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A35 RACT

Little information has been found describing physical bro—

perties of individual grain kernels. a library search revealed

no information pertaining to mechanical prOperties, such as com-

pressive strength, modulus of elasticity, etc. Problems such

as kernel crackage during threshing and handling may be analyzed

more readily when basic information concerning mechanical pro-

perties of grain is made available. Ihe objective of this

study was to determine some basic mechanical and rheological

properties of individual bean, corn and wheat kernels.

A SR§4 strain gage transducer Was designed and built to

measure load and deformation for the individual kernel under

test. by means of electronic equipment, load, deformation, and

time relationships were recorded simultaneously. a pendulum

impact tester was constructed and used to measure the energy

re.uired for impact shear.

The desired relative humidity was obtained with various

saturated salt solutions in a dynamic equilibrium noisture

um much faster than in aL
—
‘
o

chamber. The grain reached equilitr

static Chamber, thus preventing exceSsive mold formation at the

higher moisture levels.

The effect of moisture content on kernel preperties was

the chief parameter studied. Uther parameters investigated

were the effect of rate of deformation, and the relation of

kernel yosition, edge or flat, to strength characteristics.

Gerald C. Zoerb
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The following mechanical prOperties were investigated:

yield strength and maximum compressive strength of the kernel

in the edge and flat positions, average shear stress, modulus

of elasticity in compression, modulus of resilience and modulus

of toughness. 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.

hoisture content had the greatest influence on the

strength 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. energy requirement for impact shear was higher than

static shear at high moisture; the reverse was true at low

moisture. iodulus of resilience and modulus of toughness did

not vary greatly with moisture change.

Some rheological properties of pea beans were examined.

The effect of rate of deformation on the resulting force was

qualitatively examined for 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. Relaxation time was constant

with various deformation amounts. n 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 handle grain in a variety of operations

from planting through harvesting to processing. Many problems

are encountered in the various Operations. A good example is

the problem of pea bean crackage during handling in elevators.

Grain cracking during the threshing operation is always a po-

tential hazard affecting the quality of the final product.

Also, relatively high power requirements are needed in the

grain 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 and often not available for more than one grain.

No information has beerxuncwvered to this date on the mech—

anical or rheological properties of grain. Basic data, such

as compressive strength, impact shear resistance, modulus of



resilience, are important and in some cases necessary engin-

eering data in studying size reduction as well as seed resis-

tance to cracking under harvesting, handling and drying con-

ditions. From an energy standpoint, this information can be

used to determine the best method (shear, impact or static

crushinfi: etc.) to break-up or grind grain. Data for other

properties will have singular or multiple us 3. Furthermore,

and perhaps much more important, when basic data are uncover-

ed, ew uses for the product and new ideas for further re-

search.will become available.

It is essential that the civil and the mechanical engin-

eer know the mechanical or engineering properties of steel,

wood, coal, stone, plastic or other materials with which he is

dealing. Similarly, the agricultural engineer must have basic

information about grain, one of our chief agricultural

products.

Statement Of The Thesis Problem

The four parts of the thesis problem are:

l. The design and construction of an apparatus suitable

for measuring the mechanical and rheological preper-

ties of individual grain kernels.

2. The determination of compressive and shear strength

characteristics of corn, wheat, and beans at various

moisture levels and rates of deformation.

0. The determination of energy relationsnips in seed de-
.L

formation, failure by impact, and surface area



produced.

4. A qualitative study of some rheological preperties

of one grain (pea beans).

Objective

(
f
) 3

The broad objective of thi ,
3

tiesis study i» to obtainL

some basic knowledge of the nechanical preperties of grain.

The ultimate goal through_increased Knowledre of grain proper-

tiesis greater efficiency of operation and the UNVgllinf of

new methods and perhaps new uses for grains.
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the :1; herdwmil pqvnwartiln: of gpmiin; ijrpextixmrtei 151 this

study. Nowever, certain physical properties of jndiv1dual

kernels, such as specific gravity, coefficient of fliction,
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ciividual grain kernels have been reported, extensive experi-

rnents on feed grinding with commercial burr and hammer mills

iiave been carried out. These studies have shown the relation-

Slllp uhen grinding between power requirements, grain moisture,

17ineness, speed and rate of feeding. Krueger (1927) found that

tjde capvcity for corn, lh/hp-Hr, increased as the speed decrees-

rrl, though not in direct proportion. Tn addition, the product

g
o

-weeomes coarser with decreased Speed, Although less horsepower

1&5 required per pound of material as the speed decreases,

rusthing is known of the relation between input energy and the

Silrface area produced. Silver (1931) demonstrated that at a

gyiven rate of grinding, the power increased With increased

Ifiineness and with higher moisture content.

In the grinding process most of the mechanical energy is

ciissipated in the form of heat. This raises the tmeperature

01‘ the product and the surrounding air. The actual tempera-

tixre rise of the grain will depend on its specific heat, its

ttuermal conductivity and the distribution of heat losse. from

time grain by conduction, radiation and convection. Silver

fwnxnd.temperature rises of up to 500 F for fibrous material

beirrg finely ground.

When a solid is deformed by application of a load and

the Iload is then released, a hysteresis loop is formed. Thus

the (energy required.to deform it will be greater than +‘heU

exhxrgy given Up when the load is released (except for perfect-

ly elastic solids). The energy retained in the material ap-

pears as heat. In the grinding process, the rise in temper-



ature is said to be due to "friction" created between the

tyurrs or hammers and the grain. As a kernel of grain or

ifiragment of a kernel is encountered by successive ribs on the

gyrinding plate, it is no doubt deformed several times before

igt fractures or is reduced in size by the rubbing action.

ifliis repeated deformation plus the rubbing action raises the

ggzrain temperature. Since the efficiency of grinding is con-

:SLidered to be higher with less temperature rise, a prelim-

;113ary investigation of elastic hysteresis of grain kernels is

<221rried out in this study. This information should be useful

:11: future studies in size reduction of grain.

The relationship between energy of crushing and new sur-

;feice produced in the crushing of rock, has been studied by

nralqy investigators. In most instances the uncertainties in

nueeasurement of surface area made the results questionable.

Kdvcyng gt a; (1949) have worked with quartz, glass, halite,

allfii fluroite, and have used water and air permeability methods

t4) determine the surface area. For material larger than 65

Inesih, water permeability was used, and between 65 and 200

nussli, air permeability was used. Energy was applied by im-

Pamrt. These researchers found a linear relation between the

net, input work to crushing and the new surface area produced,

except for halite. "hen the energy was applied by slow com-

prefssion, 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



basis oi energy .er gound of ground feed,

Lyn-nr/lb, at a given ”fineness modulus . since a certain fine-

IleéLS modulus figure Can be obtained by an iniinite combination

0; fl’eight retained on the various creens, it does not give a(
I
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'traie picture 01 the surface area produced. Licholas and hall

(1E357) have develeped a mathematicalnethod for expressing the av-

eiuige particle size in a ground grain. an eXL1ession is deveIOp-

cxi ;in Jiis s adv for the total surface area in a sample of ground
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oteenoerg (leeg) Jab Ou aimed stress-st ain (actaallload-
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the value of yield strength or tensile strength. Davis at a;

(1941) state that the effect of speed variations within the

range of normal rates of loading on the strength of brittle

Inaterials such as cast iron appears to be small.

The rate of straining has more effect in the case of a

"plastic" or "visco-elastic" material. hith.impact tests for

Iaewsprint where the time of straining was of the order of one-

tflaousandth of a second, Steenberg found that an increase in

tile rate of straining of one million times (over static tests)

ixicreased the breaking load ten times. However, for ragbond

pnaper, the corresponding increase in breaking load was only

60%.

Dachinger et al (1957) have measured the work required to

sfliear aSparagus at various speeds. Work was determined by

nusasuring the area under the force-displacement curve. A high

ccnmrelation was obtained for both work and maximum force with

fiJorousness of asparagus.

Physical properties of single wool fibers have been in-

veustigated by hontgomery and Evans (1955). During the force-

axtension.curve, they found a definite elastic or hookean

Pegicmxfrom which.an elastic modulus was computed. other

parameters obtainted were stress at 20 percent extension, rel-

ative work at 20 percent extension, and stress at the breaking

Point. 4 rate of extension of 0.5 in/min was used. These in-

vestigations were carried out on wool from various sheep and

their properties compared at various_stages of the manufactur-

1n8‘process.
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Rheological properties of many materials have been inves-

tigated. dheology is defined as the deformation ani flow of

matter. Its goal is to describe the mechaniCal behavior of a

material in terms of the three variatles, stress, strain, and

time. as stated by Lason (1948), when a body is subjected to
L

a loading, the strain consists essentially of two components:

1. an instantaneous deformation associated

with an idea elastic body. This is

assumed to be completely recoverable.

