ABSTRACT
MECHANICAL CHECKING OF NAVY BEANS

by Chris V. Narayan

A stability analysis was developed to compute the
stability modulus EI of navy beans loaded gquasi-statically
on end. Critical loads for bean cotyledons were obtained
on an Instron Testing Machine at the pcint of instability
as signified by the onset of checking cr cracking‘of the
seed coat.

Values of EI and elastic modulus, E, were computed
for various moisture contents in the range of 11.5 to
28.2 percent w.b.

Dynamic studies in the form of 1low velocity impact
of beans by a falling weight and high velocity impact by
a rotating arm were also conducted. Impact forces to
cause checking were measured, and the corresponding 1mpact
energles computed. Comparisons of the energy obtained by
the two types of dynamic tests were made.

The results of the dynamic tests were extrapolated
to field conditions and compared with previously made
field observations on bean harvesting and handling.

The optimum moisture content range for resisting

checking, or cracking of the seed coat, was found to be



Chris V. Narayan

13.4 to 15.6 percent w.b. For beans in this mocisture con-
tent range, an impact velccity of 55 fps was reguired to
cause checking, when the beans were struck with a rotating
arm. Beans at 11.5 percent moisture were found to be the
most susceptible to checking, under both static and

dynamic loading conditicns.
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INTRODUCTION

Navy beans, lixe all agricultural products, suffer
some mechanical damage during harvesting and handling.

For navy beans this damage is manifested in two ways,
internal damage to the cotyiedons with no visible external
damage, and visible damage.

Visible damage to the beans varies in severity from
breaking and spiitting of the cotyledons to checking, or
cracking cf the seed coat. The latter case has become
increasingly important in recent years because of the
large percentage ¢of the bean crop which 1s pre-cooked and

canned.

1.1 Obyectives
This study was undertaken t> determine the mechanical

cause

T

cf the cracking cf the seed coat with a view to

reducing the frequency of 1ts occurrence.

1.2 The Thesls Prcblem

The work reported in this thesis may be divided into

three parts:
l. The measurement of the quasi-static forces

regquired to> cause cracking, in accordance with



a stability analysis developed for bean coty-
ledons.

The measurement of impact forces and energy
required to cause cracking of the seed ccocat.
Extrapolation of the test results to field con-

ditions.



II. BaCKGROUND NOTES

Beans are claszified 1a North America under the
genus FPhaseolus. Mocst of the common, dry edible beans,

such as the navy bean (alsc cailed white <r pea bean),

ct
jay

e lim=z rtean, the great northern, and kidney beans are
ccntailned in the varietal classification Phaseolus
vauigaris.

The bean 13 a dicctyledonous seed, varying by
variety frcm ellipscidal to kidney shaped. The two coty-
ledons and the embryonic axis, which upon germination prcduce
the seedling, are encasesd 1n a relatively impervious seed
coat. The seed while still 1n the pod, 1s nourished
through the hylum, which 15 the oniy discontinuity in the
seed coat. The seced ccat 1tself i3 Dbicellular in thick-
ness except in the hylar area wnhere, for strengtn pur-
poses, an extra layer of ceiis exists.

Tne hylum doses not ceass tO> functicn after the seed
leaves the pod. Hyde (1954) undertsok a detailed investi-

gation into the funztion of the hylum in Leguminosae (a

British classification rather broader than Phaseolus) and
found that the hylium acted like an hygroscopically acti-

vated valve, discouraging the entry of water, but allowing



the outward flow of molsture and gases from the seed,¥
thus allowing the seed to harden rapidly (a phenomenon
which Maddex (1953), upon encountering it while arti-
fically drying navy beans, described as "case hardening").
This selectivity on the part of the hylum 1s probably the
cause of the relative difficulty encountered by researchers,
Bakker-Arkema, et al. (1966), in rewetting navy beans.
The cellular texture, impermeability and pigmenta-

£ ion of the seed coat, the closeness of the cotyledons to
e ach other as well as to the coat, and the germination
abllity of beans vary between and within varieties. Some
o f these characteristics could, as will be discussed later,

P lay an important role in the susceptibility of the seed
t o physical damage.

2.1 Nutrition

Edible beans, and peas (the two commonly referred to
Jointly as pulses) have long been an important food supply.
Beans contain not only high percentages of energy com-
Pounds such as fats and starches but also large amounts of
Protein, although no amino acids. 1In addition beans con-
tain the important vitamin thiamin. Thus the ratio of
food value to bulk is very high for beans. For this rea-
Son, as Bracken and Rasmussen (1944) polnted out the

United States Government called for sharp increases in

¥When the hylum was blocked Hyde found a reduced
rate of drying.



bean srcduction dur:ng both world wars, for supg.y t> the

The high prctein content of pulses 1s an important
consideration in tne food supp.y ©f countries where there
mignt be a shortags of animal proteins. Finally, beans
are vesrsatile as a fo2d, having many modes of consumption.
Bsans are presently canned as well as milled into flour.
Rzcertly Bakker-Arkema, et al. (1969) has reported some

success 1n processing a pre-cccked bean puree.

no

.2 Historical Notes

Beans, as Beagle (1949) pointed out, have had a long
and eventful histcry as a human fzod. He gces so far as
to speculate that because of the relatively large seed
and brief period of germination, the bean may well have
been one of man's zarliest cultivated plants. Thompson
(1350) pcinted tc =vidence of the existence of beans and
lentils in the Ni.s Valiley ca. 2000 B.C., while Hutchins

(1947) has w bein rown in Switzerland
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and Northern Italy as ear.y as the Bronze Age.

Beans have l:-ng been cultivated 1n Latin America,
as well as Asia, and indeed Brazil and Mexicc are respec-
tively the world's {irst and second largest producers of
beans [Anon (1966)].

In the United States the particular type cf bean
grown varies with location. Among the bean raising

states, Michigan leads 1n the production of navy beans.



Beagle (1950) speculates that the term "navy" may have
arisen because of the supply of beans to Commodore Perry
on Lake Erie in 1812. Regardless of the accuracy of that
speculation the military may well have played a major role
in the development of bean production. The bean acreage
in the United States did increase sharply during the two
world wars. During the second world war, however, agri-
cultural extension specialists such as Mercer (1945) were
advising farmers to increase not only acreage but mechan-
ization as well. Thus, after the second world war and on
into the fifties not only was mechanization of bean pro-
duction well entrenched, but as Andersen (1960) points

out genetic breeding of disease resistant high yield

lines were well underway. In addition, as Thompson (1950)
reported to the producers, there was an expanding European
market for dry edible beans; a market which has persisted
to the present.

The increased production in the United States,
accompanied by increased mechanization and bulk handling
led to the problem of mechanical injury to the bean seed;
injury which not only affected market value of the pro-
duct, but also impaired germination. Solorio (1959)
states that the three causes of impailred germination are
mechanical injury, bacteria and insects. Thus there be-
gan in the late fortles and through the fifties an in-

creased interest in mechanical injury to seeds, especially



by harvesting ard handling equipment. BReagle (1949) des-
cribted the type of ejulpment available at that time for
pulling and threshing beans. He discussed many of the
current problems but did not dw=1ll for any length on
injuries. McDow (1949) described the problem of "splits"
occurring with mechanlzed handiing of pea beans. The
term "splits" indicates seeds with the cotyledons split
apart or with at least one-quarter of a cotyledon com-
pletely broken off. He attributed the onset of splits

to poor machine adjustments or low molsture content and
developed the following regression equation for percent

splits (Y) as a function of percent moisture content (x),
= 2
Y = 35.5 - 4,15x + 0.1256x

with the optimum handling moisture content being 16.5
percent w.b.

Harter (1930, and Borthwick (1931) had previously
noted the effect of moisture content on thresher injury
to snap beans and lima beans respectively. They were
mainly interested in germination, and both noted the
production of retarded seedlings ("baldheads") after
mechanical threshing of very dry beans. Borthwick noted
that a common injury was the detachment of the cotyledons.
Toole, et _al. (1951) working with navy beans found break-
ing damage 1n threshing tests as high as 20 percent for

low moisture contents. Germination tests proved, through



the c:currence cof palidheads, that further damage had pesn

Oy

done 1atzrnaliy. M.Csllum . .953) investigaced cotyledon
injury with csnap-ozan3 and found marked varistal differ-
ences which ooscured side czaclusicons.

The ccncliusicns absut molsture content as being an
impcortant factor i1n seed damage, as well as the ilncreased
producticn, led t> investigatiins of damage 1n storage
and during drying. The latter was fairly important since
the harvesting tests resuits indicated an cptimum harvest
moisture of about 18 percent. Maddex (1953) in drying
tests with heated air found a high onset of cracking near
the bottom of the test bin when the mdoisture content of
the beans dropped below 16 psrcent. He was able to re-
duce this by decreasing the air temperature (below 130° C)
and adjusting the RH (to> 15 percent), in effect by slowing
the drying rate. Wang (1958) used intermittent applica-
tion of dry air at 100" F in a test tc dry navy beans.

He was interested 1in seed csat cracking (as opposed to
most of the previcus investigators) as well as splitting.
Wang tried to determine tne siresses involved in the

cracking of the sesed ccat but his assumption of sphericity

()

d for his limited suc-

O

of the pea bean prcoaoly aczccount
cess, since the stress distribution over an ellipsoidal
shaped body and a uniform :ghere are very different.
In addition, he did noct take +the significance of the

discontinuity at the hylum into account.



Brown (1955 was apparently the first ts work wiin

individual navy czarns. He resporzed fcrces of twelve to

crty-two pounds reguired to break beans (6.9 percent to

Fy

9.2 percent molsture) on the "fiat" with varicus pressure

heads zand two to Tzrty-two pounds to break similar beans

pcsiticned on edge. His 1cading rate was in the quasi-

static range. Alkin (1958) working on the susceptibility
cf snap beans to mechanical injury cf the seed noted that
T he coats of resistant varietles adhered more tightly to

Tt he cctyiedons than did cthers. He concluded that the

tight seed coat and closely fitting ccoctyledons must in-
hibit movement and therefcre prortect the embryo better.
Solorio (1959) struck individual beans by dropping them
1nto the path of a rotating (777 rpm) paddle wheel, then

examined them fzr cracks in seed coat (checks) and

"splits." At 15.5 percent mcisture he found 7.2 percent

Visible damage of whi:zh 6 perceant was '"checks" and 1.2

rzent moisture he fzund 70.3

“d

o

Percent "splits." At 9.7 p
Percent visivle damage of wnich tnere was 27.3 percent
"checks" and 43.0 percent "splits." Germination tests
Proved that very few of the "splits" prcduced healthy
Seedings. He concluded that when a cotyledon has a

Transverse crack across it, although the outer end is

ST3i1ll attached, the fcaod supply in the loosely attached

Part is not used. He also found a higher than normal

lncidence of "baldneads" in germination tests with the
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"checks" which hes attributed to minute cracks. Faust
(1955 pointed cur tne possipility of damage (splits)
when pea veans are dropped 1nzd> deep silos. He attributed
30 to 40 percent of total splits to this.

