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ABSTRACT .
An e;cperimépt has been performed to determine the behqviour ‘
of, Polyétyrene Beah {PSB) foam under corﬁbined jmpact 1‘<‘)ad1'flg.v
It has béer!h foun_d' that the impacf stress_-—lstra‘in characteristics
of PSB foam under combined Toading conditions are similar to that
of norma] im;;act loading of PSB fé)am. It has also been found

.that a predi'ctive normal jmpact equation could be successfully used

to determine the stress-str'ain behaviour of PSB foam urider' combined

“loading. - ﬁ
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IIITRODUCTI ON

I.1 General Discussion df ﬁoams

L3

Polymeric foams‘are now wi&e1y used in the field of impact ; .
protection They exh’lbi t charactemsti ¢s which lower the 1mpact
forces and absorb- a large amount of impact energy. The most
popular use for' the material is in the packaging industry. "Foams .
serve to cushion the paekaged items by damping out vibration and
mitigating shock so that tﬁe items will reach their final destina-
tion without damage” (1).

Polymeric foams are also used in protective head gear and in
automobile dashboards to shield passengers from head injury during
a collision (2 3).

"Foams designed‘for impact applications must exhibit a specific
stress-strain.behaviour as well as the ability to dissipate energy.
It is important for an impacting object to undergo a constant
deceleration, for maximum force could be destructive to the object:
A foam which exhibits a;plaf\au région in its stress-strain curve,
resembling yielding, wi]] absorb impact energy at a relatively ~
constant dece]eration S1nqe the force is the product of mass and
acceleration, a constant stress duffng compression will give a
constant deceleration during impact" (4).

Expanded polystyrene bead (Psé) foam is a common polymeric foam
used for the purpose of inpact protect1on. (It also serves as an
1nsu1;t10n and flotation material.) ,Low'cost and simple moulding
procedures maké it an‘attractive choice. PSB foam stqgk is

produced in the form of foam beads about 2-3mm in size,

which are shipped in bulk to moulding plants. The beads are placed

/ .
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""in moulds which are injected with steam thus 'béh&i_ng the beads . _ NG
_togethe'r thereby produeing the dés1red part, ) |
, To ‘da,te, investigative work has toncentrated on the dynamic '
ER ) . R

- behaviour of normally loaded PSB foam. Meupjer (5) conducted

‘experiments with PSB foam and a_rrivgd-a fredictive equation for ;

the behaviour of foam .du'r'ing. nohnalz;h'npacts / In'rreality,‘howeﬁer,'
there are ‘very few items that are loaded this si'miily.- Combined v,
loading during impact 1;'» the norm rather than -the-e'xception‘. ‘_uch 7
protective items as helmets, ddashboar'ds, instrument pa'ck.aging and .
even eqq carjtorﬁs frequently experienge combi n'gd'load'l.ng. when’ under
_ stress. To'propeHy predict the performance of such protectixe S /
1te‘ms‘,‘ it is c]t;ar that one must know more than simply the normal -
'10adirig characteristic of the foam.. e ‘

‘]‘he 'purpose of the préséhb—etm?}y; therefore, .is to investigate S

" the performance’ of PSB foam under cofibined shear and normal loading,

and to determine if the equationldeve'loped by Meunier can be

~applied to such impact conditions.

I. 2 Experimental Studies

-

To the author's know]?dge, there has been no work to deter’mine
the behaviour of PSB foam resultivg from corrbinéd impact lo'ads. ‘
~ For that matter, very few papers have been pubHshed. relating to shear
]oa:li'lng behaviours of rigid foams. -
Zaslawsky (6) in 1973 stated "... much effort has been expanded'
in uniaxial tests on foam;.much yet r'ema‘l‘ns to be dong. Howevér,
the behaviour of foam under multiaxial states of stress has-had

Tittle attention". This generalized statement holds true todaiy. S *\-



Zasiawsky studied mulliaxfaiﬁstress béheviour of rigid po1yurethane '

foam by subaecting standard tubu]ar specimens to interior pressure ‘

and axia] load with a maximum axial stress rate of 20ps1/m1n A high .

speed motion picture camere was Employed to study the frecture - ’
propagation. He found that fracture, distinct from excessive' o
yielding, occurred at the conclusion of every test Qh1ch was ‘both -
"catastrophic" and "instantaneous". He also conc1uded that ‘ :
decreasing density weakened the material s1gn1f1cant1y in compression iﬁf/”—f”—:

i

and in the hoaop d1rection yet it has no observed effect on” axial

|

tension. His reasoning for th]s is that the decrease in density . |
increases the sensit1v1ty to buck]ine and cell wall cel1apse. ,
However, the ten511e4bonding of the beads is not affecﬁed by ! -
density thus tensile strength remains relatively constant.

Patel and Finne (7) a}so used thin tubes of plastic f&éﬁ under
tension, iqtern§1 presgere aed axial compression in their tests.
They conducted exgerimepts en rigid, CO, blown polyester based poly-
urethane foams. For Tow density foam, they’found that the compres-
sive strength is greatly affected by the stress-strain characteris-
tics of the so11d phase while the fensile fracture is not. With
respect to biaxial loading they conclude that the geometfic con-
figurations of foam are such that the loadieg of foam in one
direction would not affect its stréngth in the orthogonal directions.

The shear propertiee of flexible silicones were investigated
by Aspey and Hodge (8). Using a function generator to drive
an,eiectromagnetic shaker, the motion of the shaker wa;itraﬁsferred
throdgh a f1exib1e coup11ng~fo an input bell crank which applied
" a sinusoidal torque to the.cy11ndrica1 specimen. The tangential

L
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disp1qcémént was measured by 1inear displacement transducers. It was

found that a reductidn in' cell size reduced the compress1Ve_modu1u;

- : oniy‘very §1ight1y‘wﬁ}1e the sheer hodu]us &ecrehsed'some 20%.

Meier and Rudd .(9) studied the shear response of phenolic foam "}}

‘ by bonding foam samples to a fixture as shown in Figure TT‘"TEE7sma11
' blacks of. foam used were eifher 1 jn3 or 1 in2 x 0.5 inches §h1ck.
Shear stress values were measured at shear rates of 2 in/min. both
para11e1 and-per ndicular to the rise direction.* They determined .
the’ shear strength of 2 1b/ft3 phenolic foam material to be approx1mate?y
5.5 psi This was applied to the design of a mechanical shock
"ﬂbsorber used on the vent doors of*a nuclear reactor contdipment

/
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" Fixture used by Meier and Rudd for Shear
Response Studies '

.Figure L\

*Rise 1s the general directfon in which the expanding foam traveIS
during the foaming process.
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< ™ dependence of PSB foam in shear were in the form cy=-Ap1 “?5, Patel

'bf'Meunier;s equation under the new eﬁﬁditions of'biaxial_]oading,

R1nd and Hoge (10) used cy]indﬁica] PSB foam spec1mens on a fb S

torsional osci]]at1nq machine to study the shear properties of the ’
~

foam. Values obtained by Rind and Hoge for the yield stress dens1ty

. and fante (11) whd studied the densify dependence of PSB foam in

compression, obtained a similar form of equation &yé Rpls46,

I.3 The Testing Concept X B

_Since the present study was concerned Qith the application
it was édvantaggous to adopt a.sim11ar t‘pe S% impact tegt usjhg.
similar equipment. To achieve this similarity for the biaxial
impaéts, it was necessary to Hesign and build a conceptually unique
test apparatus as séen in Appendi% A. ﬁ)"