. a time-dependent portion, repr senting

"flow" characteri~tics of a viscous

liquid.

Of the time-dependent strain, part is recover-

able. This is known as "primary creep”. fhe non-

recoverable or irreversible creep is called ”second-

ary creep”.“

(
Q
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The above quote indicates that tne stress-strain rela-
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stealing“ proeosgt of bread as 111213.111th by Scott-'Tlair (1155-).

txiny devices have been orploygi for “emfrrlflf tge cyangos in

'“”M3 force defomnation rclationski s of the crumb. (Tecanic-

ally "crumb” refers to "crumb—structure”, 1.8., the texture

of"the material not necessarily following crumbling.) decent-

ly' attention has been drawn to the measurement of crumb ”firm-

Iie:us” (load required to produce constant deformation). Bice

aril weddes (1049) in their experiments on bread state that

lJOEfli elastic and plastic preperties are present.

tinat plastic flow is an appreciable factor in the compression

kauen,fresh bread is subjected to stress, but that t:

'bijlities for plastic flow decrease when the crumb becomes

Incnse rigid. The elastic properties then predominate and the

loeliavior of the crumb closely approaches that of a pure elas-

ti.c Inaterial.

Plysical tes s are made on bread dough to determine the

”dcnigh” and baking properties of wheat flours. Various in-

strLunents -- the Farinograph, fixtensograph, Fermentograph and

Amylxograph -- measure the rheological properties of the dough.

The ciata obtained from these tests allow prediction of the

typfii and quality of proiuct to be expected.

’Fhen a plastic body is strsined it cannot preserve its elastic

Potential energy indefinitely. Thermodynamically, the poten-
I

tial energy may be gradually converted into heat, leaking out,

so to Speak, by relaxation of the stresses. The time in which

1‘ 0
° 4.,

1tnC stress is reduced to its eUh part is called toe thus of

relaxation, tr- For a ”true” liquid tr:; 0 and for an ideal



the practical importance of stress relaxation in paper

hens been pointed out by Steenberg. If for example, a sack of

Genrent is dropped or a sudden jerk is applied to newsprint on

must be released rapidly
V

o .

a Isotary printer the resultant QCPGSS

or"brittle fracture occurs. The rate of stress relaxation

vaasies with different kinds of papers. Steenberg noted that

hue stress decay did not fit into a simple logarithmic formula,

arxi advanced the possibility that the relaxation process after

ruapmid straining: in contrast to the slow relaxation process,

.is a function of the preceding rate of straining.

Lason obtained relaxation curves for paper at various

:nncnants of strain. The 105 of stress plotted against time pro—

flIIQel parallel straight lines on semi-log paper, except for the

first part of the stress decay vhich was Very rapid. Fe 9130

fcnlnd that increasing humidity (moisture content of paper) re-

31flted in a substantial increase in the rate of relaxation.-

Hlynka (1957) in working with structural relaxation of

breeui dough found that the relaxation curve closely approximat-

ed tdie equation of a hyperbole of the form (L-LA)t = C, where

IJif3 the extensogram load at constant s rple extension at rest

period t, LA is the theoretical load which the relaxation

curve approaches asymptotically at long rest periods, and C is

a constant. The constant C describes the curvature of the

hyperbola and is inversely related to the rate of relaxation

(called relaxation constant). LA describes the upward dis-

placement of the hyperbola or the asymptote that it approaches
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at infinite time. Hlyn.-a used those constants from the relax-

ation curve in studying the visco-elastio behavior of dough as

modified, for- example, by the addition of improving agents.



APPARATUS

Requirements

To determine experimentally the mechanical and rheological

‘prnoperties of grain it is necessary to have some means of meas-

‘uifiing the applied load or force and the amount of seed defor-

rnaision as a function of time. It is also highly desirable to

hsrve a recording unit to provide a continuous and permanent

iceczord of the existing relatiozships. To satisfy these re-

qiuirermnts a load cell testing unit was built with SR-4 strain

3. es as the sensing means. squipment was available for ampli-0
2

(
a

r
e

{yiJag and recording the output signal from a strain gage trans-

ducer.

It is necessary for the strain cage load cell to meet thes

folLlowing requirements;

1. Reasure the total f rce applied to the seeds.

2. Reasure the deformation of the seed.

3. Record the above parameters simultaneously in relation

to time.

4. Be capable of applying a load or force at various

rates.

5. Have a relatively high capacity (250 pounds) but with

good sensitivity (measure to one ounce of force).

6. Have very small or negligible deflection as the load

is applied so that the observed deformation is that

due to the seed and not the deflection of the
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transducer supporting the seed.

7. Sufficient flexibility to allow interchange of the

various testing heads (shear, compression) to be

mounted on the same unit.

Figs. 1, 2, and 5 show the load cell and component units.

Design

Igoad.fransducer

The maximum force encountered in testing the three grains

Vlould occur in a compressive test on corn at low moisture

lxavel with the seed in the flat position. This force was

nmeasured to be approximately 200 pounds. To allow for some

'Wfactor of safety" the load cell was designed for a maximum

capacity of .2350 pounds.

The most difficult requirement to meet is the small de-

fTLection of the transducer as in part 6. It was for this

Insason that a preliminary setup based on a cantilever bean

wars dismissed. To mirimize deflection of the load transducer

Witfia applied load, a pair of intersecting mutually perpendic-

'ulaiwbeams were used. These "fixed” beams were formed by cut-

ting;slots in a 6" X 2” channel. See Fig. 2.

For a beam fixed at both ends with a concentrated load at

the center, the maximum bending moment is at the center and

ends, In this case it was desirable to have a built up or

raised seed platform at the center of the beams. Consequently

the ends of the beams were selected as locations for the

strain gages.
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Fig. 1. General view of apparatus.

1.

2.

3.

5.

6.

Electric motor and speed reducer (1725 to

9.6 RPM).

Sprockets for upper end of vertical shaft to

give 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 circuit.

Brush amplifier BL-52O used in load measuring

circuit.

Brush oscillogrsph, BL-202, used to record out-

put from lead and deformation circuits.

Plug to connect load bridge to BL—52O amplifier.



Fig. 2.

  
The under-side of the load cell unit showing

location of strain gages and the crosshead

drive mechanism.

16



17

  
Fig. 3. Load cell unit ready for a compressive test on

a kernel of corn in the “flat" position.

SR-4 strain gages under a wax covering.

Seed platform.

Cantilever beam

Zero clearance adjustment screw between

crosshead and cantilever beam.

Crosshead.

Vertical crosshead shaft.

BL-202 oscillograph.

Compressive "head'.C
D
~
3
0
\
U
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J
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Design calculations.
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Feam design of load cell

Kaximum stress in beams. For a 250 pound load, each beam will
 

essentially carry 125 pounds.

For beams, 0.20" X 0.75" X 5":

fl :_ PI 3 M :' 78.2. //.7"/5

max 75-?- 8

cM’- 4x253 -—/6jé20/pud

4” 5:6?" 070(2)

This value is well below the elastic limit for steel.

maximum deflection at middle of beams.

, «3 /2___5'x 3' 3x /Z

A7I/5‘X 2.- P’z ::’ -.Sww—J—tmsfl'ysWm)3

59251 /92 x oxxo

//

=<200544

it is apparent 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 pounds (250 pounds total) may be

somewhat different from the calculated value above. The
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the vertical movement could be detsmunec from the chart witn-

out the cantilever when analyzing, da«a, i;— would be xractically

impossible to know the magnitude of the deformation a‘luring; a
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Wheats tone bridge circnit

Fig. 6

In eel or;Jion, the strain gege resisten e in one leg of

k w _ n .~ g - . , ., .
tale ufiflutSthO LPnge cirCUit, Re: 13 seunted 3v an oyenCir-

(“lited resistor of considerably higher value, RP' when RP

18 shented ecross Ra, the bridge is unle elenced. This unbalance



can be con idered as a1 artificial strain {(7.1le1 can Le cali-

br-ated on t

In the above figure:

_ i .. 2

g): £3 FE and (if; _-:: Fa ‘ E —.-. I; _ .fi—L’af’ :- $5",

.8. + E. (”a + 75}: a. + E:

A [3/61. s A lei/Ea

A 4/4 8

7777* ‘9
‘—
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Ali/e .. 61‘ ... __,::~__._..,....