Needless to say this type of work was done on other
grains as well. Pyjord (1962), for example, evaluated
visible kernel damags to wheat by fiails and recommended
a peripneral speed -f 90 fps as an upper limit. Also
t hreshing operations are being continually evaluated and
wl1lll ce as 1long as it 1s pocssibie to improve existing
machinery, existing genetlc lines and existing practices.
Green (1966), for example, recommended 13 percent moisture
and 900 rpm cylinder speeds as respective minimum and max-
I mum values 1n combining soybeans.

features of the above types of

(@)

The characteristi

of force and

n

testing are (a) the iack of measurement

©energy (except where gucted) which cause the mechanical

(&1

damage, and (b) the greater 1nterest in splits. Indeed,
W31 th respect to the latter, Ferry (1959) quctes the

U. 8. D. a. specifications tor Ggrade No. 1 peans as 2
Percent cr less "splits, damaged beans, contrasting
Classes and foreign material." Presumably checking, un-
less so severe as to account for damaged beans, was not
& specific problem.

As far as splitting and obreakage is concerned,

tflerefore, the apbpove tests can be regarded as being



relative’y succesz:f.l1 in reducing this type of major

damage and 1c

n

:, altaocugn the adherence ts thelr recom-

€1 Tz such practices as rewetting of the

n
(]

mendations ha
beans prior to major handiing and transportation opera-
tions [Tnompson (1352), Bakker-Arkema, et al. (1966)].
With the increased amount of canning, the checking
of seed :22ats has, however, become a serious problem.
Thompsoa {(1950) reported that pea beans were principally
used for canning since they have the tendency to hold
their shape when baked. Perry (1959) pointed out that
the canning industry which uses 90 to 95 percent of the pea
bean crop annually dislikes checked beans because durlng
the processing the checked beans may split, and also be-
cause checked seed coats may separate from the cotyledons
and float at the tcp of the cans. Frerch (1962) stated
that cracked ssed ccats admit oxygen and moisture to the
cotyledon, which is bad for storage, and permit the entry
of bacteria and fungl which causes qualiity deterioration.
He was very successful in develcping a technigue for
determining minute cracks in seed coats rapidly, using
Indol Acetate. This chemical enters the crack in the
coat and stains the undersides of the coat a deep blue.
It does not affect ths exterior of the coat. For beans
with relatively transparent coats, such as the navy
bean, the results cf dumping a handful into a solution of

Indol Acetate 1s ciaimed to be remarkably effective in
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ident:fy“‘ng checked beans. Kannenberg 2and Allard (1964)
studiz1 ii1gnin f:-rmstion 1n zean sezed co2ats, They found
small amounts of lignin in nonpigmented (white) seed coats.
Noting that the function cf iignin is primarily one of
strength and prctection, they conciuded that low lignin

content of whit

M
wn
()
)

d coats ccuad acccunt 1n part for
their susceptibility to injury.

Adding to the apove the implication of Solorio's
(1959) findings, that the prccess which zzuses the check-
ing cculd also czuse internal damage tc the cotyledons,

the ilmportance oI checking cannot be discounted.



IZI. REVIEW OF LITERATURE

in the field of Physical Prcperties of Agricultural
Products, the investigatcr 1s basically attempting to use
the entire field <I Thecretical and Applied Mechanics
merely as a tcol kit. Hopefully, he simply selects the
tool most applicable to his problem and uses it. This
requires a sound knowledge of mechanics. In addition, he
must be aware of the biologi:zal factcrs which influence
his work. Genetics for example as implied by the findings
of Liu (1949) working on genetic inheritance of damage
resistance to soybeans, coulid produce premature obsoles-
cence of a mechanical study. Again, the chemical makeup
of the product studied could have important effects on the
physical properties of that produced, as evidenced by
Kannenberg and Allard (1964) and Dorrell "1368). Although
the Agricultural Engincer in the physiczl precperties field
could not possibly keep up to date in the biological fields,

he should know the tocls of his own field very well.

3.1 Mechanics
Lazan (1962) listed three approaches for studying
rheological properties: (1) micromechanistic--solid state
physics, (2) macroanalytical--applied science or engineer-
ing, and (3) ad hoc or simulated testing--the "practical"

13
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approach. Of the three approaches, the last two are most
commonly udsed by engineers. Lazan admits the need for
the practical approach in which one has to work with the
actual object and loading conditions rather than speci-
mens and models. However he does caution:
. . . ad hoc property data are generally not
extendable, in the absence of a more basic under-
standing, to future problems which lie in dif-
ferent regimes of stress and environment.
He notes however that:

Although the ad hoc approach adds relatively
little per unit effort to the store of basic
Information, 1t can often provide engineering
answers 1n a relatively short time and 1s
sometimes '"the only way out."

The macroanalytical approach involves the determina-
tion of the properties of materials by idealization,
simplified conditions and test specimen geometries. By
1dealizing 1is meant formulating 1deal constitutive equa-
tions for the material. The theories of elasticity,
plasticity and viscoelasticity are examples of this ap-
proach. The macroanalytical approach assumes continulty,
isotropy and homegeneity. As Malvern (1965) states these
quantities are difficult to establish with some materials.
However, since by this approcach one merely attempts to
model the material behavior as it 1s observed for a given
range of stress (or strain) then, provided that the model

can predict the behavior of the material for a different

stress regime in this range, the attainment of such a



model can be considered the solution to the problem. The
actuali explanaticn of the behavior becomes immaterial.

The macroanalytical apprcach works best when the
material stress-strain behavior 1is linear, when the load
conditions are quasi-static and when the material is
indeed homogeneous. When these conditions change how-
ever, ror non-linear responses for example, or dynamic
loads, or composite materials, much more work 1s required.
When one is faced with all three of these complications,
the ad hoc approach 1s in most cases '"the only way out."
Kerwin (1965) found that he could drastically change
(dampen) the vibration of steel structural members by
using viscoelastic material bonded between them. For his
tests on beams, arches and base members, he had to use
actual members and scale models.

In the study of the rhysical properties of agri-
cultural products, investigators are often faced with all
three of these complications.

3.2 Physical Properties of
Agricultural Products

The application of the theory of mechanics to the
testing of agricultural products on a large scale is a
relatively recent development. It 1is largely based on
the assumption that most agricultural products are
viscoelastic in their load-deformation behavior. Zoerb

(1958) applied this technique in the study of the physical
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properties of selected grains. He used both the ad hoc
and the analytical approaches. Usling core samples of
pea beans at 36.4 percent moisture d.b., he plotted
stress-strailn curves, and calculated maximum strengths,
for relatively low rates of loading (0.267 ipm). He
evaluated shear strengths of bean "slabs" at four mois-
ture contents. For his ad hoc tests, he ran quasli-static
tests on beans on the flat as well as on edge and found
linear relationships between load and deformation at the
low moisture content value of 10.6 percent. To compare
with his static shear tests, he ran impact shear tests
using a pendulum impact tester. The energy requlred by
the static test for shear fallure was higher than that
for the dynamic tests up to about 20 percent molsture.
The situation reversed itself at higher moisture con-
tents. Zoerb also investigated the rheological prop-
erties of pea beans usling relaxation tests, in which an
instantaneously applied deformation 1s held constant and
the load relaxation 1s measured with time. He proposed
a model of two parallel Maxwell units to represent navy
bean tissue.

Perry (1959) extended Zoerb's work on navy beans.
His approach, however, was from the dynamic point of
view and was therefore of the practical or ad hoc type.
His first tests conslisted of droppling beans at various

moisture contents and temperatures through three heights
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of drop, 11.25 ft, 22.5 ft and 45 ft. Maximum visible
damage was found to occur at the 45 ft drop height and

12 percent moisture, w.b. Minimum visible damage
occurred at 18 percent moisture w.b., for all drop
heights. Beans were dropped individually, in small sam-
ples and poured slowly. Beans were visually examined

for damage and germination tests were also used.

Checking and splitting increased with increasing drop
height and decreasing moisture content. Some tempera-
ture interaction was evident in the germination tests.

In a second set of tests Perry used a wooden faced bar

to strike beans which were partially confined by a small
movable wooden block. The velocity of the bar was cal-
culated to simulate bean veloclty in dropping during com-
merclial handling. A high speed movie camera was used to
measure velocities before and after impact. Energy
balance equations yielded impact energy. Newton's Law
for the bean-block system was used to calculate maximum
force of impact. This impact force was compared with
Zoerb's data on whole beans. Coefficlents of restitu-
tion were calculated for the four molsture contents. The
kinetic energy range was 0.006 ft-lbs to 0.017 ft-lbs.
Perry noted in examining the checked beans that the cracks
"seemed to radiate from the hylum," creating a common

check pattern.
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Perry and Hall (1966) extended the above work to
include auger transport of pea beans in a 21-foot screw
auger at three slopes, horizontal (0 percent damage),

15 degrees (1.1 percent damage), and 28 degrees (1.5
percent damage). They also investigated the deteriora-
tion of bean quality in storage.

After Zoerb's application of mechanics principles
to agricultural product testing, several other researchers
applied viscoelastic principles to quasli-static testing
of various products. Finney (1963) applied linear visco-
elastic theory to the potato, to find material constants.
Mohsenin (1963) developed a tester to perform quasi-static
tests. Mohsenin, et al. (1963), (1965) extended elastic
and viscoelastic theory to several fruits and vegetables,
as did Timbers (1965) and Arnold (1966).

These tests, however, did not produce data that
could be immedliately applied. They are mentioned here
only for the reason that they led to dynamic testing by

the same authors, and by others.

3.3 Dynamic Tests

Most of the dynamic tests in this field are ad hoc
or practical tests. Except for large products, they were
performed on the whole product. The most important factor
from the point of view of a literature sﬁrvey is the

apparatus and the parameters measured.
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In discussing dynamic testing, Alfrey (1948)
stresses the importance of energy to cause failure rather
than maximum stress, when investigating impact strength.
For linear elastic and viscoelastic materials, this energy
is proportional to the square of the impact strength
[(Kolsky (1952)]. Ths development of shock waves, varia-
tions in texture and geometry, complicate the relation-
ship.

