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AZSTRACT

Little information has teen found describving physical cro-
perties of individual grain kernels, a4 library scurch revealed
no information pertaining to mechanicul'properties, sucii as cam-
rressive strengtii, modulus of elasticity, etc. Frotlems such
as Zerncl crackuage durlng thresi.ing and handling may Le analyzed
more readily whaen basic inflormation concerning meciianical pro-
rerties of grain is mude available, rhe objective of this
study w.s to determine some basic mechanlcal and runeological
rroverties of individual bean, corn =nd wheat kernels,

A SR-4 strain gage transducer was designed and built to
measure load and Jdeformation for the individual kernel under
test. oy means of electronic equivment, load, deformation, and
time relationships were record-d sinmultaneously. 4 pendulum
imract ctester was constructed and used toc measure the energy
required for Impact shcar,

Tae desired relative humidity wus obtained with various

0

ceturated salt solutions in & dynamic eguilibrium nolsture

=

cihamber, [lie grain reacnsd egquilibrium much fuster thaun in a

=

r

static cramber, thus preventing excessive mold Iormation at tre

Q)

aigher moisture levels,

The eflect of molsture content on lhernel preopertiles vias
the cunlef parameter studied., VUther paramcters iavestigated
were the effect of rate of deformeation, and the relation of

kernsl positicon, edge or flut, to strength characteristics,

Gerald C, JZoerb
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Yne following mecnanical properties were investigated:
yleld strength and maximum compressive strength of the kernel
in the edge and flat positions, average shear stress, modulus
of elasticity in comrression, modulus of resilience and modulus
of tougnhness, Comparison was made of the energy required to
rupture the grain kernel by impact shear and by static shear,

A preliminary study of kernel hysteresis loss, obtained from
loading and unloading cycles, was carried out,

Ilolsture content had the greatest influence on the
strengzth properties of grain. The compressive strength, modu-
lus of elasticity, maximum compressive stress and shear stress
generally decreased in magnitude with an increase in moisture
content, &~nergy requirement for impact shear was higher than
étatic shear at high molsture; the reverse was true at low
moisture, hodulus of resilience and modulus of toughness did
not vary greétly with molsture change.

Some rneological properties of pea beans were examined,
The effect‘of rate of deformation on the resulting force was
qualitatively examined f{or pea beans, Stress relaxation with
time was studied for three moisture levels and three deforma=-
tion rates, - Initial rate of deformation had more effect on
the rate of stress relaxation than moisture content or the
initial amount of deformation. nRelaxation time was constant
with various deformation amounts. « two-term exponential equa-
tion was obtained graphically to express the stress relaxation-

time relationship,

Gerald C, Zoerb
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INTRODUCTION

Definition Of The Problem

Grain farming represents one of the largest segments of
the agricultural industry, particularly in central United
States and in western Canada, Both the farmer and the indus-
trial food processor nandle grain in a variety of operations
from planting through harvesting to processing. MNany problems
are encountered in the various operations, A good example is
the problem of pea bean crackage during handling iIn elevators,
Grain crécking during the tareshing operation is always a po=-
tentlal hazard affecting the quality of the final product.
Also, relativeiy high power requirements are needed in the
grailn size reduction process, In spite of the tremendous ex-
penditure of time and labor in the various operations associ-
ated with grain, very little is known about the basic mechan-
ical properties of the individual kernel,

Certain basic data, such as specific heat, dielectric con-
stant, thermal coefficient of expansion, coefficient of fric-
tion, equilibrium moisture content, etc., have been obtained
to a small extent in the last 10 years., These data are still
scattered ani often not availsble for more tihan one grain,

No information has been uncoverad to this date on the mech-
anical or rheologicul properties of grain, Basic data, such

as compressive strength, impact shear resistunce, modulus of



resilience, are important and in some cases necessary sngin-
eering data in studying size reduction as well as seed resis-
tance to cracking under harvesting, handling and drying con-
ditions, i'rom an energy standpoint,.tnis information cuan be
used to determine the best method (shear, impact or static
crushing, etce.) to break-up or grind grain. Dztua for other
propertioes will have singular or multiple uses, Furthernors,
and perhoars much more important, wiiwen basic duta are uncover-
ed, new uses f{or the product and new ideas for further re-
searcir w11l becoma avallahle,

It is essential that the civll and the mechanical engin-
eer know the mechanical or engineering properties of steel,
wood, coal, stone, plastic or other materials vith vhich he 's
dealing. OSindl=rly, the agrlcnltural engineer must hava hosia
information about grain, one of our chief agricultural

products.

Statement Of The Thesis Froblem

The four rarts of thes thesis problem are:

1. The design and construction ol an aprparatus sultable
for measuring tiie nechanical and rheological prorer-
ties of individual grain kerncls,

2. The determination of compressive and shear strength
characteristics of corn, vwheat, and bcans at various
nolsture levels and rates of deformation,

S, The destermination of encrgy relationshnirs in seed de=

PS

Pal

formation, failure by impact, and surfuce area



produced,
a qualitative stuly of some riaeolonicual propsrtie

oy
]

of one grain (pea beans).

Ob jective

thesis study 1s to obtain

]

Tiie broud objective of *hi
some Lusic 'novled:ce ol the mechanical properties ol' grain,

7

dhe ultinate goal througlht Incre: sed kaowledia of ~pelin proper-

tles is greater efficlency of opersttion 2ndl the nnvsailin- of

a

new methods and periaps new uses for grains,
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ReView O ILITSRATTRS

There has been no worlt revorted on i deturrdnation of
tlie mzehinndcal propartics of pruin. iavs Licatsl 19 515
ctudy. 1ovever, certain physical ies of Jndividual
kernels, such as specific gravity, coeificient ol friction,
ceeffiecient of btl.ermul cxipwnslon and ermilibriwr r»oisiure
content nuve Lo »cporced by varions fvvecitigators.,  The
available Lesic Jdube anl jro crbtice for noll wealn cueh as
rermal conductivity oad nooldle ol veroce Cave oo cvmaaarrized
vy all (1707).

The only Jlats oavallavle releted oo the mechuuical pro-
rertics of incividual sexds cre come —reliminar
Trowvn (10200) on oo bteans, Le was coicfly intorestsd in the
relatlonchiip Lebvesn Lean craclhure and 'roisture conktent, ie
mcasured the loud requircd to cracli thie Lean ool coalb wnd
Jound o lurge variation in the Dorce roquired,  sis moilsture

7 .

- ' Ay~ s e e A y i W4 v T =
conteni rarze wag ocmall, from .0, web.™ Lo 20 webe 1OP

teots on Len seeds In tie flat rocition, tac force veoudred

7]

~’

to crach th:e vean sced cowl uvinet o shable loud Loubtiimer na-

ciiine v.uricd from 11 to 43 ypounds, Tus averw

tent vwus C.C0 Webe and bLinc average force waxs 21,7 rounls. Lo
impact tests were conducted,

aAlthough no measurements of energsy of deformation for ine

se
g

mecisture welrht

Vi.b,= wet bosis: 2 Y e e~ —.
* no Istare velNEF dry walsht X 100



dividual grain kernels have tecn revorted, estensive exrsri-
ments on feed grindine witly coaumercial bLurr wnd hwnmer mills
Ihave been carried out., These studies have shown the relution-
ship ﬁhen grinding betveen power requirements, grain moisture,
f ineness, speed and rate of feeding, Krueger (1927) found tnat
the cepeclity for corn, 1b/hp~HP, Inerecsed 25 the speed decraess-
<271, thouzn not In direct proportion, Tn sdditicn, the prodiant
irecomas coarser with dacrersad speed,  LAlthouch less horzenowuer
15 regulrsd per pound of matarisl es the speed decreazas,
nothing is known ol tiie relation retveen input energy and the
surface area produced. Silver (1931) demonstrated that at a
Z3iven rate of grinding, Lhe power Increased with increased
fineness and with higlier moisture content,

In the grinding process most of the mechanical energy is
d1ssipated 1n‘the form of neat. This raises the tmeperature
of the product and the surrounding air, The actual temperu-
ture rise of the grain will depend on its specific hieat, its
thermal conductivity and the distritution of hecet losse . from
the grain by conduction, radiution and convection., Silver
found temperature rises of up to 50° f for fibrous material
bein: finely ground,

ihen a solid is defermed by application of a loud and
the load is then rcleased, a hysteresis loop is formed. Thus
the encrgy rcquired.to deform it will be greater thon the
®nergy given up when the load 1s releused (except for perfect-
1y elastic solids). The energy retained in the materiul ap-

Péars as hcat, In the grinding process, the rise in Lemper-



ature is said to be due to "friction" created between the
burrs or hammers and the grain., &s a kernel of grain or
fragment of a kernel is encountered by successive ribs on the
orinding plate, it 1s no doubt cieformed several times before
it fractures or is reduced in size by the rutbing action.
T'Inis repeated deformation rlus the rubbing action raises the
grain temperature., Since the efficiency of grinding is con-
s idered to be higher witlh less temperature rise, a prelimr
i nary investigation of elastic hysteresis ol grain kernels 1s
carried out in this study. This information should be useful
in future studies in size reduction of grain.

The relationship between energy of crusning and new sur-
face produced in the crushing of rock, has been studied by
many investigators. In most instances the uncertaintles in
me wsurement of surface area made the results questionable,
Kwong et al (1¢49) have worked with quartz, glass, halite,
and f{luroite, and have used water and air permeability methods
t o determine the surface area. Ior material larger than 65
mesh, water permeability was used, and between 85 and 200
mesh, air permeability was used. &nergy was applied by im-
rPpact,., These researchers founi a linear relation betwezn the
net 4input work to crushing and the ncw surface area produced,
€xcept for halite. +#hen the energy was applied by slow com-
Pression, a slightly curved relation was observed showing de-
Creasing surface produced per unit of energy with increased

Crushing.

In grinding of agricultural grain, tests have been



reported on the Lucls of eoneir:y ;er ound ol ground feed,

llpw-hr/lb, 2t a ~iven '"Iiietess modulus',  Since & certulin fline-

R

ness modulus figure can be obtulnzd by wun inlfinite combination

of wrelght retained on che various scrsens, it do-s not
ace area produced, Lichiolus wiid llall

eneticdl ieniod Tor expressing the av-
eragje particle size in a ground graliu, on expvession 1s develop-

cd in :his study for thie totul surfuce area in o sunple of ground

-~

el ongation) curves for rurer, hen the loz=d wus applied, and

il S0
'
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tloon relewced, a deflinits hysicresis loep wao obtuincl, Llhe
51 ope of tue load-elongatlon curve wac gsueeyer on vhwe second

. - a1
o

loading than on itac rirst,

ening’ process, si ilar to the one occurriiyg
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sicl-zravle peruanent st wWas otsorved, - urthermore, or the sec=

ond Jloading the paper saovel a« pronounced yicld rpoint at the max-

Imum stress of the first process, his is cqused by the firs
straining process clhanging tie propeviies of the puper,

Jlie 1ufluence of tlie rate of strainin: of materials on

5

strength properties ias been inves.izated bty mwny workers.,
Simefen (1940) stetes bhab the spesl of load aprlication in
testing rubver m.ulizs little difiorence in ordinary ranges of
1/8 to 2 i1/min., In tonsion tosts on 14 netals, Jone: and
~oore (1940) comc.uded btlab, excopt £ shuinloss sbesl, bhe
general statement could be rede thas o vuriatisa in ra.o of
Strain {ronm i Fercent per minute to LIV percent rer rilnute

oyl S . . e e -
W1l introduce a vuristion not greater fiian one reércene in



the value of yield strength or tensile strengtn, Davis et al
(1941) state that the effect of speed variations within the
range of normal rates of loading on the strength of brittle
materials such as cast iron arvears to be small,

The rate of straining has more effect in the case of a
"plastic" or "visco-elastic" material. ith impact tests for
znewsprint where the time of straining was of the order of one=-
thousandth of a second, Steenberg found that an increase in
the rate of straining of one million times (over static tests)
increased the breaking load ten times., However, for razbond
papsr, the corresvonding increase in breaking load was only
50%.

Dachinger et al (19857) have measured the work required to
shear asparagus at various sreeds, ‘Work was determined by
measuring thé arz2a under the force-displacement curve, A high
correlation was obtained for both work and maximum force vith
fibrousness of asparagus,

Physical properties of single wool fibers have been in-
vestigated by lLontgomery and Evans (1953), During the force-
extension curve, they found s definite elastic or hookcan
region from which an elastic modulus was computed. Otrer
parameters obtainted vere stress at 20 percent extension, rel-
ative work at 20 percent extension, and stress at the breaking
point, . rute of extension of C.,5 in/min was used, These in-
vestigations were carried out on wool Irom various sheep and
their properties comparcd at various stages of the manufactur-

ing nrocess,
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tiheologcicul properties of muny muterials nsve been inves-
tisatced, dheology 1s defined as tre deformation anl flo. of
mgtter. Its gzoal is to describe the necnanicwzl behnvior of a
riaterliul in terms of the tihree veriablces, stress, strain, and
time. as stated br tason (194€), when a body is subjected to
2 loading, the strain consists essentially of two cowpyonentss:

l, an instantuneous decformation ascociated
viith an ideal elastic tody. This is
assumed to be completely recoverable,

2e -+ time=-dependent prortion, representing
"flow" characteristics of a viscous
liquid,

Of the tinc-dependcent strain, rpart is recover=
sble. This is ¥nown as "primury crecp'". T[he non-
recoverable or irreversible creep is called "second-
ary creep".”

o

4

‘e above quote indicates that the stress-strain rela-

s - -t N 1 4 + *- o
£3 onshirs for a visco-elastic mascrial depend on tl.e rate oL

stressing or strainiag. lason o tained curves for r.ver wWhich

r tyven stpain oith increased sirain-
sroved nisber stress [or a glven sorain siltn increacel rain
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scbaling proces: ol bLrowd oo Iualic bo
L.any devices have becn orolor 1 [or wescvryia: LT3 ¢y rons In
o force deformution relationcl iy o of the crumb. (Pzchnic-
all: "erimb" refoers to "erunb-siructure', i.e., the texture
of the matzriul not neccssarily following crumbling.) :decent-
1y attention hius beon dravn Lo the nexsurement of crwmb "Cirn-
ness’ (lozd reauired to rroduce constunt deformation), DRice

~ae

and Geddes (1C4C) in %leir experimecnts on bread stute tuut

Loth elastic and plastic rtropertices are present., They note
tirabt plasiic flow 1g an arpreciuble factor in the comuression
wilten fresh brezd i1s cubjectel to stresc, tut Lhat tue pozci-
vi1lities for plastic {low “decreass .lien tne crumb becones

more rigid. 1he elastic properties then predominate und the

behavior of the crumb closely approuciizs that of a pure clas-
tic material.