Nhen using this apparatus the approach adopted was to 1n1t1a]1y

impact a series of samp1es normally so as to establlsh aqreement

with Meunier's equation.‘ The second aspect requ1red 1mpacts of

' increésing degrees of biaxial loading. This was,achieved'usiﬁg a,

drop frame with a series of remévab]e*impactbrs of different deérees \-._

N\ , :
of inclination which drop onto anvils of similar anq1es as shown in
i

figufe 2. Data generatred from these tests were ‘then compared to

data génerated by Meunier’s equation. _ | -

L el
1




L

IMPACTOR ~ =~

| ANVILS —_|

A Schematic of the Combined

Loading Apparatus
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. Figure 2
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IT . FOAM SAMPLES i c e

_ - .
" The po]ystyrene bead foam used for both Meun1er s and the present
) study was manufactured from® Dow Chemca]  Pelspan Bead Stock by Morval
Durofoam' of Kituhener, Ontario. .In a typ1ca1 moulding cyc]e, pre-expanded
beads are loaded iuto a steam injected mould. The sueam éxpands the
beads a 1itt1e'furtper andrsets them in place in approxjmateTy two
minutes. Immediately after production the foam is very.soft and supple.
An estimated time lapse of three weeks is necessa?y before €L11 strength
is approached. . | 1y i
A varietonf densities were acquired from which three nominal densities !
were selected; U.OSOgm/cm3 (1.9 1b/ft3), 0.037 gm/em® (2.3 1b/ft3), and |
0.058 gm/cm3 (3.6 1b/ft3). A} samples used for the test were 7 cm by
7 cm by 4 cm thick. Un1form1ty of the samp1e Size was ach1eved us1ng a .
Jig designed for the purpose. The samp]es were cut using a band saw with
a glgge speed of 100 ft)min to prevent overheating of the cutting zune.
This overheatihg Qou]@ melt the styrene and coat the finished edge with
solid polystyrene. This would affect the density and ;ae strength of the
sample wall. ' '
The samples were individually numbereu;,weigheé and their dimensions i
asured. .These data were %{ucessed by computér (see uppendix D for details |
of the program) to select sample qrouﬁ; which were within specific densiﬁy
and height 1imits of 10. 002 ,gm/cm? and 0.2 cm respect1ve1y Because of - the
{need to counterba]ance the analed impactor, two samn]es were uséed,

or1entated at .equal anq]es either side of the vert1ca1 ax1s of

“travel of the 1mpactor as 111ustrated in Figure 2. Th1s-requ1red*u”‘

' ¢ i ST ' ) ‘:
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‘Because of this, the use of‘the plates was discontinued.

- - . N ‘ -

the consideration of common densities.and'héights:when,choosing,' —
sample couples for each run. | '
A seLgctéd number of samples were sandwiched between a]umiéum s
plates using epoxy as”a bonding-agent. The aluminum plates were
designed to engage info corresponding ridges on the anvil ' and ',ﬁ..'

impactor to ensure that there would be no slippage between the foam
samples and the impacting surfaces as shown in Figure 3. Preliminary
tests showed that the a]umfnum plates did not have any s{gnificant ,

effect on the behaviour of the foam, but the.sigan noise was

greatly increased by the vibration of the p1ates'as_seen in Figure 4,

To aid in the evaluation of the deformation history of fhe
foam samples a grfd was printed on the s{ge of the samples. A silk
screen technique was developed to prinf/the uni form Sq";>a\§f§9?

which is shown in Pigufe 5. The grid was clearly visible on the -1

high speed film clips of the impact event as seen in Figure 6(A-C).
It also served well in the analysis of the permanent deformation

of the sample as shown in Figure 7.

. '
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Aluminum Plate and Steel Ridge System used
in Preliminary Experiments .
Figure 3
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Grid Printed on thé Sample by Means of a Silk Screen
Technique. :

Figure 5

Film Clips of the Deformation Sequence IMlustrating the
Clarity of the Printed Grid. .

Figure 6A
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Grid Pattern ITlustrating the Permanent Deformation
of the Sample.

Figure 7
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IIT ~ DEVELOPMENT OF TEST APPARATUS

In an effort to Gécome;familiaf wjth the general beh;viour
of PSB foam, a number of pre]iminary experimeﬁtg.were E&nducted
(Appendix B). In addition, these experiments hg1DedF§o
determine the effects that different testing concepts previously
developed for other engineering materials had on PSB foam.

The shear box, uséd in soils testing for example, proved to.
be inadequate because un&er shear, the foam would f{il by
extrusion well below the intended shear plane. (See Appendix ﬁ):
This produced large pockets of irregular shapes making it very
difficult to determine the shear area and to differentiate
between sheéred and ﬁorma11y Toaded material. _

' I't was at this point that the concept of using an angular
impactor was introducéd. By eﬁployfhg an angular mass and anvil,

./d

angle of impactor and anvil,.

ifferent.bfaxial loadings were obtainable by jointly varying the

The five impactor angles selected for this experimental

program were 0, 150, 30°, 45° and 600. The 0° angle acted as the-
reference test for the conventional normal impact loading. For
each angle an impacting mass of 5 kg at energy levels of 25, 50, 75,

100 Joules and a mass of "10 kg at every levels of 50, 100, 150 aqd
200 Joules were used. The various impactors were bolted to a sFee]
frame which was guided vertically by two .steel rods which has been
installed for a previous study(13). A photograph of the apparatus

set-up is seen jn Figure 8.



The ,Test Apparatus Set Up
Figure 8



2

-
;The five impactors were constructed from 3)8“ cold-rolled
1020 s;ee]. 'A11 joints weré welded and the impacting and mounting
surfaces we?e milled flat. Two steel strips were screwed to the
impacting surfaces to act as-positioning stops for the foam samples
prior to 1mﬁact as seen in Figure 9. T

)
The impactor which was screwed to the drop frame also supported:

the ;;ights thch were bolted symmetrically to the impactor. Qn
Endevco Acceierometer model 2271AM20 was secured to the impactor
through the vertical center of the impactor. The drop frame assembly
was guided by two stainless steel rods on 16" centers with a free

fall capacity of approximately 3 meters.

The anvils Qere constructed from 3/8" cold rolied 1020 steel.

They were welded*and then machined and also included steel stop

strips for the a11gnment of the foam samples. Each pair of anvils

- consisted of inclined surfaces moqnted on support blocks. The .

two anv11 components were bolted through s]otted holes to a plate

that was kbyed parallel with the s]otted holes of the anvils. The

p]yte was in turn bolted to a~permanently fixed base plate through

s]otteafho1esAruﬁn1hg perg?qfi;u ar ﬁo the anv11-51ots. This

gave the anvils tinear freedom on the horizont§1 plane which was
S

needed for proper alignment of the samples before impact. An

illustration of the 1mpactor and anvils is seen in Figure 9.
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" © % IV INSTRUMENTATION ‘ ‘ S

The sensing elements used for this study were an Endevco
" Accelerometer Model 2271AM20 and the velocity gate which had been -
de-signed fdr" a previous study conducted afﬂfh'é University of Ottawa
by Webster (13). The s$ignal from the accelerometer was amplified
by a Bruel and Kjaer Model 2625 charge amp]ifier. The output signal..
from the charge amplifier was spl}t with one output goiﬁg to an
oscilioscope channel and the ofher output signal going to an
electronic integrator. 'The integrated signal, velocity, was then
'fed to a second channel in the oscilloscope and both signals were .
stored on the oscilloscope screen. The store& signalé were
labeled and then photographed u§1ng Eastman Kodak #5369 35mm Film
at antexposure éetting of 15sec at f 5 in normal working 1igﬁf.
The velocity gate was used to determine the ve1qcity of the
~ impactor just prior to impact and also to trigger the oscilloscope.
" For some of the tests, high speed filming ofithe impact event
was édnducted. .The “"Locam" high speed camera with a framing rate
of 500 frames/sec was used.* Light was provided by four 1000 watt
quartz iqdine'spot iamps which were so arranged to mfﬁ?mﬁze shadows -
“and to produce_an E.V. reading of approximately 4.5 at a d1s£aﬁce
of 1 foot from the surface of the foam. Kodak Tri-X, 16mm reversal
double perforated film 7235 was used at an exposugg’setting.of
f 4 at 500 frames/sec with a shutter angle of 30°.
-
* Problems with the camera speed control developed resulting.in
some of the impacts being filmed at 250 frames/sec rather than
the expected 500 frames/sec. This made an analysis using the

fijm very difficult.as the time lapse between each frame became el
to great. ‘ <
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V  TEST PROGRAM