For these reasons impact testing has been confined
to measuring maximum impact energies. Bilanski (1966)
subjected various types of seeds individually to 1impact
testing at two loading rates. The slower testing was
done with a pendulum. An energy balance equatlon was
used to calculate impact energy absorbed by the test seed.
The higher speed testing was done by dropping the seed in
the path of a rctating paddle. Orientation of the seed
was lmpossible in this case.

Fridiey, et al. (1964) impacted peaches with a flat-
plate plunger with a pendulium-type arrangement and com-
puted bruising energy. chsenin and Hammerle (1965)
devised a drop tester to measure bruising energy and im-
pact forces on statiocnary supported apples struck by a
falling welght. Photocells were used to measure impact
velocity of the weight, and a quartz accelerometer to
measure 1lts acceleration. They plotted volume of bruilse

versus impact energy. Wright and Splinter (1968) used
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a drop tester similar to the one devised by Mohsenin and
Hammerle to measure impact rupture energy of sweet potato
samples. They compared this to static rupture energy.
For the varieties of sweet potatoes used the rupture
energies (about 2 in.-1lbs) were between 4.5 and 3.5 times
smaller than the static. Wright's analysis of the drop
test was used in this study to design a drop tester and a
series of low velocity impact tests for determining the
rupture energy of navy beans under dynamlic conditions.
The analysis 1s discussed in section 5.2.

Mitchell and Rounthwalte (1964) impacted individual
grains of wheat by moving them slowly into the path of
a rotating hammer., Hammer speeds up to 120 fps were used
for three moisture contents. A regression equation, not
considering moisture contents was derived between un-
damaged grain and hammer speeds. Clark, et al. (1967)
used a rotating arm to strike individual cotton seeds.
The seeds were free to move after impact, and were tracked
with a stroboscope and exposed photographic film. Energy
balance equations were used again to compute the energy
absorbed by the impacted seeds.

The last two studies discussed have the obvious
advantage of approximating, in the laboratory, the forces
on the seeds in a combine. Lamp (1959) ran threshing

tests on wheat using a modified combine cylinder. He
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used the restituticn equations to calculate energy im-
parted to the grain by the c:o:mbine cylinder bars, and
attempted to compute threshing forces. Peripheral speeds
of up to 25.0 mph (36.7 fps) were found to be sufficient
for complete threshing. Grain damage was recorded but

not analyzed. Tabiszewski (1968) ran threshing tests on
pea beans using a modified peanut combine. Peripheral
speed of the cylinder was varied between 17 and 37 fps.
The amount of visibly damaged grains was found to 1ncrease
with peripheral speed and with decreasing moisture con-
tent. In the range of 10.6 to 12.3 percent moisture w.b.,
the maximum amount of visible damage was 31 percent.

Other dynamic tests have been devised to measure
different parameters. Diener (1968) used steady state
dynamic tests to measure the complex modulus of cherry
bark. The principle: of dynamic viscoelasticity [Ferry
(1961)] were used. Tne direct application of these re-
sults 1s, however, not yet possible. Finney and Norrils
(1967) nhave used resonance characteristics of selected

fruits as an indicatcr of fruit quality with some success.

3.4 Elastic Stability

The possibility of structural failure well within
the elastic regime of stress exists for structures of
given geometry. The czlassical problems of the slender

column and the flag pole [Timoshenko and Gere (1961)]
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are well known. This stability problem is, in general,
governed by the general fourth order differential equa-

tion of equilibrium
d? d’y d dyy _
o7 (Bl gx?) * ax (P ax) = ¢

where p 1s the axial compressive 1load,

El is the flexural stiffness of the section

and q 1s the transverse load.

When q is absent, the equation becomes homogenous
and the solution is simpler. For a varying cross-
section the problem becomes more complicated although
symmetrical variation lessens the work required.

Moustafa, et al. (1966) used the methods of sta-
bllity to model the wheat plant under axlal and lateral
loads. Viscoelastic stability principles and large
deformation theory were used.

For short columns with varyling cross-section, the
equilibrium equation 1is best solved by approximate
methods. The finite difference method 1s the easiest to
apply. This method is simply one of approximating deriv-
atives with algebraic quantities. For example, the slope
of a curved line between two polnts y, and y, at a dis-

tance 2X apart 1is approximated by
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This method leads to an Eigenvalue prablem with the
Eigenvalues being the parameter cf é% reguired to cause
buckling intc the furdamental buckling modes. With p

known, the EI values can be computed.



IV. QUASI-STATIC THEORY

Preliminary tests involving the lcading of 1indi-
vidual beans with a Valve-Air Loading Unit indicated
that cracking of the seed coat occurred at lowest loads,
when the bean was loaded on end (Figures 1 and 13).

Examination of the above phenomenon in greater
detail indicated that under the end loading condltions
the two cotyledons tended to separate, subjecting the
coat to a tensile stress. Ultimately, this led to failure
of the coat in the form of cracking. Because of the
greater strength of the coat in the hylar region of the
bean, the cracks tended to turn away from this region,
producling the various check patterns often observed on
damaged beans.

It was apparent that under these conditions of end
loading, the failure could be characterized as buckling
on the part of the cotyledons.

In the following sections the principles of stabil-
ity and buckling are discussed, leading to an analysis of

the bean failure under end loading.

24
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4.1 Elementary Buckling Theories

4,la The Equilibrium
Formulation--Bifurcation

Theory

Consider the system shown in Figure 2a. It consists

of a rigid bar of length L, pinned at the lower end and
free at the upper end. It 1s loaded at the free end by
an axial force P, and constrained in the vertical posi-
tion by a coil spring of strength k at the pinned end.
The vertical is the equilibrium position.

The critical load Pcr can be defined as that load
which is Just sufficient to keep the bar in some deformed
position characterized by the angle 6 (Figure 2b). Under
Pcr the bar neither collapses nor returns to the vertical
position.

Considering the equilibrium conditions for the bar
loaded by Pcr’ spring moment M = kb6

.. for equilibrium,

PcrLsin 6 = ko
whence,
_ kb6
Pcr ~ L sin © (1)

Equation (1) can be linearized by assuming 6 is small, in

which case sin 6 = 6.

Thus , P (2)

]
(/Y

cr
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~— o

Figure 1.--Bean loaded on end.

(a) STABLE (b) BUCKLED

i gure 2.--3imple elastic system buckling under a critical
load.
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Under this formulation the bar supposedly remains

vertical under load until this load P reaches the value

of P at which point the bar bifurcates. 1In practice

cr’?
this need not be so. Other theories have been developed

to i1llustrate equation (2) more realistically.
4,1b Equilibrium P

Formulation-- -
Imperfection Theory

There are three types of imperfections:
1. Initial deformation.
1i. Load not perfectly axial--eccentric loading.

iii. The presence of a small lateral load on the

bar.

Of these, the eccentric load imperfection will be
discussed, since, in considering cotyledon buckling, an
end load axially applied to a bean will be slightly off-
set with respect to each individual cotyledon.

Consider now the bar-spring system with the locad P
applied a distance e from the geometric axis of the bar
(Figure 3). The buckling criterion now applied is that
when P = Pcr the deformation 6 will become unbounded.

Now, for equilibrium at any angle 6, for some load-
ing P, the sum of the moments about the pinned end is

zero. Thus,

P (L sin 6 + e cos 6) = k8 (3)
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kY

(a) STABLE

P=Pcp

(b) BUCKLED

Figure 3.--Instability due to offset loadinyg.
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For small values of 6, equation (3) becomes,

P (L6 + e)

k6

whence

_ Pe _ e
® = - T kT -1 (4)

Applying the buckling criterion to equation (4), it can
be seen that 6 will become unbounded, regardless of the

magnitude of e, when

the same result as given in equation (2).

b,l1e Energy Formulation--
The Principle of Stationary
Potential Energy

For any force-deformation system, the above prin-
ciple states: "Of all possible conflgurations consistent
with the constraints, (or boundary conditions), that one
which satisfies the equilibrium conditions 1s the one for
which the total potential energy of the system has a
stationary value."

Thus the energy formulation 1s also based on equi-
librium.

Consider Figure 2 again. The total potential energy,

m, of the system is that of the load plus that of the
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spring, and 1s a function of 6. The potentlal energy of

the external force P is given by
V = -PL (L - cos 9)

The potential energy of the spring, (strain energy), is

given by

kB’

=1
Us=3

The total potential energy of the system is

Thus,

-PL (1 - cos 8) + % k62 (5)

3
1]

Now, for the configuration fcr which m is constant,

(dm/de) = 0.
dn - - <
whence,
- . k6
: L sin 68 °

which is again the equilibrium eguation. Linearizing as
tefore, by letting 6 be small,

- = K
b= Pcr - L

which again is the same results as glven in equation (2).
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4. 2 PBeam-C22umn Theory

ccnsider a s:muly sugppceted bean as shown in Figure
4g. It 25 supject2d to an axlial fzcrce F and a distributed
latera’ 10ad 3'xj. Undesr thess 1cads, tnhe bean will bend
as snown by the dcot-zd 1ine representing the deformed
center line. Taking the x and y directions as shown in
Figure Y43 3s pecsitive, the radius cf curvarure, R, can be
expressed, assuming small deflection, as:
L.t dy (7)
R I axc«
ow ccnsider the free body element shown in Figure

bo. For equiliobrium, IM 6 = 0

AN -M + (M + dM) - Vdx + Qqdx %% - PFdy =0

Dropping powers of differentials higher than one, the

above eguartion pbecomes

M + M+ dM - Vix - Pdy = O
N dM - Vdx - Pdy = 0
: _dM _ Pdy
* v dx ax (8)
Substituting for M in (8) using (7),
i e _Xdz .-—MY—Pd =
ax B RE) - 5 <V (8a)
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q(x)

P S —— - L. P
\\_ /’V

C DEFLECTION CURVE

y
(a) BEAM COLUMN UNDER LOAD

qdx

(b) FREE BODY ELEMENT OF THE DEFLECTED BEAM-COLUMN

Figure lIl.--Simply supported beam-column under axial and
lateral loads.
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Referrinz again to tne free body element, ZFY =0
e -V + v + gV, + gax = 0

. ﬂ = -

« ax 4

Differeatiating ejuaazion (8a), and substituting for

av/dx, s

dx« dx.’/‘ dx \ dx) = q (9) .

