)

COmMON TPeUHPTCISS»GLPNVRY v (45)

AL = 1.0=C0S(5S)

ALg = AL * AL

SRULUH = SQRT( vH )

IR =(TF + 46U.0)7100,
fRe = T « TR

ko = T * TR2

Tky TR3 * TR
TCOH = 1C *% (=(.5)
TCTH = 1C %% (~1,5)

¢
Viul} = TR * TCOH .
vV(o2) = TR * TCOH * AL
Vivd) = Tk * TCOH * Alc
VIo4) = TR * TCTH * SRUH
v{ob) = TR * TCTH * SRDH * AL
vioe) = TR * TCTH * SKCH * AL2
VIG7) = TR * TCOH * SRDOH
viud) = TR * TCOH * SRDH * AL
Vg = TK * TCuH * SRUH * AL2
V(10) = TRe * TCoH
V{i1l) = TR2 x TCOH * AL
v(iz) = TRz * TCOH * AlLg
vi(13) = Tkz * TCTH * SRDH
V(i4) = Tre * TCTH * SkpH * AL
V(15) = TRz * TCTH * SRuH * ALz
Vile) = TKe * TCOH * SRUH
VI17) = TRe % TCuH * SRDH * AL
V(18) = TRz * TCOH * SRUH * ALp
V(19) = TRS * TCuH
V(c0) = TR3 * TCUH * AL
Vicgl) = TR3 * TCOH * ALz
vVice) = Tra * TCTH * SRUOH
Vig3d) = TRS * TCTH * SRDH * AL
Viet) = TRd * TCTH * SRUMH * Alg
V(g5) = TR3 * TCOH * SRDH
V(cb) = TR3 = TCOH * SRDH * AL
viz7) = TRS * TCOH * SRDH * Alc
Vies) = Tk * TCTH
V(z9) = TR * TCTH v AL
vi{30) = TK * TCTH + AL2
V{31) = Tke * TCTH
V(32) = TRz =* TCTR * AL
V(33) = TRe * TCTH * AL2
V(34) = TR * TCTH




- RRGICEN e —tte - S P e N
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visb) = TKS * T(Th * AL
V(sb) = THS & TCTH x AL2
vis7) = TR

visag) = Tk * AL

vidg) = Th * Alg

Vis0) = Tre

viql) = TR * AL

vig2) = TRe * ALZ

vi43) = TKJ

viug) = TRy = A.

viuS) = TRy * ALZ

COMPUTE DYNAMIC CUSHIUNAING FUNCTION

GL = CONST

DO 100 JU=1sNV

ol =6L +CUeF(J) * V(J)
REJTURN

ENU
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"

" Tulak BOX VALLUATION

"

CAAERRER AR RKRRER I RKKFEEER R KRB R RS R AR R R R KRR R E R R R KKK RE KRR R R AR R R KK
COMMON A(203)pCUEF (2) rKON(2) +N1/NPT2 ILYA(T72)
COMMUNSSREL!DSERRY TeUL(51) eul(51) »AL(119) #BARX
COmMMON Y{1950) 1 X(2?2150) s IERR) TCoDH TP
Nl =1
T = 1e734
ReaD(5099) ILYA .

10 REAU(Se100L0rEIND = 999) OHeTCoTPHNPT
Vo 30 1 = 1ePT
REAU(S»1700u) XtLel)eY (L)

29 CONTINULE
WKITE(6283)ILYA
#R1Te(orls00) UM TC TP
U0 40 J = 1NPI

49 aRATE(6279) X(Led) Y ()
CALL LREG
IF(IﬁRR obre 1) bOTO 10

keITEC0r89) liYA

WRATE(601600) UHeTCHTP
CALL LIMIT
v0TO 10

99y WRITE(621900)
CALL EXAT

¢

79 FORMATC(LUOAIFL0e4eF10e4)

89 FOKMAT (1HL1#12X2 72AL)

Y9 FOKmAT (72A1)

1000 FURMAT (3F5.2013)

1700 FORMAT(32XrFBe4?tSAIFBeq4)

1800 FORMAT(13x» 4XeF4ele? INe DeHe '"+F7e10* INe THICK'»

A F8ele? TEMPERATURE»//)

1900 FORKMAT(1HLls10Xs*END OF JOH')

eNy

L,




e g e

SULROUTINE LREw
gtt$4:*tl*lt*t#*‘t**#**#*t##*t**tttt**#tt***t**t*t*tt#*t*ttttt*t FEXR SN