L]

LI

* The test program consisted of 131 tests of which {1 were ;oid
due to trigger failure and 6 .were discarded because of btﬁer
préblems. As previous]yAmentioned in section 1II the tégt'progrém
vartables consisted of two masses, 5 and 10 kg, 3 densities 0.031 ,"
0.038 , 0.058 ‘g/cc, 5 impactor angles 0°, 15°, 30°, 45°, 60° and
4 energy levels per impact mass 25, 50, 75, 100J for the 5 kg load
and 50, 100, 150, 2000 for the 10 kg Toad. ,NL,—J;/*\

Impactor anQ]es were chosen in the following order so as-to
discourage biasing of the data; 450,'309, 600, 00,,150. For each
angie 3 different density groups were used under.the same impact

? . .
energy . The impacting energies were also arranged randomly at

25, 75, 50, 100 Joules. The same general format was followed for
LRE utes. '

the 10 kg impact masses.

.
-

A typical series of runs.commenced with the installation. of the
pré-ﬁeighed impactor and its corresponding anvil. The calibration
- of the test equipment was cheéked by impacting a plastic calibration
pad*Lhich possesses repeatabTe.response characteristics and comparing
the results with pre-recorded ca]ibration data.
Two foam specimens were selected and placed on the two anvils
and then the two anvils were adjusted to insure that a proper
sithul taneous impéctor contact was mdde witp each specimen. The
impactor was raised to a predetermined height ) ﬁréduce'a chosen

impact energy.

* Details of the calibration pad are presented in Appendix A.
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The oscilloscope trigger ‘and the-velocity transduker zero

cv:vere set. At this point the high“speed'cpmeras (when used) were

started and the drop frage released. ;The accelerbmefer And the
electronically integrated velocity trscés‘were stored by fhe |

. osci]!oscopé and a 35mm caherq was employed to record the traces.
An example of a aata.regond is seen in Figure 10.

L] .
In addition, thg tests ‘were conducted at room temperatureqf/

over. a short period of time.

et e o e L i
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VI OBSERVATION AND DATA

VI.1 Initial Discussion ; ’ ' S

LY " \._
As previously mentioned, test data were arranged in groups of

.common impact mass, energ& and density with the variable in any

given group being 1hpact angle. .

P]ogs,were constructed to help illustrate the different perfor-
mance characteristics of PSB foam with respect. to changes of impact
angle, The.mq;imum acceleration values were p]éfted against impact
angle with density an&-impact ehergy rema{njng.constant.’ An example
of which is shown iq‘ﬁigure 11.

An initial examination of the data with respect to the maximum
acce]erat1on versus the ang]e of 1nc]1nat1on revealed a decrease
in " g" forces with an Increase in shear ang]e The apparent con-
clusion was that an 1ncreased shear angle will provide increased
shock attenuation. Upon closer examination of this obgervation
through normalization of the data, it became c]éar thatvthié initial
conclusion-was questionable.

e

VI.2 Normalization of Data &

The norma]ization:of the data involved an accounting for the ’
chénge An samﬁ]e orientation for biaxial impacts. This was ach1eved ’ f
by p]ott1ng the product of maximum acceleration and {cos 8) against

the impactor angle as seen in Figure 12. The resulting curve suggests

that the initial conclusion fhat increased shear angle wil] provide

increased shock attenuat1on is 1nva11d Because of(?ﬁjs exercise - .
it became apparent that spec1a1 geometric considerations had to be = -

made to account for the change in sample orientation. These would

' y
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be applied when working with equation A.

VI.3 Equation A

-

Meunier (5), using similar instrumentation arrived at the following

predictive equation to deséribe PSB foam under high variable strain

rates for normal impact conditions.

EQUATION A

where

. fle)

flp)
f(e,)
f(v)

11

[ 1]

-

fe) - Flo) « FE) « flv)

stress in megapascals

415.72 exp(0.88¢) + 0.01343 exp(13,9¢) +

1.25 x 100 exp{42.0e) (megapascals)
1,5
C]D

=1 .
CaSinh (C“EO)

0.796 + 0.204 v

v
o

strain

L

initial strain rate = volTo

3
density (g/cm )}

instantaneoud velocity {cm/min) \\\\‘\\_‘,

initial velocity (cm/min)

»

inftial thickness of the foam (cm) '

13, :
0.098, C3 = 0.03057, Cy = 3.75 x 10  when o, v, v, and
T° are given in units shown above.
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By using this equation in conjuﬁction with thé data from the
normal or 0° impacts of the present study, a comparative base was
established. Initially, however,-there was disagreement between
the normal impact data from the pﬁesent study and the curves
generated by equation A. It was necessary, therefore, to alter
equation A by applying a 10% corrective factor to the ve1obity term
which led to a satisfactory correlation with the normal impacts as
i1lustrated in Figure 13. Possible reasons for this discrepancy
are differences in the precision of data for impact ve]ocity‘and/or ‘
a greater sampfe surface.area to periphery ratio between this study‘

and Meunier's study.

" TEST NUMBER 125 ! pimulated
SHEAR ANGLE 0° . :
ACCELERATIEN \S TIME. ACCELERATIBN VS Tp-E *
20, ’ \ =00, ‘
o00] | <00
300
oo y:
Q
| 200
100,
D T ¥ L 3 v ¥ o ¥ g
00 20 40 60 €0 100
: MILLISECENDS
AFTER

Comparison of Predicted Data with Simulated Results
Before and After the Velocity Correction.

Figure 13
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It was postulated that angled or biaxial impacts could be
treated as normal impacts by applying éeftain geometric factors to
Meunier's equation. If the resulting curves correlated well with
cturves produced by the predictive equation then it could be con-
cluded that biaxial impact loéding could pe predicted using the

normal impact equation.

VI.4 Geometric Analysis

As previously mentioned in section VI.2 special geometric con-
sideration were needed when working with equation A. From a
practical point of view, the change in sample orientation resulted
in a change 'in surface area and thickness with respect to the axis
of the impactor's travel. .

.For the normal impact condition we have the.f011owfhg geometric

parameters as illustrated in Figure 14.

—

The Ini;;Ll Geometric Parameters of the

Sample. .
Figure 14
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A

. Considering the biaxially loaded specimen in Figure 15'as normally

Toaded, the following geometric alterations are reauired.’

/_\'

! ' -
"The Orientation of a Biaxially Loaded

Specimen:
Figure 15
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VI.4.1 Thickness

&

Thickneés is regarded as the distance separating the sirface
of the impactor and anvil ;hen the impactor makés initial ?ontact
with a non-deformed foam specinen. For the normal impact coﬁdition,
.thickness~1s represented by't. When biaxial loading occurs, the
sample is tilted to angle 8. Thickness is no longer t byt-bpcomei_

.

t/cos 8 represented by 'h* in figure 15.