Physlcal tests are uwwde on bread doughi to determine the
"doush" and baking properties of wheat flours. Various in-
struments -- the Farinograrh, Lxtengograrh, iermentograrh and
amylocrraph -=- measure the rheolosical properties of the dough,
The data obtained from these tests allow prediction ol the
type and quality of proluct to be cexrected,

"han e plastic bodr is strein-d It cennot preserve its olestlie
potential energy indefinitely., Thermodynumicully, the poten-
tial energy may be gradually converted into hcat, lea§ing out,
9 to speak, by relaxation of the stresses., The time.in which

the stress is reduccd to its e®h purt 1s culladl the tinme of

rslaxation, typ., For a "true" liquid tp= O aud (or an idesl



clastic colid tp=°=°

ihe practical importunce of streses relaxation in puaper
nnas been pointed out by Steenberg. If for cxample, a saclt of
cement 1s dropped or a sudden Jerk is applied to neweprint on
a rotary printer the resultbunt stress must be released rapidly
or brittle fracturz occurs., The rate of stress relaxation
varies with differenc kinds of papers, Steenbers noted that
thie stress decuy did not fit inko & simple logaritimic formula,

and advanc:d the j;osslbility chiwt the rclaxation process zfter

rapid straining, in contrast to the slow relexation process,
is a function of the rreceding rate of straining.
Il.ason obtaincd relaxation curves for paper ot vurious
amounts of ctruin. The log of stﬂesg piottad egainst time pro-
Aol perallal straight lines on seml-log pnper, except for the
f1rst part of the stress decsr vhich ves vary repid., Fa sl so
Ioand that Incereasing hunmidity (molstiurs content of paper) re-
sulted In a subsinntlal inereasz in the rate of relexation,
Hlynka (1957) in working with structural relaxatioﬁ of
bread douch found that the relaxation curve closely approximat-
ed the equation of a hyperbola of the form (L-Lp)t = C, where
L is the extensosram load ab congstant semple extension at rest
period t, L, is the theoretical load which the rclaxation
curve arproachcs asymptotically at long; rest neriods, and C 1is
a constant, The constant C describes the curvature of the
Wyrerbola and is inversely reluted to the rate of reluxution

(calleq relai&tion constant). LA describes the upward dis-

Placement of the hyperbola or the asymptote that it upproaches
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at infinite time., Ililynka used these constants from the relax-
ation curve in studying the visco=elastic behavior of dough as

modlilfied, for example, by the addition of imrroving agents,



AFPARATUS
Requirements

To determine experimentally the mechanical and rheological
propertics of sgrain it is necessary to have some neuns of meas=-
wring the applied load or force and the amount of seed defor-
mation as a function of time, It 1s also highly desirable to
have a recording unilt to provide a continuous and permanent
record of the existing relationships., To suatlisfy these re-
quirements a load coll testing unit was buillt with SR-4 strain

ages a3 the sensing means, Sguirmant was available for amplie-
£ S P

4

03

fying and recording the output signal from & strain guage trans-
ducer,
1t 1s necessary for the strain sage lozd cell to mect the
following reguirements;
l, l.easure the total force apprlisd to the sceds,
2, Ilieasure the deforrmution of the seced,
3. 1Record the above parameters simultaneously 1in relation
to time,
4, De capable of applying a load or force at vurious
rates,
S. Have a relatively high capsacity (250 pounds) but with
good sensitivity (measure to one ounce of force).
Ge Have very small or negligibvle deflection as the load

is applied so that the observed deformation is that

due to tue seed and not the deflection of the



14

transducer supporting the seed.

7, Sufficient flexibility to zllow interchange of the
various testing heads (shear, compression) to te
mounted on the same unit,

Figse 1, 2, and 3 show the load cell and component units,

Design

L.oad TIransducer

The maximum force encountered in testing the three grains
would occur in a comprescive test on corn at low moisture
level with the seed in the flat position, <his force was
measured to be aprroximately 200 pounds., To allow for some
""factor of safety" the loud cell was designed for a muximum
capacity of 250 pounds,

The most difficult rejuirement to meet is the small de-
flection of the transducer as in part 6, It was for this
reason that & preliminary setup based on a cantilever beam
was dismissed., To minimize deflection of the load transducer
witii applied load, a pair of intersectins mutually perpendic-
ular beams were used., These '"fixed" beums were forred by cut-
ting slots in a 8" X 2" channel. 3ce Fig. 2.

For a beam fixed at both ends with a concentrated lcad at
the center, the maximum bending moment is at the center and
ends, In this case it was desircble to have a built up or
raised sc¢ed platform at the center of the beams. Consequently
the ends of “he beams were selected as locations for the

Strain S42€S,
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Fig. 1. General view of apparatus,

1.
2,

3.
4,

5.
6.
7.
8.

Electric motor and speed reducer (1725 to

9.6 RPM),

Sprockets for upper end of vertical shaft to
glve various speeds to the crosshead.
Forward-off-reverse switch.

Load cell testing unit with compressive "head"
in place.

Brush amplifier BL-320 used in the cantilever
beam deformation circult.

Brush amplifier BL-520 used in load measuring
circult.

Brush oscillograph, BL-202, used to record out-
put from load and deformation circuits.

Plug to connect load bridge to BL-520 amplifier.



Fig. 2.

The under-side of the load cell unit showing
location of strain gages and the crosshead
drive mechanism.

16



Mig. 3.

Load cell unit ready for a compressive test on
a kernal of corn in the "flat" position.

1.

3.
4,

5.

Te

SR-4 straln gages under a wax covering.

Seed platform.
Cantilever beam

Zero clearance adjustment screw between
crosshead and cantilever beam.

Crosshead.

Vertical crosshead shaft.

BL-202 oscillogra
Compressive "head

17

Eh'
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Design calculations.

t— - —— '4/2 —

V- A A A

/
/]
/
/
/
/

Sl cut i channe/
se-9 strarn gage

“eam design of lord cell

haximum stress in beams, 1ior a 250 round load, each beam will

essentially carry 125 pounds,

f'or beams, 0,20" X 0,75" X 5",

M = Pl - 125XS - 782 - /b
max 5 =
e - CxXT5R = /5,620 osc

ard ST v aysx(a)’t
This value is well below the elastic limit for steel,

iaximum deflection at middle of beams.

Apoay = FPE7 = 125X 57X /2. ,;?0_;)
(%3
/92 £27 /FZ X Jox,0e XTS

V24
= 0.005¢ G

1t is avparent that the beams in this situation are not
perfectly fixed at each end, with the result that the actual
deflection for a load of 125 rounds (25C pounds total) may Le

somewvhat different from tne cslauleted vel ve shove, The



greatest accuracy In Jdeformatlon mousurements ic noel-l 25 1o

loeds, that 1s, vhile tne force on the [rala veranl i3 4111 la-
low 1ts elastic 1l.it, Vitn larosr loads and corres: onilar e
forinations, tae lmportancs of reat ceonrecy in ~srsuring defoe-
met lon 1s dacrersed, The a2ctael defisction of toe hasas a= -

ur=ad ves feend Lo be linasar ard C,001 inehy per &0 monnis ~7° 2

.

A corraction for this Adeflaction vil)l re o dla Dapd-- b

tasts,

De formation Transducer - Cantilever Zean,

» cantllever beam arrangement, as ssen in fige 3, wos
used to measure the vertical travel of the crossiead, when
thhe compressicn heud wus lovered to contact tlie seed, tle

ad justing screw mounted on the crossie.d was sct to touch

[
ot
%]

the cantilever beam, ony additional travel of the cros.i.cad
wowula deflect the cuntilever beam, llence, by mounting SR-4
Strain gages near the cantilever support, the strain vroduced
by bending would indicate seed deformation.

A Srush RBL-202, two-channel oscillograyn wvus uced to re-
¢cord the crosshezd movement, One cliannel record:d tiie loud
Wihile the other recorded verticul travel or deformation, s

S3A0uld be noted that the croschead movement is linear with

= o oo

3

time, producing a straight line on the chert witii tlie :loye

-

jol

€2 cndent uron chart speed and the crosshe.d zp=cd, Consecijuens-

(-

Ys» Zfor given clart and crossicad specds tihie vertical movement

or

(0]
@

ed delformation could te reluted to Llie product of & con-
Svant and a horizontal displacement cn the chart, i“u., the

1 © . N -
“LOormation chnart line muy arpear to ve redundunt,



the vertical movement could be detzrminsd frcon the chiart with-

out tle cantilever vwhen analyzing data, 1ic wouldl bte yractlically

impossible to know the magnituds of the dsoformation during a

to 1ow much

2
C

test., The deformation line wos a coastunt guils o
moverent had taken place at any tine., 1T was also extremely

ed To sto. the crocsncud 4h a Tolat

!

useful where it vas deci

ctzrmin 4 d:formation,

Q,

[

correononiing to rre

10 EUVAVIRTIE. R

Design calculztions, The only reiirereant for the centilovor

reoom waz that 1t be capabls of a dellection ut tiie frece zid
ejqual to the largest desired deformutlon witlous cxceeedin: Uie
elastic strength ol the sicel in ths bvewum, This dellect’ on

was considered o be C.4 inch.
N < ~ ~ 1 5 - v R, - .
A steel beown 1" X LO05" X 7,.2" il clloscere

'or a cantilever teorm, btus dollecoiom a2t Lz Tree enld i3

fiwen as: 3
Vi maX = X
3&£7
6 3
£ooon which TP= 6.4 x3x 30x/0 x/x[ao’)
(725)*x 12
= o0.983 /b
s Me = 0983 X725 X0.S X2 = /7,/00/::4'.
7 s x(osx)3
“train Gage Conlfijuration
Lo\acl cell transducers. Thne locution ol the 3u-4 shzuin - o-es

for the 1owd c211is < om in Vige S Type 4O sz of
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ed juezt incide bhe o2rds to looutre Zocubing the sire 2ore

ctrain wwould ke vrresern

Thie use o four active aras {eight geo=3) 1nstzai of
s, quedraples the censitivity of the unit., This inereuse
T Importont since the deflsction or strain for « siven lo-d

b dav

1s ¢nz2ll es pointed out above, “The "A' gucso wre iIn tension
1

-nd the "B' rares R oy
under loal and the "E" gares w«re in coripiessions AccoOrdiisly
N LI RN T R e A2 A~ - -
tlie "A"M and "DV cuces rwct ve rloced in wdiiceny crms of tle
briire circuit. A& rrinecirsel oclivunta_se o0 thie arrancerent of

e
[#]
(BN
w
o,
-
<t
t
-
&
@
[]
m
o
L]
}..‘0
@)
¢
}_J
Q
(e
—
+
S
=
i
|
0n
e
v
jon
W
O
'3
Ql
QD
3

e strain go

Brhége
thﬂpuf

Viaeststone bridce circuit
rig. 6

N

in culibrotion, the straln sefc resictance in one ler of

) 2

th . .
Oy an orencir-

e .uieatstone tridge cireuit, Ry, is shunted
Culted resistor of considerably Ligher value, Rp. drien RF

1S shunted across Ra, tiie brid-e is unbulanced, This untaleance



camn be considercd as ain wrbtificial strain wihich can e cali-
Lr-ated on the occillopre:lia

In the above figure:

e £ e amd AF, = Fa- £ =ka- rife &%
Kat Ko Lo+ Ep Ko + £a
. aa Py
TS ./‘,/: 7ot _f‘/&)’ /'5 ,/c—'r/nca/ Aj < C/ /C //@a
- AL/L (]
A[;/F (L * — _____'Pt____"___
©T TE T(ar o) (e)Gn o5 (Gar )

For %trne Brush BL-52C amplifier, R,.= 320,000 olms, +#ith
tlie bridge cireuit of 1'ig, S, the total resictance in each

arm is 2 X 120,4 = 240.8 oms, The siruleted strain len ﬁp

-<
. 2908 = 3/3x00 0.
/.97 (390, 000 + 240.8)

Since tlere wre Jour cebive hridre armc, the indicited ssrain
durins orerction will e four times the actuzl strailn as given
Oy the above calibrution., Ience, to estimate tle sensitivity

~ 7 e 2. () L RS T A -,
reration, the simuloted ctrail Iss

-¢

-¢
e= 33X = 783x0 i/,
7z .

In calibrution, a cotzl of 750 attenuctor lines wos used

== a pen ceflection of 15 lines with tl.e attenuator set on 50,

™. oy . . - e . .

“tils sevting is equivalent to 78,5/750 = 0,104 in/in rer
b b g

" P .

¢enuator lire on ti.e cuhart,

: N N 1 -
Jor a j=pound load on cach beam (z pound lcad on the



seel), the bending moment under the center of thie ctrain zage,

at a distance x = 3 inch, from the end i

]
o

M= 5(41—1)-_—.&}53: '41/’{;_ - 5) = _ocoiT ,};-/Zy

Then
cr . EAOIIS 250 oo

Tbar 75X (Y

ilils stress corresponds to a strein of

s

o. g.?jxw"/}; :

250
177

———

3oxs0@
for 8 ounces of load or 9,.,f1l ounces per « inch, Thus a yen

e =

dellection of one line is equivalent to 0,1C4 « in/line X
9,.C1 oz//a in = 1.C ounces of force, .cccriinzly, to meusure
a force of 200 jounds, tle cscillograph would reojulre 200 X
1S = 320C uttenuater lines, This could e obtoined Ly &n at-
tenuacor setvin: of 100 with S< chart lincc, e cnart s a
total of 40 lines,)

Cantlilever deformatiocn beam, Ihe crrangement of thie strein

cages and the vridge circuit is «lzo ciown in wWig, &, for
Puirposes of estimating thie sensitivity in alvance, the EL=2Z
amplifier used in this clrcui® Lius about 1/10 the amplification
off the BL-820, One line on tihe churt would Le eyuivalent to
ad out one/ainch. 'rcm tiie calculutions atovey, a deflection of
Oe4 inch preoduces a stress of 17,100 psi, This is cquivalent

to a deflection of ,00C7 inch rer in, of 3train or per atten=-

uat o chart lire.

wozd Cell

4

T bl . . ~ a - . e ~
in the calibration of #'.¢ load cell unit 10 vas congld-

~

e { " = . - . . - s
red im~ortant =o note tiic numiter of lines ol dcilcection



on the oscillograrh for a given load on the unit with the

crosshead moving dowvn as it would be during an actual test,

accordingly a channel=-iron support member was bolted to the

crosshead and the load was applied through a first class

lever sysbtem as 1llustrated scuematically in Fige 7. ~or each
v &

loading, Wy, the value from the chart was taxen vwhen the bar

was in a horizontal position,

rrovabl/e crosshead.

2-/)751' o
b—e——— ¢ o= Wht
( W, (6+C)
: C.G. 4
1/ .
Y ¢
Seﬁe/ca(fform VV’

scaemetic sota

p for cslibrstion of leoed ca2l) nnit

Fig. 7

The callbration curve 1s given in r'ig. 8, A5 expected
Ihe relationsiiip is linear, Some voints are off the line
S1ightly due probubly to the difficulty of estimating the
exact number of lines ol chart deflection, Of course tuis
err-or ic exaggerated at the higner attenuator settingse

This czlibration curve shows a sencitivity of 2.11 ounces
Fer attenuator line, This is about twice as high as the cal-
Culated value or one half the calculated sensitivity. The
Principal reason for this discrepancy is protably due to the

fect that the load is not truly a concentrated one, since it
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is spread over tihe width of the ssed pletlorm., urt’.ermore,

in the c:ilculation of thne strain it vas asswicd taab €

N R
& CilC LCwlil

were ideally fixed. The beam widths vere actuwlly cus sonow

¥ 3700 .CV o 1a

ct

wider on tie

=

illing maciiine ci:an thie culculiuted tlhirrce-guarters

inci., <+hese conditions, would causs Slie culculuted stress to

be nigner tnan tne actual stress,

Cantilever-besam Calibration
i'ige 9 showis schemuticzlly thie setup uscd lor calibration
of the deformation unit. This calibratbtion sinowed ti:ut one clharb

line rerresentecd a verticul deflection of 0,0012 inch,

Crosshead
D =—‘f’?~Can7‘//eyer bearm

Ames dial
(/

Seed platform

&~ 7 77 ) 7777 7277

Schematle setu) for celibretior of deforietion n-is

R

Iy

e

Be 9
Other reatures of ihe apparatus

Yrosshead specds.