‘9 ’ a; ‘ (E‘Ififmyw) 6r (cur £7»)

For the Brush BL-SBO emolifier, R = 390,000 ohms. with

the bridge circuit of Lie. 5, the total resistanc in each(
I
)

arm is 2 X 120.4 = 240.8 ohms. rBhe simulated strain. when HP

is shunted across it.

|

 

240.8
3/3 -4 . .

e =
" X/o 102‘)

597/370, 000+24o.5>
/4’7

1 \

311-ce there are four active Triage art-is, tne indicated strain

during, operation will ee four times the actual strain as given

by the above calibration. lience, to estimate the sensitivity

during ope ation, the simulated strain is:

-4
—e

e: 3/3K/0 =75.3x/a My”,
4 O

In calibration, a total of 750 attenuator lines was used

"‘ a gen deflection of 15 lines with the attenuator set on 50.

-'~lls set—tint“. is euriva ent to 78.5/750= 0.104/4 in/in per

E’Ctenuator lire on the chart.

1
4 Q a 1 1

nor a 2-poune load on each oeam (g pouna load on the



(
D

seed), the bending monent under the centr of the strain gage,

“L . .

at a distance x = 1: inch, frozz the end is.

gflazL——/Z)= 0.:x> .ex'fi; .-5> r-._0MA?5'//%r/é

Then

L t

5.1 7 :62)

This stress corresponds to a strain of

  

o. ... " -6 o

(f __= 43.(7fl_‘ = 0.5733X/0 H)

sox/Ob

for 8 ounces of load or 9.61 ounces per/a inch. Thus a l..en

2h

cieflection of one line is equivalent to 0.10i/a in/line X

29.61 ozé¢(inflz:l.0 ounces of f rce. nettidiigly, to measure

21 force of 200 rounds, the oscillograph would reguire 300 A

1&3:= 320C attenuator lines. lnis could be obtained by an at-

teenuator setting of 100 with 5‘

tCDtal of 40 lines.)

(Sssntilevgr deformation beam. The arrangement of the strain

ggerges and th. bridge circuit is also JLOWE i Fig. 5. For

Iaiurposes of estimating the sensitivity in a;vaice, the EL-320

eunqjlifier used in this circuit has about 1/10 the amplification

Of'.the BL-520. One line on the chart would be equivalent to

atnout oneflinch. From the calculations above, a deflection of

0.41 inch produces a stress of 17,100 psi. This is equivalent

to 21 deflection of .0007 inch per/44in. of strain or per atten-

uator chart line.

Calitration

Load Cell

in tne calibration of the load cell unit it was consid-

e . "N .1. _ " ‘ . o q n, .red 1rr<antant to note tne numter oi lines oi dcilecti;wx



on the oscillograph for a given load on the

crosshead moving down as it would be during

accordingly a channel--iron support member u-»

acrosshead and the load was applied through s first class

T4!

lever system as illustrated schematically inig. 7. For each

loading, W1, the value from the chart was taken when the bar

was in a horizontal position.

r770 ma 5/: Cross/Dec (2’.

CD
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r(f:;L*‘ifiZ‘—_5::2:ffbrn7. M6

TE?

bCilEfiHLP.’-€in’3 Sutlp f‘OP calibration of load cell ”pit

Fig. 7 i“

The calibration curve is given in Fig . 8. As expected

lie relationship is linear. Some points are off the line

Sigightly due probably to the difficulty of estimating the

exxict number of lines of chart deflection. Of course this

eruéor is exaggerated at the higher attenuator settings.

Ihis calibration curve shows a sensitivity of 2.11 ounces

PBI’ attenuator line. This is about twice as high as the cal-

culated value or one half the calculated 8 nsitivity. The

Principal reason for this discrrepancy is proeablgr due to the

fact that the load is not truly a concentrated one, since it



 
 

 
m
'

_
l

J
1

/
—

I
T

5
1
-
5
2
9

A
m
/
o
/
I
'
f
/
e
r

A
f
/
e
n
.

6
'
0
,

f
a
r
/
l
b
.
/
5

/
/
?
7
&
5
‘

T

3

 

/
5
1
5
.
2
5

p
z

/

/

A
2
5
0
0

.—

3

 

/

/
9
3
-
7
5

..
 

§
'5334770

 

\

6
2
-
5
0

_.
 

 
 

7%9m

C.
N

Y?)

spa/nod ‘f/qé-xa/V]

 
 

 
 

 
 

 
 

 
 

 

\ 
0

2
0
0

4
5
0

0
/
0
0
0

m
0

[
4
0
0

/
6
0
C
’

T
o
f
a
/

L
i
n
e
s

{
4
#
8
2
7
a
a

/
0
)
’

#
2
7
9
5
)

H
6
.

8
.

Q
U
E
/
8
4
7
7
0
”
.
O
F

[
.
0
4
0
(
m
.

U
/
w
r



.‘r/

is spread over the width of th seed platform. Eurt‘ermore:

in the calculation of the strain it was assumed that the beams

were ideally 11ked. The beam widt1s Were M011 cut sereuhat

wider on the mlil i machine than the calculated three-0*

o ‘ 7711 O _0 \ ... 5 1 N --‘| , " 'V , ‘ ._ V V , .0 A

incn. these conditions, uOUlQ CuUSU the calculated stress to

be higher th:.1n the actual strss.

Cantilever—beam Calibration

Fig. 9 shows schematically the setup used for calibration

(Jf the deformation unit. This calibration showed that one chart

lhine represented a vertical deflection of 0.0012 inch.
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Otlusr Features of the Apparatus

EESMsshead speeds. Fig. 10 is a schematic diagram showing the

driwre mechanism. Table 1 gives rat as of deformation avail-

ablEB. 111e load cell unit its elf was cla1ped between two

larggs angle irons on a track, so when the speeds "an“ changed,\IDJ. O

the Ixnit was sim1p1y moved along the track until the new ch: 11P
-

center distance was reached. Mlis feature may be see“ i‘ll 1
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Fig. 10 Schematic diagram of drive mechanism

TABLE 1

CROSSHEAD SPEEDS

 

 

 

Sprocket Speed of Vertical Speed

on Crosshead Shafts of Crosshead,

Shaft A RPM in/min

14T 0.93 .0777

48T 3-20 .2666

84T 5.60 .4667

 



Relationship between chart seeed and crosshcad travel. For‘

the purposesof expediting he removal of information ”rem th..LJ. v-..

oscillbgraph chart, the relationship between head Speed and

‘ O

chart Speed is summarized in Table 2. his relationship made

it possible to get the total deformation by simply finding the

product of the appropriate constant and the number of 5 mm

chart diVisions.

TABLE 2

VERTICAL DEFcaution,

INCHES/5m 0F came TRthIL

 
 

 

Chart Slow Medium. Fast

Speed Crosshead Crosshead Crosshead

.0777 in/min .2666 in/min .4667 in/min

Slow, 5mm/sec .001295 .00444 .00778

Fast, 25mm/sec .000259 .oooess .00155

 

Use in testing other materials. Fig. ll shows how the appara-

tus was used in another research project to measure and record

the load—deformation relationship for epoxy resin-glass cloth

laminated beam Specimens.

Pendulum Impact Tester

The simple pendulum shown in Fig. 12 was constructed to

measure the impact strength of grains at the various moisture

leVGIS. Jith this unit the impact load was applied in shear.



 

Fig.11. Load cell unit employed (in another

research project) to measure and record

the load-deformation relationships for

epoxy resin—glass cloth laminated beam

specimens. '



Fig. 12.

 
Pendulum Impact Tester.

The kernel was held in the Jews of

the small vise shown in the center

of the figure.
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Due to the extremely small size of the grain kernels, it

was impossible to apply an impact load in flexure as is

most commonly done for steel. The seed specimens were

held by means of a vise mounted on the pendulum frame.

The pendulum leading edge swings by the face of the vise

with as little clearance as possible. The seed is

thus broken off by a combination of a shearing and a

bending action.

Design Calculations

Some preliminary trials were conducted to determine

what initial potential energy would be needed to break the

tougher high moisture grains. It was found that about

5 inch-pounds of energy was sufficient. According y, a

bar i” X l" X 5" was chosen as the hammer and a 1/8 inch

section as the double arm.

.1
It was necessary to choose a pendulum such that the

center of percussion would be located in the hammer rather

ffie

than up on the arm. ins radius of gyration is given as:

1::W ________ (x)

the moment of inertia of the pendulum shown below in

w o 0

fig. 15 about the axis of rotation s elven by:
U

1.. = z/é/w’)+ M.("/73z+12+51) —--*-'(z5 I

’7v1 _ o 1_ . ‘ .

Jnere n1 is tn mass 01 the arms and L2 is the hammer mass.
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x %_ __ _ _L For a density of 0.285 lb per

cu in, m1 =..00555 lb-secz/ft

.79 x 7a and Mg = .01105 lb-secz/ft.