VI.4.2‘ Impacting Area
During normal imgacts, the impacting area A 15 taken as éhé
plan projected area a x b, Fighre 14, which Ts’éégportéd by .a thick-
ness t of foam. hhen the sample is tilted dufingféiaxia1 testing,

the projected area changes. The dimension 'a' remégns the same
while the dimension 'b' is altered resulting in a new area of A =
ac seen in Figure 16.

Although ac is the true projected area, it is not totally

supported by a constant thickness of foam at the extremities of the

sample in the c dimension as shown in Figure 17.

"

.




-31-

Projected Surface Area when
the Sample is Tilted

Figure 16




-32- . < L

e kR, ———TT e W
. -
2.
.
~

e 4 - - ’ A
R /
RN ) R 1 .
1

o e UNSUPPORTED ,
| | “SECTION ~——_,_ +7
by

: “
1 , .
. '
¥ l‘
| ) ' s
s L]
. / /72
’ v
| )" prosecTeD
‘ e ‘
: . . .. DIMENSIO
Y, . . o
‘ Sample Regions Not . -
' . ' . Supported by Foam ]
o \ S 2N .
: . P ) Figure 17 2 i - ‘
( ) ) . .
J -
\ | ]




e 1 — e e

-33-

-

» As a compromise, the correctgg dimension-chosen was -the projected

length of a 1dne bisecting the sample at t72 is illustrated in

figure 18.

*

-

/

o

By

the Area Calculation.

Figure 18

a

. -3
Corrected Dimension Chosen for .Use

in

L

The resulting projected dimension is ¢' = b Cos 8. The corrected

area term becomes Ac = ab Cos 8.

@

J B

In sumﬁbry, the approach‘is to analytically alter the.diménsion @

_ of the biaxia}1y.1oaded specimen to a normat impact condition and r

then to apply the results to the cbrrected_equation "A" which follows. « -

-

b i
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VI.5 Eguation-"ﬁh' Revised .o
o =z fle) - flo) - fle,) - f(v) o - R
where ’ ' ' ' i
f(e) = 415.72 exp (0.88¢) + 5.01343 exp (13. 95) B

_ 1.25 x 10-13 exp.(42.0¢) . -~
f(p)

= 0.098p1.5 )
f(e) = 0.03057 Sinh~1 (4:125 x 1013¢,)
f(v) = .0.796 + O 2244 v
. vo
[] ¥ ) ¢
€y = ¥
TO
p - 'dengity {g/cm3)
v = instantaneous velocity (cm/min)
VO.?: initial velocity (em/min) (at poinf of impact)_
T = initial thickness of the foam (cm) -

Ps Vs Vo, and T, are given in the units shown above.

The subsequent acceleration/time curves generated by this equation
are compared with the experimental values of maximum "g" versus time froh
" this current study. The maximum "g" values were determined manually from
the photographed curves at intervals of 1 msec. If tﬁe curves correlate,
then Meunier's normal-impact equation can be used to predict biaxial

Toading conditions prdV1ded a proper geometrical correction analysis

is conducted.

From the acce]eromeéér data one can generate through integration,
the quantities of velocity and displacement of the impactor versus
time. The acce]gration value applied to Newton's Law of Force =
Mass Acceleration yields force which, when divided by the'impacting'

area, gives stress. Knowing the displacement and the stress over
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e 'timé it is possiltrle to -generate a stress-strain curve of the foam

during impact. An exampnle of this is shown in Figure 19.

.
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VII  DISCUSSION OF RESULTS

YII.] The VeTocity Correction Factor: ‘ /

) As discﬁésed in section VI.3, the 10% correction faﬁtor applied
to the velocity term had the effect of minimizing the ;mount of
disagreement between the experimental and calculated maximum
acceleration values f&r ﬁorma1'impact conditions. The factor was
arrived at through a rigorous iterat{ve process whereby small
incremental changes were made to tq? dffferenf'variables and the
resulting acceleration vebrsus time. curve compared with the experi-
menta1'data. Through this exercise, velocity emergé; as the variabTe
which when altered, produced the best acceleration versus timg
égreement with the experimental results. This choice is réinfofced
| through the following practical analysis of the velocity .variable.

Velocity is the one factor that has the most profound effect
on the .calculated curve. A very $mall change in velocity, under
certaih:conditidﬁﬁ» will prd&uce very ﬂarge differences in peak
?bce1eration. Ve]ocity was also the mostldifficu1t variable for
eunie} to evaluate, A1l o% the other variables were direct measure-
ments of weight and/or size. .

The velocity term used by Meunier was arrived at through a
complex exercise involving manual integration of the acceleration
versus time curve using a time base derived from the displacement
versus time trace. Tﬁe time base used for the integration was

determined by ebserving at what time the linear transducer indicated

maximum compression. This, unfortunately, assumes that there is no

-

>
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-

lag difference between the linear transducer and the acce]erometer
and their respect1ve interface networks g

An examination of Meunier's calibration trace. of the Tinear
transqycér.and Fhe accelerometer (Figure 20)reveals an apparent time
lag between the Tinear tranéducér and the accelerometer tface. The
Tag may be attributed to an inherent performance characteristic Sf
the linear tfansducer coils whereby they act as a choke resulting
in a detectable signa1 lag. In addition, the 1nterp;;tat1on of thed
"ca11bration trace requires a subjective judgement in determining

the time of maximum displacement. This task is made especiaT]y

difficult, as seen in Figure 21, where the point of maximum displace-

ment is flanked on either side'By asymptotically opposed slopes
which make the choice of a definitive time of maxbmum displacement
most difficult. Unfortuﬁate]y, the Tinear transducer developed a
short.circuit before this present study'was conducted, pre&enting
a further investigation of this possible problem,

The impact velocity was determined in this current study using
a calibrated velocity gate consisting of two infrared emi tters and
sensors. They were set a known vertical d1stance apart and were
triggered by a kni\fe edge on the falling imp ﬁier frame. When
the beam from the first emitter was cut, a time clock was triggered.
When the blade cut the second beam, the clock was stopped and a
calculation produced the impact velocity. Bécause the velocity
gate was positioned a few centimeters above the impact position, the
ensuing calculation for velocity included a corrective function

which accounted for the additional fiée fall of the 1mbactor.

- b 4l .
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VII.2 The Relation of Predicted and Calculated Data for Acce]eration
versus Time Curves

VIT.271 Initial Discussion

In figure 22 is displayed the results of test number 117, a normal
(00)-1mﬁact, which is a representative example of an acceptable
agreement between predicted and experimental results.

The, predicted or simulated values generated by equation A are
represented by‘the solid curve. The experimental data points which
are represented by the symbol +, Qere determined by individually
analyzing each one qf the photographed acceleration time curves. In
total over 100 curves wére analyzed, and the resulting data points

stored on” computer cards. The computer program used to display this

~ .
data and the results of equation A was developed by ‘Meunier (5).

ACCELERATIEN V3 TIME

50 ,

' - = + Experimental
404/.\ - Simulated
30| + '

# 1 TEST NUMBER 117
en{ SHEAR ANGLE 0° ,
. 10

c Y r
Q0 20 40 60 80100
MILLISECONDS

Lt

A Representative Example of
Acceptable Agreement Between
Predicted and Experimental Results

Figure 22
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Typ1ca1 of most curves from this study there is poor cbrrelat10n
dur1ng the first three msec. of impact. It is part1a11y due to the
nature of the predIct1ve ?quat1on in that ét time equal zero, cal-
cu]atéa acceleration was ﬁot set equal to zero. A1l plotied data
from this study were initialized to zefo at time equals zerc whick
resulted in an initial disagreement with the predicted results.

In addition, because Meunier obtained such remarkable cbrre]ation
throughout the duration of the acceleration traces it became
apparent that other factors apart from impact velocity may ha&e:

influenced the results of this study. An examination of possible

sources of disagreement follows.