Fer zonstant E and 1, and no Lateral load, eguation (9)

N

takes on its well known form

d’y d‘y
T =
Bl ax- T F dx- 0 (92)

The solution of eguation {(9a) with the appropriate
boundary conditions on y and its derivatives yields the

critical load fcr the ceam-column a guestion.

1

4,3 Complicaring Fact.rs

4.3a 3Shcrv Coiumns

The Bernoullii-Euier theory, as tne Beam-Column
theory develcocped 1n tne previous section is called, has
Certain limitacvions. Its accuracy in predicting critical
loads depends on how well tne acrual poundary conditions
can be made to sult the tnssretical or mathematical bound-

ary conditions. In addition, experience has shown that
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good azrzement between actual critical 1cads and tnsoreti-
cal cr Euler 1loads depends on the slenderness ratio of

the cclumn under test., The slenderness ratic 1s defined
mathemacizally as L/r, where L s the cciumn length and r is
the minimum radius of gyration of its cross-section. For

steels, depending -n how weli the boundary conditions can

R

be satisfied, Timcsnenks and Gere report goz>d agreement

with the Euler theory for slenderness ratios greater than

[

70.

For slenderness ratios lower than 70, empirical
correction factors are applied to the Euler theory to
match the actual results. These factors are often used
for empirical design formulae for columns.

4.3b Columns with Varying
Cross-sections

Variation in the cross-section of the column means
that the moment of inertia, I, of the column will vary,
1.e., T = I(x).

Now, if the variation c¢cf I 15 a simple one, e.g.
linear, then I(x) can be based cn some reference value,
I,, of the moment of inertia measured at a particular
Section x = x,. In such a case the moment of inertla can

be written as

I(x) = ¢ (x) I,
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The above sxpression czn then be us2d with equation (9)

1__ o0 lyLn IoI—t = g
dx- ax?’ dx ’
and P can be zZotzi:: o, 127 Tz oo oc:mopsuadiry zomditions,

by solving the 2ittec-sntizl es.:ztion.

L,3¢c Apprcximate 3cl.tizns

Osvicusly, when ¢i%) 13 n>t 2 simple function, the

resulting differential ej.ztion bzzomes very difficult to
solve., [In s22h a ~ase, 21 zavproximate solution of the

21 procedure, is often

(>

differ:atlal eguatica, oy a numarl
the best avprocach. On= s.n numerical procedure is the
finite difference metinod. By -his method, the differenti.al
eguaticn 1s approxim=atzd ©, an alg=bralic eguation at each

cf a finite number =f 2ac:sn points along the column. The

resulting system > =z5uz-i-ns, 4ith the appropriats boundar;
4 )

n
t
Q
jon
T
(9]
<
—.
oy
{—
[N
t
o)
4y
O
3
(=
ct
[
(e
[\l
—
—
O
[\))
[oN

conditicns, is th=:u

Th= rzrocedurs 13 sitliiied in Tnz following section,

4.4a Approximation
of Derivatives

Consider tne curve ; = 2 .x) given in Figure 5.

L

Suppose the derivatives =f y arz rejuired for x egual to a
Value correspcnding to the point 0. Two polints are chosen
On the x-axis, on either side of the point 0 and labelled

8S shown. The "E" and "W" signs have no mathematical
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significance; they serve only to indlcate which side of
peoint O the points they label lie. Any two successive
points are separated by a finite distance A on the x-

axis.

Let g be defined as shown. The first derivative of
y(x) at point 0 can be approximated by the following ex-

pression:

= g% RNy w— (10a)

The second derivative:

Vo — 2y0 t ¥
(yily, = =£ W (10b)
XZ

The third and fourth derivatives at point 0 can be shown

to be:
Ver — Sy Y Cyy - ¥
(yIII)G _ YEE E W WW (10¢)
2A3
4 Verp — Yy t 6y = Hyy ty
(yIV)O _ YEE E : W WW (10d)
A

Thus, a differential equatlon can be approximated
by a system of algebraic equations set up at the points
chosen (node points), and the system can be solved for

the approximate shape of the curve y(x).

sy
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4,4p Errsr Invelved

Cerozider Fogure 5 again. A Taylor series expansion

about pcint 0 yie.ids

YO+ a) = yp = y), oA iy‘:u + f; W, 37 T,
Yy0=a) =¥y = ), = A \yI),J + % (yII)o g—: fyIII)0 +
Subtracting the above yields

g = ¥y = 2A wr)o + %f—— (yHI)0 +
(;vI>o = XE—Q%ﬂ - g—f (yIH),} (11a)

Comparing equations (10a) and (1lla), 1t can be seer. that
the error involved is of the order of 2.

Similarly, by aiding the two ejuations, it can be
Shown that the esrrcr inveclved in the finite difference
approximaticn of tne secctnd derivative is also cf the
order -f A°.

By expanding y(x + 24; and y(x - 2X), the same order
of magnitude of errcr is cbtained for the third and fourth
derivatives.

Thus the accuracy cf the approximate solution can
be increased by decreasing A, i.e., by using a large
Number of node points. However at each node point, cne

algebraic equation is obtalned. The greater the number
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of noile points therefcre, the more time consuming the
operzaricn becomecz.

An easier mertns>d ¢! iacrezazing the azcuracy of the
procedure is by Ricnardson's erxirapolation.

4,4c Richardson's
Extrapolation

Recall that the prcblem at hand is to solve a given
differential eguation to find a function y(x), such as
the one shown in Figure 5.

Now, 1if Ve is a finite difference apprcximation of
y(x) obtained by using a ccarse grid spacing AC, and Ve
an approximation using a finer grid Af, then by the argu-

ment of the previous section it is known that:

g+ ka‘t

y(x) e c

and also,

Yo + KAY

y(x) r i

Since k 15 unknown, it can bte sliminated in the following

manner

k';\—-;—(__in)-))
C
1

k = TN (y(x) = yf)

e

T
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(X ~ 1 yc Ir
7 ; L= -_ — = e - T
AS ‘ Al
c 1 e f
. A
L X = A - ,v
yix) A‘I-A‘ ‘)/C \‘f-‘\zﬂ yf‘

= L . = =
Now .iet nc = and nf = 3
c f

where L is the totai length over which the function y(x)

is defined. The function can now be written

2 2

net . n
_ (U f ) (_e¢ )
y(x> R Y] _nzc Jp T n?f_nic yC (12)

Note that a very good approximation of y(x) would
be obtained even when two relatively cocarse grids are used
since the major pcrtion o the error has been eliminated.

L.4d The Eigenvalue
Problem

Considsr the simple pin ended beam-cclumn of Figure
6, with constant E and I. Tne szscond order differential

equation of eguilibrium 1is
2
eI ¥ 4+ py = 0 (9)

Apply a very ccarse grid, A = % as shown. The node points
beyond the span, a and b are included so that the finite
difference approximation of eguation (9) can be made at

points 0 and 3. Values of y are assigned to these
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1 __L __|_&_

wWww w0 E EE

Figure 5.--Grid for approximating the derivative of a
function y = f(x) at a given point 0.

y E and I CONSTANT

" gure 6.--Pin-ended column with a grid of A = L/4.
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imaginary node points a and b by applylng the boundary
condi-ions.

Now fcr node point 0 the boundary condition is

Yo = Y

[}
(@)

similarly, v,

Also, since the column is pin ended, the moments at the

ends are each zero;

U N
. Yy = %Yo * VY s o - Vy = ey, t vy
. "2 3 2
Ve Vg = - /.
and Yo = = V.
Finally owing to symmetry y, = y,. Now, applying the

finite difference procedure to point 1 yields, (since

yo = O):

v ==L vy, =0 (13a)

and to point 2:

Yy — ey, t vy F.,
T t g Y, =0 (13b)
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writing equations (13a) and (13b) in matrix form, and
P ¢
letting = k,

—_ —

But this system is set up for a solution for y, while the
critical load Pcr is really what 1s required. Pcr can be
obtained because the above is an Eigenvalue problem. The
system of eguations will have non trivial solutions for
exlsting values of y if and only if the determinant of
the coefficient matrix is zero. Setting this determinant

equal to zero fixes k and thus fixes Pcr’ Thus y 1s never

solved. Solving for k:

-2 + k 1 |
| =0
2 -2 + k |
o b - 4k + k2 = 2 =0
*. k = 0.586, 3.141.

Using only the lower value, to get the lowest value of P,

l.e. Pops

_ kEI _ kEI4? _ 9.37EI
cr A4 L2 L4
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Trhe exact sclution to this problem is

Pcr 5L L¢

n‘El _ 9.84EI
Tz

N The result fr.m the coarze grid contains an error
of only 4 percent. If a grid of A = % is used, the result

is

er L¢

Using Richardson's extrapolation for the results with the

two grids yields

- 9.6EI
cr L2

which 1s an even more accurate approximation.

4.le Finite Difference
Approximation of the Fourth
Order Differential Equation
with Variable 1

Consider the pinned column of Figure 7. The condi-
tions are similar to those of Figure 6 except that the
Cross section, and hence I, is nct constant. In this case
the differential equation given in equation (9a) is the

One that 1is approximated.

d* d’y d’y
ax7 (Bl 537) + F 55% =0 (9)
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Referring to Flgure 7, the approximation to this

equation at point 1 is

Vv, = 2y, t ¥, Yo - 2y, t ¥
I D, -2 - 2(p1) 1 2
A2 22
v, - 2y, + vy Vo = 2y, +t V¥,
+ (EI), 5} +p =0 (9b)

A2 A2

Note that in this approximation EI is assumed constant

over each node point = A/2.

4.5 Finite Difference Solution
for a Bean Cotyledon

Consider the single cotyledon schematically repre-
sented in Figure 8. It is considered to be simply sup-
ported and end loaded with force P. Let the smaller
principal moment of inertia of the cross-section be IM.

For a finite difference analysls, a grid of A =
L/6 has been applied to Figure 8.

Assume symmetry about point 3. Assume also that
there 1s a simply supported boundary condition at each
end.

The finite difference procedure 1is as follows:
Boundary conditions:

Yo =¥, =0

Vg = =V

Vp = Vs
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E CONSTANT

Figure 7.--Pin-ended column with varliable moment of inertia.