Upon substituting in equa-

tion (2), the moment of in-e S

ertia is 0.04927 lb-secz-ft, 
from which k = 20.7 in.

This value means that the

H " center of percussion of 0.7

in below the top of the

5—5; Sketch of

' ‘ L" impact tester hammer.

4. 
Fig. 13

Energv nelations

  
9.: 44° 50' for low velocity

impact tests

9,: 70° 42' for high velocity

impact tests

w = 0.4.298 /b.  
I

I

l

I

\ ' //

\\h'__—a’

Schematic of impact tester for determining energy relationships

Fig. 14

By the use of a knife edge, the center of mass of the

pendulum was found to be 17.813 inches from the axis of rota-

tion. The total weight was 0.3??0 pounds. a fixed initial

37313 9. (angle of fall) of 44° 30' was used for the loser

velocity imfact tests
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lS reasured by 6; Was indicated by a frictitn printer. To

3* :3"\ Lh» accuracy , :n electrieal in‘i01ting means 723 de-

vise}. as s‘a n in Fig. 13, a tractor -a"u¢to driven by an

electric motor suppliefl the necesear" vol,a o to are the $3?

oetaean a -ointer on the ondJl. 1n1 'n& a s‘ationtey ~~onnd-

ed wire ”oun‘ed in the graduated quadrant. a sheet of tlin

Sager was flacti bet' on,the 3313;;p;1 Yire and the ehdulum
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maximum travel, sGVeral c*“cn"rert holes hose wurned in the

paper. It mas then ~1sy to see the s acuated seals penind the
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piper and thus read z

Correction £01 Losses

Jith 72s electrical indicator, there were no losses from

he indicator arm, but there were losses due to bearing fric-

tion in the pe iulum and ti? dncg 01 the pan slum. The follow-

i13 procedure as given ty Davis 21 g_ (1041) was used to de-

111 ne(
1
'

1
t-

i 3 these losses

without any seed in the vise, t”

1-1

in w‘1e normal manner Angle 9:, was record-:11
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until the last swi g. This ”nnle 1:3 calls? En.
. C;

The energy lost in air drag ani beacin~ friction of the

pendulum was assumed to be aistributed uniformly over their

ranges of action. as an example, 31 was found to be 44.3 0

0 ”he average angle of rise betw en readings
O Q
)

0and B2 was 59

B1 and 32 is %(Bl+ 32); hence, a complete average swing, down

and up, is approximately %(Bl+’32) X 2== 85.90. The energy

lost in air drag and pendulum friction during one average

forward sning is represented by an angle,

53—52 = 443-3% 2 0.4270

// //

 

' 1

The energy lost in tnis manner during either a downward or

upward swing of 44.50 is represented by an an;le,

J 44.3;{2 x 0.427) .-.— 0.2260

z 83.?

Thus the effective angle of fall 91 , was 4-2.5 + .2250 =

1‘

44.520”. The corrected angle of rise after rupture 01 the

observed anrle 4- 0.226 X observed angle

0
44.3

The small amount of energy lost in imparting motion to

the txroken kernel is negligible.
, .)



hETHODOLOGY

Three grains, corn, wheat, and beans, were used in this

Stflde. The three principal parameters in the determination

of? compressive strength were moisture content, rate of load—

irng and the seed position (either flat or on edge). In the

sluear tests, a constant speed was used, and the kernel wa

Eueld in the "flat” position. Thus the moisture content was

A

tile only parameter. In practically all series 01 tests 0.

H

resplications were run. To reduce the large number of tests,

tlie effect of temperature on the mechanical prOperties was

nxjt studied. a total of 755 tests on individual kernels was

ccnnducted.

‘, . . -: 2 t ' ,. . ,,, ' ‘ .0 V . . 3

Lie size (ewiie, flat,rnrlfilenwtn u.t¢nmsion\ of‘emmjh ~sa‘
. u l I \ I ~ I - 4.

Afr—s measure. with a tfi‘icr'wmeter and ares recorded before each

iuesf;, Gr91312xaeis of (HM!!IQPieLJ'8YK1IJNfl st Inge of :1pt1rit¢r

'.’ ) . ; r. ' I . . PA‘ ,g ,‘ . .... '. .

.'n 0 uses in all tests. inc cord used was a hybrid Varietv
U

-A

cwvu"unlj gratn in Ventral Michigan. Selkirk soft rel winter

“'":7’?é;l, anti L'EC‘.‘“;-"-.K.ii.‘, pea bean Vf-.1"ieti»‘3:3 ‘.’A "31"9’3 113m} in t‘n’i‘g

“' s ‘. ‘

»,t.J, go attcnpt ygs made in this study to measure

meclnanical properties of different varieties of each grain.

It was necessary to have a means of regulating the grain

m01813ure level for each of the tests. Since grain is hygro-

scopic, its moisture content will depend upon the relative

humixiity and temperature of the surrounding air. A moisture

equildibrium box was.designed and constructed to produce four
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different relative humidities at a constant temperature.

Since the air in these chambers is kept in motion by means of

a fan, the unit was called a "dynamic equilibrium moisture

chamber". This unit is shown in Fig. 15 and 16. Static equi-

librium chambers could be used for grain at the lower moisture

levels. However, for higher moisture 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 moisture content was calculated from

the empirical equation: *

/-EH= e

in which RH, the relative humidity, is represented as a deci-

n

_c7WWQ

mal; T, the absolute temperature, deg R; Mo’ the equilibrium

moisture content, percent, d.b.; and c 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. 5. dach grain 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 thenawas any speed effect each grain was tested

 

*Hall, C. W.; Dr in Farm Cro s; bdwards Bros. Inc., Ann

Arbor, hichigan, 195g, éh.2, p. .



 

  
NOTICE

STOP MOTOR BEFORE OPENING DOORS.

FOR SPACE. CONTACT DR. HALL.

a ': fag-.jiegx

 
Fig. 15 Dynamic Equilibrium Moisture Chamber, showing

thermostat and heating element (light bulb).
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at the three head speeds of 0.0777 in/min, 0.2666 in/min, and

0.4667 in/min given in Table 1. In the following pages, these

speeds Will be referred to as slow, medium and fast. From '

the oscillograph chart, values for proportional limit, (yield

point and maximum strength were recorded in pounds.

In the compressive tests the strength is 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 force per unit area.

IWith a grain kernel, its irregular shape makes this impossible.

The force could be divided by an estimated average cross-sec-

ti on area of the kernel, but this would only give a superfi-

cial or apparent stress value. Furthermore, 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. For

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 parallelepiped

was formed, while wheat and beans became barrel—shaped pieces.

The faces were out with e razor blade and_the dimensions

measured to the nearest thOusandth inch vith a micrameter.

See Fig. 17, parts (4),,(5). (6).
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Fig. 17

m e

(
D
Q
Q
W
"
:

U

o

(I t '.’

. .; ‘ ‘ *h/ 'e 332,4 I’

h 'i' ‘ A" ‘

‘. .‘ J): 1.3 I '4": [ x, ’3‘), W. I (T)

A? ' x u 2 . .h .. 7’ ‘.

‘f- ’ t 4 A

{A "0 1:! {(-9 17‘ ‘

"3

")3 J -.‘.::1 j

'/ L!

J L) “7 (3

Minature Tyler sieve series, six sieves and pan.

Corn which has been fractured from the edge pos-

ition by compressive tests. At left and right

is the material retained on the top and second

sieve respectively.

Same as 2, except corn was tested from the flat

position.

Corn "core" specimens, before test.

Wheat "core" specimens, after test.

Bean "core" specimens, after test.

Bean slabs, showing 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. For wheat and

beans, the cross sectional area was calculated by taking the

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

the.major and the minor diameters of the kernel. For 20 wheat

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

0.154 inch; the average minor diameter (”flat" dimension) was

0.114 inch. With corn, the sides were shaved with the razor

blade, giving a rectangular parallelepiped whose dimensions

cauli easily be taken. .

These cores were used in tests to determine the follow—

ing parameters at four moisture levels:

1. maximum stress, psi.

2. Slope of stress-strain curve in the elastic range,

k, lb/in of deformation.

3. The percent deformation at maximum strength (ASL/L).

4. 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. .However, the calculated values of stress should

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

entire kernel and trying to estimate the cross-sectional area.

Shear Tests

TWO types of "static" shear tests were used; a punch test
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in which 5‘ COP”! “’3“ 1‘1“? 7’5'8 I‘va‘vclil frfm the. kernel; and n.

s ingle shearing—action test in which the complete ‘arerqel ms

sheared 1‘71 half.