VII.2.2 Thickness to side ratio:

.Meunier's‘samp1es had a thickness te side ratio of 1:1.15 and
1:2.3. The saﬁp]és thicéness to side ;atio used for this study was
1:1.75 per sample or 1:3.5 for each impact test, as there were two
samples used simultaneousiy for each test. It is not likely, however,
that this differéence had a strong influence on the stress-strain
performance of the foam. This is supported by Meunier (3) who,
through preliminary experiments, conc1uaed that large changes in the
thickness to side ratio produced only small changes in the stress-
strain performance. In addition,’Rind (14) and Traegér (15) skate
that Poisson's ratio for polymeric foams is about 0.03. This low

value suggests that a small change in area would not greatly affect

the stress-strain performance. ' e , . >
VII.2.3 Surface Area

Meunier used sampleasurface areas ranging from 8.53 cm? to

—

N
g_/ v e : -
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+76.74 cm2. The range of surface area used duriné this ;@udy was -
49cm? to 96cm?. Surface area was not considered to be a questiongb]e
variable for two reasons. First, a change in surface area did not
'appropriate1y alter the acceleration-time performance so as to
'1mprove the correlation at-0° shear angle. 'Second, surface.pfea

is not a term contained within equétion A. Insfegd, it is used in
the force calculation from the stress term generated by equation A.

VII.2.4 Impacting Mass

The impacting masses of 5 kg and 10 kg used during this study
were well within the Timits of 2.374 kg and 19.984 kg used by Meunier.
The impact energies of 25J to 200J were also with Meunier'g range

o . N
of 11.63 J to 418.6 J. . \ :

- .
» VII.2.5 Physical Properties of the Samples
e

' Although the bead stock used in moulding of PSB foam slabs is
of ﬁigh quality and cdnsistency, the qua]%ty of the ;iﬁished product
is less bredictab]e. $ﬁé/chféf reason for this is that the
forming is done by hand and not on a regular production run, which
results in variation of quality within any given batch. This is
significant in that many samples must be discar@ed because of variations
in density which makes experimental p]éﬁning difficult. Also, the
characteristiés of the foam change with time. Meunier's foam aged
" one year'before testing while samples used for this study aged
approximately five mqnthé.' 01d samples are noticeably more brittle
than fresh ones. Practically, this may lessen the energy absorption
capabiltities of the foam. |

The variation of the density through the cross-section of a

sample as displayed in Figure 23 is another contention point.



" the prediction of PSB foam.
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Density Distribution - Transverse Cut of a
Slab of PSB Foam. (From Meunier (5))
Figure 23

~

Homogeneous distributi@n of beads is rarely found in moulded PSB
foam products. Rusch (16) indicates that such geometric variaéions
of the cell 512e will affect the shape of the stress-strain curve
The large density. gradient is likely the most important factur to
consider when working with the performance predigfability of PSB
foams. . ‘

In the wake of the discussion it must be pointed out that the

exce]]ent correlation of experimental data to predicted resu]ts

enjoyed in may areas of material science, can be expected on]y with .

large sample groups where statistical confidence can be achieved in

-

VII.3 Comparison of Acceleration Versus Time Curves

wﬁen the plots of acceleration versus time- for all impact angles

L]
from 0° to 60° were examined, two striking observations emerged.

[T
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1.  when assembled into groups of similar specimen density, striker -‘\\\e\\
mass and impact energy, a»éomparison between the predf}teq and
experimental curves showed good agreeqent( In cases where the‘
.predicted traces differed in shape from the experimental trenc{b
% .for the 0° impact, the characteristic differeéce such as curve
shdpe and dften the points of intersection with the simulated curve
carried through for the 15%, 30°, 45°, and 60°. See Figure 24, 25, °

26, and 27.
o

2.  the maximum values of acceleration from the data agreed very
'we11 with the predicted maximum acceleration for all impact
angles except 60°, The 60° impact produced predicted maximum
acceleration figures below the exper1menta] vaTues See

F1gures 28, 29, 30, and 31.

Referring to the first observation, the qood agreement achieved
between predicted and experimental results clearly demonstrates that
_ @ reasonable prediction of the acceleration versus time response of

- PSB foam can be expected using an un1ax1a1 compressive formula for
W
-a fiaxially ]oaded impact. ) . L oo

The conditions where a family of predicted curves (0° to 60°.of
common density impact mase and energy) conbietant1y differ in shape
from the experimental tren& must be coesidered furthef. Because

the difference appears to be approximate]y the same for the 0° as
| for the 150 30 45° and 60° one must conclude that if the equat1on
could have better predicted the base condition, (0 ), it would
have better pred1cted the other four angies 15° . 300, 45° , 60° by

the éame order o% magnitude.

The second observation suggests that greatest confidence can*

be p]acedﬂin the value of predicted peak acceleration as opposed to
éhy other point during the acce]eration/t%he history. - v

-~



Figures 24, 25, 26, 27 i)lustrate how
the difference between predicted -and
experimental trends for 00 impact 'carry
through for the 150, 300, 450; and ,
600 impacts. : -
- - ( + Experimental data
: ~ Simulated results)
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Figures 28, 29, 30 and 3 111ustrate good

“agreement between predicted and experimental

peak accelerations for impact angle of 00,
159, 300, and 45°. The 600 impact, in
most cases, produced predicted maximum
accelerat1on curves below the experimental
values. -

. (# Experimental data

- Simulated results)
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. Both of these observations are Jeast éccuréte for the 60° impac;
situations. This discrepancy is attributed to practical problems -
s?emmjng from the apparatus and_]imitations of the test program
rather than the behavioral characteristics of the foam. High speed
f11m of the different impact as seen in figure 32 (ArC) revealed that at
60 the deformation of the sample during impact was unique There
was evidence of some localized slippage of the sample ujth respect
to the anvil and impact plates. This sTippage appeared to bg the
same ‘even wben aluminum plates were glued to the samples. During
"the 60° deformation, the sample ends exhibited a curling action
. that_visually could not be classified as normal or shear strain

type pf combined stress could not be accounted for in this study

ac:;fi perpendicular to or parallel with the plane of the anvil. This
because it acted in p1ang§/pther than the two prescribed by the
analysis. It is doubtful that these two problems could be overcome
by modifying the present apparatus. This squests that confidence
in the result ‘of this testing technique weakens as the increasing .
impact angle SEE?Oaches 60°.

A limitation in the test program may have also attributed to
the less th;n perfect 60° impact correlation. The energy'levelﬁ and
jmpacting masses used for these 60° teéis were high in relation to
the projelcted area. The projected area of a 60° impact 'sample is ,'
only one half of thé projected area of a 0° impact sample.

Becausé of this reduction in area, the stress on the 60° sample
is consié;rablj higher and in many cases the sample was grossly
overloaded. This rendered the data useless by diminishing the

number of 500 impact data available for analysis.



Film Clips of the Deformation Sequence IT1lustrating

the Localized Slippage of the Sample with Respect to
the Anvil and Impact Plates.-

-

’lygre 32A



Figure 328
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Figure 32C




"ZVI1.4" Enérgy Absorption ——

energy absorption.resu]ts. C R

L] - - t

‘Energy absorptfon'is the final property to be dtchSSed

The net energy absorbed by the foam during 1mpact can, be determined

by an accountinq of the k1net1c energy as shown by Fan (17).