- L -l
a (o) | 2 3 9 L] l b

P P
P — et

Al, BI, CI,, I, CI, BI, Al
E CONSTANT, A =L/6

Mgure 8.--Bean cotyledon considered as a pln-ended column.
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Symmetry Conditions:
Yy, = ¥
Y2 =V,

Moment of Inertia:

Let I, =1I,
I, = I, = AL,
I, = I, = BI,

I, =1, =CI,

Substituting these values into equation (9b) and
letting (sz)/(EIM) = k, the following equations are
obtained.

Node Point 1.

y, (2B + C - 2k) -y, (2B + 2C + k) + Cy, =0
Node Point 2.

y, (=2B - 2C + k) +y, (B + 4C + 2 - 2k)

+y, (-=2C - 2 + k) =0
Node Point 3.

y, (2¢) + y, (-2C - 4 - 2C + 2k)

+y, (2C + 4 - 2k) =0

In matrix form these equations can be expressed as

a single system as,
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. - - 7

(2B + C - 2k) [=2B - 2C -k, + C v,
(=2B - 2C + k) \B + 4C + 2 - 2k) (-2C - 2 + k) v,
2C 2{- 2C - 2 = k) 2/C + 2 - k) y.

S — =

At this point the determinant of the coefficient
matrlx is set equal to zero to cbtain the values of k.
However B and C will be determined for the beans at the
three stages of maturity used, then substituted in
directly to save much of the bookkeeping required. With
These values, the coefficlent matrix will be simplified
and 1ts determinant easier to compute.

For extrapolation purposes a second, coarser grid,
in which A = { , will be used.

For this grid, the boundary conditiors and symmetry

conditions are the same as for the finer grid. The in-

ertias will be,

I, =DI, =T,

=4
"
—

Again using equation (9b) and letting (pAZ)/EIM be
kK, the finite difference equations become:

Node Point 1.

y, (4D +# 2 - 2k) + y, (-2D - 2 + k) =0
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Node Point 2.

y, (=4D = b + 2k} + y, D+ 4 - Zk) =0

n)

+
=

nO
<

N
|
~
L —
<
~

!(2D + 1 - k) (-2D -

(=2D - 2 + k) 2(2D +

Again, values of D will be determined and sub-
stituted before the coefficient matrix will be set equal
to zero.

From both grids, the vaiues of P the lowest value

cr?

in each case will be computed. Extrapolation will give

the final value of Pcr

Pora?

But k = BT

.. P will be ccmputed as

where K will be kncwn from the calculations.
Now the actual value of Pcr will be measured on the
Instron Testing Machine. Thus the value of EIM can be

Computed.



V. DYNAMIC THEORY

As with most agricultural materials, beans are more
often damaged by dynamic rather than quasi-static loads.
Thus, while the preceding analysis serves to determine
some of the mechanical properties of the bean, it could
not answer many of the questions on damage to beans under
actual harvesting and handling conditions.

The following analyses consider two types of impact
conditions, a low velocity impact on a supported bean, by
a falling weight, and a high velocity impact of a bean
which 1s free to move after impact. In both cases, the
loading is on end as in the static analysis (Figures 9

and 12).

5.1 Impact by a Falling Weight

Suppose a weight W, falling under gravity with a
constant acceleration g were to strike a stationary bean
(Figure 9) with an impact velocity Vi’ and were to com-
press the bean from its original length L to a length y
at which it ruptures.

The energy, at impact, of the system is:

=1 Wy
By =5 g Vy® + WL

49
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Figure 9.--Impact of a bean by a falling weight.
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"lgure 10.--lypothetical acceleration-time and velocity-

time curves [After Wright (1968)].
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The energy at the rupture point, y, 1is

2
Vf + Wy

2]
]
T
RI=

Where Vf

sipated during impact is

1s the velocity of W at y. Then the energy dis-

=1
Egp = 5 7 (V

R

|=

2 2
;0= Vs ) + mg (L-y)

Now suppose, as Wright (1968) suggested, the de-
celeration of the weight W is linear during impact up to
the point of rupture. Then the decrease 1in velocity is
parabolic.

Using an analysis similar to that of Wright, hypo-
thetlcal impact curves can be drawn for acceleration and
velocity (Figure 10). At time t = 0, the weight is re-
leased from a helght h. At point A impact occurs; the
bean 1is of length L. The deceleration of the welght is
linear up to point B, at which point the bean has been
reduced to length y.

The displacement of the weight during the impact
from A to B is (L-y) and can be computed from the area
under the velocity-time curve between A and B.

The change in veloclity of the welght as it tra-
verses the impact length (L-y) can be computed from the
constant deceleration of the weight and the time of im-

pact, i.e. the time between points A and C.
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These calculations are as follows:
From Figure 10, the reguired area under the velocity
curve is made up of a rectangle EFGH and half of a parabola

EIF.

Area EFGH = V.t = (Vi - AV)t

f
A = (2 -2
rea EIF = (§) (Vi - Vf)t =3 (AV)t

Adding these two equations yields the displacement of W

during impact.

_ 1
(L - y) = t(V; - 5 4V)

Thus the energy dissipated during impact is

W 2 2 1
Ep = % (v, " - (vi - AV)T) + Wt(vi -3 AV)
_ W 2. 4 1
ol (2V1 AV - AVT) + wuvi -3 AV)
E. = S Av(2V. - AV) + We(V, - % av)
R 2g i i 3

Where t 1s the duration of impact up to rupture and AV is
the change 1n velocity of the falling weight during t.
Now let a; be the constant rate cf deceleration of
the weight during impact up to the poilnt of rupture. Be-
yond this rupture point the deceleration will no longer
be linear, but this is of no consequence here. Letting t

again be the duration of impact, then it can be measured
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as the horizontal distance from the initiation of impact
to the point of rupture cn the deceleration curve. The
change 1n velocity AV 1s the area under the deceleration
curve up to the pocint of rupture.

Thus the rupture energy ER of the bean can be com-

puted with suitable instrumentation to measure Vi’ a, and

i
t.

The maximum force transmitted to the bean by the
weight to cause rupture can either be computed or, with

suitable instrumentation, be measured directly.

5.2 High Veloclty Impact

When two deformable bodies in motion collide along
a common line of action there 1s an exchange of energy
consistent with the law of conservation of energy. During
the first period of the impact the bodles come closer into
contact with one another through a compression or deforma-
tion experienced by each, resulting in a fitting together
of the two surfaces over a finite area. Because of the
elastic properties of the bodies, a mutual force is called
into action between them and tends to separate them. Lord
Kelvin (1912), citing Newton's work in this area, states
that provided the impact is not so violent as to destroy
either body, the relative velocity of separation after the
impact bears a proportion to their previous relative
veloclty of approach, which is constant for the same two

bodies. This proportion, always less than unity, approaches
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unity the harder and more elastic the becdles are. The
proportion, denoted by e is called the coefficient of
restitution. If two bodies (Figure 11) moving with
velocities Vi and Vi1 respectively, collide and separate
at velocities V. and Vf1 respectively, then by Newton's

definition.

Coefficient of restitution e =

Now consider the case shown in Figure 12 where a
mass on a rotating arm 1s about to strike a stationary

bean. The following assumptions and definitions will be

made.

V,y = initial velocity (peripheral) of the mass
on the arm.

Vaf = final velocity after 1mpact of the same
mass.

Vbi and be = initial and final velocities of

the bean.
m = mass of the bean.
e = coefficient of restitution between the bean

and the steel mass.
Assuming that the impact does not slow down the rotating

arm, the arguments used by Lamp (1959) are valid here.

* Vai = Vaf = Va
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(a) APPROACH

OO

(b) IMPACT

@_,vf @v;
(c) SEPARATION

I'fpure 11.--Impact of two moving bodles.

Migure 12.--Impact of a lightly held bean by a heavy
rotating arm.
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Assume that the bean 1s originally at rest.

o . Vbi =0

Let V

n
<

bf b
By the restitution equation

Var = Vpr = —e(Vgy = Viy)

Applying the above assumptions the restitution equation

becomes

Vb = Va (1 + e)

If the bean were hard and perfectly elastic it would re-
turn all its internally absorbed energy; 1ts coefficient
of restitution would be unity. In thls case the filnal

veloclity of the bean would be

)
vl =2V,
. 1 —
. Vb - Vb = Va(l - e)
1 -
and vtV o= va(3 + e)

Lo (vb‘)2 - (vb)2 = Vaz(l-e) (3 + e)

and the energy absorbed by the bean and not returned 1s

thus
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E =3 nf{(v,))? - (v,)?}

23]
[
-

m va2(1 -e)(3 + e)

In his research on beans, Perry (1959) determined
e for bean-steel impact. He glves a value of 0.57 which
he states 1s quite 1ndependent of the moisture content of
the bean within the range of 1l percent to 18 percent
moisture, w.b. Using Perry's value for e then, the energy

absorbed by the bean is
1 2
E = 5m(0.43) (3.57) v,

Ifr Va is Just sufficient to cause cracking of the seed
coat of the bean then E can be considered to be the

rupture energy ER
‘. Ep = % m(1.535) V_2
** "R 2 : a

. - 2
"o Ep = 0.767mV

where Va is the peripheral velocity of the rotating arm
of Figure 12, and m 1s the mass of the impacted bean.

Thus rupture energy can be quite easily obtained for
the high velocity tests., As in the low velocity tests, im-
pact force can be measured directly with suitable instru-

mentation.



VI. SUMMAFY OF EXFERIMENTAL REQUIREMENTS

Because of the differences in the quasi-static and
dynamic formulations, as well as those in the experi-
mental instrumentation required, three sets of tests are

reguired.

6.1 Quasi-Static Tests

6.1la Type of Analysis

Stabllity of end-loaded beans under the influence

Oof an applied load sufficient to cause buckling.

6 .1b Working Eguations

(2B + C = 2k) (=2B - 2C - k) C

]
o

1. |(-2b = 2C + k) (B 4 UC = 2k + 2) (=2C - 2 + k)

2C 2(-2C + k - 2) 2(C + 2 - k)

Where B and C are the fractions relating the moments of
lnertia of the cotyledon at 1/6 L, and 1/3 L along the

Cotyledon to the moment of inertla, IM of the center, and
1

where Pcr is the critical applied load

58
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A is the grid, X = L/6

L is the length of the cotyledon and E 1is the modu-

lus of elasticity of the bean.

(2D + 1 - k) (-2D - 2 + k) 0

20
(=2d - 2 + k) 2(2D - 2 - 2k)

where D is the fraction relating the moments of inertia
at %-L and % L along the cotyledon and k is defined as

be fore except that A = L/4.