Fige 10 1s a sclhematic diugram showins the
drive mechanisn,

able

Table 1 gives ratss of deformurion avail-
The load cell unit itself was clirped bebtween tuo

lerge angle irons on a track, so when the specds were caarnged,

the unit wvas simply moved alons tha track until

-1 LR
cile netl o caonin

cdnter distunce was reacied., <+his feature mey e sesn in
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Fig. 10 JScnematic diagram of drive mechanism

TABLE 1

CROSSHEAD SPEEDS

Sprocket Speed of Vertical Speed
on Crosshead Shafts of Crosshead,
Shaft A RPN in/min
14T 0,93 «0777
48T 3,20 .2566

84T 5.60 «43567




th. 2 and Oe

(8je]

-

Relationship between chart sveed

1

croczhwead travel. ZFor

f

nn

the purposesof expecditing thie removal of informution Tfrom the
oscillYograrn chart, the relationship between head syeed and

1)

chart speed 1s surmarized in Table 2, +nis relationslhiip made
it possible to get the totcl deformation ty simrly finding the
product of the aprropriste constunt and the number of & mm

chart divisions,

TABLE 2

VERTICAL DEFORIATION,
INCHES/Smm OF CHART TRaViL

Chart Slow Medium Fast
Speed Crosshead Crosshead Crosshead
L0777 in/min «2666 in/min <4667 in/min
Slow, Smm/sec .001295 .00444 .00778
Fast, 25mu/sec .000259 . 000838 .00155

Use in testing other materials, ig. 1l siiows L.ow the appara-

tus was used 1in anotner research project to measure and record

the loadedeformation reclationsiiin lor epoxy

v
v

resin-glass clotl

laminated beam specinmens,

Pendulum Impact Tester

The simple pendulum shovn in Iig, 12 was constructed to
measure ths impact strength of gruins at the various moisture

levels, .iith this unit the impact load was applied in shear,



Fig.1ll., Load cell unit employed (in another
research project) to measure and record
the load-deformation relationships for
epoxy resin-glass cloth laminated beam
speclmens,



Fig. 12.

Pendulur Impact Tester.

The kernel was held in the jaws of
the srall vise shown in the center
of the figure.
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Due to the extrensly small size of the grain lkernels, it
was impossible to apply an impact load in flexure as is
most cormonly done for steel, The seed srecimens were
held by means of a vise nounted on thie pendulum frame,
Thie pendulum leading edge svilngs by the face of the vise
with as little clearance as possible, Tiie seed is

thus broken off by a combination of a shearing and a

bending action.

Design Calculations

Some prelininary trials were conducted to determine
what initilal potential energy would be neceded to break the
tousker high moisture grains, It was founcd that about
3 inch-pounds of energy was sufficient, dccordingly, a
bar 3" X 1" X 5" wus chosen as the hammer znd a 1/8 inch
section as tle double arm,

It was necessary to choose a rendulum such that the

center of percussion would be located in the harmer rather

than up on the arm. The ruailius of gyration ic giveon ass

Thie moment of ineriia of the pendulum shown below in

e

“1lge 15 about the axis of rotation i3 given by:

2/3/*2/)+M(—+1 +/71>———-—~--(Z) ’

3] . K . .
waere [ is the riuss ol the ar and lig 1s the hummer nmuss,
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for a density of 0,285 1b per

I X
cu in, I3 = ,00553 1lb-secl/rt
5% 5 and lig = .01105 lb-sec2/rt.
Upon substituting in equa-
2- tion (2), the moment of in=-

ertia is 0,04927 lb-sec2-ft,

from wnich k = 20,7 in,
This value means that the
center of percussion of 0,7

f in below the top of the

|
|
4-5

5

Sketch of
4" impact tester harmer.
2

3

dnergy nelations

6= 44° 30' for low velocity
impact tests

y
L= 11503 ©,= 70° 421 for high veloclty

impact tests
W= 06298 /b

S, S s sl

Schenatic of impsct tester for det:srmining energy relatlonships

Fig. 14
By the use of a knife edge, the center of mass of the

from the axis of rota=-

rendulum wvas found to be 17,813 i

A fixed initiel

for the lower
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E=WL cos Oy - Wlcos & - — - — (3)

L= /.22 Cos &,

- S oo,

- 1b.

Feor w1z =8 velseity tcotz, with 6r = 70,79,
£E= )22 Cos Bz - 2.0/, »=/6
In oricinsl tests, the mairur “ravel of Fhe —oululum,

el wire ouni2d tn the graduazted quadrant., o sieet of thiln
carsr was placel vetean e srouslic ire and tie [ oriulunm
pointer, Since tlhe rzndulw corred Tor an instont ot its
maxime brovel, severgl couhneurrent oles verce turnod in e
paper. 4t vius then ewsy to see th2 Zraduutod scale beliind She
raner and thus read ¥
Correction [or Losses

«1070 Ve electrical indicator, there were ao losses froem

.
L

tut bher

vere lozses due to Teuring: fric-

e

tion in the peniulvm unl =i» decz on the on'ulime  The follow=-
ins procedure us given Ly Duvis et al (1041) wias uscd to de-

termine thiese los=zes,

«ithout any seed in tue vise,

in the normal Maer, 9; was

dulum sas acaln sgleased and 21lo0e
ward and & back) The nmagneto was

Wwos released

thie pendulum

recorded &S Jiie pen=
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until the last swiag, This angle wus exlled 2.,
<
The encrgy lost in =zir drag anl bearin: Triction of tle
vendulum wzs asswmed to ve distributed uniformly over tlizir

ranges of action, a5 an examrle, D was found to be 44,3 ©
and Bp was 32,39, ©hes average ancle of rice betwesn rcadingzs
Dy and By is %(Bl+ 55); heace, a complete average swing, down
and ur, is approximstely Z(By+ 20) X 2= 83,99, The encrzy
lost iIn alr drag and :¢adulum friction during one averaze

forwvard swing is represented by an angle,

o
51_ B2z = 44. - 39 = O. 427
// V4
The energy locst in thiz munner» during either o Jowrirard or
upward swing of 44,39 is represented by an ar’le,

£ [44.3 X2 «x 0.427> = 0.226°
2 83.9

Ihus the effective uncle of full 6, was 44,5 4 220 =

(9] Lo P

44,5207, Thc corrected ancle of risc ufter rupture of the

seed, Oz is:

observed angle + 0.225 X observel angle
44,3

The small amount of enersy lost in imparting motion *to
(> 1 O

the broken lterncl 1s neglisinle,



I BTiZODOLOGY

I'nree pgrains, corn, wheat, and beuns, viere used 1In this
study. Tre three nrincipsl parameters in the determination
of compressive strencth were molsture content, rate of loud-
ing and the seed position (either flat or on edge)., In the
shear tests, a constuant speecd was used, and the kernel was
hheld in the "[lat" position. Thus the molsture content was
tire only parameter. In practically all series of tests, 10
replications were run, To reduce the large number of tests,
tiie effoct of temperature on the mechanical properties was

not studied. 4 total of 753 tests on individual kernels was

conducted.,

Tna cize (alve, flat anl lenzth divension) of sash ~an?
Ve 3 meeiurel vltn e microsatar end ves razopdad bafarae anch
tzet, Greln sea2ls of one verlety and ona stagsa of et 1pie s

versce usedl in all bests, The eora usel vas g hrh~td variat-r

) . . .- 3 . IR ] P :
Coveenly srowa in feabral Vicndsan,  Zelklrk soft rel wvinter

~—

VAot il Uicie iUy pea bhean verletiog vare uzsald in tnig
S N no o atterpt  ves nads  In this study to measure

Mechanical properties of different varieties of each grain,
It was necessary to have a means of regulating the grain
mois ture level for each of the tests. Since grain is hygro-
Scopic, its moisture content will dspend upon the relative
humidity and temperature of the surrounding air. s moisture

€3uilibrium Lox was .designed and constructed to produce four
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differsnt relative humidities at a constant temperature.
Since the alr in these chambers is kept in motion by means of
a fan, the unit was called a "dynamic equilibrium moisture
chamber", This unit is snhown in Fig. 15 and 16, Static equi-
librium chambers could be used for grain at the lower moisture
levels, liowever, for higher moilsture contents the grain may
mold (after a period of about three to six days) before the
equilibrium moisture content is reached. With the dynamic
equilibrium chamber, equilibrium is reached in one day,.

The expected grain molsture content was calculated from
the empirical equation: —c7/’7: *

/—-RH= €

in which RH, the relative humidity, is represonted as a deci-
mal; T, the absolute temperature, deg R; Mo’ the equilibrium

noisture content, percent, d.b.; and ¢ and n are constants

varing with the materials,

Compressive Tests

The load cell unit with a compressive head mounted in
place is shown in Fig. 3. &sach graln was tested in the flat
position and on its edge, (The design of the load cell allow-
ed the kernel to be located at any place on the seed platform
without affecting the magnitude of the indicated force,) To

determine if there was any speed effect each grain was tested

*Hall. C. W, Dr;in% Farm Crops;: axdwards Bros. Inc Ann
o o -~ . LY
Ard or, I3 Chigan, 1 ’ h.g 3 Pe . ’



NOTICE
STOP MOTOR BEFORE OPENING DOORS.
FOR SPACE, CONTACT DR. HALL.

Fig, 15 Dynamic Equilibrium Moisture Chamber, showing
thermostat and heating element (light bulb).
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at the three head spseds of 0,0777 in/min, 0.2366 in/min, and
0.,4657 in/min given in Table 1. In the following pages, these
speeds will be refesrred to as s‘low, medium and fast. From |
the oscillograph‘c'hart, values for proportional limit, Ajrield
point and maxiinum strength were recorded in pounds,

In the compressive tests the strength 1s expressed in
terms of pounds per kernel rather than in pounds per square
inch of cross section perpendicular to the direction of load
application., In determination of strength properties of near-
ly all materials, the various parameters (yield point, maximum
strength, etc.) are expressed in terms of f.orce rer unit aresa,
wWwith a grain kernel, its irregular shape makes this impossible.
The force could be divided by an estimated average cross-sec-
tion area of the kernel, but this would only give a suberfi-
cial or apparent stress value, urthermore, the actual
strength of the kernel in pounds may be more valuable informa=-
tion in design of equipment.

Since a value for compressive stress could not be obtain-
ed using the entire kernel, it was decided to cut a "core"
from the kernel to obtain a specimen of known deminsions, ¥or
each grain these cores were made by cutting each end off the
kernel, leaving a middle section of approximately three-fifths
the original length. #With corn, a rectangular parallelepipad
vas formed, yvhille wheat snd heans beéame berral-shepad rieces,
™e faces weara cut vith ¢ rozor Pleda and tae di:”l&nginns
messur=ad to tha nenrest thousondth inch vith e micr*@x~\~‘?J'~'r.

See Plz. 17, perts (4), .(8), (8).
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Fig, 17

1.

| ac "’o'/ '.’!’, :ﬁ’
‘.\. ’1” %j ! ;t‘ !‘ > hy. ' ,{ [’”\
- P \',_ '0/ ’ B ‘ﬂ.g ‘
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2 ) [ .,'1 )
V]
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Minature Tyler sieve series, six sleves and pan,
Corn which has been fractured fromr the edge pos-
ition by compressive tests. At left and right
18 the material retalned on the top and second
sleve respectively.

Samre as 2, except corn was tested fromx the flat
position,

Corn "core" specirens, before test,

wWheat "core" specinens, after test.

Bean "core" specimens, after test,

Bean slabs, showlng the hole made by the punch
shear test.

Pea Beans after the punch shear test.,
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The load was applied parallel to the original length of

the kernel, or perpendicular to the cut faces. Ifor wheat and

beans, the cross sectional area was calculated by taking the

area of a circle whose diameter wus equal to the average of

the major and the minor diameters of the kernel, ior 20 wheat

kernels, the average major diameter ("edge" dimension) was

0.134 inch; the average minor diameter ("flut" dimension) was

0.114 inch. 1With corn, the sides wers shzvad with the razor

blade, giving a rectangular ersllalacip=i viose Aimenszions

coaldl casily be taiten,

These cores were used in tests to determine the follow-

ing parameters at four moisture levels:

1.

2o

3.

4,

MNaximum stress, psi.

Slope of stress-strain curve in the elastic range,
k, 1b/in of deformation.

The percent deformation at maximum strength (AL/L).

The modulus of elasticity, psi.

These cores are not considered to be perfect specimens as

far as uniformity of dimension is concerned, since in the case

of wheat and beans they are slightly barrel-shaped rather than

cylindrical, liowever, the calculated values of stress sihould

be much closer to the actual average stress than by using the

entlire kernel and trying to estimate the cross-sectional area,

Shear Tests

Two types of "static" shear tests were used; a punch test



in viiecn a core or plug vos reacvael from the Farnel; and a
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s 1:71a shesrinr-action tast In vhich the complate “arael vn

sheared in . 1F

i .

The losrd cell uanit vitn the hesd usad for the punch tests

1S

2 shown in KFip, 18, The platforn (2) has hcles dril 21 in 1+
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correspondin: in size to the punch above, Tvo punch sires
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acreersas in eppllezl force and weas not a
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for testire vieet or corn, For vheat, aven a punch of this
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valu=s Ffopr tne shasr stress,
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bhe higher moistire lavels, Telow about 157 d.b,* (13 w.b.),

the bBag q 1s so brittle it merely frecturss and no core can he

. molstnre walrmt
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Fig. 18 Apparatus for punch shear tests.

2. Base plate contalning holes to match the
punches used. The interior of this base plate
was machined to provide space for the plugs
sheared from the kernels.

8. Punch shear "head".

Other parts are identified in Fig. 3.
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sneared from the bean.

Originally the punch test was considered to be a suitable
means of measuring shear strength because the shear area would
be known fairly accurately. However, in an actual test, the
bean deforms slightly under the punch until a force is reached
wnich shears the plug out. This means that the shear area
should includs the "effective" thickness, that is, the thick-
ness under the punch at the point when the maximum force is
observed on the oscillograph chart, If the product of the
original bean thickness and the punch circumference is used
for the area, this phenomenon of initial compression (plus
shear) will give a different calculated shear stress for dif-
ferent thicknesses of the same homogeneous material. This
effect was observed more closely by taking shear plug tests
on bean slabs of various thicknesses, (Except for the seed
coat, pea beans may be considered homogeneous,) Oscillograph
charts for two punch tests on bean slabs of different thick-
ness, but the same moisture content, are shown in Fig, 19,
charts 2 and 3, Charts 1, 4 and 5 are examples of compressive
tests on corn and beans, wnich will be discussed later,

Static tests 1n single shear were conducted with the ap-
paratus shown in Fig. 20, 4 rigid plate, Fig. 20, (9) is
bolted to the seed platform (2), This plate contacts the ker=-
nel which is held by the vise (8). Thus parallel forces are
applied through the plate and the vise to the kernel, The
average unit shearing stress was calculated by dividing the

total force by the cross sectional area of the kernel parallel
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Fig. 19
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Representative Oscillograph Charts,

1. Compressive test on corn at 15.8% d.b. and at
medium speed with the kernel in the edge posi-
tion. Area "a" represents the modulus of resil-
lence while area "a" plus area "b" represents
the modulus of toughness.

2 & 3, Punch shear tests on pea beans at two slab
thicknesses

4, Compressive test on pea beans at 22.8 % d.b.

5. Compressive test on pea beans at 10.6 % d.b.






Fig. 20

Apparatus for the static shear test.

2. Support base for shear bar,

8. Vise which held the grain kernel in the
flat oosition.

9. ©Shear bar or plate.