The max1mum kinetic energy of the 1mpactor upon 1mpact can be

ca1cu1ated from the impagt velocity. The rebound energy can be 4

acqu1red through a procedure involving the 1ntegrat:on of the
accelerat1on time curve. The difference between these tw quantities

is the net energy absorbed by the foam
[ 4

As-seen in F1gure 33, with an 1ncrease in shear angle there is

-

_an increase in energy absorption. Reca]]ing the previdus section

‘VI.2 in normalization of the data,_ it is apparent‘that a specific, :

cdnc]dsion cannot be based on this fact‘alone.*'There must be a.

differentiation made between jﬁg quantity of enerqy absorbed due

~ to sample orientation (ive, increased-effective thickness with

increased shear angle), and the quantity of enerdy absorbed because

L]
. .

of the shear component. ' . * -

UnforturnateTy equat1on "A" does not permit this, Equation
-

“A“ gener tes? stress strain re1ationships only to the np1nt of

) maximum train. It does not address lhe unloading port1on of the

-Because.offth1s, total theoretical energy absorbed.cannot
be calculated _ ' |

F1gure 33, therefoge, is an ind1cation that the 6r1entation
of the sample w111 simply resuTt in a change jn enerqy absorption

A distinction cannot he made as to the re1at1ve effects that the

. change in either the thickness or in the shear component have on the

- -—

- . . -

» - . . L
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Because there 1s not significant difference between -predicted
and exper1menta1 peak acceleration va'lues, the increase in energy
absorption is indicated in the experimental data by increased .

impact time durations ) ~

-
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VIII  CONCLUSIONS-

The objectives of this study were to investigate the perfor--

~

mance of HSB foam under combined 1mpact 1oading and to determlne

if the equation deve10ped by Meunxer can be.used to pred1ct the

behaviour®of the foam under such impact conditions.

1.

The. impact stress-strain characteristic. of PSB foam in combined
impact loading is similar tp that of normal impact loading of
PSB foam. |

A predictive equation developed for normal impact loading of

PSB foam can successfully be used to predict the combined

-1oading stress-strain behaviour of PSB foam provjdéd a proper-

analysis of the impact orientation is,éonducted, The Tlimitation

‘of this conclusion is, as the angle of shear approacheé 60°

" the accuracy of the prediction may be affected

From the predicted curves, greater conf1dence can be placed in -
{

- the peak acceleration values as opposed to other p01nts during

the acceleration tiw story.

The trend differences betwéeh the predicted curve and experi-
meniéd points that occur from 0° impact tests“car}y over to
the 15%,30°, 45° and 60° impacts. »

This indicates that sdch-trenq differences are not the result

- of an increasing shéar_component but are most 1ikely the result
of impact conditions whereby the predictive equation is generally . = -

less precise.




The grid system printed on fhe sides of the samples coupled
with high speed motion pictures greatly enhances the analysis .

of the deformation of PSB foam,

The deviatian bf experimental data.compared with a nrédiptive;

“value for PSB foam tests cannot be expected to be of simitar

high precision which 1s generally fbund in the testing of more

classical materiai such as stee]

<
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APPENDIX A

IMustrations of the Test Apparatus and Support Equipment

And '
Details of the CaTibraxion Pad

»
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The calibratien pad used during this study is the following;

a 1-inch open Blue Modular Elastomer Programmer, available -

fro M.T.S. Systems Corpbration., P.0. Box 24812,
‘Minneapolis, Minnesota, USA 55424.

-
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Impactor B-45° " " Impactor A-60°

Impactors and Anvils Designed and Constructed
For This Study | |

Figure A-2

- -



Adjustable Base Plate

Figure A-3

Anvils Mounted on the Adjustable Base Plate
Figuré A-4



Camera Set Up for Data Recording

Figure A-5

_Ligﬁting Arrangement for High Speed Filming

Figure A-6"
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Weights for use on Impactors

Figure A-7

Modular Elastomer Programmer Pad for use in Calibration

Figure A-8
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Shear Box Apparatus Commonly Used

e for_§23}<Testing‘

Figure B-1

ﬁgxh\§ample used in Shéar Box

(The sample’was cut atong the shear plane
prior to testing to reduce the stress on the
sample edge )

‘ .- Figure B-2
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Shear’ Test Sequency Us'ing
Appartus Prescribed
" by ASTM Standard €273

S
- - Figure B-3
. ) L2
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Fractufe Pattern Resulting

from Shear Test
'y . i

" Figure B-4 -
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PREVIOUSLY- COPYRIGHTED MATERIAL
.IN APPENDIX C, Models 2771A, 2275.

©, NOT MICROFILMED.

MAY- BE OBTAINED FROM:

ENDEVCO, Dynamic Instrument Division
801 S Arroyo Parkway

Pasadena, California

91109

'l
\ ‘.
‘\-.
4 .
LY
3
‘ .
. - . ;\ ':,J ) ’ = N
- ', iy ‘. ‘ - .
TR .




e, e w ot

W

AT e e e e e e s s ——— L —

VAR TR NN wCCCROﬁFFE}oNSGLEVEL=(1.1JJCLASS=

J
// EXEC FCRTGCLG .~ , , o
//FORTWSYSIN CC % ’

LOGICAL £KIP
PEAL*4 L +M4- !

DINENSICN A(BOO;J)-REJECT(SO 8).?;%54AVG(7JvaM(7)
SKIF-.FALSt., -

. IRCJECS] ¢ : o .

)
SUM(J)
210 CONTIA

C +/- gEL IS THiZ LINIT GN THE NCMINAL GENEITIES 2-00205.3.U|E-Er4.b
- ‘BEL=.25

+/~ DBELTA IS5 ThE ALLCWABLE RANGE CF DENSITY VARIATICA FCR ANY TwD
SAMPLES TO BE CIMULTANLCUSLY TESTED

A Non

DELTA=,0Q¢ .
1 I=141 : :
IACT=I-1IREJEC ]
READ(Sy1CYEND=4INUMBER » ¥ oL g % o H
10 FORMAT(ISsFLOed4+3F10.2)
IFL((1~1) /50)%504EQT~1) WRITE (6 +30) . ‘\\ S
30 FOQNAT('I'nTE,'SAMPLE'.leg'NAcb "2 T2Z2 TLENGTHEN T3S, wIETEH",
.faz.'kEIGHT'.Tso.'VOLUME-.Tac.-oenSITv .
«/TE4 4139, TBHL'2Y ,T76 121,
st 2 Tl3. GM® 4 T244PCN® g TI03 CM® 3TA4 3 CNY (TEI L ICMT
- .Tca.-u/CM "$T7L+"ULB/FT P,/ 74, 7S(*_*)/)" :

DENSNM=M/ vOL ‘ : _

DENSE=DENSM#*LI Lo .
DENSE=CERSM*62 43719 , |
ACI.1)=NUMBER - |
{ )= DENSB ' '

( = [

E

T)b)

1.2
1+3)=
JECT(LFEJEC-&) 0 v
F{ABS(DENSB=240)eGTDELLAND. A S(DENSDB~2 b);:%46;L.Ahu.AEC(DEN°E-
.3 #0)eGT oDLL ¢ ANC e AHS(DENSB=345) e GToDEL » AN ENSE-440)4CT DLL.
.AND.AES(BENse—q.s).GT.uELJ- - T

s  WREJECT({IREJLC.8)=1
. lF(REJECT(IQ:JEC.Bl EQ.0)GO TO 2 N .
"~ REJECT(IREJEC,1)=NUMBEER

‘ REJECTC(IREJEC,2)=L ’

REJECTUIRETEC ) =w y B
-REJECT(IREJEC +4)=H
REJECT(IRCIECsS)=M

;f? REJECT(IREJEC»£)=DENTM

.. REJECT(IREJEC,7)=DENSH
IREJEC=TREJEC+1

I1=1-1 CX
h?lTE(G.ZO)NUMEER -hSN.DLhcb

(X | ] | ]
JJJ=4JJ+1 i - .o '
"EUN(TI)=M4SUMEL) . .
SUM(2)=L+5UN(2)

- . -
)




- | R
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Lol - o
C SORT BY DENSITY-~—-mweeaaa S —————— e el e
C ' . . :
4 CONTINUE
"WRITE(6+40) \ !
40 FORNMAT('1')
I=1-1 !
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PDC 6 J=1,]
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WRITE (6,00} FCIhT:DELTA ‘ ot ‘
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. - AR LE-E T Yo/ 0y TICH*NUMEER® s RZ4 o *LENSITY *or 4 ,TIC
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9 CONTINUE -
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O CONTIN :
. WRITE (€ o) JJJ-(AVG1I) = 107) <
: STCF .' ) "
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The following program is based upon Meunier's original PSB
foam simu1ation_and plotting routine.