The load cell unit with the hep/(i us ad for the. punch tests

iv- shown in Fig. 18. The platfors‘n (2) has holes clri'L‘ei in it

Corresponding in size to the pznch above. Tvo punch sires were

tried. The larger one, l/B incn in diameter, prove-:1 unsucessfnl,

s ince for corn it caused a crack to O("(tll]" during the test be.

tween the punch hole and the edge or pericarp. rEhis cracking;

resulted in a sudden decrease in sppliel force and was not a

13,-793117‘8 of the sicarim force, so tlet rather than sE'irwring

out, a core, the kernel merely cracked or broke, apart. .. he

smaller punch, l/l‘fS inch in diameter, was also not suitable

for testing ("":eat or corn, For vheat, even a punch of this

size, tended. to crush the entire kernel rather torn to shear

out a core. "'ith corn, the kernel cross section is extremely

inhomogeneous. Thus the shear stress would depend entirely on

whether the embryo or starchy.r endosperm was chosen for tie.

test. rThe kernel is very hart txroughout the outer flinty an-

Gospexnn section, and quite soft in the, central embryo section.

It was decided to use time ism3 s near test in V." ic‘n the, entire

kernel. was s'xeared off. This test veg-ind give an "average"

\

value for true shear stress.

1

The puncu test was used for a series of tests on beans at.

the higher moisture levels. Tielow about 15"} d.b.”“ (lL’aj'S w.b.),

'7‘ ¥ ‘ O 0

tr, Jean is so crittle it merely fractures and no core can be

m _--—

,. moisture Wcitht

(i.h. dry basis: dry‘ficight x 100
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Fig. 18 Apparatus for punch shear tests.

2. Base plate containing 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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sheared 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

which shears the plug out. This means that the shear area

should include 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 5. Charts 1, 4 and 5 are examples of compressive

tests on corn and beans, which will be discussed later.

Static tests in single shear were conducted with the ap-

paratus shown in Fig. 20. A 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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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 modu1us of resil-

ience 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.



 



— 24.... .

amnireufixsf'_' 
Fig. 20 Apparatus for the static shear test.

2. Support base for shear bar.

8. Vise which held the grain kernel in the

flat position.

9. Shear bar or plate.

Other parts are identified in Fig. 3.
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to the applied force. It should be noted that this arrange-

ment does not produce a shearing stress entirely free from

bending or compressiye stresses. Even if double shear could

have been used, there would be shear combined with bending.

Pure shear, free from bending and compression, could be secur-

ed by torsion, but of course this is physically im§OSSible

with grain kernels.

heasurement of energy

Impact Tests

The measurement of energy required to break the kernel

by impact shear was obtained by use of the impact tester shown‘

in Fig. 12. The same vise as used in the static shear tests

rm

(Fig. 20) was employed to hold the seed. lne energy required

to rupture the grain kernel is equal to the difference in po-

tential energy of the pendulum between its initial and final

position. This was given earlier by equation (3) as:

E= WA Cos 92-? W1. cos 9,

where N is the weight of the pendulum, 1b, L is the length

of the arm to the center of mass, inches, and 9/ and 9.2. are

initial and final angles reSpective y. For a given initial

point, the second term in the above equation becomes a con-

stant. host of the tests were conducted with an initial

angle of 44° 50'. This produced a theoretical velocity of

impact of 5.24 ft/sec. with the pendulum arm length used,



it was impossible to increase this velocity to any great ex-

tent by using larger initial angles. with the speed range

available, one would not expect a noticeable velocity effect.

however, one series of tests was carried out on beans at

a. _ . . _ o . ... , ,
e2.8% d.b. With 63.- 79 42'. fnis greater angle proouced

a theoretical velocity at impact of 8.87 ft/sec.

Energy of Deformation

One of the chief objectives of this study was the deter-

mination of the energy required to deform kernels of grain

under various conditions. Specifically, it was esired to

measure the resilience and toughness of the kernel.

The resilience is evaluated by the area under the elastic

portion of the stress-strain curve. This area represents the

work required to deform the material to its elastic limit,

i.e., the energy that the kernel can absorb without undergoing

permanent deformation. Schmidt and harlies (1948) define the

modulus of resilience 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 exp‘essed in terms of energy per kernel. This energy we

obtained directly from the oscillograph chart by measuring the

area under the force-deformation curve with a plenimeter.

For each test the apprOpriate constant was calculated, with

account taken of crosshead speed, chart Speed, amplifier

attenuator setting: and planimeter constant 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

_t,§1 (1941) as the amount of work per unit volume of a

material required to carry it to failure under static loading.

For brain the energy was measured on the oscillograph chart,

up to the point of maximum strength. Toughness is an impor-

tant property of a material from the standpoint of its ability

to withstand impact loads which cause stresses above the

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

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

d.b. Crosshatched area a represents the modulus of resil-

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

-"

maximum strength, Em, is given by area "a" plus area ”b”.

In this particular test, the elastic limit was reached at a

deformation of 2.0 percent and the maximum strength at 5.6

percent deformation;

Hysteresis Loss

By loading and unloading the grain kernel hysteresis

loops were obtained. The difference between the work of

compression and the work of retraction represents the hyster-

esis loss. This energy is dissipated as heat. The hysteresis

loops were obtained by plotting load versus deformation up

1

to a given load. From tni U
)

point the unloading curve was

plotted back towards the origin.
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Total Energy VerSus Surface Area

During compression tests on corn, the kernel fractured

into many small peices. The amount of ”grinding" or pulver-

izing action produced depended upon the grain moisture con-

tent and whether the kernel was loaded in the edge or flat

position.. In each case the loading was continued until the

kernel was deformed to one half of its original dimension.

after each test the crushed kernel and small fragments were

scooped into a metal container. The contents of the can,

containing all the material from ten tests, was oven dried to

constant weight at 212° F. It was then put 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).

The minature Tyler sieves were constructed to facilitate

accurate weighing of the fractions retained on each sieve.

The sieves were soldered to sections of 1% inch thin walled

pipe which were machined at the top and bottom to allow the

sections to fit tightly together. each sieve section was

light enough that it could be weighed on an analytical bal-

ance. mach fraction of material retained on the various

sieves was weighed to the nearest tenth millogram.

Fig. 17 also shows the different type of crushing action

obtained by the static compression tests. In Fig. 17, (2),

the corn has been under compression from an edge position.

Thernaterial at the left was retained on the tOp screen, and

that at the right remained on the second sieve. In Fig. 17,

(3), the corn has been crushed from a flat position. Again
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the left and right pictures represent the material remaining

on the first and second sieve respectively. These pictures

show the tendency for the corn to Split down the center to

form relatively large fragments or ”slabs” when compressed

from the edge position. In the flat position, the kernel

cracks on the outer edges and forms many very small particles.

The material retained on the other four sieves and on the pan

is not shown.

Calculation of Surface area

To compare energy input and surface area produced, it

is necessary to have a suitable means of expressing the total

surface area as a function of the weights of material re-

tained on the individual sieves. The chief difficulty en-

countered in studies of rock crushing by various investiga-

tors has been the problem of surface area determination.

From the derivation of average surface area by Nicholas

and Hall (1957) we have:

<i'= EEJVzcfifl'an EE:é$Z&'€cz

2 275 2 >7;

where Ni is the number of particles on sieve i, ei is par-

 

ticle edge dimension, and a1 is the surface area of a par-

ticle. The particles are assumed to be cubes. The total

area can be found by adding the particle area on each sieve.

The derivation of the expression for the total surface area

for the minature sieve series used is given as follows:

The number of particles, N, contained in a weight N of



particles of edge, e, is:
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5 (assuming cubes) where ‘9 is the den-

4 sity. For the Tyler sieves each sieve

5 has an Opening twice as large as the

2 one below it. Hence
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Wkuxre A1 is the total surface area on any sieve 1 between 2

and '7. Since the pan has zero opening, the surface area of

the 1oarticles remaining on the pan is

g, t éG‘M: ée/‘M :— GM -_-.- 6W! : /ZW
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6 63,3 (a e, C” 5% C s;

 

 

 

rt , J. _.
+39 tCfinal surface area is the sum of one aoove expressions:

7."

fit: ____/2//V, + fE-Wc',
63 5: ("L (J 5" ---------- (4)

 



with the nwnbering according to Fig. 21.

To use the above equation, it was necessary to determine

the grain density. The corn kernels were placed in a mixture

of chloroform (Sp. gr. 1.475 @ 25° C) and acetone (Sp. gr.