Other varts are identified in Fig. 3.
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to the applied force. It should bte noted that this arrange-
ment does not produce a shearing stress entirely free from
bending or compressive stresses., &ven il double shear could
nave been used, there would ve shezr coubinsd with btending.
Fure shear, free from bending and compression, could be secur-
ed by torsion, but of course this is physically ixpossible

with grain kernels,

ikeasurement of Lnergy

Impact Tests

ihe measurement of energy required to break the lkernel
by impact shear was obtained by use of the iImpact tester shown
in rig. 12, The same vise as used in the static shear tests
(Fig. 20) was emploved to hold the ssed. The energy required
to rupture tie grein kernel is equal to the differerice in po-

tentlal energy of the pendulum between its initial and {inal

rosition. This was given earlier by equation (3) as:
£ = WL cosBa— WL cos b,

vhere 4 is the weight of the pendulum, 1lb, L is the liength

of the arm to the center of mass, inches, and 6, and Oz are
initial and final angles resyectively, 1or a given iritial
point, tlhie second term in the above equation becomes a con=-
stant, ost of the tests were conducted with an initial
angle of 44° 30', This producei a theoretical velocity of

impact of 5.24 ft/sec., Wwith the pendulum arm length uscd,



it was impossible to increase this velocity to any great ex-
tent by using larger initial angles, Jith the speed ranse
avallable, one would not cxpect a noticeable velocity effect.
ilioviever, one series ol tests was carried out on veans at

s

o A . o ,. . . .
£2,8% debe with B, = 79° 42', This greater arngle produced

a theorctical velocity at impact of 8.87 ft/scc.

Energy of Deformation

Cne of the chief objectives of this study wus the deter=-
riinacion of the energy required to delform kernels of greain
under various conditions, Specificully, it was desired to
measure the resilicnce and toughness of the iernel,

The resilience is evaluated by the area under the elastic
prorticn of the stresse-strain curve, This area represcents the
work regulred to deform the material to its elustic limit,
i.6., the energy that the kernel can absort witnout undergoing
rermanent deformation, Schmidt and harlies (1948) define the

rrodulus of recilience or resilient energy, of a material as

the energy required per unit volume to deform the material to
its elastic limit, In this study the modulus of resilience

is exrressed in terms of energy per lernel, This energy was
obtained directly {rom the oscillograrii chart by measuring the
area under the force-dcformation curve with a planimeter.

Jor eacn test tne appropriatc constant was calculated, with
account taken ol crosshiead syeed, chart speced, amrlifiep

attenuator setting, and planimeter consitant for the test con=-

ditions, To obtain the energy value, then it was necessary
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merely to take the product of the planimeter reading and its
constant,
"Toughness" involves the idea of energy required to rup-

ture a material. The modulus of toughness is given by Davis

et al (1941) as the amount of work per unit volume of a
material required to carry it to lailure under stutic loading.
for hrain the energy vwas measured on the oscillograpl. chart,
up to the point of maximum strength., Toughness is an impor-
tant property of a mateilal from the standpoint of its ability
to withstand impact loads which cause stresses above the

yield point. ige. 19, chart 1, shows the area representing

the modulus of resilience and of tougnness for corn at 15.8%

d.be Crosshatcned area "a" reprssents the modulus of resil-

ience, The modulus of toughness or the energy up to the

Kd
maximum strength, B, is glven by area "a"

plus area "b'",
In this particular test, thse elastic limit was reached at a
deformation of 2,0 percent and thie maximum strength at 3.6

rercent deformutions

iiysteresis Loss

by loading and unloading the grain kernel hysteresis
loops were obtained., The difference between the work of
compression and the work of rctraction represents the hyster-
esis loss., This energy is dissipated as heat., The hysteresis
loops were obtained by plotting load versus deformation up

to a given load. Ffrom this point the unlouading curve was

0

rlotted back towards the origin,
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Total cnergy Versus Surface .rea

During compression tests on corn, the kernel fractured
into many small peices, The amount of "grinding" or pulver-
izing action produced depended uron the grain moisture con-
tent and whether the xernel was loaded in the edge or flat
position. In sacihh case the loading was continued until the
xernel was deformed bo one hali of its origincl dimension.
after each test the crusned kernel and small fragments were
scooped into a'metal container., The contents of the can,
containing all the matcrial from ten tests, was oven dried to
constant weight at 212° F, It was then rut through a minature
Tyler sieve series by shaking the unit in a Ro-Tap machine
for 5 minutes, The minature sieves are shown in Fig. 17, (1).

Tne minature Tyler sieves were constructed to facilitate
accurate weighing of the fractions retalined on each sieve,
The sieves were soldered to sections of 13 inch thin walled
pipe which were machined at the top and bottom to alliow the
sections to fit tightly together, &aach sieve section was
light enough that it could be weigned on an analyticual bal-
ance, wach fraction of material retained on the varicus
sieves was vielghed to the nearest tenth :illogran.

Flg. 17 also shows the different type of crusiing action
obtained by the static compression tests, In Fig. 17, (2),
the corn has been under compression from an edge position.
The m;terial at the left was retained on the top screen, and
that at the right remained on the second sieve, In Fige. 17,

(3), the corn has been crushed from a flat position., Aguin
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the left and right pictures represent the muterial remeining
on the first and second sieve respectively, These pilctures
show the tendency for the corn to split down the center to
form relatively large fragments or '"slabs" wiien compressed
from the edge vosition., In the flat position, the kernel
cracks on tne outer cdges and forms many very smzll particles.
The material retained on the other four sieves and on the pan

is not shown,

Calculation of Surface area

To c:ompare energy input and surface area produced, it
1s necessary to have z suitable means of expressing the total
surface area as a function of the weights of material re-
tained on the individual sicves, The chief difficulty en-
countered in studies of rock crushing by various investiga-
tors has been the prcblem of surface areca determination.
From the derivation of average surfuace area by kicholas
and Hall (1957) we have:

= Ex G m Sbe

2 77 =7

where Ny 1s the number of particles on sleve i, e; is par-
ticle edge dimension, and a4 is the surface area of a par-
ticle., i1he particles are assumed to be cubzss, The total
area can be found by addiing the particle area on each sieve,
‘he derivation of the expression lor the total surfice area
for the minature sieve series used 1s given as follows:

I'ne number of particles, N, contained in a weigat w of



particles of edge, e, 1:z:

7
N W
5 (assuming cubes) whnere @ 1s the dun-
4 sity. TI'or the Tyler sieves euacii sieve
J
3 nas an opening twice as larce «s the
2 nne below it, Lence
pan 1 Sc+l= 25
Fir., 21 Nunmberine The particles on sieve sj are assumed
L‘). - ) ] A O (&
3ystem for
T7ler sieves to be halfl way betieen sy and sj+ 1.
Then . .
= Sc+ Sc+| = S¢ + 25¢ = ¥, S¢

< 2

Tlhhe total area for the material remaining on sieves 2 to 7 is
4 rd

7 7 2 2 ( A
‘= ée‘.A/: = 2 é-e‘_' WL - é —_—=
ﬁ: ”Z_;/QL C'é ¢ 2z 66{3 ¢t a eec
? b
- = ewt _ s 24
crz C* 7 Se vz @ 3¢

¢

where Ay is the total surface area on any sieve i betueen &
and 7, 3ince the pan has zero opening, the surface arca of

the particles remaining on the pan is

-

ce’  ee ¢t €S

ﬁ,=éc‘M-—é5'.:..w’=é'”/’ = W' _ 2NV

N ) 3 R
<18 total surface area is the sum of the above exyressions:

.
/Qt — 12 W, + 5 "‘4. We
@ Sa cc2 (P Sc¢




with the numbering according to lFig. 21.

To use the above equation, 1t was necessary to determine
the grain density. 7The corn kerncels vere placed in a mixture
of chloroform (sp. gr. le.475 @ 25° C) and acetone (sp. gr.
0,7880 @ 259 C), The ratio of the mixture was varied until
flve out of 10 kernels floated and five sank, The kernel
specific gravity was obtained by weighing a lnown volume
(50 cc) of this solution. For corn this value was found to
be 1.175. Iy combining this value with the other constants
in the equation, the total surface area (in) on each sileve
was the product of the fraction weight in grams and a

constant,.

itheological Properties

As mentioned earlier, rheology may be defined as the
study of deformation and flow of matter., It attempts to
describe the mechanical behavior of a material in terms of
three variables, stress, strain and timne,

when a perfectly elastic body is deformed, it takes its
final shape immediately without any time lapse. In other
vords, the deformation is time independent and a function of
the applied load (or stress) onlye. For a perfectly elastic

body llooke's law applies:

e = Z ------ —-- ()

where e 1s strain, in/in; V’is the applied strcss, force

per unit arsa; and £ is Young's modulus of elusticity in
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tension or compression., In shear, this equation is:
¥=06 e (6)

where Y 1s the shear strain, s is shear stress and G is the
modulus of shear or rigidity.

wWhen a very small force is ap:lied to a liguid it will
deform since it has a zero elastic limit or zero elasticity.
The force required to move a plate of area A,separated from
another plate by a distance d, 1s directly proportional to
tiie area and the velocity, and inversely proportional to the

separating distance,

F=7 (yzﬁ_) --------- - (7)

where 7 is the coefficient of wviscosity.
From the above, F/A = shear stress, s, and v = dx/dt,

so that S=xdx.
A AT
Integrated, this equation may be written

r:f = ;?-‘é """"" (3)

where Y is the shear strain. 1or an ideal liquid (Newtonian)
the rate of flow is s/,? o The above type of flow is called
viscous flow,

Between. tlie extremes of elastic deformation and viscous

flow, is a type of flow culled plastic flow, when a solid

1s deiormed beyond its yield point, it will flow and ex_ er=-
ience a permanent deformotion., Yhis phenomenon is called

plastic filow, Beyond the elustic linit the flow may be
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linear as in itho case of viscous flow, or it may be ron lin-
esr., ror the ideal linear we et an equation similar to
equation (8) above,

y= (s-s’ 4 ——-==mee== (9)
-%I

Schmidt and larlies (1948) ca11~7’ the pseuloviscosity or
plastic viscosity,

iookean ideal elustic deformution in a solid
and Newtonian flow in a liquid may re considersd
as the two cxtremes of rheclogical veuavior, It
muy ve said that there are tliree basic types of
deflormation, elastic deformation, plastic flow
and viscous flow, IL.any nroducts sucli as rutber
and plastics may be coasidcred as combinations
and modifications of the threec benaviors, The
action of these coumplex materials under load is
often repressnted by mschanical models composed
0. e¢lustic and viscous elcments ccting in sceries,
in parallel or both.¥

#hien a body rossesses both elustic and viscous character-
istics it is sometimes called "visco elastic"., To help visu-
13ze the relationsuiip between deformation, load, and time, a

mechanical model is often used as shown in Fig. 22,

\5%1

e

(a). (b) (c)
f1g, 22 lLechanical models used Lo represent rheological
behavior; (a) a kaxwell unit, (b) a Voilgt unit
(c) a Maxwell and a Voigt wunit in seriocs,

ats

3
v

Scimidt and liarlies; Frinciples ol ilizgh-Polyiner Theory

and Practice; l.ciraw 1ill, 1948, mxcerpls from Chapter 7,
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In the case of the laxwell unit a given stress will
cause an instant elongation (or compression) of the elastic

spring plus a deformation due to movement of the piston in

the dashpot, If a certaln model rspresents the behzvior of

a particular material, rheological cquations riay be written,
rfor example 3tecnberg (1949) considered tliat rhicologicul
characteristics of paper could be represented by a model as
in Fig, 22 (c), except that a spring would be add=d in series
wwith the dashipot in the parallel unit,

For a haxwell unit the strain at any tirme w1ill be the

Swn of the elastic and viscous elements, From ejuations (6)

and (8) above:

y= S/Q and %zf

Yuri = 5% + %t smeemeenee- (20)
Ay - L 95 + 3
Fdt @« 77 . (11)
oﬁ = 6__‘:"&5
ol¥ Xt 7

or s cod¥_ s __________
e Kt 7 (12)

Wiz s 7= 7%/3 is a constant called relaxation time or the

Lime constant. The analogous ejuation for tensile or com=

Pressive stress (assuming Eg = E;) 1is

AL - FAe - L --- (13)
Lt AT 7

&~ and G are related in the elastic range by

&£ = zé//*/*)
Whepe/a is Poisson's ratio,
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nate of Deformation

From Fig. 22 zbove, it 1is uapparent that the rate of de-
forma cion will be inportunt in determining the resultant
force (or stress) on the unit at any time, If the load is
applied very quickly, the dashpot will not have time to op-
erate, It will act as if "frozen"., The hkexwell unit will
behave almost like the elastic portion alone, On the other
hand a slow deformation will cuuse the dashpot to have much
more influence, rom equation (13) it can be seen that the
magnitude of the time constant,?’ s is very important, IT
the rate of deformation is low, i.e., thie time of deformation
is 1long, with respect to 9’ , the viscous element will domin-
ate the action. JSimilarly a short time of deformation with
respect to 77, méans that the spring or elastic segment will
be most important,

The effect of rate of deformation was examined lor pea
beans at the hig;her moisture levels, Duta vere also plotted
for wheat at slow and fast speeds but at a lower moisture

level,

Stress Relaxation

AS mentionéd, one rieological distinction betwvecn a
licuidg and a perfectly elaustic solid is the relaxation time;
for an ideal 1lijuid it is zero, and for a perfectly elastic
80114 it is ianfinite., It is obvious that for a visco=-slastic
body such as graln, the relaxation time +ill huave some value

betiieen these extremes, Relaxetion time is a measure of now



fast the grain can dissipate stress after receiving a sudden
deformation. It is therefore consldecred an important rheolog-
ical property of grain,

In the tests on pea bveans, the kernel was given a cer-
tain percent deformation, at a given crosshead speed. after
the crosshead was stopred, the relaxation of stress appeared
on the oscillograrh, since the chart continued to travel,
From this record, the logaritim of force was plotted zgainst
time on semi-log paper. The instant at which the crosshead
St opped was taken as zero time., This relationship of stress
rel axation was measured for three deformation spreeds and for
Var ious amounts of deformation,

‘he busic equation (13) above which assumes a lLaxwell

unit representation, is restated:

2‘!—: Eﬁ@—ﬂ: ,.f-;"
At ot 7 i

®ince the deformation rate is zero wnhen the crosshead 1is

St opped, the term E de/dt is zero., By integration, we obtain

= _\@'Z‘ ---------- (15)

wWhere qd, 1s the initial stress when t= O. This equation
Shiows that one expects a straight line relation between stress
&nd time on semi-log paper., In such a case, the time con-
Stant #’, is the time for the original stress to relax to

one eth jig original value, This time, as previously stated,
1s the relaxation time,

It should be moted that for pea beans, force rather than



stress was plotted against time, since the cross sectional
area of the bean is not known, 3ince stress is merely force
divided by a constant (arca) the shape and the time constant
of the curves is unaltzrsd Ty plottiang force instead of

stress, .
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Compressive Tests

Compressive Tests for Corn
Consideratble variation was obtained in the results of

compression tests on individual kernels. Two rsasons i'or the
h1igh variance arc the inhomogeneous nature of the corn seed
and tha stress concentration set up by its irregular shape
or irregulur bearing surface, That the Irrcgular becring
surface was a big factor i1s aprarent upon comparing the
esults of corn tested on the edge and the {lut position,
Since tihec edge surf.ce of most kernels is quite swooth and
relatively straigit, the roint loads are minimized in the
edge teste when loaded in the flat position, many lernels

are slightly dome shaped, wiiich causcd carly failure and a
low apparent maximum strength. Kernels having straight, flat
sides are able to take higher loads thuan domed shuped kernels
before failure.