It was used to plot the curves resulting from the predictive
equation.

-



#t#*CDNTlNUUUS SYSTEM MCDELING PRGGRAM**** e

[ —— e

t##PRDBLEM IhPUT STATCMLNT%*‘* ;

JINCCN XIDIC = 41659,XI1C = 0.0 ' .
DYNAMIC - . - :

AA = A¥AREA/AMASSH(DENSTYER]1 .S} ¥(¥706+,204%FF)’ .

BH. = J030STHALOGIXX+SART((XX*£2)+1) ) ‘

CC =415 72%EXP («88%0D)++01343%EXP(1349%0D)+1425E=13%EXP(42.%DD)
L DD = X1/THICKN ‘ :

FF = (ABS(XIB))/XIDIC <

XX = (X{DIC/THICKN)*3.7SEIJ

XIDD = ~AA%BO%CC —A

XI1D = INTGRL(XIDEC.XIDD) .

-0 XD = INTGRLEXITC.XIDY

CONST A = 3530532, AREA=B4.50¢AMASS=5.006sTHICKNZ4.37 4 & oe
"DUNSTY=+.0316+TESTNU=034 , SMPLNC=030 .

FINISE XID = 0.0 )

PREPAKE XIsx1IPeXID

PRTPLT XIDD(XIXID)} . .

TIMER FINTIM=20004,DELT=.000001+0UTDEL=.000001666

CND -

sTopP -

$% CSMP/360 SIMULATICN DATA =¥
INCON XICIC =/41659yX11C = 0.0 '
CONST A 0532,AREA=B4¢5.0 s AMASS=5.006+ THICKN=4437s a0,
DENSTY=40816,TESTNO=034  SMPLNG=030

FINISK XID = 0.0

PREPARE XI+XIC,XIDD

PRTPLTY XIDD(XI-XID)

TIMER FINTIW=.00044+0ELT=.000001,CUTDEL=,000001666

END

vuwwunudl L NE UPDATE

CCMMON ZZQQOI(b)o1£9901'229902-129902o229903.129903’229991(54)
CCMMON TIME

I+UELT +UELMINSFINTIN,PROEL +OUTDEL+XID » X1 oXTDD oZZOOO3
1, XIDIC +X1IC A s AREA + AMASS uTHICKh-DtNSTY.TESTNDoSMPLNO
lL+AA | ,BS + CC +DD sFF » XX

CCMMON ZZQQQ?(797“)ohALARM-I29993-229994(417)oKEEPnZZQQQSIQBQ)
$+.1Z0000+2Z9996(8324) 4129997 +129998+,229999( 68)

GC TD(J9995-39996-59997.q9998)-IZODOO

SYSTEM SEGMENT OF MODEL

Cc
39995 CLCNTINUE

399990

C 1
39956

129963= 26 )
129997= 2

129998= 25
thv(3.39990)(229999(129999)9129999 l- 68)

FCRMAT(18A4)

[1Z9%01= 190013

129902= 250020, :

-1Z9903= . &8 1

GO TO 39999 .
NITIAL SEGMENT OF MODEL : ’
CUNTINUE :

GO TU 39999 S

C DYNAMIC SEGMENT OF MDDEL
39987 CCNTINUE :

C
C

DD=XI/THICKN : -

CC=A15S,72¢EXP(.B6%DD)+.01343%EXP (13.9%0D) +1«25E-13€EXP (42, *DD)

xx (XIDIC/THICKN)*3.7SEI3
B=403057%ALOGIXX+SQRTI{{XX*X2)41))

FF—(ABS(XID])/XIDIC

AA=AXAREA/AMASS*(DENSTY2&1+5) k({7964 ¢ 204%FF.)

X1DD=-AA®B3*CC-A -

X110 =INTGRL (XICIC «XIDD

X1 =INTGRL (XIIC e XID

220003=x1D

GO TO 39999

.

C TERMINAL SEGMENT OF MODEL.

39998
3399%

CONTINUE
CCNTINUE
RETURN

END
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SUBROUTINE ALPHA(A»K.N IK' ]
DIMLNSION A{G)sK(E),0(6)
CALL SLTB9O(DR4)
GU TO {50+100)s1K
50 DO 40 I = 146
WRITE(94.51)} A(I)
FCRMAT(F 4.1)
READ(GT.20) ALILY \
20 FCRMAT (A4) '
40 CCNTILIANUE
GU TO 200
100 DC 60 1 =

i
-

\E
101 FCRMAT(IA
*

60 CONTINUE :
200 CONTIRNUL _ ] -
RETURN _ .
END

SUHROUTINE BCETA(TESTNOSSHMPLNOZTHICKKN, DtNSTY.XlDlC-AMASS: R
1TEST+SHMIPL +THIC DLANS, VYV yMAaSs5)

DIMENSIUN d(ﬁ)'OLh%(E)nVVV(Zl.“A 5(2)

CALL SLTIJQQ(Jna"-'

WRITE(99.+5) TESTNC . .

QEAD{%G,11) TEST .
WRITE(99+6) SMELNC ' .
READ(S2,11) SHMFL
WRITE(O994+7) THICKN
READ(GT.11) THIC
WRITE(YY +3) DEKSTY ;
READ(G9+12) DLENS '
WRITE(99+%) XTILIC |
READ(OW,12) VVV . .
WRITE{U7?+,10) AMASE -
READ{G9,12) 'MASS - o

8 FCRMAT (Fa4a.0) "

6 FCRMATI(FS.0)

7 FORMAT(F4.2) s

B8 FCEMATI(F6.4)

9 FCRMAT(FS.1)

10 FCRMAT(F643) e

11 FCREMATI(A4) .

12 FOPMAT (2{A4)) ’
RETURN ) . :
END 4 .

SUBROUT I NE INIT(XMIN, XMAX TESTNO W SMPLNG, DENSTY . THICKN . XIDIC
* 1AMASS A)
DIMENSION XMINTA4) s XMAX(4) x
REWIND 12
DC 10 -LUOP = 144,
READ (12)
10 CONTINVE '
_READ (12} XMIN : “ A
READ(12) XMAX : .
DC 20 LUCP = 1.3
READ(12)
20 CCNTINUE
READ(12) TIME JDELT,DELMINSFINTIMsPROCL JOUTCEL+XIDsXT14XIDDWZZ0003,
IXTDIC s X1 ECoAs ARCAsAMASS s THICKNDENSTY s TESTRO s SVPLNO s AR BB +CC o
20D 1 FF ¢ XX
READ(12)
RETURN
END

*



10

o

SUBROUTINE VALUG(TIME . X14X1D,XIDJ»CODE)
READ( 1) THAC X1 e xI1D0.XI0D '

IFf (TIMC.LT.0.0) GC TC 10

CAODE = 0.0 .