Finally the extrapolation equation will be used.

Where the f and ¢ refer to fine and coarse grids.

6.1c Quantities
To Be Measured

These are: B, C, D, IM, L and Pcr’

6 .14 Objectives

Computation of EIM and E. Compilation of the

Critical loads for beans of various moisture contents.

6.2 Low Velocity Impact Tests

6.2a Type of Analysis

Energy balance analysis of a welght falling under

gravity and impinging upon a stationary, supported bean.
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6 .2b lVerking Equations

E. = " aviov

.- 1
R o i " AV) + Wt(Vi -3 AV)

where W is the falling weight,
g is the acceleration due to gravity,
AV is the change in velocity of the weight
during impact,
ER 1s the rupture energy of the bean.
Vi is the impact velocity
t is the duration of impact up to rupture.

6 . 2c Quantities
T o Be Measured

These are: Vi’ AV, t, assuming that W and g are

known.

& .2d Objective

Computation of rupture energy, ER’ for beans of
Various moisture contents, and compilation of the maximum

impact force Fo, which can be measured directly.

6.3 High Velocity Impact Tests

6.3a Type of Analysis

Energy balance analysis using the known restitution

properties of beans.
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6 .3b Working Equations
Egp = 0.77 m Va
where ER is the rupture energy,
m 1s the mass of the impacted bean,
Va is the peripheral velocity of the impacting
arm, and,
U.77 1s a constant arrived at taking the coeffi-
cient of restitution of beans into account.
6 . 3c Quantities
To Be Measured
Va, m.
6.3d Opjective

Computation of E, for various molsture contents,

R

and compilation of the maximum force F_, which can be

R

me asured directly.



VII. APPARATUS

For preliminary qualitative testing a Valve-Alr
Undit of the type developed by Mohsenin (1963) was used.
The applied quasi-static loads were measured by a Sanborn

S O —pound strain gage load cell. The unit 1s shown in
F1gure 13 (left).

7.1 Quasi-Static Tests

As the theory of Section 5.2 was belng developed,
the experimental procedure for determining the required
variables was designed around an Instron Table Model Test-
ing Machine. Figure 13 shows the general layout of the
apparatus. The cross-head of the Instron was slightly
modified so that the test beans could be loaded with a
3/8 inch diameter cylindrical probe. In this way the
test bean could be positioned in the upright position
wWith a small disc as shown in Figure 14. The cross-head
would then be lcwered manually Jjust enough to hold the
bean upright for the start of the test. Test loads and
deformations were recorded on the Instron chart in the
Nnormal way.

During each test, the bean was kept under constant

Observation with the help of a Bausch & Lomb stereo

62
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Figure 13.--General layout of the testing area with
the Instron machine (right) and the
Valve-Air unit (left).

Figure 14.--Location of the test bean.
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ml croscope. The first appearance of a crack 1n the seed

coat signified the end of the test.

7.2 Drop Tests

For these tests a Drop Tester was designed and con-
st xucted. Figure 15 shows the complete test set up. The
apparatus consists of a hollow cylindrical drop welght
(2 )% to which the probe (3) used in the static tests is
at tached. The path of the falling weight is guided by a
2—313nch diameter plexiglass tube which 1s slit down one
Side to allow the passage of a cable connected to an
accelerometer in the drop cylinder. An electromagnet (1),
Powered by a d-c supply (6), was used to ralse the welght
to the required drop height. A Sigma 8P3 Photorelay, (5),
€nergized by a Sigma 8L3 Light Source, (4), was used to
trigger the Oscilloscope as well as to indicate the time
taken for the cylinder to go by. The bean to be impacted
Was positioned on a load sensing device which consists of
a quartz load cell sandwiched between two thick mild steel
discs (Figure 16).

The impact deceleration of the falling weight was
Mmeasured by a Plezotron Model 818 quartz accelerometer,
Which requires no charge amplifier. The impact force was
Mmeagsured by a Kistler Model 912 quartz load cell. The

Signal from the load cell was fed into a Kistler Model

1 ¥The numbers in parentheses refer to those in Figure
5.



Figure 15.--The drop test apparatus.

Electromagnet

Drop weight

Probe

Light source for photorelay
Photorelay

D-C power supply

Trigger control box

Load cell assembly

O~ oW Ew -

Figure 16.--Location of the test bean.



fJ\
N

503M° = -marge amplifier (not shown). The contrcl box
(73 : 2a% 1o Fig o= 15 contzing circultry for de-energizing
the ¢.:z.~rmagnet, =z=ad 3 .5 .2it battery whose output

'mzlly Opsn points of the photorelay,

Lo\

passed through thz n:
when tnz .1gnt was interrdapted by the falling welght, into

ccpe.

[ed}

channe: NO I '"nNe D03Ziil:

'._

Tne czcllizszope used was a Tektronix Type 549

stcorags mcdel, ser ts trigger on the battery input into

(

channel No2. 1. The accelercmeter and amplified load cell
atguts were fed int: channeis No. 3 and No. 2 respec-
tively. TIhe length ¢I the pattery trace on channel No. 1
indicat=d the time taken by the 2-inch long cylinder to
pass ths pnotoreliay, Tauas providing a measure of the impact
velocity. A Hewlett Packard Uszilloszcpe camera was used,
with a special adaprer, t> photograpn the stored traces
ffor some tests. Bzacause c¢f the stcrage capability how-
ever, ths measJirzments were mostiy taken directly from the

ratterns stcred on tne siresn.

7.3 Hign Velozity Impact Tests
Z y L

the impact apparatus developed by

ct
4]}

For these <+tes

mn

Burkhardt (1969) was used. The apparatus consists of a
5 hp electric motor powering a fiywheel shaft through a
Variaple speed belt drive. 4an aluminum beam impact arm,
Mounted ¢cn a shaft in line with the driven shaft could be

€ngsged with the latier by means of an electric clutch.
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The system was designed such that the impact arm attains
the speed of the driven shaft in about 270 degrees of motion.

At the extremity of the impact arm, which 1s 18
inches long, a Kistler Model 901A load washer mounted
be tween two steel discs (Figures 17, 18) is used to mea-
sure the impact force. The test bean was held upright
be tween two thin strips of tape as shown. After impact,
the bean was caught in a well padded catch box.

Impact takes place after.about 280 degrees of arm
rotation. About 10 degrees after impact, a cam operated
switch disengages the electric clutch and energizes a‘
brake which stops the arm. The total arm rotation in a
test is a little more than two revolutions. Thus the
Signal cable is run through the arm and out througﬁ a
hole near the shaft and thence to a Kistler Model 503 M15
Charge amplifier. No slip rings are used.

The amplified signal 1s fed into the Tektronix
Storage Oscilloscope. The latter 1s triggered by the

Output of a Piezotrcn accelerometer mounted on the impact

arm, near the load washer.

7.4 Auxiliary Equipment

A Gillings-Hamco thin-sectioning machine was used to
Section beans at the required positions for computing
values of the inertia factors B, C and D.

Molsture contents were determined by oven drying at

104° C for 48 hours. For this, a Freas Model 625 forced
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Figure 17.--High velocity impact apparatus.

. 5 hp electric switch
Variable speed pulley
Tachometer
Flywheel

Electric clutch

Electric brake

Cam actuated 1limit switch
Brake release switch
Impact arm

O OOV EW N

Figure 18.--Location of the test bean.
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draft precision drying oven was used. Welghings were made
on ; Seederer-Kohlbusch precision balance.

For the high velocity impact tests, some rewetting
of the test beans was necessary. For this, a small con-
ditioning chamber was constructed, and its internal en-
vironment was controlled by an Aminco-Aire conditioner.
The conditions within the chamber were monitoriled with a

Hygrodynamics Model 51-3001 hygrometer indicator.

7.5 Calibration of Equipment

The Instron load cell as well as the dynamic load
cells were calibrated in place before and after each test
run using the Instron callbration weights.

The accelerometer calibration was checked by bolting
it to a Wilcoxin Model SR-44 quartz accelerometer and
vibrating the two in the range of 1000 to 2000 hz. on a
small shaker. The Wilcoxin accelerometer had previously
(5/1/68) been sent back to the manufacturer for recalibra-

tion.



VIIZ EXPERIMENTAL TECHNIQUE

In September, 1968, a series of quasi-static tests
were conducted on two lines of navy beans which were
develzped by the Michigan State University Crop Scilence
Department. These lines were designated No. 70 and No. T4.
Dynamic tests were conducted on a commercial variety,

Seafarer navy beans, during September and October of 1968.

8.1 Quasi-Static Tests

8.la Harvest

Four harvests, two for each line were made on four
separate dates. The period between the first harvest of
line 74 and that c<f 1line 70 was one day. The same applied
to the second harvests. The period between the first and
seccnd harvest for each line was two weeks.,

Because of staggered planting dates the first set
of harvests ylelded beans with green, yellocw and white
(ripe) pods, making a wide variety of mcisture contents
available. Between the time of actual harvest and the
start cf a test the beans were kept in the pods 1n a
refrigerator. The second set of harvests ylelded only

YVellow pods and ripe beans.

70
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8.1b Te=t Procedure
(Figure .9)

For each line and each pod color, nine beans were
selected and tested as socn as possible after harvesting
and shelling. The nine beans were considered as three
3-bean samples. Each 3-pean sample was tested at one of
three Instron cross-head speeds. These speeds were 0.05,
0.1, and 0.2 ipm. The use of three cross-head speeds was
necessitated by the possibility that time dependent pro-
perties of the beans could affect the critical loads in
the quasi-static range.

The rest of the shelled beans, in their labelled
contalners, were left out to dry in the laboratory. After
72 hours, another set of samples was chosen and tested.
Another test was conducted after 144 hours.

Each 3-bean sample, after being tested at its
designated cross-head speed was sealed immediately in a
small plastic bag and was used at the end cf the entire
test for that particular line, cclor and time, for moisture
content determination.

For each bean, a test consisted of loading the bean
on end at 1ts designated loading rate until a crack ap-
peared in the seed coat. At this point the loadling was
stopred. The locad thus obtalned was considered the criti-
cal load for the bean, and therefore, twice the critical

load, P for each cotyledon. The strength of the coat

er?
was considered as part of the cotyledon stiffness.
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Figure 19.--Schematic of the experimental design.