Results from these original tests are given in Tables 4il,

A%, A3, A4 and A5, In euach case the average value, the

standard deviation, ¢ , and the coelficient of variation"“,

C, are given, Since the absolute value of the standard de-

Viation muy be quite different in two sets of data, uge of

* = T/ave x 100



(&)}
Do

tlre cocfficilient of variution allows direct conparison of th

e
two zroups. 1t will be referred to hencefortn as the C valuc,

In tests at three sye<ds on corn, at one moisture level,
(14.30 debs), C was around 20 percent ior the edge tests und
averaged about 35 vercent for the flut tests, Tables Al
and .i2) .apvroximately the same range ol C valucs is given
in Tables .4 and 45 where tue Iorces at tne yield point and
maximun point are given for four noisture levels,

It should t= notsd that the yield point 1s not too def-
inite in tests at nigher moisture contents, The indefinite
locaution of yield point 1is particularly noticeable for the
flat tests, The force-delormution curves are oi'ten curved
to the maximum strength. or consistency in tubulating
tlie data, the yleld point wus tuken as tihe point where an
increase in dsiormation occurs witlout increase in force,.
“itli nign moicture liesrncls, o definite maximuwr point is not
always indicated., In most cuses a maximum point 1is reached,
Tollowedl by a drop in thie forcs on the chart, +urther
weformation causcs tlhie iorcec to incrcase again. This in-
crease should not be considcred as represcnting acrnel
strength, but rather as the iorce resuvlting from the crush-
ing action., LIy the time the maximum point was reaciicd, the
“ernsl had failed, i.e., its original dimensions were de-
stroyed, with high moisture, the force simply increased
with de1ormation, and no maximum was shown on the cnart,
in this case tlic iernel was "plastic" in ncture.

m‘\ . L e ra)
ine force-deformiuaticon curve varied from one k“ernel to
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er, and the curves in Mige 23 repr2scnt an averuge for
10 tests. Thus, euchr polns on the curve is thie avirege [orce

for 1C tests at Ll yarticulur deformation., Zeyond the

(2]

naxinum strengtlh, Clie 1incs are dcttcel as tie [orce vauria-
tion beyond vils roint is quite irregular. The curves in
r'ifge 22 show a delfinite muximum coint. as would be expected
at nhigher moisture levels, the muxinum Torce wus rcacined
with greater deforiution. iThe yield roint is not indicated
in these curves becuuse ol the averaging process, fleld
and naximuna force volues for edge and flat teste ure given

in Tables ai ani A5,

Compressive lests for rea Deans
r'ize 24 1llustratzs the result of compressive tects on
~ 4 b b}
rea Yeuns at two molsture levels, ot 10,6,0 deLey, the Leans

-

T elastic prorertics, for both wihe edge wiil {lat rosi-

5
Ay
Snovwre

o

tions, In the flat pozlition, o yield pcliit wus reaciici at

about S porce:nt delormation, In &

Polnt was ap;arcnty the elastic 1lirit and wuaximum stre.gti

< o

.

viecre identical roints. This difference wws probubly Jue to
the srell spuce vetocen tlis cwo cotyledonse (1t should
Cirtainly huve more eficct wien a comrrescive load is eppliled
in thie flut position +hun in the edpe position.,) DThwus, tle
avbarent yield yoint in tue flat tect was most likely the
Corpresszive falluroe poli:b ol cne or votin of Lic Loun Lelvis.

. ~ ) il N il PO R ~ L IS e Y e
115 slight "y1cld” or rilavive Golorrailorn vebiucen

tie tic cotylodons, the Iforco :puin Inercese? tecause no
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more space wuas availalble for further deflormution, Lhie next
drop=off of force was tue maximw: strength of the crtire
tean, {ne above exrianation uccounts for thc two disticct
straicht=line rortions oi thie curve for tnz flat tesct at
10,6 perccnt roisture.

The Tirst rortion of the curve for the edge tests is
curved unsard slichitl

‘e 10 ex-lanation n.s been found o

Y
v

explain qualitatively this upward curvature, Thae remzinder
of tiic cur.e is Iincar «itost to the brecking roint.

dbh high molzture, le. s 2ilfcrence occures betwezn the
edre .l [lat zositions, 1t ap.cars thst e vlasile or
evon viscous purorertlcs rreiomlouste over e clustic ellcet,

L5V Lo orolsture, tl.. croes=5.c¢”f ol 2rca has o darficlse
offect; 20 toe iodviwwisiur, 1t 25.0 aot,  wlbl.oucls "&a
sCiual ecross-scctlional zrst 1s mot Laoun nmwirically, 1T

is obviously grecter Tor i Tlat tests. lence, itlers 1o

W
)

al ~ 0
1

~hier force wi 100 nolsbure 1o Lo ©labt tositicsn £han in

the edge positlion for a civen dzlorrution (and & given stras:
Ulie izl moisturs curves Inm o Jis, Z4 oare food exanplos of e
eroacing Tores Wit Jeloration witiioub way wprarent yleld
or ruximur ~olnt,

iz Torce rzguir:d to rcach yicld point and maiirmws
streast’ 2t 1.0, dol. is pilven in Table ol. The +ield
roint and maxirum veluc: wre aigher 1o thie taeile then in
i'13. 24, since the Stabulated valucs are Sie jeuks oa the

loud=-delormabion curve, wieroas Lus woints in i

¢ of 10 vaulues at evsn percent Zcformations,
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Ii is of intcrest ko note the relutionship obtoined for
large desornations, up o 40 oe¢ SO percont. wns ghown in

(@] T

[ L ‘N . - . ~= (3
Fize 225, portions of the deformut

e

S Trange ayicLr ads

o

L4 10,

stroishit 1ine on semi-log purer, In compressing these Liigh
moisture beans, the volwie under the loading head remains

21most concstunt, unld 1s equal to .4 x h, wlere h is the bean
netpzht unl A4 1z Lo avorage cross-sectlioncdl arca, at o deforaa-
tion of 50 percent h is eguul to one-half its original value.
Then 4 miist be very nearly twice as large to kusp V constant,
The curves snown in the incert on recolilinear scale vwere
obteined fron the serni=logs curves by reduccion of' cho orce

or loud to a load ~er unit ar=ca,

The 22,8 and 22,0 percent wmolsture curves in o1, Z5

slope to ithe »izght at the i her dedformziion Jue Lo o {uilure
ol biiu sced coube 4dn cusc of Gie 18,0 yercent reanc, tao
strenctly of Clic secd cout Las « smallicr offcet oWl bo

tiww more rigld watcerial within iIn bew,

Compressive Tests for whcat

Freliminary tests schowed tiat bheve wus no signilicuant
dilfercnce in the force requircd Lo dcesorm viicat Trom ol
sie lut or edue posltiosn., Consejuently, all furbhcr tests

gere made wibh the ternel 1n blic Jlat positl v,

Louad=-dclorration curvss for wiheab up to 1C vorcenl de-

formution are given in iy, 25. o deflinite clastic r nie
i1s shown for Uhe two lower moisturc lcevels. The yizld und

.
1

maximum points were guite Iadefinite for the 20, percent
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curve, vw.alle no maximun was g-own for the Z27.<4 parcont cest,
«“ith thie logarithm ol force plotted asainst deformation on

semi-los papsr, essentially a straight line relations™
~as obtainzd, especlally beuvvieon 2C and S5 rircent deforma-

tion,

Original data arc tabulated in Tables A7 wnd 8.

Core Compressive Tests
ng mentlioncd earlier, cores were cut from the grain

kernels and used a

]

cauprcssive test specinmsns, the use of
these corcs ullowed the datu to be expresced in terms of
average slress, since tne cross=-sectional arca of the core

s

could be determined. “hicse cores are suovn in Mig. 17.
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[#]
-
c
[oN
e
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cr
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e

Me most importanl progort cores

1‘2‘7 C, :A

(W]

e modulus or elasticlily in comrression and Suc MaXe
imum corpressive stress, These rrorerties are slicwn grarie-

~

1cally for corn in i'ig. 27 an? for wheat in ig,., 23 and 2¢,

=

Fropsrtics that were investigatcd cre sumaarized

Table 3.

ty and maximwn stress versus moisture

e

c

b

L.odulus of zlast

are piotted in iy, 27, o lincar relation holds in both
cases between 15,4 and 156.C percont moisture., <hiere g pcars

to be a transiti n between tiae 18,0 cia 22,0 percent levels,
1his elflcect is latzor siown in imruce tests., The corn is

.12

quite elastic below 12.1 rercent Lut more rlastlic towarls

[€9)

e .

vercent yoint, Tests at obtlicr nisisture levels arce nced-

ed to doseribe the behavior in this range,
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TABLE 3

SUMMARY OF PROPERTIES OF GRAINS

AT FOUR MOISTURE LEVELS

Tests Slope Of
Percent To Stress-Strain AL/L At Max, Modulus
Gxain Moisture Compute Curve In Maximum Stress of
d.b. These Elastic Region Strength psi Elasticity
Average k, 1b/in % psi
Values
Corn 15.4 5 1L,9%0 14.2 4811 52,300
17.0 5 12,2C. 15.7 4145 52,200
18.8 ) 9,70 13.1 3333 42,900
23,0 5 5,750 19,7 2892 51,740
Beans% 6,4 3 12,500 ) 4370 84,7200
Wheat 15,7 5 5,158 11,% 3259 4c, 040
17.9 5 3,145 6.9 3094 B, B0
21.0 5 4,1-4“ '(:J.'L 2438 21{"";4(:\()
24,8 5 3,000 25,7 2574 4,700
17.0 10 Gy 40 10.0 3161 G, LA0
18,4 10 »,0835 11.3 2627 43,540
20,7 10 1, H03 11.5 2391 a2, 460
24,2 10 1,320 20,3 1741 19,210

#No elastic properties for higher molsture levels.






on linss ave drawn in ig, 26 and vig. Z5 for

-
®

G
v3
«@
0
15]
[

en cxtra tests at cachi moisture levcl were run in
an eflfort to explain thie apparent pcak obtaincd at 17.9 per-
cent moisture during tue Iirst serics ol tests. Llie dushed
dines represent a variation of one standard deviation on
each side of the regression line,

wyguations are given to reprcsent the relationsiips in

1'igs, 27, 28, and 2% between tihie moisturc limits specilied.

2
K
3

esc¢s

Punch Shear Tests
The punch shear tests were uscd only ior pea beans uand

pea bean slavs, +“he effect of initial coriprcession on the
calculated suear stress is shown in ig. ZC. Since thae
sh=ar slabs are aomogunesus, the calculated shcar stress
siiould be constant rcrgardless oi the tihickness, The values
plotted in i'ig. 30 are calculated on the basis of the crig-
inal sla thickness., <Yypical oscillograrnh curves obtained
for these tests are shown in Fig. 19, with sample calcula-
tions on the chart, actually, the shcar stress should be
expresused in torms of an "cffective thickness",

ness would ve thiat presesnt at e tine tiic maximum forcs is

rcached on the oscillogrash chiart. 2y using an eifective
Or ejuiwvalent tinickness, calculated stress would be constant

With slab thickness. The thinnsr bthe slab, the morc nearly

¢orrect the caulculatcd stiess should be, l1.e., the closer
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rejuired to siiear the sced 1s div

b

ded by the cross-sectional
area parallel to the applied force, s=F/A, There w«s sore
coupression and bending velfore lfallure by slieur took place,
Ferlups tne culculated shiear stress sliould be termed "break-
ing" stress. 'ailure by bending (tensile failure) instexd
of shear was more conrion ot the low moisture lcvelse.

Yig. 31 swuwarizes the relation between maximum shear
= tress (or breaking stress) and moisture content or wheat
and corn. The bending strengtihi ol corn deercascd more Lhan
wrieat with increasins moisture coutent. In coapression tests,
a greater variation in comprescive strength was found lor
corn than for wheat with changes in molsture content,

Shear stress is rlotted a 10isture content for

[&)
e
o]
(&)
ct
»¢

pea beans in i'ig, 22, over a wide moisture runge., Relutively
ilssh shear stress wies found around 18 rercent :noisture cone
tent, This increase in strengtihh may be explained as follows.
At the low moisture level (C.4% d.b.) the bean lernol is

brittle, and failure by bunding occurs (tension in the lowsr

®

dge). In thic intermsdiate runze, the beun 1s rclatively
tougli, ruising the shzur stress. ot very lilgh moisture
levels (37.6» d.b.) the bean becomes very soft, and tiws

requizres much less [force to shear it in nalf,

l.easurement ol wsnergy
Impact Tcsts

“

Results from the impact tests lor uieat uslng the

e
2

npact
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tester ("ig. 12) are shown graghically in i'ig. 33. The
energy 1s expresscd in terms of thc Zernel cross=-sectional
arca in order to reduce thie vuriance, and also to scrve as

a better means ol cormprarison with the other grains. The graph
sliows a linear relation letween 12.9 and 21.7 percent moisture.
Thhe relatively siarp increase at the aigl moisture level is
accounted for by thwe solt or csvongy naturec of the kernel,

at lower levels a rmore btrittle material cxplains the lover

impract energy required,
1'ir, 24 shows impact energy required to rupture corn.
were similar to wheat. It wes decided to malie u com=-

paxrdison of che energy required to rupture the lternel by static

e

c

PR N
Le b

0]

silte =y with that required in ti:e Impact tests. The

energy figure was obtuined from Lhe oscillograrh chwrt DY

<

mcans o a planimeter, The total eneréy under the curvs up

to Lire point of rupture was divided by the seced cross 3ection
o a3t & volue in terms of in-—lb/ing. In cacnh type of lLest,
neld (Ly the same vice) in the [1lat rosition,

e ~ - am A N T, ot LN -
the eflect of a brittle -nd « tough muturicl in impact and

Static teuts was apparent, al lov molsture (brittle lernel)

el Ly e v 1l yaace1a S e AR S T} . P $
nore giaiery w.s reguired b osvutic shewr; 4t niiin molsture,
he " ' o 3 o - 2 3 AR RN 7 M 1 ~ -1 Sy Yy e N ~ -
ore cenergy 1s requlred in impocte.  wlidlle Uiie curvoes cross-
OVir, Ll.s sncrgy Lo stubtic sliver wuo [LWid fo dlcieas g oh

ALt iy (fter the inilisl drop.