RETURN

CCDE = 1.0

RETURN -

LND

SUBROUTINE GRAPH{URI X .CPIY,SPECLsSPEC2+SFPEC2,SFEC4,
1SPECS ySPLCOYL INEXSLINEY 4 AXISX s AXTSY o NANC, TITLE 1,
ATITLLEZ2«TITLEILTITLLY yOUNTI TS VUMI TS s AURITS S FURITS )
3TUNITSo‘\f\qKH.KCiKFf\T,SlLv)\[nX[va[l oFoTINL.[CCUNT THvVoTIlTCl'QLOQ
GeVOLl g TLST o SMPL o THICYDENS s MASS ¢ XTO O ANT »

SAXKe XXXy TTTainNy F"LL.E..XLNITS'I XHER431¥Y )

DIMENSIUN CRIXIS) s0RIY(BIaSPECI{2) e BIPEC2(3)2SPLEC3(11),
IQPLC/O(I.O)‘SP[.("‘(ll'-S‘-’LCﬁ(?)uLINLK(l3)vLIf\[:Y(lJ’OAX'ISX(6€3)¢
PAXISYLOB s NAME(2) » TITLEL(S)» TLITLE2{4) +TITLE3(S)

FTITLEA(S) +CUNITS{2) ¢ VUNITS(5) s AUNTITS U)o FLNITS (3}

GTUNITS(2 34 AALO)} sKE(O) sKC(B) 4 RENTIAY +SECIE) SFATIG)
uT[ML(?OO)-Xl(?OO)oX!D(EUU)oAIDU(&OO)vF(EOC)oTH(ZJO)vV(200)-T1(?00)
6.DEN5(£LiMASQ(£)-XID]C(Z}vﬂkX(éO)-AWZ(ZO)'TTTCQOJvXUNlTS(Z)

DIMENSION EXPLAC31.SINMU(Y)

CALL ChROCORIX{1)sCRIY(1))

CALL SPRPEC{SPECIGLPLC2+SPLEC3.SPECA -GPtCo.SPtCl‘:)

CALL LDR(=1.3+3094412548404TLST3)

CALL LDR{=1415+3:405y41290.2¢5MPL.+4)

CALL LUDP( +H5+ 34912540, u{r.f\S'é) d

CALL LOR (lals3+4155412340 s THICy4)

CALL LDR (12T e2s+¢125,0+57 IDIC+3) . <&

CALL LD (Da0s2e€5 34125004041 AS5:46) -

CALL LDR {—2e0+60e0se230a0sNAMELL1II"

CALL LDR(1 042021 el 3GCeDeLXPERL12)

CALL LDQ(l.O']ugvclchOUS[MJOg)

CALL SCL(QeZ2+0+2) C «

CALL LINCLINOCXCL)+LINEY(1)47)

CALL SLEN(DeDem10e5) .

CALL LIN(LINFEX(B)sLINCEY(HB)+0) N

CALL, LDR(—IZ-O.?-Eb._-I.O.C.FITLEI‘.I’H

CALL QEDNTS(DQIX(E)oﬁRIY(E)-AXISX AxXISY) e

CALL LABEL (KB,SkEC)

CALL LDQ (2-0!_2l1.l1IOIO.TUNITSila)

CALL LDR{=222 ¢3¢0l 41 ¢37+XUNITSH7)

CALL "LINCTIME(L ) e XIC(L1)»ICCUNTD

DO 1 1 = 14+NN

CALL LDREITTT{I) «XXX({]1)es08e¢Ue0sPLUSH]1) .

CCNTINUL

CALL CRGIODRIX(1).0RIY(1)) '

CALL LDR{34047 254113040 TITLEZ2416) .

CALL CPONTSIORTX{3) wLRIY(3)sAXISXsAXISY)

CALL LAUDEL{(K3Z,SEC)

CALL LDR (200!‘2011-1|0-011Uh1T5012)

CALL LER{—2e2¢3e00el 41 eS37TaXUNITS,7)

CALL LIN(TIME(L)»XID(1}, ICOUNT)

CALL CRG(ORIX(1)+CRIY(1))}

CALL SLEW(=14+8+y—4,0) ’

CALL LOR(~1240+=8e253 14004 TITLE3-20)

CALL CRONTS{UORIX(4)+CRIN(4)sAXISXsAXISY)
~CALL LADBCL(KC.WSEC)

CALL LUR. (240+=221+214+0.0+TUNITSs12)

CALL LDR(—Z.E-Q-b-.l.l.57.AdNIT.;.3)

CALL LIN(TIME(1)+XIDU(1)s ICUUNT)

DO 2 I = 1NN

CALL LDR(TTT(!,-AXX([):.OB.0.0nPLUS'l)

CUNTI NUE

CALL CRG(ORTIX{1) CRI1Y{1))
CALL LDH(3¢O-—8-25--1'O-OsTITLE4-16)

o
0



- ~

CALL CRONTS(IRIX(5),CRIY(S)sAXISXsAXISY)

IF(FNT(1).oNEWw 00) GC TC S

TCALL LABEL(KFNT JKE)

GO T 10

CALL LABEL{FNT,KL)

CONT I NUE !
CaLL LL)"'\'(3.0|—2.’.-01oa-O'XUN]TSUT’“
CALL LDQ(—2.2-2-5--1'I.ST.FUNITS.IZ)
CALL LINCXTU1)e+ (1), ICCUNT)

CAalLL SCL(loO'IUO‘L ’

TCALL CRGCURIX{1)+ChIYC(L))

CALL CUTLIN :

SUBRDLTINE CPROUNTSIXeY o AXISXsAXISY)
DIMENSTUN AXISX(6H)YyAXISY(6D)

CALL CRG(XWY) ’ .
. CALL LlN(AXISX(aﬁ)o§§1§Y(48).21)

10

20

‘10

20

30

40

DC 10 I = 4,46,2
IF(1.CGTe24) GO TO 5
XX = 10~1([l-4)/2)

CALL SLEW (XXs0.0)

Ge T 8

Yy = (1-2¢)rs2

CALL SLEW(0.0sYY}

CONT I NUE )
CALL LIN (AXISX(I)+AXISY{I1)s2)
CCATINUE

RETURN

END

SUHROUTINE LAGFL(ALALEL » BLAGEL )
DIMENSION ALABEL{6), ELAUFL (%)

DC 10 I = 1406

Y = —2.25 + 2(FLCAT(T1))

CALL LDQ(*Z.]S‘V'OIQOOO'ALAHEL(I)lﬂ'
CUONMNT I NUE

CALL SLEW(“I.O'—DQ)

D0 20 L = 1,0

X = =340 + 2x{(FLGAT(1))

CALL LOREXs—eGs el sGoOvFLABEL (1) 44}
CCNTINUE

RETURN

END

SUBROUTINE CUTLIN
DINMENSION X(23),Y(23)
CALL SLEW(-4.25+5.,775)

CALL LIN (X(1)eY(1)e23)
RETURN
END

DO 10 I = 1,18
J =1

Y{l) = 5.525

X(1) = =540 + (FLCAT(J)}}/2.

CALL LINIX(1)sY(1)s18)

DC 20 I = 1,23

Jo= 1

X(1) = 4.0

Y(1) = 6.025 — (FLOAT(J))/2.

CALL LIN (X{1)sY{1)e23)}

OC 30 I = 1,418

J =1,

Y(I) = ~5.,475 ,

X{I) = 4.5 -~ (FLOAT(J))/2,

CALL LIN(X(1)s¥Y(1),18) .
DO 40 I = 1,23

J =1 " [‘J
X(I) = —8.5

Y(I) = =S.975 + (FLCAT(J))/2.

%



APPENDIX E

* Record of Dafa Collected
During this Study
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