73

8.1lc M-ment of
Inertia “Factors

For each line of beans, considering the mature
beans saly, three samples of five beans each were sec-
tioned at distances of %, %, % and % from one end; L
being the length of each bean. The major and minor dia-
meters of each section was measured. The values were
averaged over the 15 measurements for each position of
sectioning. The average moment of inertia was computed
for each position of sectioning of each line. The ratios
B, C and D were then computed for the cotyledons. Thus

for the beans used for the Instron tests only the lengths

and the diameters of the center were measured.

8.1d Follow-up Tests

Impact tests were conducted during September and
October of 1968 on a commercial line of Seafarer beans.
For comparlison purposes, Instron tests, using only one
loadlng rate, 0.2 ipm, and two moisture contents were made
on beans of this line also. For each moisture content a

sample size of ten beans was used.

8.2 Low Velocity Impact Tests

Beans of the Seafarer variety were used for these
tests. Because of weather problems during harvest, only
one harvest was made. By allowing the beans to dry in
the pods in the laboratory, however, four molsture con-

tents were obtalned for testing. In addition, beans that
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had been allowed to dry down to 11 percent moisture were
re-conditioned tc 17 percent to see whether this re-
conditioning had any effect on the impact resistance of
the beans. Thls was done primarily because much of the
high velocity impact testing was done on rewetted beans.
For each test, at the given moclsture content, a
drop height was found, by trial and error, at which
cracking of the coat took place. Ten beans were then
selected and tested. Acceleration, impact force and im-
pact velocity were measured for each bean and the results
averaged. Impact energy to cause rupture was computed.
At the higher moisture contents, because the check-
ing was not severe, the tested beans were then used for
moisture content determination. At the very dry condition
(11 percent) however there was complete splitting of some
of the test beans. For this case ten other beans, kept
under identical conditions but not tested, had to be used

to determine the moisture content.

8.3 High Velocity Impact Tests

Because of the difficulty 1in relating the two pre-
Viously described tests, high velocity tests were per-
formed. By the time the tests were designed only very
dry beans were available for testing. Accordingly, in
addition to the tests on the dry beans, rewetting was
carried out using the Aminco-Aire Unit 1n order to attaln

two other moisture content conditions.
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Th= tests were carried out in a manner to those for
low velocity impact. For each moisture content, the
velocity of the impact arm required to initiate seed coat
cracking was found by trial and error. Then a ten-bean
sample was tested and the impact force measured. Checks
were made to ensure that the tape supporting the test
bean was not affecting the test results by impacting the N
tape only. 1In all cases, the tape broke free from its

attachments without eliciting a response from the load

cell.

Fer the very dry beans, even the lowest velocities
at which the apparatus could operate were sufficient to
cause severe checking and splitting of the beans. Thus
tests were carried out at three moisture levels only. As
was the case with the dry beans of the low veloclty im-
pact tests, dry beans, because of the severe checking were
not used to determine moisture content. Instead, ten
beans which had been stored under the same conditions but

which were not themselves impacted, were used to determine

the moisture content.



IX. RESULTS AND DISCUSSION

9.1 Mcment of Inertia Factors

The dimensions measured fcr the three 5-bean samples
were averaged and the moment of inertia was then computed
for each position or station along the bean. This value
was then divided by two, assuming equal sized cotyledons,
and the parallel Axls theorem was then used to compute
the moment of inertia of each cotyledon.

The value of the factors B, C and D were then com-
puted. These are presented in Table 1. The beans used
for this determination were at 13.5 percent w.b. moisture
level which was found to be the best moisture content for
sectioning the beans without tearing or shattering. The
assumption made here is that the bean will maintain its
shape, even though it changes slightly in size, as the

moisture content changes.

TABLE 1l.--Average values of inertla factors B, C and D for
bean cotyledons.

Station Moment of inertia Ratio
along of cotyledon 1/T
bean in.* x 10° M
L/6 1.17 B = 0.37
L/3 2.67 C = 0.84
L/4 1.53 D = 0.48

Center 3.18 1.00

76
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Thus these values of B, C, and D were used for all
the cc-omputations involved in the guasi-static data reduc-
tion.

9.2 Critical Loads and Stability and

Eilastic Moduli for Beans
Loaded Quasi-Statically

For each moisture content, no effect of rate of load-
ing was evident. This is in agreement with Zoerb's (1958)
conclusion that there 1is very little viscoelastic effect

within the range of loading rates used in this experiment.

o R e

Thus the results for each line, maturity (pod color)
and moisture content, i.e., each 9-bean sample shown 1in
Figure 19, were averaged. Using the measured value of
critical load P, (half the load which caused the seed
coat toc crack), the major dimensions of the beans, and
the values given in Table 1, the maximum stability modulus
EIM and the values of the apparent elastic modulus E for
the cotyledon was then computed for each moisture content.

These values are presented in Table 2 and illus-

trated in Figures 20 through 27.

9.2a Critical Loads Pcr

Figures 20 and 21 show the effect of molsture con-
tent and maturity on the critical load Pcr' For line T4
the load increases rapidly with decreasing moisture con-
tent, peaks in the range of 12.5 - 13.5 percent moisture

range but as can be seen in Figure 21, these differences
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TABLE 2.--Critical ioads, eiastic and stability modulil
for two lines 2! navy beans.

Harvest Hours of Matur- .. Mcisture F Elm E

No. drying  1ty* Line percent 108 lb-in.? psix 10™*

1 76 G 74 20.1 7.7 0.221 0.98

Y 74 18.2 11.5 0.342 1.54

R 7h 16.1 16.8 0.531 1.90

72 G T4 13.5 18.1 0.474 2.84

Y 74 13.2 20.0 0.544 2.64

R 74 13.5 18.8 0.621 2.68

1hy G 74 12.0 16.8 0.414 2.26

Y T4 11.8 21.9 0.547 2.16

K Tu 12.0 19.3 0.606 2.13

by T2 Y Th 16.2 17.3 0.487 1.66

R 74 13.4 19.3 0.636 1.67

48 Y 74 12.8 19.2 0.552 1.86

R Tu 12.2 19.8 0.650 1.76

144 Y 74 10.8 16.9 0.464 1.48

R Th 10.8 16.7 0.508 1.35

2 "0 G 70 28.2 2.8 0.115 0.23

Y 70 26.3 3.6 0.167 0.26

R 70 26.0 3.8 0.165 0.30

72 G 70 14.0 18.0 0.409 1.59

Y 70 13.5 18.5 0.449 1.42

R 70 13.5 18.2 0.454 1.51

144 G 70 11.8 18.8 0.413 1.42

Y 70 11.7 18.4 0.465 1.45

R 70 11.7 18.8 0.466 1.48

3 "0 Y 70 16.4 15.4 0.346 1.50

R 70 13.2 19.8 0.502 1.49

u8 Y 70 13.5 17.0 0.379 1.43

R 70 12.5 19.0 0.482 1.43

144 Y 70 10.5 17.0 0.329 1.40

R 70 10.5 17.5 0.406 1.31

¥The letters G, Y and R designate beans
yellow and ripe pods, respectively.

from green,

Tt 7 e
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tend to disappear as the beans dry out further, for the
yellow and ripe beans. The beans from the green pods be-
come much weaker at the low molsture contents. The
similarity of results shown 1n Figures 20 and 21 for the
low molsture range indicates that the extra two weeks of
maturing on the plant had little effect on the critical
load.

The beans of line 70 were much wetter than those of
line 74 at the first harvest, and at the high moisture
contents, ylelded a different result. Figures 22 and 23
show the variation of Pcr for the two harvests. The
critical loads start from a much lower point but eventually
attaln approximately the same maximum value, 19 - 20 1lbs,
in the 12.5 - 13.5 percent moisture range. Thus lower
rates of increase of Pcr were found.

It 1s possible, however, that had the harvest been
made one week later that the curves may have been more
similar to those for line 74, i.e., an extra week of
maturing on the plant may be critical at that stage. The
second harvest yielded beans of which those in yellow pods
were found to be weaker than on the first harvest, at
about 13 percent moisture. This was the case also, but
to a lesser extent with the beans of line T74.

Fof both lines of beans the optimum moisture con-

tent for withstanding axially compressive loads was 13

percent w.b. At thls molsture level the critical load

I < e
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to produce cracking of the seed coat was between 18 - 20
pounds for a single cotyledon, i.e., 36 - U0 pounds for
a bean.

In most cases the cracks on the seed coat started
at one extremity of the bean and progressed around the
hylum. This 1s because the coat 1s thickest near the
hylum and less susceptible to cracking there. For the
very wet beans however (26 percent w.b.), the tissue in
the center of the hylum appeared to be very soft and the
cracks started there.

For each molsture level some beans were loaded on
the side as a check. At the lowest molsture level, 11
percent, the slide loaded beans were found to break at
loads very little lower than those required to crack the
coats of end loaded beans. Thus, when very dry, beans be-
come susceptible to mechanical damage from both side and
end loads.

9.2b Stabllity and
Elastic Moduli

The variation in EI,, values with moisture content,

M
line and maturity are shown in Figures 24 and 25. This
variation 1s very similar to that for critical loads,
except that at the lower molsture contents there 1is a
definite ranking according to maturity, with the ripe
beans exhlbiting the highest values and those from green

pods, the lowest values. Also, line T4 beans were found
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to have higher EI,, values in the optimum moisture content

M
range of 12.5 - 13.5 percent w.b.

This difference between lines becomes very apparent
upon examination of the curves for elastic modulus E,
shown in Figures 26 and 27.

The optimum moisture content in this case was found
to be about 14 percent w.b., at which point the average
E value for line 74 beans 1is 27,500 psi., almost double
the 15,000 psi. value for line 70.

This difference in E values arises out of the d4dif-
ferences in moment of inertia caused by small differences
in major dimensions of the two lines.

The relative shapes of the two curves are similar

to those of EI,, and Pcr except that the ranking according

M
to maturity 1s no longer definite. The decrease at low
molsture content is preserved.

Of the two quantities EI,, and E, the former 1s the

M
more significant measure of the beans ability to with-
stand a buckling type of fallure while the latter 1s a
material constant which would be more useful for com-
puting deformations of flat-loaded beans.