R < ~ B P I Let
11113 cross-over erflecc 1s even .o avident Sl pud
Loung 294 18 oo e TELEeT o 1end dr amer e U uan o
A Iinolic, CC. sl {racter Ccrroad 1n SASINL VadlUIL Lo

Come =3 - .3 oL . . 4 . 1 . A N
Lot v Lt thell In Sig. Ja o 1s o partly duo vo Le gfroauter
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molsLbure rence woct oy UL pon betne, 20w Zivon molsiure
- — b .- an ey . Ny es [ Y. E S PR A~ - RPN [
rTinTse, noWaver, 1o Ledns vary 1a brititlonoess or LouiLaancos

more tl.un corn oi vh.zoebte IL nmir Lo coucludodl Jrom uli, C4

o

X Loyl . U, o
L:fl}. Tl uxult l .J LCG XCT0s w8 1ilI'C Ci

P SR SN TN S . — - PN R CRINRE: IR IR
at hi li moisturs levels, Letueen 12,0 Jebe ©nl 20,0 Nobe tliere

L. .
v !

L nG L ods T
o L PSP VI

oA, 13 Crealir i€
moisture vuriection in c¢iti:er direction fror. this ccatreal
oicturc level, the greosteor the energy difference tecones

between the two methods, Jor corn (.Lipg., 54), the cnergy re-

gquirements wr2 cbout the ganc letwecn 12.5,6 dobe 2ad 10,360 Cub.
eitiier side of this range the cnergy 1s divergent,
Original data for impact sheur tests on the tarse grulns

are tabulated in apprendix A, rablec a9, 410, all, and ali,

iiystcresis Ioss

. O Bl

waen @ paterial is loaded In compression, tihs drea uncsr

.= force=dcformution curve rerresents Li:e vorl exrenisd in

(g
-

Joadin~ Lhie g¢pecirion, e arces undeir uige vriioauding curve

renresents ths cnergy returned tc thie mochine by the crecimen.

rs

wxeept for rerfectly elustic materials, the arsa uindcocr thas

£

loading wnd unloading curves will not Lo equul, 1o GIlL

<

ST
ence is Jdue to thi: [ailure of Ui mac:ricl to 1recover 1its

ons Instantly. an inelestic cerforiation

O
b}
—
]
FJ
=
-
fu

}_J
o,
be
)
«

-

w»

15 »roduccd viliich may Le bterrorury or rermancnt. e cnclos-
ed hysteresis loop re;rosents enersy dissipatod as nizat,

T = . Lo - . - Y Y .
he reletivs size o the hysteresis lown






of Tnow much tlic tormoratu of a nuvtericl will increass wl.en
repeatedly strecsed, It 1z ulso w mesisure ol the abilily

to damp vibratlons,
Terzley (1S29) dealing

cent hysteresis loss:
iiysteresis loss,

Tiiis is somctimes

Yerzley refers to the

A

thic sy oacimen on unloadi

srecimen, lie expresses

Nesilicince, . =

(This meanin: is 2iffer

e ~ o | 'Y -
resilience' in the next

&

inition that,

o hysteresis + » resilience

-

uysteresics loops

grain kernels with t

Snows cxanples ol

plotted, Tz loops

curve ug ¢o a

curve was plotted buck

not-J3d 1 35

3
P‘»

3

line iius a lower slogec

this is due
rlace during the 1ziden

the 1nisial loading,

also called
energy

ng

ent

vier
ne loud cell testin
oscillograuh
were ouvtal
given loadg
t
charts 2 and
viian tue

¢o a meclanicul coucitioning u

nas alrnost exuctly

1ty rubber, expresczes tie rper-

.
Q

ilvsteresis loss x 100
wnerey expended iIn loading

/0

the "specific damping capacity"

returned to a test macnine by

resilicnce so as a percents:

enerry returnel in unloading x 100

encrzy cxoenaed in loading

{ D I ba
v }‘.«;L v

)

from used in "mocdulus of

—

cectione. follovs Ir

100

e obteincd by loading wnd unloudling

g unit, 35

rts from wiilci: locps were

tnz loading

s the unlouding

from

owards It should ve

initial loading

succeeding loading lines,

Y-
L uliCS

cticon it

sacii lowding line «ilcr

loacing.
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Representative oscillograoh charts for wheat core
tests, with increasing deformation (and time) from
right to left, and force on vertlical axis.

1. Compressive core test.

2. Loading-unloading cycles from which hysteresis
loops were obtained.

3. Loading-unloading cycles and compression to
failure.
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Ti.e eflect of Liils mochianicel condition

e

.
-
o
poy
[
or
et

)
G
e
5

ne 1s

in tie hysteresis loops <drawvn in filge 7.

Looop 4q, g, 37, 1s the nalden loading-unloading cycle

(&)

for whoat cores at 17,0 percent moisturec, It 1s oboalned

&)
e

from +1g. 35, chart 2. This loop shows a lar.;cer hysteresics
loss ti.an loop Ay whlcl: was obtained from the cscond loading=
ur:lloading cycle., «lsc, au shiown in the oscillocrapii churts,
tiie louding linc slore 1o greater [or ag than Ior Ay. Loop
By is the result of an initial louding-unloading cycle at
2047 percent molsture, The magnicude of tine hystorcsis

M

losses (percent) is given in Fig. 37. The percent resil-
ience 1is simply 100 minus these values,
Similar hysteresis loops are plotted for corn at twvio

moisture levels in 'ig. 30 in Mlg. 37, a greater nys-

.
v
14

tocresis loss i1s suown at higher moisture levels as well as
on tine initial loading=-unloading cycle., In each [ijure, the
roint wiere tihe unloading 1ine meets the x-axis iz a measure

ron

of" the inelastic deformation of the liernel, This deformation
may be recoverable with time,
v'ip. 39, for pea lLeuns, shows that moislure conitent las

a greut influence on thie hysteresis loss and on the degree

of set,

~odulus of kesilicnce und iodulus ol Toujiiness
The energy Lo deform grain lkernels to the elastic limit
15 the modulus ol resiliznce, The cnergy to deform gruin

. b

- al - - oY - .
“ernels Lo ehe muxinum slrengbth is the modulus of tou hness,
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Thie ener.y required to deicrm pea beuans to the clastic
linmit and wheat to the clastic limit and meximum strengtlh,
is shown graphically in i'ig. 40. although the ultimate
strength for beans was shown to be greater (Jig. 24) in the
flat position, the modulus of resilience is higher in the
ig. 40 shows the greatcr variliation between
individual tests (ten tests conducted for eacli rosition) in
the edge poslition.

rig., 41 gives energy to deform corn to the elastic limit
in the edge and [lat positions. A greater variation in en-
ersy 1s noted in the ilat position, Tiis was salso true
for the force reguired to reach tiie elastic limit. (Tubles
A4 and 45)

wnerpgy requirsd to deform corn to the muxiiium strength

tiors is

e

in the edge and flat pos rssented gravhicully in

kot

f'ige. 42 and 43, respectively. a direct compurison of energy
in these Iigures 1is difiicult owing to the diifecrcnt scales
used, =« greater energy variatlion occurred in tnc flat tests,
a study of l'igs, 40, 41, 42, and 42 shows that the range
of energy values for any given gruin ant type of test 1is
aprroximately the same {or eaci» moicture level, On thec other
hand, when [{orce alons is considered in these coi.jressive
tests, the vuariution with moisturs content i considerable,
‘e decrease in strengtnn (or clastic property) witlhi increased
moisture is offset by the increased delformation raguircd to

Teach the elastic limit or muximum strength point, 4+hwus the

€nerpyy values in coaztrast to tuhe force velueo, remain
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relacively coastunt,

Total znergy Versus 3durfiace area

6]
fre

The total energy to deform corn to one-hall 1ts original

G

dimension from the edge or [lat fositlon, was obtuined from
the oscillosraph vy means ol & planimeter., The crushed

material from 10 tests was oven dried und a sieve analycis
was made with the minature Tyler sicves (i'ig. 17). The

4

surface arca was calculuted from tnese weight fractions by

equation (4),

D
]
N
N
+
W
A
S

n
"
»
&.
g0
7))
c.

This equation was derived assuming thc purticles to te cubes,
but tlie same resuvlt 1s obtalined 1{ spherecs are ascsumned,
The results are swarized in Table 4, Ihiis rtnuse of

N

tne energy suvudy vas quite unsuccessful owing to chie unsate-
isfactofy ricasurement of the surlace area. 7The above equa-
tion is believed to represent tioe totul suriucce crca 1T a

reasonable rinding action occurs as with cormiercial gricders,
In crushing the corn kernels by copression, inculiicient

break up or the kernecl ‘occurred (fig. 17). 4s a result the
top sieve retained too much material which amount accountad
for 50 percent of the culculutzd surface area in oSt cases.
It is apparent that tlie waterial in the top sieve was riade

up chiefly of original surface area (surface coatiig), rather

than new arca produced by f{racture. The tosal energy index
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Gralin Totual wnerg y
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was obtained by dividing the total cnzrgoy by the colculated

-

surface area as sihown in Table 4, 4ihis index figure is
merely a relative [ligure for cowparison. &0 weight should
te put on it in an sbsclule sense., <he index valuc snows

an advuntage or crusiiing the kernel iIn tic cdge rosition

rather tuan in the rlat pesition.

Rheolos;ical Froperties

i'or a perfectly elastic material the resultant stress is
independent of the rate of loadinge .o0or a viscous naterial

tne rate oi straiuing is very iryortant., i'rom equation (&),

=_5_ﬁ_ s= ¥
(=5 o =%

“

where Y 1s the shear strain, s 1s shear stress aand n.is the
coefficient of viscosity. If t is larze, i.e., ¢X€Z¥f is

small, tlhe stress will ve low and vice versa., Fig. 44 sious
a slight but not iijportant diffcerence in tue resultant load
(stress) for threc rates of dc.ormabion.

Stress woull probably be greatcer |

deflormacion rates could be us.d, unl 1D tie teans were tested

e at 2.8 ypercent they

ct
+
-

at a sowewnat lowee molsture conten
are extremely soft. a4 cieck on the specd eflect for wicat
at 14,3 percent moisture suowed no noticeable dificrence

betveen slow and fast sreed. at this moisture, tiae uheut

18 morz clastice.
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‘e velocity effget i3 rresented in o diffcrent vway in
f1ge 5, with rute ol deformation rlotted aguinet corproessive

force., +ig. 40 1s gilven below ac « rzens of qualitatively

exrlainine the curves of ["ip, 45,
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Kate of sheor, a4 1¢

Stress -

~

(a) () (e) (c

"1z, 43 Rate ol shear sirein wcs o Diuictlon ol stress '
for Iour tyjes of fluid: (a) Levtonian or {
viscous li:uid; (b) non-llewtoniin or guasi- i
viscous liguid; (c¢) idealized plastic solid, )
Bingham s21id; (d) quasi-plastbic matarial.” .

Stress relaxation ol rea ueuans vus siudied =t ssveral

S~ A

ricisture contents, at virious arounbts ol deformation and

at bhiree initial defornution rutss., The veans were deloried

()
O
p\
o
@]
H
cr
;‘_;
[

n fraction ol shelr origin.l diccnsion, and the
crosshecad vas stoppcd, The oscillosrariy cluart cu:
move so that a conrtinous force-time record vus obtulned,
5ion curves are shown in dig, 47 for three moise-
ture levels., Curves I zxad 4 are [or the same molsture, but
dirferent umounts ol dersormation, .11 ol thece curvaes
rzpresent relaxation after deformation ut a medium srpecd,
The spe.d effect on reluxation 1s shovn luter,.

{te curves in PFlg, 47 are nezarly perallel and plot as

*Alfrey, Turner, Jr,; lec
Tolymers; Int"ISCleCu Tublis

b AT - xe® A -~ 4
chanical Zecuavisr of 'id!
— e N e ——
IICY'S ].ILC. 1.8 L0, 1 "
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/1504 O— /8.5 70’ db, 45./ 70 dleformation 7]

/5 @D— 3287 db, 36.0 } def.
i (7 = /6.6 8 sec)

(7£=o.4z7 sec) 7

@ (%= 0.439 se) i

——

v

. _ 2 - 2 y 1 1
o a2 o04 06 08 /)O [2 |4 J6 /8 20 22
77me, sec.

F1G. 47 S7TRESS RELAXATION FOE FPEA BEANS
AT VARIOUS A70O/STURE LEFVELS ANO
ANIOUNTS OF OEFORMATI/ON.



1C3

straight lines after a time of about 1.4 seconds. It wvas
decided to try to express tli:e stress relaxation in equation
form which would describe it during the initial second as
well as for greaver lengtiis of tliune, In addition, descrip-

on of tiie curve would aid in describing

te

tion of the carly vort
the rlcolozical behavior (and/or mechanical model) of beans
under stress relaxation. It has been shown that euuation (15)
c-e”
- o
sives the stress relaxation for a material that mas be rep-
scnted as a modcel, by a lLox.cll unit,

Since thne stress relaxatlion curvss are not true exponen-
tial rclationsluips, l.8., straight iines on senmi-log paper,
it 13 desirable to express the variation with: tire Ly means
of a small nimber of exronsntial terms, a grarhical cthod®
is used, iz, 48-illustrates tlie proceedure, «hen plotting
Torce (or stress) against tine 1t was observed thut the
relation is linear on semi-log paper at tic larger volues
of time, 4« straigit line ilhrough these polnts projected up
to zero time gives the exponcntial term with the largest
time constant, 7, . ilis is subbtracted from the original
force-time curve in the runge of sriall time velues, und
N line of the log of the difference is similarly plotted.

.

next larzest tinme

3y

N e ) . . . -
+als gives the exponesntial term with th

(&)

1

third time, Dut

a

ct

¢mstant, % . Tiils could be carrizi ou
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F1G. 48 GRAPHICAL DETERMINATION OF STRESS
RELAXATION EQUATION FOR PEA BEANS
AT /8.5 PERCENT MOISTURE AND
45.5 PLEPCENT OEFORMATION.
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the chance for error becones greater as the diflcrences bLe=-
come smaller, ['or pea beans, the reluxution is expressed
very well by two exponential terms, as shiown in -ig, 48,

the coaplete equation is:

% - %

/ 2

y=Ae + fze e (17)

Graphically aAj; and np are simply the y—intercepts of the

r‘
Tne constunts a3 and Ag are evaluated by setting t= 0. - l
|
)
i
dashied line and of the los rorce-time diifcrence line, The %

time constants, whichh also rerresent the relaxation time are

o

found by tuking tlie slope ol two straight lines:

7 =

o8
e
M
L ]
[1SN
)
-
t
oy
)

svaluating the constants for the curve of

force-time relaxation equation is:

2 A4 -}/537
. D.
F= ,095e #° | zsse

Thie relaxuticn times (time constent) are given in Pilg, 47
by curves 3 and 4, for beans at tiiec same molsture (32.8,0 deDa )y
but at a diflerent amount of deforuation, iz relaxation
tires are practically e uval., Tis wa: found to be true zt

otlier moisture levels, That is, regardlesc of thiz aount

of delormation, ut a given moisturec level, tiic relaxation

O
3
i
cr
e
O
»~
[
-

times were equal., Of course the greaver Lhe daf
the larger tuc {orce value,
Relaxation curves are plotted in {"ig. 49 for varying

rates ol delormaition on rectilinear paner, This allows the
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FIG. 49 S7TRESS RLELAXAT/ION CURVES FoOR PEA BEANS
AT 32.8 PERCENT NIOI/STURE (db) IN FLAT POSITION.
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W

stress relaxution rat-c to be nore notlcsull
S in i'ig. 49 are curves 3 and 4 plotted in iz, 47.) i, 40
shovs that the initial rate of delormation las a dellinite
eflfect on the relaxation rate, Time constunts correciponding
to the {Irst and sccond exronential teirs, arc swiarized
the anount of doflformiation and

the ricure, Concldering ©

tiie rate of delormabloun, tihic ti:e for the Leun to Le duformi-
ed, 1s also listed.

the slower rutes of delowinution,

e

1t is apparent tlLet with
time is allowed IJor the matcriul to crecp or to even begin
stress relaxation before the croscl:ead movement 1is stopped,
wilen the cros:head 1is stopped, less relaxation is nccescary
thun in thas case oi rarid iInitial delormati n, Thus in
considering the eflfect of rarid deformation upon stress re=
laxation in beans, the rave of deformation will cihllefly de-
termine tiue relaxation time, while the amount of deflormution
will detciinine the Initlal macnitude of Lue [forc= at the
beginaning oi strecss reluxation (or cnd ol deformuiion)
period,

Since the force at any time duriiy; reluxution cun be

exrressed bty tlie sum ol two exronential terms of tiie {orm

/?e T 5 it 1s concluded that yea beans cun be rerresented
rheologicalliy by two Laxwell units i series, .1g above,
”= 7%% s Whicre 7 is tiie viscosity of the vicaous

3lerent  (dazhpot) and 7 is the modnlus of elasticlty

of the elastic element, Hepresenting tlie behavior of beuus

in this manner accounts for the distinct actione represcated

-
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l¢ bwo exyponcntlal terms, Ly und By are diffcrent as are

7 Mo, 50 lechrnaicul represen-
7 tetl o of pea beanc
Ly t .o haxwell units
£, in ruiies,

It nmuct be borne in mind that the model suits the ideul case;
actually the viscous phase ol tl.e bean is probubly quasi-
viscous or quasi-plastic and btiie elastic segnent is certainly

not pcrlectly slastic.