A L
4 ¢ LiNEAK REGRESSIUN
&

25 L*at&;#**tt*#**t;**ttt*t*t*ttt*****t***ttt*tttttttttt**tt*tttt*#*#*****#
5 2 LOMMON Me.s)n:utF(Z)mome).monpnlumu)
9 LOmMONSbREbanckR'TrULisl)ruL(Sl)oAL(119)rBARX
i CUinMON YllbO)'x(2'15u)oIERRnTCoDH'TP
N=iml+]1
Ei: MZjut ]

N ANPTINPT

L0 160 i=1eN
wO 140 uzl.m
1oy Aliev)zy,
Al 1)=npPT
VO 400 KZ1leNPT
V0 300 l=LeN
V0 3u0 uzlen
IPu2zI+u=2
IF (Ipuz) o0uro0ur 20y
200 A(L'J)zk(lod)+A(1'K)**1PJ2
SJu CONTINUE
BARKK = A(LsN)/Z7ANPT
U0 400 Iz=ceN
430 Allsm) = A(I'N)+X(1'K)¥t(1‘1)*Y(K)
L0 500 Jz=1/NPT
930 AlLeM)ZH(LoM) +Y(U)
JO 600 uz=l,M
UY o000 f=1,N
olu AlLed)za(Ied) 7anpT
LEKK=0
Mg+ ]
U0 1300 I=irn
IF (A(I,1)) 8uur7Tuur80y
7ou SEnK=}1
60 T0 1400
sdu fEMleoolA(I'I)
IP1=141
UQ 900 uzipism
9Ju AlLrd)SACLrd) % 1EMP
VO 1200 K=1+h
IF (1K) 10009120 1y0g
1000 U0 11006 UzZ1P1em
1100 A(nvd):A(K.d)-A(Kvl)tA(I'J)
1200  CONTINUC
13u0  CONTINUL
NSl+]
MZret]
14v0 IF {IERR) 1500+1600+1599
lou0 wRLTE {oer3100)
00 T0 2500

A

AR g PR

Sl

ROBE A

T

S

i

yen
|
|
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1bu0

1740

48409

4990

<0ud

<1iy0

£c(d
2300

2409
2500
o049
2700
<800
2900
2000
3100

COnTINUE

u0 1700 K=i¢N
COLF(K)=A{neM)

SUMK2=0+¢0

v0 1900 I=1.NP1

YC=COEF{1)

V0 1800 K=z

YC = YC+COcF(K)#Xx{1eI)%s(K~})
R=Y(1)=YC

SUMR2=SUMR . +R%*r

SIOoMA=SuRT (SUMRZ/ANPT)
SSERR=SUMRz

SUMR2=Y (1)

u0 2000 I=2/NPT
SUMR2=SUMKRe+Y (1)
DARY1=SUMKe/NP T

SUmK2=J+0

U0 210U 1I=1¢NPI

=1 (1)=sARY1
SUMK2=SUMR+R*K
SSTOT=S5UMRe
SSKEG=S5TO1-S5trR
USREG=SSREL/NL
USERRZSSERKRZ (NPT=(N1+41))
FRATO=DSREG/DSERK

DEGFT=NL

VEOFHB=NPT=(N1+1)
DEOGRE=NPT=1
eTS=SSERR/SSTO
IF(ETSeGEe1ey)cTS=1e0
CORR=SURT(1su=cTS)

wRITE (be3000) i1

WRITE (oel000)

wRITE (orc70u) SSREGDLGFTrOSREG»FRATO¢CORR
WRITE (orcol0u) SSERReDLGFBLSERR
#RITE (002900) SSTOTDLGRE
aRITE (0r2400?

MM=N1+1

u0 2200 I=1.2

KOn(IY)=]-]

WRITE (00250u) (KON(I)eCOEF(1)rI=1eMM)
.RETURN

FOKMAT (//+2X9 *CURVE COEFFICIENTS?)
FOKMAT (//72X922H(?I191H) e 3XeELSeT)

FORMAT(//¢2X2 *SUURCE " ¢9Xr *SeST 19X tDF 1 99Xs Mo ST ¢9Xs 1F * p12Xs *R?)