0.7880 @ 25° C). The ratio of the mixture was varied until

five out of 13 kernels floated and five sank. The kernel

specific gravity was obtained by weighing a known volume

(50 cc) of this solution. For corn this value was found to

be 1.175. by combining this value with the other constants

in the equation, the total surface area (in2) on each sieve

was the product of the fraction weight in grams and a

constant.

Rheological Preperties

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 time.

When a perfectly elastic body is deformed, it takes its

final shape immediately without any time lapse. In other

words, the deformation is time independent and a function of

the applied load (or stress) only. For a perfectly elastic

body Hooke's law applies:

8: Z. '''''7"" (5)

where e is strain, in/in; 9f is the applied stress, force

per unit area; and a is Young's modulus of elasticity in
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tension or compression. In shear, this equation is:

Xr— 52 --------- <6)

where X is the shear strain, s is shear stress and G is the

modulus of shear or rigidity.

When a very small force is applied to a liquid 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, is directly proportional to

tile area and the velocity, and inversely proportional to the

s eparating distance.

F: 7 (225.) ---------- m

where 77 is the coefficient of viscosity.

From the above, F/A =shear stress, 3, and v = dx/dt,

so that Szlgljé.

400‘-

Integrated, this equation may be written

r:§ :: §—+ ---------- (8)

where X is the shear strain. For an ideal liquid (Newtonian)

the rate of flow is 3/7 . The above type of flow is called

viscous flow.

Between. the extremes of elastic deformation and viscous

flow, is a type of flow called plastic f'low. When a solid
 

lS deiormed beyond its yield point, it will flow and exper-

ience a permanent deformation. This phenomenon is called

Plastic flow. Beyond the elastic limit the flow may be
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:Lilnear as in the case of viscous flow, or it may be non line

esxr. for the ideal linear we get an equation similar to

ecyuation (8) above,

3/: s—s’ 2‘ “"""""" (9)

7?’ I

.Scrhmidt and Larlies (1948) call 7’ the pseudoviscosity or

plastic viscosity.

Kookean ideal elastic deformation in a solid

and Newtonian flow in a liquid may be considered

as the two “xtremes of rheological behavior. It

may be said that there are three basic types of

deformation, elastic deformation, plastic flow

and viscous flow. Lany products such as rubber

and plastiCs may be considered as combinations

and modifications of the three behaviors. The

action of these complex materials under load is

often represented by mechanical models composed

of elastic and viscous elements acting in series,

in parallel or both.*

Nhen a body possesses both elastic and viscous character-

ijstics it is sometimes called "visco elastic". To help visu-

lxize the relationship between deformation, load, and time, a

Inecfiianical model is often used as shown in Fig. 22.

 1,LT)

w 

(a) (b) (0)

F143. 22 mechanical models used to represent rheological

behavior; (a) a Maxwell unit, (b) a Voigt unit

(c) a Maxwell and a voigt unit in series.

Q
'
a

'-
e

bChmidt and harlies; Principles of high-Polymer Theory

a329 §£_£Z§igg; LcGraw Kill, 1948. Excerpts from Chapter 7.



57

In the case of the Maxwell 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 certain model represents the behavior of

a particular material, rheological equations may be written.

For example Steenberg (1949) considered that rheological

characteristics of paper could be represented by a model as

in Fig. 22 (0), except that a spring would be added in series

with the dashpot in the parallel unit.

For a Maxwell unit the strain at any time will be the

Sum of the elastic and viscous elements. From equations (6)

and (8) above:

a’= 5/4 ““1 X319

Xiafil :"58 4' 59f ----------- (10)

4x: 1.. 2’3 + 3
2? a (It 77

---------- (11)

€_(_5 :: éfl’és

60 4t 7

0" d5 -_- 65$!— .52. ----------
dr dz‘ 7'

(l2)

Wher: 7’: 7/3 is a constant called relaxation time or the

time constant. The analogous equation for tensile or com-

pressive stress (assuming Ec = Et) is

41 : fa’c _. 3:. ————————— (13)

at at 7’

DJ and G are related in the elastic range by

E: Z¢//*/“) ---------- (14)

Wnere/a is Poisson's ratio.
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Rate of Deformation

From Fig. 22 above, it is apparent that the rate of de-

formation will be important 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 Maxwell unit will

behave almost like the elastic portion alone. On the other

hand a slow deformation will cause the dashpot to have much

more influence. From equation (13) it can be seen that the

magnitude of the time constant,7’ , is very important. If

the rate of deformation is low, i.e., the time of deformation

is long, with respect to ’7’ , the viscous element will domin-

ate the action. Similarly a short time of deformation With

respect to 7’ , means that the Spring or elastic segment will

be most important.

The effect of rate of deformation was examined for pea

beans at the higher moisture levels. Data were also plotted

for wheat at slow and fast speeds but at a lower moisture

level.

Stress Relaxation ‘

As mentioned, one rheological distinction between a

liquid and a perfectly elastic solid is the relaxation time;

for an ideal liquid it is zero, and for a perfectly elastic

Solid it is infinite. It is obvious that for a visco-elastic

bOdy such as grain, the relaxation time will have some value

betueen these extremes. Relaxation time is a measure of how



fast the grain can dissipate stress after receiving a sudden

deformation. It is therefore considered an important rheolog-

ical prOperty of grain.

In the tests on pea beans, the kernel was given a cer-

tain percent deformation, at a given crosshead Speed. after

the crosshead was stopped, the relaxation of stress appeared

on the oscillograph, since the chart continued to travel.

From this record, the logarithm of force was plotted against

time on semi-log paper. The instant at which the crosshead

Stepped was taken as zero time. This relationship of stress

Pelaxation was measured for three deformation speeds and for

various amounts of deformation.

The basic equation (15) above which assumes a Laxwell

unit representation, is restated:

3‘}; = Eda —-.§: {aw

Q‘ince the deformation rate is zero when the crosshead is

S”SOpped, the term Ede/dt is zero. By integration, we obtain

Q's qzéj-% --------- (15)

Where q; is the initial stress when t = 0. This equation

Shows that one expects a straight line relation between stress

and time on semi-log paper. In such a case, the time con-

Stant 7’, is the time for the original stress to relax to

OHS eth its original value. This time, as previously stated,

is the relaxation time.

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



stress was plotted against time, since the cross sectional

area of the bean is not knox‘fn. Since stress is merely force

divided by a constant (area) the s}.1ape and the time constant

of the curves is unaltered by plotting force instead of

Stress. v



RESULTS hLD DlSCUoSlON

Compressive Tests

Compressive Tests for Corn

Considerable variation was obtained in the results of

compression tests on individual kernels. Two reasons for the

high variance are the inhomogeneous nature of the corn seed

and. the stress concentration set up by its irregular shape

or irregular bearing; surface. That the irregular bearing

surface was a big factor is apparent upon comyaring the

esults of corn tested on the edge and the flat position.

Since the edge surface of most kernels is quite smooth and

relatively straig'zfiit, the point loads are minimized n theP
o

edge test. when loaded in the flat position, many kernels

are slightly dome shaped, which caused early failure and. a

10W apparent maximum strength. Kernels having straight, flat

sides are able to take higher loads than domed shaped kernels

before failure.

Results from these original tests are given in Tables Al,

52: AS, All and A5. In each case the average value, the

standard deviation, (T , and the coefficient of variation'x‘,

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

viation may be quite different in two sets of data,
use of

 

a; C = <r/ave x 100



the coefficient of variation allows direct comparison of the

two groups. It will be referred to henceforth as the C value.

In tests at three Speeds on corn, at one moisture level,

(14.375 d.b.), C was around 20 percent for the edge tests and

averaged about 55 percent for the flat tests. (Tables Al

and .12) Approximately the same range of C values is given

in Tables he”: and 12.5 where the forces at the yield point and

maxim a point are given for four moisture levels.

It should he noted that the yield yoint is not too def-

inite in tests at higl‘ier moisture contents. The indefinite

location of yield point is particularly noticeable for the

flat tests. The force-deformation curves are often curved

to the maximum strength. For consistency in tabulating

the data, the yield point was taken as the point Where an

increase in deformation occurs without increase in force.

with high moisture kernels, a definite maximum point is not

alxu’ays indicated. In most cases a maximum point is reached,

followed by a drop in the force on the chart. l“urther

deformation causes the force to ll’lCI"‘fse again. This in-

crease should not be considered as repressntinc exern>lV

0+-

strength, but rather as the force resulting from the crush-

ing action. Ely the time the maximum point was reached, the

kernel had failed, i.e., its original dimensions ~were de-

SUI‘OYed. dith high moisture, the force simply increased

with deformation, and no maximum was shown on the chart.

L . o 0in this case the ;;ernel was ”plastic" in nature.