A Fructicul applicution from the Results

Iin cuompuring the various parwancters investigoated with
moisture conbtont, 1t Lecwie aprarent thut In meny cases the
variacion ol the dependent vuriable wac great cenough that
iv could bLe used es a rieaswre of molsturc coatent in grain,
Specilicully, the foice-dolfornalion curves for becans ond
the puneciy shiear tests on beans suaowed promice in this respect.
Yig, 51 shious bLhe relationsiip between iforce wnd moisture
at various deforutions.  Uhie greater the slope of the line,
Ehe more decirable the situation for deterriining moisture,

at first gluance 1t aprears bthut tlhic 4C percent defor-
Miwolon curve would e tho besi one Lo use. liovever, 10 one

standard leviabtlon ubove or telow i..o liue is corclderad,

e» YT

b ORE e —— e 1 e
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tiie runcli s tcoct, curve <, would be chioszn, Corsider

te stzezest nortion oi tuie <0 ypercent delfcermiiion curve, i.e.,
tetwesn 15,3, webe anl 1.5, Vobey aind the ivunch slhear tes
(curve «)., Jiiese tWOo curves are redravn o a4 lurjci scale

in "ig. o2,

In "ige 52, one stuendurd deviation 1s subtracted =t the

o
[ Sy

- A . A~ e mer e i e et e Y Terrd et e 3
13.3,6 Web, 1r0oint of the top curve, ond onc i .ndurd devietlion is
alled ac ohie 18.5,0 wiebe voInt, Oy jolniug the roints a and
- . - . . . L. - N . N R P
By, a rzlatively flut linc 1s ortazined, {thls line liws che :

, : . : i

lowest »ossitle slope thul cun e obtuined tetween thae a
15.0,0 webe ziid 1C.E,. webo coints without deviating “ron eitier

original foint on curve 1 by more than one stuilurd devia-

tion., The stecresl yossible slore (maintaining a maximunm

[
W
| o
@]
o]
o
F-
G
)
(o}

var standard deviation) would Lc obtained Ly
aliing and suctracting cne stanierd deviatlion in ths rcecvorse
order fraom above,

Jor the moisture ruange of 2,905 w.be, the line a 3 gives
a vulue ol 2,15 1u/pzrcent nmoisture, :aking the same calcula-
tlons Tor tie runch test, line C D, Fig. 52, cives 5.52 1b/por-

ccnt moisture. is wmeans thaet withidin fhis rioisture rance

(us;unihg a linsur reletionsi i) for tie ;resent), it is only
nicesgary to te «wble LD mousure tue I[orce reuirsd o

" i} N « v . -~ . 3
runch' oub a core to wishiin 3.0 Tounls to deteritine nolscure

de e ey e "

N . = s
Co.iclnt C2 cils oneur

1t would secn tiiat an ia-

o
cr

=3
o]
[
¢’
(o]
o}
53
L]

€xXvensivs mec.ianlcel moisture tastor could e Luilt to mea-
sure tnils range quibe esslly,

at the rreosent time thie lJavier is without uny inexrensive
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means of Jdetermining moisture continb ol grain, l.ost corumer-
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coniuctivity variation witli moisturce level, Consezuvently,
thiey arce relativs.ly exyencive. 1o 1. vory Imortunt to
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leciiunilceuwl rropusties

Ihe mechanic2l propertices of grain are nescded to analyze
problems encountered in grain harvesting, handling, and pro-
cessing. Seed crackage and dwnage by crusiing are enc.untercd
during thresnuing and i:andling operations, Grinding grain is
a reclatively high energy process acconjpanicd by low efficien-

cy. Lo solve these problems or make improvements in existing

e

operational teciniques, investigation ciiould begin with the

(6]

determination ol busic properties of the individual grain
kernel,

a strain gage transducer was designed and bullt to
mcasure the mechanical and rheolozical properties of graine
wlectronic equijment was used to amplify und record load-
deformation rclationshipse

Propertics verc examined for tirec grains == corn, waeat,
and pea bean3, The elfect of moisture content on the mech=-

anical properties of grain iiernels, wus tiie ciilefl paramster

a

~

investipgoted. Four moisture levels, ranging from 10656 d.be
to 72.86 debes were used, OtherAparamete=s studicd vere the
effect bf rute ol deformuation and kerncl position (edsge or
flat), on strength characteristics, Rates ol delformatio:. of
0,0777 in/min, 042587 in/min, and 0,457 in/min, vere used,

Tempeorature effect was not siuiled, &all data vwere obtained

at room temperature, Ten replications were made for practically

==



all testse.

]

fis investipg.tion consisted of a quantitative study of

the following meclianical propertioes and/or characteristiecs

for eachh grain with tlic variables indlicuteds

1. laximum kernel strength, lb. -- edge and {lat posi-

tion, four moisture levels, three deformation ratocs. —

The maximum strength of the kernel depended greatly on

moisture content and se=d position for the test., <+hc avcrage
} g

5~

-t

naximum compressive force for corn kerncls in the edge posi-

N

T VN

tion decrcased from 45,3 to 17,5 pounds with a moisture in-
crease from 14.6, d.be. to 26.05% d.,b, In the flat yosition
the compressive force decreased from an average of 96,7 to
75,7 pounds for the same molsture range. Varilation betweon
individual tests was much greater in the {lat position than
in the edpge position, These tests were run at the medium
spead of 0,257 in/min,

I'e maxinmum compressive strength of wheat ltcrnels 1lncreas-
ed s1ightly up to 20 percent moisture., above this lecvel no
elastic properties and no point of maximun strength were
found,

Fea beans showed d ightly higher strength in the flat
rosltion thun iIn the edge position at low moisture, Seed
position made little difference o% higher moisture,

Rate of deformation had no significunt effect on the
resulting compressive force at low moisture levels, A sige-

nificunt speed effect was notcd at the five percent level,



however, for corn in the edge position at 26.C, d.b., The
fast deformation rate produced an average maximur strength
of 22,5 pounds wnile the medium and slow rates gavs strength

averages of 17.5 and 1l€.l1 pounds respectively,

2. Yield Strength, lb, ~- edge and flat position, four

moisture levels, tiwree deformation rutes,

.olsture, xernel position und rate ol deformation had
tine same elffect o yield strengti: as on naximum strength.
iaximum strengtn values rangod from absut 0 percent to

SO r=rcent nigner tiaan the yield strength values,

3e Laxinum Comrressive Stresc, psi == core swpecimens,

four moisture levels, one deflormation raote. (slow).

A linear relaltlon exictced TLotileon matimwa scress and
riolsture Irom 10.40 Lo 138.00 Gelie for corn. aximum stress

ranged from 4800 psi to C¢CO si for « iicisturc variution

-

ITrom 10,40 Uelle €O 23400 doebe e cance relative eflfect of
Thliture oo ZTound for sheat, tut the nacinitude of tre values
v~ N

“.ooabout 6 poercent lover,

-

1e l.odulus ol Llasticity, psi. -=- core specimens, iour

roisture levels, onc Z:zrorrwbtion rate (slow).

e

odulus of elacticity rclationship with riolcture rarallel-
ed maximum stress. Jhe rangce for corn was 50,000 psi to

[y L J - -~ -~ —_ . ’
9,000 psi for a moisture changes from 15.9,: to 20.C0 d.%

- o ~e
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A

~odulus of elasticity of corn Jecrcascd 22 wcorcent it «
42 percent molsturs incrcase, olmilorly, Jor wicut a 82 gore-
cent decrease Jin modulus of clasticity vie.s obtained frori a
55 percoﬁt molsture increase, bDecause of tle non-eluctic

nature at hich nolsture, data were obtaincd for peca bouns

at only one molsture lesvel,

5, Shear Stress, psi == flut position (in vise), rour

. . ’
noisture levels, slow deformation rate,

Shear stresz for corn decreacsed from about 1250 psi to
950 psi {for a moisture increuse Trom 14,50 to 21.0,0 doboe

~ohear stress for wneut stayed relatively coustunt at ctout

800 »el within the 1b.7 to 24.54 d.b. rance.

vatvic and Imnact wnerey Requirements for Kernel

> . ) s - .
Rupture, in-1b/in~ -- flat position (in vise), four
moisture levels, slow spced (0,0777 in/min) and

rendulum impact velocity (D.24 ft/sec).

I"or corn, impnact and static enerpy valucc werc about
equal at intcrmediate moisture content (15.5,0 to 18.55 debae)e
At moilsture lcecvels below this range, however, impact energy
was lowelr tnan statlc sheur energy, and above tiils nolsture
range impact shear energy was nipgher than static shear encrgye.
At 21% dube, impact and stuatic sheur ensrpy rejuirencnbs neve
about equal; at a molsture of 36,0 d.be, cnerpgy required to
rupture tle rkernecl wus 2.8 times as great by impuct siear

B}

as withh stuatic shear,



117

Corn and wiieat I ract energies ranged from atout 15 to
D . s s . A
25 in-lb/1n~ for a roisture variation from 15, to 25,, d.b,
. . . n - . 2
Fea bean impact energies went from a low of 3.5 in-1b/in®

at 3.7% d.b. to 65 in-1b/in® at 56.2/ d.b.

7. liodulus of Resilience, in-1lb/kernel -- edge and flat
positions, four moisture levels, one deiormuation rate

(except at low and high moisture levels),

Ihe rmodulus of resilicnce chowei a relatively lerge
variation between individual xernecls at a given moisture
content., The absolutec vuariation was, hovecver, guite constant
from one rnoisture lcvel to another, & typlcal value for wheat
was 0,00 in-lb/kernel, ior corn 0,12 in-lb/kernel and

0,3 in-lb/kernel were tyrical values for thc edge and flat

yositions resgectively.

8. Touginess or iodulus of Toughness, in-lb/kernel --

edge and flat position, four moisture levels, one
de_ormation rate (except at low and high r.oisture

lcvels)e.

Larger variation vbetwceen individual iternels vias obssrved
for modulus of toughness tiian for modulus of resilience,
i.odulus ol touguness values averaged fron two to five times

greater than thc modulus of resilience energies,

[

9, Hystcresis Loss, rercent, =-=- {lat position (corn and

Leans), core specimens (wheat), two molsture levels,

two deformation levels,

e

-
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TT. .

Hysteoresils losses were greater with higher moisture
content and with the 1Initial loading-unloading cycle. Ior
wheat, the initial cycle produced & hystcresis loss of 44.5
percent, and the seccond cycle a loss of 20 percent. Fror
the same conditiouns with corn, the losses were 39.5 percent
and 14.¢ percent. Also withh corn, initial cyclc loss was
39.25 for 15.80 d.b. and 62.6% loss for a moisturs content

Fal

of 28,0/ debes Similar losscs were obtained for pea beans,

nheologicul Propcsrties

1. Rate of Deiormation -- pca beans, onc moisture level,

tiwree deforrnation ratese.

FRR)

rhe variation in rates of deilormation uscd in this study
was not great enough to cause an important diffcrence in the
crirressive force on prea bcans at a moisture content of
32.8,5 d.b, Ideal plastic properties seemed to be prescnt
at the lower amounts of deformation (20 percent),‘&nd quasi-

rlastic effects appearcd at greater deformations (35 percent).

2, otress ielaxation -- pea beans, thrce moisture levels,

three deiormation rates for one riolsture level,

~

Tue rate of stress relaxatinsn in pea beans was found to
be a function of the rreceding delormation rate., Stress
relaxation rate was someviliat dcpendent on tiic amount of de-
formation. J3tress relaxation time, hoviever, was found to

be corpletely independent of amount of deformation, This

&




plienomenon was checked for two moisture levels of 10,5, d.b,.
and 32,85 d.b. hoisture coutent had very little effect on
relaxation time. Fea beun relaxation may be reprcecented

riieologically by a mechaniczl model consisting of two lLaxwell

units in series,

Cthier Ovservations

The feasibility of indirectly determining grain moisture i
content by means of a mecnhanical test on single grain sceds !
1§

was considered. Thie possibilities of suclhx a molsture meter

appear quite good, particularly for pea beans,







CONCLUSIONS

A8 a result of this study of mechanical and rieological

properties of grain, the following conclusions are presented:

1.

Of the parametcrs investigated, moisturc ccatent has
thie greatest influence on tne mechanical properties of
graine. »ll strength properties generally decrease in
magnitude as moisture increases, Buergy recguired for
seed rupture by ilipact 1Increasses as moisture increcases,
Variation in mechanical properties with molscure change
is greater for beans than for vheat or corn., ilastic
properties are present at low molsture; plastic prop-
erties aryrear at high molsture content,

Rates of deformution varying from C,0777 in/min to
0.478 in/min in comrressive tests, have no effect on
lrernel strengthh at low moisture, but snow scme signifi-
cant difference at nigh wmoisture for corn at the five
peréent level,

l.aximum cowpressive strengthh of cern at all molisture
levels, depends greatly on vaetiier tiie kernel is in an
edge or flat position. r'or wieat, there is no signif%—
cant difference in strength for eilther rosition of the
kernel. #ith pea beans, sced vosition makes a difiecr-
ence on strengtl: at low moisturc, but not at tie higher

levels.
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Funch slhicar tests are unsatisfactory as a iicuns of de-
ternmining shcar stress of corn and wheut,

i.odulus of elasticity values for wiheat and corn are
very similar, ranging from 50,000 psi at around 15.54
deb. to approximately 25,00 psi at 20p d.b,. Laximum
corpressive stress for wiieat vuried from aprroxinately
3300 psi to 1700 psi ior a moisture change Ifrom 15.5/6
debe to 23.0% desb. This moisture range produced a
compre¢ssive stress change for corn from 5000 psi to

a4t high molsture more energy is required to rupture
grain irernels by impact shear than by stutic shear,
Thoe reverse is true at low moisture,

Specific darmping capacity and relative elactic proper-
tles can bLe evuluated in graln by meuns of hysteresis
loops. Iliysteresis loss depends cuiefly on strain nise-
tory (whet.cr tlhie loading-unloading is malden cycle or
some later one) and on moisture content,

'he force required to deform grain to trnie elastic limit
and maximun strength points decreases as the moisture
content increascs, 1The range of modulus of resilience

and modulus of toughness, however, is quite constunt

with tie four moisture levels, The decreuase in strength

was found to be compensated for by an increuse in duc-
t1lity or toughness.
Stress relaxation with time can be rcepresented by two

raxvell units as used 1n raeolo:y studies,

} — i i v







10.

wuantitatively, stress relaxstion withh tiiie cun ue
given by tiic sum of two exﬁonential terms, Initial
rate of deformation ias more efirect on the race of
stress relaxation than mcisture content or the (initial)
amount of deformation. Relaxation time is constant
with various delformution amounts,

The use of the strength propecrties of grains appears -
promising as the basis for tiie development of an

inexpensive but accurate mechanical moilsture meter,
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difficult in one 1avestigeticn to studs in deteil

ell phases of mechenlzal and raeologlcal proparties of grein,

Certain

phases of tne iavestigation suscestad edditions) pro-

blems for study,

1.
properties

2,

The effect of teiperaturs on mechanizal and rueolosical
snould be stndisad,

Impact data, obtained by inmplincing zrein against a

herd surface, would be useful in enalyzlaz bean crackece.,

e

Yrsterasls losses In grein kernels shonll be investi-

cetad in mere deteil, 2y e pr2liminery mechanicel condition-

ing, the

grain kernel can b2 mede more brittle; this action

ms7 reduce energ;r re uvirements durine the ¢cri-liqe procass,

4,

kneolozical properties of grains mr 7 be studi>d mo-=2

convealently 1if strain is ineasurad es the result of a constsnt

prlisd

a result

O

stress, In this studry, stress (force) vas racorl:d ss

of & constant strsin rate,

The possinilitizs of o .iechanlesl oisture netar

snould be investigsted furtner,

C.
ness3 can

7.
of grsin

8.