FORMAT (//¢2XeYWUE TO'»5(4Xest10.4))
FORMAT (//92Xe YABOUT ' 3(4X2E10.4))
FORMAT (//+2Xo'TOTALY»2(4X2EL10.4))
FORMAT (1H1»2Xs *ANOVA FOR CURYE OF ORDER'»13)

FORMAT (//+4Xe "SINGULAR MATKIX "e/s4Xe*CURVE FIT IMPOSSIBLEY)

ENv
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SUSROUT NG LIMIT
u&tt¥;*#4#*t*#t#¥*¥tt¥*&tt#ttt¥4tttt#**t*#t*t**ttt*ttt*ttt#tttt Yk gkER
-

" CUNFIUENCE L1IAIIS
L
C*;t&#***#*tt4at*t*t*t¥t#*rt#t*c**t#t**t*tttt**tttt*t#tt#*tt*tttttt*#‘*t

COmMivIY a(2v3)chEF(2)'KON(2)'NloNPT'ILYA(7z)

LOMMUNSbRvaDbtKR'TvUL(Sl)nuL(5l):nL(119)'ﬂARX

LOmMON f(lbO)IA(E'lbd)'IEHRO7CIDH'TP

vIMENSIUN LM(H) Y (5]1)

VATA (Cm(L)eIz)1s5) /-6.545?407'O-O:u.07231763»-0-0u9170219600-0 /

i=1

USERK=SURT (DSERK)

SUMK=SSKEG/(CULF(£)¥*2)

VELTA = 0.5

X{(101)=55,u

19 131+
X(1e1)=X(1ri=i)4DELTA
IF(X(1eI) oLEe 62.0) LUTG 10

NX = I-1 '

H2Z5GRT(CH)

THZ(TP+460,0) /100 ey

TH2= TH*TH

THO=TH2*Th

U0 20 I= 4eMX

VOL)=COLF (L) +CUEFI2) #X (10 1)

TER = He*X(1¢i)

YM(I) = CM(1)+CM(2)*TH*TER+CM(3)*THZ*TtR+CM(#)*TH3*TEK

1 +CM(Y) *TH2 %
<0 COnTINUL
VO 3u I = geNX
SHeKI = SQKT(loO+1-0/ANPT+(((X(llI)*BARX)**Z)/SUMK))

L4

S P RO

t

- SHeRIZT*USERRASHER]
3 ULCI) =Y (1) +SHEKRL
30 VLIISY (1) ~SHER]

s wRLTE(6050)

e LO 40 I = 1enx

'\p:

Al

wRITE(6r51) X(Lol)'Y(I)'DL(A)oYM(I)rUL(I)
40 COnTINUL
RETURN
20 FORMAT(14A04HwT o '16Xo4HIiBLo16Xv5HLOHth15x.5uMO0EL:15x.
A SHUPPER»/)
51 . FORMAT(S5(1uXeF10.,4)7)
ENp

S r—
whm'

vy

}%ﬁwu




APPENDIX I.

TOTAL BOX VS. INTERIOR BOX CODE

147

g T

YD




—

i

148

CRRAEEEEREEE RS RN KRB ERNRE ARG R E RSP RR KGR Rk R g KRR KRR RS L XN EE KR
C

C TOTAL BOX vS. INTERIOR BOX
¢
CREARRERERRE R ERRREERE RS RS ER AR KRR KRR R R KRR KRR KRR TR RS SR &
INFEGER TYFMEM

COMMON TYPEM(3) e NV2CONSTCOEF (45)

COMMUN TPsUHe TLPSS»GLINVRIV (45)

VIMENSIUN ¢(6)92CMI5) s X(100) Y (10U)»YM(100)YC(100)

DATA (TYPEM(I)oI=1e3) /7 "MINI*e*CEL *»'BOX */

DMA (SUEF(I)2L=1045) /0e0r0.09006007.1865626¢8%009~057911897»
A 75000 =02389444716%0+0¢300038255¢ 00.66¢5579%0cr4%0.0¢
=] 4¢1031526915%0409=1021999210¢09=0422965288¢2%0+0/

VDATA (CM(I)21=495) /=6.348746720.000,07231763+=0.009170219620+0 /
VATA (2(I)eI=116) /0408890025500052000470870.84391,255 7/

CONST = ~1l4.575708

(ol o]

PRINT CUSHION MATEPIAL TERMS AND COEFFICIENTS,.
PRINT 3999¢CONST .
PRINT 4000¢ (I,COEF(1)r1=1r45)

NUMBER UF COEFFICIENTS FOR THE MODEL

[aX s ol of

NV =45
ou PRINT 1700

OFEC

DELTA = Qo5
x{(1) = 556
iz}
oQu CONTINUL
IF(X(I) o+Gbe 62e0) GOTO 7Ly

C
I21+1
X{(1) =X{I=1)+utilA
w010 609
700 CONTINUL
: K=1=1

80y CONTINUL
HEAD (5¢1000+£Nu=1500) TCrOHe TP
. HR2SSURT{OH}
TH=(TP+460.0) 71000
THe= TH*TH
TH3=TH2+TH
U0 900 L=1+K
TEK = Hexxil)
C EXTERIOR pUX MubEL
YM{L) = CM(3I4LA(2) *THRTER+CM(I) #TH2#TLR+CM(4) *