"1‘
g

n

Hie force-deformation curve varied irom one kernel to



C
)

(
a

m‘

aIZOthCT, and the curves in rig. 23 represent an average for

1() tests. Thus, each point on the curve is the average force

iTCu? 10 tests at that yarticulur deformation. Beyond the

maximum strength, the lines are dotted as the force Varia-

izixon beyond tais joint is quite irregular. The curves in

r9143. 23 Show a definite maximum goint. as would be expected

Elt inigher moisture levels, the maximum force was reached

\Vitfll greater deformation. fne yield point is not indicated

iri these curves beCause of the averaging process. field

arni muximum force values for edge and flat tests are given

ir1 Tables 44 'n; A5.
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It is of interest to note the relationship obtained for

large deformutidns, up to 40 or 50 percent. us shown in

F17. 95, portions of the deformstisn range epycsr us a

‘ W . --1~ -. ‘ . -0 \’~ . -- ’ T ' r n \’~ "1'. ,“fi - r» n r

Strul-ut lirmzcnizmnni-lOp ydyely .41 congresslsngifiuale
J

iigh

moisture beans, the volume under the loading head remains

I

almost constant, end is equal to A x h, where h is the bean

height uni A is the average cross—sectional area. at u deforma-

tion of 50 percent h is equal to one-half its original value.

Then A must be vc’y nearly twice -s large to keep V constant.

The curves shown in tin insert on rectilinear scale were

3;; reduction oi‘ the forcer
t
"

obtained from the semi-log curves

or load to u load *er unit area.

(
n('11 f‘ t‘) . , '7 r') C‘ \ , ° , ,_‘ , ... ... r "I .-.

ins ds.8 and vg.u percent meistuis curves in iifi.
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Compressive Tests for Wheat

Preliminary tests showed that there was no significant

difference in the force required to dciorm wheat from ei

3flu3.flut or cd;x33wm3itiun. Ccummruunitly, all Iluuflicr tests

Jere made wi th the i';e1_"r1el in the flat yositi an.

Loud-deformation curves for wheat up to 10 yorcont do-

I

ormution are given in #13 . Be. A definite olestic r nge

is shown for the two lower moisture levels. The yield and

maximum points were quite indefinite for the 20.5 percent
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‘w . . r . ' J V' t r-“ W" ‘ D ’. “N ‘ '— r‘ 'x

curve, walls no maximum Jas swann lor tne L7.u perCent test.

r
-
«
J

d'tl the loaarithm of force plotted against deformation on

J

semi-log 3 er, essentially a straight line relationslir
6
.
5

T
5 t

aas obtained, esntcially between 20 and 55 percent deforma-
L

tion.

Original data are tabulated in Tables a7 and n8.

Core Compressive Tests

As mentioned earlier, cores were cut from tie grain

kernels and used as compressive test specimens- fhe use of

n 3- "

these cores allowed the data to be expressed in terms of

4"

average stress, since the cross-sectional area oi the core

could be determinel. Those cores are shown in Fig. 17.

The most important proterties studied with the cores

'3

' ~v. "7- ‘ ~ n A - ' 4 . J"? . v‘ x "a u o - in r s" 1. --‘-~ v .~

ve_e 9J9 modulus o: UldSBlClUJ in comyless1on and tnc max-\

imum compressive stress. These prorerties are shown graph—

4.

ically for corn in iig. 27 ans for wheat in Fig. 2

\
)

( 8 and 29.

1
L -‘ - n ‘ ' ' . ,- ‘ ' H . a -_ - (‘ a -, r- . .. ~.

}ropsrtios tha were investigated are summarized in

Table 3.

Lodulus of elasticity and maximum Stress versus moisture

‘

are plotter in rig. 27. a linear relation holds in both

cases between 15.e and 18.8 percent moisture. Inere agpcars

to be a transition between the 18.8 and 23.0 percent levels.

lhis effect is later shown in impact tests. The corn is

quite elastic below 18.1 percent butmore plastic towarls the

l
Or" ‘ ‘ ‘ V . n ‘ "1 (w r‘ "N ‘1 “‘ ‘\ . m, ’1 ”V a” o“ " fl

so gercent l011.1,. lests at QLdOl mulouure levels are need—

ed to describe 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 zip/L At Max. Modulus

Grain Moisture Compute Curve In Maximum Stress Of

d.b. These Elastic Region Strength psi Elasticity

Average k, lb/in % psi

Values

Corn 15.4 5 li,0.‘?0 14 .2 4811 55? , GOO

1*,0 5 1;,2to 15.7 4145 53,?00

18.8 5 9,650 15.1 5335 49,900

23.0 5 5,790 19.7 2892 51,740

Beans-fr 6.4 5 1?. 560 3. 6 4370 M ,soo

Wheat 15.7 5 0,168 11.1”} 3259 46 .040

17,9 5 5,14% 8.9 3094 55,600

21.0 5 4- o 14“ B Q .1 2458 351,':4 :30

24.8 5 3.556 33.7 2574 54,700

17.0 10 6,540 10.0 5161 66,190

18.4 10 3,085 11.3 2627 43,340

20.7 10 4.503 11.5 2391 4R,e60

24.2 10 1,920 20.3 1741 19,210

‘*No elastic properties for higher moisture levels.



 

 

 



rsheat. Ten extra tests at each moisture level tore run in

an effort to explain the apparent peak obtained at 17.3 per-

cent moisture during the first series of tests. The dashed

Zlines represent a variation of one standard deviation on

p
teach side oi the re ression line.

equations are given to represent the relationships in

F
;

l

H
o

0
"
}

U
}

Q

27, 28, and 29 between the moisture limits specified.

U
)

.
.
.
;

.
.
J )

#
3 :
—

eSuS

Phinch Shear Tests

The punch shear tests were used only for pea beans and

pmea.bean slabs. The effect of initial compression on the

exileulated shear stress is shown in Fig. 30. Since the

sliear slabs are homogeneous, the calculated shear stress

skujuld be constant regardless of the thickness. The values

plxattcd in Fig. 50 are calculated on the basis of the orig-

inaLL 31$) thickness. Typical oscillograph curves obtained

for"these tests are shown in Fig. 19, with sample calcula-

tierns on the chart. Actually, the shear stress should be

exfunsssed in terms of an ”effective thickness”. This thich-

’3 ‘ 'v", r' ‘ - H" \ (\‘Vfi‘ r “ '3 - '\ “ I“".‘M “ . "nVSs Laould oe that Jrcsent at tie time the maiinum iorce is

reaahetl on the oscillogrash chart. By using an eifective

0P equifivalent thickness, calculated stress would be constant

Witn 3141b thickness. The thinner the slab, the more nearly

correct ‘the calcula ed stress should be, i.e., the closer
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:required to shear the seed is divided by the cross-sectional

zarea parallel to the amplied force, s==F/A. There Was some

compression and bending before failure by shear took place.

Fe Ls the calculated shear stress should be termed "break-

” stress. Failure by bending (tensile failure) insteadiJag

(sf shear was more conzmon at the low moisture levels.

Fig. 51 summarizes the relation between maximum shear

srtress (or breaking stress) and moisture content for wheat

earrd corn. The bending strength of corn decreased more than

“Ileat with increasing moisture content. In compression tests,

a. greater variation in compreSsive strength was found for

Ctzrn than for wheat with changes in moisture content.

nst moisture content for

7

H
o

Shear stress is plotted 9
.
3

'
7
‘

,3f

13621 beans in Fig. 32, over a wide moisture range. Relatively

Iii':n snear stress Was found around 18 percent moisture con-

‘terit. This increase in strength.may be explained as follows.

At 'the low moisture level (8.4% d.b.) the bean kernel is

brijstle, and failure by bending occurs (tension in the lower

edgua). In the intermediate range, the bean is rc‘lativ 1y

tougfii, rais in18 the shear Stress. at ry 1i::h meisMue

J . , . ‘

levelxs (37.6p d.b.) tne oean becomes very soft, and thus

requiexes much less force to shear it in half.

Leasurement 01 energy

Impact {Pests

RBSHJltS from the impact tests for wheat using the impact
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tester (Fig. 12) are shown graphically in fig. 35. The

emery is expressed in terms of the kernel cross-sectional

area in order to reduce the Variance, and also to serve as

a better means of Comparison with the other grains. The graph

shows a linear relation between 13.9 and 21.7 p‘rcent moisture.

The relatively sharp increase at the high moisture level is

accounted for by the soft or spongy nature of the kernel.

at lower levels a more brittle material explains the lower\A

impact ene 33.? required.