Grain herdness snoull be investigeted, Perieps hard-
be used as an indirect measure of molstuare content,
Det2riiination of tne coefficient of therinal expansion
xernels by meeans of strein gcages s-ould be 1lavestizstaqd

Projerties of other grains, end other varistlas of corn
e

vieat end. Heneq/ shounld be studied,

N
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TaBLa A 1

i 008, 1b, RxUI1R.D TO [waC.. FROFORTICLAL LILIT,

STHRwWI.GTiZ, 2'CR

TIsLD POINT al.D LaaXIlLiL
YiLLON DENT CORN AT 14.6% d.be (12754 iets)
DGl FOSITION AT Tillid SPEIDS

I THa

Loaada

125

Provortional Limit

Yield Point

hMaxirmum Strength

Slow lied, Fast Slow led, Fast Slow Med. Fast
26,2 28,8 2l ed 2842 49.8 39,4 20,2 49,8 39,4
16,1 28,8 34,1 2249 29,0 3C.4 24,9 48,7 3544
22,3 22.2 18,3 23,5 58,9 20,9 3T e D 56,9 28,0
G667 2649 2l1.6 36,7 35,4 3744 36,7 38,0 40,C
13,1 19,7 23.6 25.8 21,6 34,1 42,7 32.1 31,3
31.5 15.1 22,5 36.7 29,3 41.2 63,0 40.7 41.2
28.8 27.5 21,5 30,8 30.4 33.4 43,2 48,5 48,5
27.5 28.2 51.5 ZE.C 7.4 45,4 45,8 44.5 40,8
22,8 26,2 30,2 32.3 32,1 32,8 45,9 45,8 45,5
36,7 24,9 24,9 49,2 2C,6 52,4 4¢,8 40,6 5.4
Ave:
27.2 24,6 25,4 23,2 37.5 2763 4241 44,8 41.8
q":
« 7.6 4,8 4,8 7.7 1C.1 8,1 1C.1 1C. 4 7.1
C": :

27.9 19.8 18.¢ 2042 27.C 21.7 24,0 23,2 17.C
fexp for poryorticnal limit (slowy, med, foct)= C.44; T,ce=2.35
fexp for yield limit (slow, med, fast)=0C.72; [ o5= 35.35

fexp for maximum strength (slow, med, fast)=0C.27; £, o5= 085

3 a /.
C' = /ave . X 100

e

.
“ta-,



TABLE A 2

FORCE, 1t, RowUIRZD TO REaCH PROFORTIOLAL LILIT,
VISLD POIKT AlD MaXILUl STRSLGTH,
FOR YZLLOW DENT CORK AT 14.6% d.b. (12.7% webe)
IN THE FLaT FOSITION 4T THREZ SFEXEDS

Proportional Limit Yield Point Maximum Strength
Slow led, Fast Slow hed, Fast Slow l.ed. Fast

41,9 44,5 85,0 59.0 8l.3 95.0 59.0 8l.3 216,0
40,6 45,9 62,2 44.5 S55.0 80,5 203.0 55.0 91,7
8863 65.5 32,8 88,3 65.5° 32,8 131.C 75.3 91,7
35.4 28,8 29.5 35.4 52,4 45,8 94,2 56.1 1C5,0
38,0 27.4 72,0 55,0 42,7 7845 &5.0 2,7 115.2
39,3 49.8 41.0 52.4 46.8 5C.7 8l.2 120,0 50,7
59,3 2.7 40.8 60,2 51.1 40,8 68,0 84,7 245,0
73,3 2.3 8¢,0 90, 4 34,1 91,7 90,4 89.2 144.0
40,5 8845 3€.2 4C.6 88,5 55.95 57,0 167.0 6545
<1.0 62,9 95,0 21.0 63,6 131,0 170.5 86,5 131.0

Ave:s ‘
45,8 47,9 58,3 04,7 56.4 71.4 110.9 85.8 125,6
q:

%@.7 18,5 24,0 20,7 15.9 28,7 48,8 54,0 9.0
Cc™:
40,8 28,8 41.2 3749 27,2 40,2 2,1 5946 47.0

fexp propertidnal limit (slow, med, fast)=0,$6; f g5 = 3.35
foxp yield point (slow, med, fast) = 1,3%; £ g5 = 3.35

-_— 7 7
m ™ e Uw
o O

fexp maximun sirength (slow, med, fast) = 1,563 f o

C*= T /ive X 10C



AT 26,04 d.b. (20.657 w.b,) Iii Tii EDGE POSITION

roncs,

TABLE A 3

lo, R.UIRED TO REACH
YTisID POINT AND MAXILUL STRENGTH FOR YZELLOW DENT CORN

AT TERsE SPLzDS3

127

Yield Point

kaximum Strength

Slow hed ast Slow hed Past
9.2 12.1 2249 10,5 1763 2249
1C.5 15,1 13,8 13,1 16,5 18,3
7eS 15,7 19,7 9.8 22,3 2765
16,6 €65 14,4 16,3 13,6 20,8
769 83 19,7 12,8 14,4 26,2
18,3 14.4 22,3 21.3 17,7 22,3
11.1 9.8 6.6 18.3 13.5 11.
20,C l€,2 19,7 21,8 23,6 20,0
12,4 15,7 23,6 21.3 17,0 27.1
Seb 13.1 28,0 13,8 19,6 293
Aves:s 12,1 12,8 19.1 l6.1 17.5 22,6
T: 4.4 2.8 5.7 4.4 5.3 5.0
C¥:  36.4 21,9 29,8 2743 18,9 22,1
fexps, yield point (slow, med, fast) = 6.50; I g5 = 3.35
fexp: maximun strength (slow, med, fast) = 5.79; £, 05 = 3,35

S
L
—

T /ave X 100



TABLE A 4

CONPARISOI OF COL'FRESSIVE FORCE (1b)
AT I'EDIUNM SPEsD REQUIRZD TO DeEFORK YELLOW DENT CORN

"TO TLe YIELD FOINT alkD TO MaXIMUM STRENGTH

AT FOUR LOISTURE LEVELS (% d.b.)
WITH THE KSRLEL ON EDGE

Yield Point

Faximum Strength

T2 15.8 18.2 26.0 17,6  15.6 18.2  26.0
49.8 21.0 19.6 13.1 55.0 £6.2 26.7 17.3
29.6 30.1 37.3 13.1 48.7 36.7 49.7 16.5
58.9 43.8 24.9 15.7 58.9 51.7 35.4 22.3
35.4 38.0 39.3 8.5 58.0 43.2 44.5 13.6
21.6 18.3 20.3 8.3 22.1  21.7 24.9 14.4
35.3 24.9 18.3 14.4 40.7 41.9 26.2 17.7
20.4 18.3 31.8 9.8 48.5 21.6 35.4 13.5
7.4 21.9 22.3 13.2 44.5 24.9 27.5 23.6
32.1 23.6 206.8 15.7 45.8 30.8 47.1 17.0
40.5 36.7 32.8 13.1 40.6 36.7 34.9 19.6
Ave: 37.5 27.7 28.5 12.8 45.3 53,5 35.2 17.5
T: 10.2 8.6 7.2 2.8 7.5 9.7 8.7 3.3
Cc: 27.2 31.0 25.2 21.9 16.8 28.9 24.7 18.4




COLF..RISOL
AT raDITUN SF!

~—
or

TABLE A S

COLPR

IVE FCRCE (1v)
.wCIRsD TO DuPORL: YELLOW DgiT CORN

rra TN
._'aIlaD Iliwy,

TO0 THL YIELD POINT alD TO MAXIiULK 3TRENGTH

AT FOUR MCISTURE LEVELS (% c.b.)

WITH THE KERNEL LYING FLAT

129

Yield Foint

Maximum Strength

" 14,6 15,8 18,2 2640 14,06 15,8 18.2 26,0
81.3 39,3 69,5 52,4 8l.3 116.0 - 75.2
55.0 49.2 99.6 - llloo 100.0 14400 -
65.5 98,1 85.3 73.4 75.3 104.7 137.5 €6.5
52,4 58,4 6C,.9 96.9 70.7  124.5 65,5 96,9
42,7  100.0. - 121.2 8l.2 170.3 196.5 ——
49,8 39,3 157.0 36.7 120.0 41.9 - 52.4
51,1 74.4 144.0 95.4 84.7 203.0 144.0 95.4
34,1 63,5 45,9 34,1 89.2 82.0 45,9 35.6
88.5 44.5 36.0 -- 167.0 135.0 °  52.4 -
63.6 55,8 55.0 - 86.5 55.8  128.0 -

Ave: .

58,4 62.3 83,7 72,9 96.7 113.3 28.0 73.7
“715.9 21.1 40.2 32.3 27.2 46.4 50.2 22,7
C:

27,2 33.9 " 48.0 44.3 28.1 40,9 51.2 30.8

¢ = T /ave X 100
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TABLE A 6

COMPRESSIVE FORCE (1b) REQUIRED
AT MEDIUM SPEED TO DEFORM PEA BEANS
TO THE YIELD POINT AND MAXIMUM STRENGTH
AT 10.6% d.b., IN THE EDGE AND FLAT POSITIONS

Yield Point Maximum Strength

Edge : Flat Edge “Flat

64,2 ' 44,5 64.2 68.1

53.7 55.0 53,7 73.4

83,8 55,0 104.8 84.8

65.5 39.3 65.5 82.5

43,2 22,9 43,2 40.9

52.4 19.1 52.4 70.7

60.3 52.4 62.9 73.4

28,8 58,9 45,6 94,3

73,4 16.8 73.4 60.3

55.0 49.8 55.0 ' 96,9

Ave: 58.0 41.4 | 62.1 74,5
o. 14.5 . 15.2 16.8 15,7
c:' 25.0 36,7 27.0 21.1

¢c= T/Ave X 100



TABLE A 7

FORCE, 1b, REQUIRED TO DEFORM SOFT RED WINTER WHEAT

TO THE PROPORTIONAL LIMIT, YIELD POINT

AND NAXIMUM STRENGTH AT 16,04 d.b. (13.8% w.b.)

IN THE FLAT POSITION AT THREE SPEEDS

11

Proportional Limit

Yield Point

Maximum Strength

Slow Med, ast Slow  Med, Fast Slow Med. Fast
5.6 6.9 769 13.1 10,5 12,5 13,9 11.8 23,1
7.2 5.2 7.6 13.1 11,9 14.4 22,2 13,4 15,5 .
7.2 5.6 5.9 .8 15,1 12,5 9.8 19.0 20.7
9.5 7.2 11.1 21.0 11,8 15,1 21,0 12,1 19.0
649 7.9 4,9 8.9 15,1 14,1 17.0 16,1 16.4
6.5 7.5 7.2 10,5 12,5 12.6 11.5 12,5 15,7
6.5 7,5 7.5 14,4 13,7 20,3 19.0 14,1 20,3
7ed 6.2 5.6 15.7 8¢5 9.5 17.7 8.9 10,9
5.9 BeO 11.5 11,4 12,5 16.4 12,8 1.0 16.4
5.2 7.2 66O 11.1 11.1 9.8 13,8 11.8 11.5
Ave:

6.8 6.9 7.0 12,9 12,3 13,7 15,9 13.8 16,9
q:

1.1 9 2.1 3.4 2.8 3.0 3.9 3eC Se'7
C:

16,2 13,0 27.6 26.4 2248 21.9 24,6 21,7 21,9
fexp’ proportional limit (slow, med, fast) = 0,74; f g5 = 3.35
fexp) y1eld pbint (SIOW, med, fast) = 0051,’ I'.95 = 3,35
fexp, maximum strength (slow, med, fast) = 1.92; f og5= 3.35




COMPARISON OF COLPRESSIVE FORCE (1b)

TABLE A 8

AT MEDIUM SPEED REQUIRED TO DEFORM SOFT RED WINTER WHEAT

TO THE YIELD POINT AND TO NAXINUM STRENGTH
AT TWO MOISTURE LEVELS (% d.b.)
WITH THE KERNEL IN THE FLAT POSITION

o

Yield Polnt

Maximum Strength

16,0 20,5 16.0 20.5

10,5 17,7 11,8 19.6

11,9 16,4 13.4 16.4

15,1 13.1 19,0 13,8

11.8 8,8 12,1 12.6

15,1 21.6 16.1 21,6

12,5 18,3 12,5 19,0

13,7 17,7 14,1 19.0

8.5 15,7 8,9 15,7

12.5 8¢5 18,0 8.5

11.1 9,8 11,8 11,5

Ave: 12,3 14,8 13,8 15,8
q: 1,9 4,3 2,9 2.9
C: 15.5 29,0 21,0 24,7

c= T/ave X 100




TABLE A 9

20o0niGY O aIlURe O YolLOw Do I CCRL
o 1L FACT SiZBaR 7T 2OUR LICL3/UH S LaVals,

ILCU=-FOULDE T O il 1ien

12.4% 3.0. 18.14 d.v. 12.2% d.b. 24.7% G.b.

13.5 17.9 19.6 24,8
13.6 13.4 19.6 31.9
9.8 17.0 26,0 28.5
16.8 17.6 20.4 26,5
27.5 19.9 21.5 19.3
15.6 14.6 21,4 25,3
15,2 21,1 13.9 44,7
14.9 22,7 21,7 20,4
11.4 19.8 35,2 28,3
9.3 14.2 19.8 31,2

Ave: 14,8 17,8 2l.9 2842
a:. 4.8 2.9 .2 e
2.4 15,9 22,7 23.8

¢ =9 /ave £ 100



TABLE A 10

SNaRCY O FallUxs OfF oSOT JoD W1LTER WlipmaT
b7 IKPACT SiiZaR aT FOUR [.0137Uikie LEVELS
IxCH-FOUNDS FaER SQUaRi ILCH

15.9/ d.b, 18,7% d.b. 21,7/ d.b, 24.5% d.b.
18.3 18,9 19,6 20,6
12,9 20,0 18,0 28,9
19,7 11.5 16,0 37.1
10.4 17.6 15,7 26¢6
13,7 11.0 19,8 21,0
17,0 19.3 18,0 2646
19.4 19,4 20,7 23,7
21,4 17.6 16.5 21,6
25,5 16,4 18,8 17.5
12,7 18,9 1S.6 17.5

aves: 16,1 17.1 18,3 24,1
T: 3.5 3.1 1.6 5.7

c: 21.8  18.1 8.7 23,5




TABLE A 11

SLERGY O0R rallURs OF Poa DiallS
BY Il.TaCD 3iluR aT SCUR KOISTUR LuVals
1LCI=-PCTULDS Faull Sqlard 11.CH

)

8.7% d.b. 18,5% d.b, 22,8% d.b. 36.2% d.b,
3,14 35,8 40,1 72.6
1.54 48,7 55,7 74,5
2,13 50,7 45,0 48,8
3,03 36,9 45,2 653
2.81 37.3 44,1 53,3
4,95 34,5 46.4 54,%
5,00 40,8 55,2 83,3
2,70 26,1 57.2 59.5
3.40 3l.4 6245 63.2
5,94 , 22,8 - 62.6 73.5
Ave:s 3.45 3446 51,3 5542
T 1.32 7.0 7.5 10,5
C: 38,2 2042 14,8 ' 16,3




TABLE A 12

ENERGY REQUIRED TO RUPTURE PZA BEaNS
22,8% d.b. (18.6% w.b.) BY INMPACT SEEAR
AT TWO VELOCITIES, INCH POUNDS PER SQUARE INCH

©,= 44° 30¢ 6,= 729 42!
(Vel. of Impact 5.24 ft/sec) (Vel. of Impact 8.87 ft/sec)

40.1 " 46.8

o56.7 o07.2

45,0 49,1

45.2 45,8

44,1 32.4

45,4 44,3

55,2 48,2

57.2 57,2

62,5 51,7

61.6 41,9

Ave: 51.3 45.0
T: 7.2 5,7
C: 14.0 11.9

fexp = .80, f.gs — 4.41
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