L GENERAL CUSHIOIK MATERIAL MOutkl

M




5SS = X(L)/1iT72ed
[EYTI YL TIPSR FIS 2222 2332 2223232223 222323122222 38222232 % 924

CALL MOUEL

CHS SRR FREXAKAREEEIRARERRERR SRS SRR RERRARE R R XK ARREE LR R AR A 6K

Y(L) =ol

SJu CONT INLE

"
WRITE(0e25L0) (TYPEM(I),I= 1'5)DDH'TCOTP
wKITE(622000)
U0 1040 I=10K

C CUSHION
YCel) = YMUI) - YD)
WRATE(69051) X(1)eYM(1)eY(1),YC(I)

1049 COnNTINUE
6010 800

1500 wRITE(621700)

, CAutL EXIT

2300 FOKMAT (3H1el3Xe3A4e4XeFlele? INe DeHe *eF7. 1" INe ThHICK?*yFBe10?
1TEMPERATURE /7))

cobd FORMAT (154 *HUA WEIGHT Ceoxe? TOTAL BOX»Sx» *INTEKIOR bLOX?*»
1 SXe *CUSHLON® ¢ /)

21 FORMAT (LOXoFL3e420XeF1etraxeF12¢495X2FOet0 /)

1660 FORMAT(3FS.2)

1760 FOKRMAT(1Hl)

1999 FORMAT(1H1sS5X» 'CONST9F15.7)

©000 FOKMAT(4S(EXrISsFi5480/))
tNu
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SUBROUT INE MODCL
C#t******#t#*ttt*t#t*t**#**t*tlt#tt*###:t*tt*g*tt#t###*t*#tittt

¥
C*;#**¥t*#*t#t*##t*t*4**t*ttatt#t#*#tt#:tt#tzc*tttst#s#*#t*t#t*
v
gt;t*x**ts:*t;tv:#*tttt&*#ts;*v:#**t»stttt#tvt#t*t##t**tttt#t*#

INTEGER TYPEH

COMMON TYPLM(é)ONV'CDNST’CU;F(“S)

COoMMON TP'UHvTL'SSDGLoNVRvV(“S)

AL = 1.u=C0S{55)

aLe = AL * AL

5RuH = SQRTL urt 2

IR (TP + 46ued)/100¢

IR = TR #* TR
TRo = TR * TR2
TRy = TR * IR

TCutt = TC »¥ {(~05}
TCIH = TC »* {(=1.5)

19
vipgl) = In * TCOH
v(g2) = TR * TCOH * AL
viu3d) = TR » TCOH = Al

vig) = TR * TCTH * SRUH

vigs) = TR £ TCTH + SRPH * Al
ylge) = TR & TCTH x SgpH * Ale
vio7) = TR x TCOH * SruLH

vivg) = Tk x TCoH * SRCH = AL
Vige) = TR 2 TCOH * SRUH * AlZ
viily = TRZ &« TCOH .
vi11) = TRe * TCUH x AL
vi{12) = TRe * TCOH x ALz
vii3) = TR ¥ 1CTh * SkpH

Vi) = TRe * TCTH * SkuH * AL
viin) = TRe * TCTH & SrpH * AlL2
Vilp) = TRe * TCoH * >ruH

v = TRe » TCuH * SROH x AL
viip) = TRe * TL0H = SRuH = AL2
vi19) = TR ¥ TCOH

viz0) = TRy * TCoH * AL
viz1) = TRO * TCOH * AL2
vie2) = TRS = TCTH % SROH

via3d) = TR3 = TCTH x SROH + AL
Vigs) = TR * TCTH % SROH * AL2
vigs) = TRy * TCoH * SROH

viep) = TR  * JCoH % SROH = AL
viz7) = TR3 * TCOH = SHpH * AL2
vieg) = TR *= TCTH

vi{z9) = TR » TCTH * AL
visg) = TR x TCTH s AL2
vial) = TRz x TCTH

v(32) = TR2 * TCTH * AL




vi(al) = Tre = JCTH * AlL¢
V(a4) = TR3 = TCTH

V(ad) = TRo * TCTH * AL
v(3b) = TRy * TCTH * Ale
V{o7) = Tk

Viss) = TR % AL

v(a9) = TR = AL2

v(40) = TRe

Vigl) = TRc = AL

v(a2) = Tke * AL

vi43d) = TRS

viag) = TR *= al

viuS) = TRS * ALZ

COMPUTL UTYNAMIC CUSHIUNING FUNCTION

GL = CcOnST

v0 160 J=1eNV

GL =GL +COEF(J) = Vv(J)
KE lURN

tNu

IR A

S

L B

AL RS AU BT
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