Because of the close mathematical relationshlp be-
tween Pcr and EIM, the similarlity of these two sets of

curves was expected. Any differences in shape would be

due to small differences in the lengths of the test beans.
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9.2 ¢ Fcllow up Tests

Two tests were run each on 1l0-beam samples of Sea-
farer variety navy peans. Two moisture contents, 15.0
and 13.3 percent w.b. were used. Only critical loads Pcr
were measured and tnese averaged out to be 17.1 1lbs. at -
15.0 percent w.b., and 18.5 1lbs.at 13.5 percent w.b.
These results are in good agreement with those for the -

beans tested the previous year (September, 1967). %

9.3 Dxnémic Forces and Energy

The dynamic rupture force FR and energy ER are
presented in Tables 3 and 4 for the drop tests and high
velocity tests, respectively. They are the values re-
quired to cause cracking for the whole bean.

As expected, the dynamic forces to cause cracking
were lower than the quasl-static forces at corresponding
moisture contents. Because of the fact that for the
drop tests the beans were restrained at thelr bases, the
drop test rupture forces were very much lower than those
for the high velocity impact (Figure 28).

As can be seen in Figure 28, the variation of
dynamic rupture force with moisture content was somewhat
similar to that for critical quasi-static loads, with
lower forces required to cause skin rupture at both the
high and low extremities of the moisture content range.
The optimum moisture content, deduced from Figure 28, was

found to be about 14.5 percent w.b., for both dynamic
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TABLE 3.--Impact velocities, rupture forces and energy
for navy beans subjJected to drop tests.

Moisture Drop height Veloclty Energy ER Force FR

percent w.b. in. fps ft-1bs 1lbs
16.9 8.5 6.6 0.050 9.0
15.2 7-5 505 00055 10.1 “ham
13.5 6.0 3.7 0.044 10.0 &
11.5 3.0 2.4 0.015 7.2

|

15.5 7.5 5.4 0.053 10.0

(rewetted)

TABLE 4.--Impact velocities, rupture forces and energy for
navy beans subjected to free, high
velocity impact.

Moisture Axéigﬁgn Velocity Energy ER Force FR

percent w.b. 1bs x 10~ fps ft-1bs 1bs
17.4 0.595 7.1 0.032 21.4
15.6 0.577 55.0 0.042 23.6

13.4 0.560 55.0 0.041 23.2
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tests. Thils value is somewhat lower than the 17.5 percent
w.b. predicted by Solorio (1959).

The maximum rupture forces at this optimum moisture
content would be 10.4 1bs and 23.8 1lbs for the drop test
and the high velocity impact test respectively. The maxi-
mum impact velocities were 6.60 and 54.97 fps. The mini-

mum impact velocities required to cause rupture were 2.4}

fps with the drop tester for beans at 11.5 percent moisture

and U47.12 fps for the rotating arm for beans at 13.4 per-
cent moisture.

The values of forces and velocities given above are
those sufficient to cause cracking of the seed coats of
more than 50 percent of the impacted beans.

Figure 29 gives the variation of rupture energy ER
with moisture content for the two dynamic tests. Since
the strain energy required to cause rupture under dynamic
conditions should be invariable, there should be close
agreement between the rupture energies measured by the
two tests. It does appear, from Figure 29, that there is
reasonable agreement at the lower molsture contents (12.5
percent difference at 13.6 percent moisture). There are,
however, large differences in the two results at higher
moisture contents (25 percent difference at 16 percent
moisture). The two most likely causes of these differ-

ences are (a) strain rate or viscoelastic effect

—1

T
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exhlbited by the beans at high moisture contents, and
(b) inaccuracies in the drop test apparatus.

Viscoelastic behavior of the beans under load, al-
though negligible under quasi-static conditions, could
occur under dynamic conditions. Such behavior would be
manifest by a greater resistance to deformation under
high loading rates, and would result in lower strain
energy in the high velocity test.

The second reason for the discrebancy shown in
Figure 29 lies 1n the nature of the drop test apparatus.
In a drop test, unlike the quasi-static or high velocity
test, the load is séill being applied after cracking has
occurred. When the beans are dry and thus have a high
EIM value, this is no problem since the bean withstands
this load with no further damage. When the beans are
wet however, (16 percent moisture and above), the checked
beans continue to deform under the continued load. In ‘
thils case there is some difficulty in determining from
the deceleration curve the exact point at which cracking
of the coat occurred. Hence an Iimportant source of pos-
sible error.

A smaller diameter drop tube, with a shorter and
lighter drop weight would probably have yilelded results in
closer agreement with those of the rotating arm tester.

As was the case with impact rupture forces, the

rupture energy decreased with decreasing moisture

| Saiamposcas Wi ﬁ



96

contert, in the range of 11.5 to 1l4.5 percent moisture.
This zxtends Tabiszewski's (1968) findings in bean thresh-
ing tests in which visible damage increased, at a given
combine cylinder speed, with decreasing moisture content
in the range of 10.6 to 12.3 percent moisture.

9.4 Extrapolation of the Results
to Field Conditlons

The results of the quasi-static tests cannot be
Immediately applied to actual conditions since the dils-
tribution of forces between individual beans stored in
deep silos or in sacks 1s not yet known. The quasl-static
tests have, however, demonstrated that beans above 11
percent moisture content w.b. are most susceptible to
checklng, or cracking of the seed coat, when the load is
applied on end. This fact was used in the dynamic tests
to determine the minimum impact forces and energy required
to cause checking. On the basis of the results obtained
from the dynamic tests, deductions concerning bean damage

can be made for two field conditions.

9.4a Threshing
From the results of the high velocity tests, as

shown 1n Table 4, the impact velocity between individual
beans and a rigid structure such as a cylinder bar must
be below 55 fps when the molsture content of the beans is
between 13.4 and 15.6 percent w.b., and below 47 fps when

the beans are at 17.4 percent w.b. For beans whose

3

| s



moisture content is of the order of 11.5 percent w.b.,

the limiting velccity of such impacts can be computed
using the rupture energy obtained at this moisture content
by the drop test (0.015 ft-lbs), and the restitution equa-
tion developed 1n section 5.2. This procedure is valid
here since there 1s reasonable agreement between the two
dynamic tests at the lower moisture levels. The computa-

tion yields 30 fps as the limiting impact velocity be-

|

L

tween a cylinder bar and beans at 11.5 percent moisture.
Lamp (1959), in a threshing study, concluded that a
combine cylinder speed of 37 fps was sufficient for com-
plete threshing of grains. While this is a safe speed for
beans above 13.4 percent moisture, harvesting of beans at
11.5 percent moisture would require a compromise between
checking of the beans on the one hand, caused by speeds
above 30 fps, and threshing losses on the other, caused

by speeds below 37 fps.

9.4b Handling
The limiting velocities discussed above also apply

to the case where moving beans impact rigid, stationary
surfaces. Such conditions arise when beans are poured
into deep silos. Perry (1959) found that beans, dropped
from rest, attained velocities of about 25 fps after a
free fall of 11 ft, and about 46 fps after a free fall of

45 ft.
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Czcmbining Perry's results with thcse of the two
dynamiz tests ccnducted in this study, it may be concluded
that beans may pe safely dropped into silos 45 ft deep,
when tae moisture content 1is between 13.4 and 15.6 per-
cent w.b. When the moisture content of the beans 1is
higher (17.4 percent w.b.), or lower (ll.5 percent), there

will be cracking caused by the impact after the U45 ft drop.

A
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X. SUMMARY AND CONCLUSIONS

10.1 Summary

Three types of tests were conducted on navy beans
in order to determine the loads and energies required to
produce checking or cracking of the seed coat.

A series of quasi-static tests were run on two
varietal lines of beans at three stages of maturity.

The beans were locaded individually on end and the criti-
cal loads required to cause cotyledon buckling were
measured on an Instron Testing Machine. With the criti-
cal loads a finite difference stability analysis was used
to compute elastic and stability modull for the test beans.

In order to increase the range of test moisture con-
tents the beans were harvested twice at high molsture con-
tents and allowed to dry in the laboratory for periods of
0, 48, 72 and 144 hours before testing.

An optimum moisture content range of 12.5 to 13.5
percent moisture w.b. was found for which the critical
loads to cause cotyledon buckling was between 18 and 20
lbs.

At very low molsture contents, 10.5 and 11 percent
w.b., not only did the critical locads decrease but the

beans became susceptible to damage from side loads as well.

99
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Two series of dynamic tests, a drop test and a high
velocity impact test were conducted on individual beans
which were restrained for the former test and free to move
in the latter.

Forces, FR’ reguired to cause checking were measured
with dynamic load cells, and the accompanying energy ER
absorption by the impacted beans was computed.

An optimum moisture content of 14.5 percent was
found at which the dynamic loads reguired to cause check-

ing were at their maximum values for both sets of tests.

10.2 Conclusions

1. In the range of 11.5 to 28 percent moisture con-
tent w.b., no discernible differences arise in the criti-
cal loads required to cause cotyledon buckling of end
loaded beans when the rate of loading is varied from 0.05
to 0.2 1ipm.

2. At molsture contents above 11.5 percent w.b.,
checking of bean seed ccats 1s more likely to be caused
by end loads causing outward buckling of the cotyledons
and consequent tensile rupture of the seed coat.

3. The optimum moisture content at which beans can
resist buckling under end lcads 1s 13 percent w.b.

4., Beans, when very dry (below 1ll1.5 percent w.b.)
become very susceptible to mechanical damage to both
seed coat and cotyledons caused by static end and silde

loads and by dynamic loads.

VT I=maay
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5. For dynamic load conditions similar to those
existing 1n a combire cylinder, the optimum moisture con-
tent for lowest incidence of cnecking is 14.5 percent
w.b. At this mcisture content the velocity of the rigid
body 1impacting the tean should be kept below 50 fps, and
the strain energy imparted to the bean should be less
than 0.04 ft-1bs.

6. For beans belcw 11.5 percent moisture content
impact velocities as low as 30 fps will cause checking
and splitting.

7. In theory a simple drop test with an instru-
mented falling weight impacting a staticnary bean should
be able to give the energy reguired to rupture the seed
coat. Thils energy could then be used with the simple
restitution equations to obtain limiting velocities for
high velocity, free impacts. Complications arise however
when the drop weight is heavy enough to cause continuing
deformation of the bean cotyledons arfter checking has
cccurred. This places a serious limitation on a drop test
apparatus especialily when the pbeans are at high moisture
levels.

8. Beans may be safely poured into deep silos (45
ft), or threshed at the cylinder periperal speed found to
be the best for seed separation, when their moisture con-

tent is in the range of 13 - 15 percent w.b. At a

b it Ve, ot p. g 4
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moisture content of 11.5 percent or lower however check-
ing will occur in both cases, and some compromise will

have to be made between combine efficiency and checking.

—3
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