1'18 311 shows impact energy required to rupture corn.

were similar to wheat. It was decided to make a cam-

par—ison of the energy required to rupture the kernel by static

Sl’leell’" -..'ith that required in the impact tests. The static

"3

share“? figure was obtained were the oscillogratxh chart bv

means of a planimeter. The total energy under the curve up

to the noint of rupture was divided by the seed cross section

to {get a value in terms of in-lb/ix . In each type of test,

.1 (by the Same vise) in the flat position.

n imp a ct andP
o

ixle effect of :1 er'ttle --Vnd a ‘l;:3u;_;11:':za't.;rial

static tests :ras apparent. at 10;; moisture (brittle kernel)
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of how much the techrature rf a material will increase when

Yerzley (1939) dealinc with rubber, eXpresscs the per
C)

flvstcresis loss x 100
HVsteresis 1083‘6=:
J” ” snergy expended in loading

This is sometimes also called the "specific damping capacity”.

Yerzlev refers to the enercv returned to a test machine bv
J ()9 o

the syQCiin;n on unloading as the resilience of the test

Specimen. He expresses resilience also as a percent:(
1

“esil‘ Ice , __ enelr3 returnel in unloading. X 100

_L LIV 1‘; v _ ‘\ O ... O

’ ’ energy expended in loading

(This meaning is different from that used in "medu us of

resilience” in the next section.) It follows from the def-

inition that,

A hysteresis-+ fl resilience == 100

Hysteresis leaps were obtained by loading and unloading

grain kernels with the load cell testinng unit. big. 03

J n

snows examples of oscillograph charts lrom whic] loops were

1

plotted. lhe loops were obtained by plotting the loading

4.

curve up to a given load; from tlla. foiz .
.
J

C
!
"

, the unloauin
(-)

in. It sloulj be

0
3‘7 " ' a ~‘ ‘ . 1' ~"“ 3 ‘ PI "' ' ‘47"

CHI V'L' JILLS £31013th 10.40:. tO'ucLIQu tilt} Oil.

charts 2 and 5, that the initial loading’
3

F
;
;

H
.

0
3

‘
0i,

line izas a lower slope than the succeeding loading lines.

nts is due to a mechaniCal conditioning action that taxes
)

place <1uriru~
C.)

the maiden loading. mach loading line alter

1m irrit.ial loadinr_, nas almost exactl" the same slope.
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Fig. 36 Representative oscillograph charts for wheat core

tests, with increasing deformation (and time) from

right to left, and force on vertical 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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ine effect Ol this mechanical condition n3 is lurtwer shownH
-

in th hysteresis looss drawn in Fig. .37.

s the maiden loading—unloading cycle

.
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for wheat cores at 17.0 percent moisture. It is obtained

from Hig. 33, chart 2. This loop shows a larger hysteresis

loss than loop A2 which was obtained from the second loading-

unloading cycle. Also, as shown in the oscillograph charts,

line slepe is greater for A2 than for Al. Loopthe loadins8

Bl is the result of an initial loading-unloading cycle at

...

20.7 percent moisture. The magnitude of the Lystorcsis

9n,

ine percent “esil-losses (percent) is given in Fig. 57.

ience is simply lOO minus these values.

Similar hysteresis loops are plotted for corn at two

moisture levels in Fig. 38. as in Fig. 37, a greater hys-

teresis lo"s is shown at higher moisture levels as well as

on the initial loading—unloading cycle. In each figure, the

point where the unloading line meets the x-axis s a measure

of the inelastic deformation of the kernel. This deformation

nun; be reCOVerable with time.

fig. 39, for pea beans, shows that moisture Content has

ziggreat influence on the hysteresis loss and on the degree

of set.

-v'

nodulnls of Resilience and Lodulus of Toughness

This energy to deform grain kernels to the elastic limit

is tht:1nodulus of resilience. The ODGPSY to deform grain

1.; -, , - "x _ o _ o . a -. n2.8111815 to the mmumum strength is tne modulus oi tougjincss.
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The energy required to de i'orm pea beans to the elastic

limit and wheat to tie elastic limit and maximum strength

is shown graphically in Fig. 40. although the ultimate

strength for beans ta3 SWIoIn to be greate1 (Fig. 24) in the

flat position, the modulus of resilieence is hi3:her in the

edge FO‘itien. Fig. 40 shows the greater variation between

individual tests (ten tests conducted for each rosition) in
A

the edge position.

ism . 41 gives energy to deform corn to the elastic limit

in the edge and flat positions. A greater variation in en-

ergy is noted in the flat pos i'ion. This was a so true

for the force required to reach the elastic limit. (Tables

A4 and 115)

unergy requiired to deform corn to the maxinum strength

lat positions is presented graphically inH
)

in the edge and

Fig. 42 and 45, respectively. A direct comparison of energy

"D ."‘I

igures is diificult owing to the diiierent scales"
2
\

in the (
0

e

tests.C
I
-

used. a greater energy variation occurred in the fla

‘

n study of Figs. 40, 41, 42, and 13 shows that the range

Of energy values for any given grain and type of test is

appromzimately the same for each It Mi tux6 level. On the otaer

hand, when force alone is considered in these centressive

tests, the variation with moisture content is considerable.

The decrease in tiength (or elastic greperty) with increased

moisture is offset by the increased deformation required to

reach the elastic limit or maximum strength point. Lhus the

0

energy Values in contrast to the force values, remain
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relatively constant.

Total energy Versus Surface area

The total energy to deform corn to one-ha'f its oriqinal

dimension from the edge or flat position, was obtained from

the oscillograph by means of a planimeter. ne crushed

material fr m 10 tests was oven dried and a sieve analysis

was made with the minature Tyler sieves (Fig. 17). Tne

'0

surface area w 3 calculated from these weight fractions by

 

7

fl: = /2 VV/ + E 4%

e S; "a e 5,;

This equation was derived assuming the particles to be cubes,

but the same result is obtained if Spheres are assumed.

The results are summarized in Table 4. This phase of

the energy study was quite unsuccessful owing to the unsat-

”2‘

isfactory measurement of the surface area. she a r
?
”

Iove equa-

tion is believed to represent the total surface area 11 a

ng action occurs as with commercial grinders,F
"

nd[
—
1
.

reasonable .r

In or shing the corn kernels by compression, insu

break up of the kernel'occurred (Fig. 17). as a result the

tOp sieve retained too much material which amount accounted

for 50 percent of the calculated surface area in most cases.

1 in the tOp sieve has madeF
’
-

9:
.

It is apparent that the mater

C
)

F
'
}

up chi-fly 0 original surface area (surface coating), rather

'71‘,.
than new area produced by fracture. ine total energy index



ELLATIOUSIIE Blfflnlh ENERGY AND SURFACE AREA
mr\ 3" ‘7
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EDGE AND FLAT POSITIONS
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Grain . Total Energy

Position in-lb/kernel Total

anl Loisture applied to Kernel Surface Tctp_

Head p d.b. to Crush to area our“

steed One-half Initial in5

Edmension

V Gd

Slow 14.3 15.06 5.01 2.2

Led 14.6 12.77 5.51 2.4

fast 14.3 10.92 5.25 2.1

Led 15.8 9.45 4.65 2.0

Led 10.2 15.51 4.67 2.8

Slow 25.0 10.90 3.56 5.2

Led 25.0 8.72 5.29 2.3

Fast 26.0 15.94 5.50 4.2

FLaT

Slow lé.6 00.95 4.57

Le . 14.6 62.2- 7.79

fast 14.6 62.12 5.06

Ied 15.8 00.52 5.00

Led 18.2 30.55 5.65

led 26.0 64.45 5.59

 



(
a

Q
)

vidin? the total energy by the calculated1 a
‘1

g)

H
-

was obtainea by d

surface area as shown in Table 4. 4his index figure is

merely a relative figure for comparison. he weight should

be put on it in an absolute sense. The index value shots

)

he edge peeitionC
T
’

an adVantage for crushing the kern-l in

rather than in the flat position.

Rheological Iroperties i

For a perfectly elastic material the resultant stress is

independent of the rate of loading. for a viscous material

the rate of straining is very importart. From equation (5),

w ' a

where X is tne shear strain, 3 is snear 0trees and n.is the

coefficient of viscosity. If t is large, i.e., .4376”- is

small, the tress will be low and vice versa. Fig. 44 showsU
)

a slight but not intertant difference in the resultant load

(stress) for three rates of deiormation.

stress would probably be greater if larger variations in

deformation rates coulr be used, and if the beans were tested

at a susewhat lower moisture content. at 52.8 percent they

‘Pe extremely soft. A check on the speed effect for wheat

at 14.6 percent moisture showed no noticeable difference

between slow and fast speed. at this moisture, the wheat

is more elast 0.H
o
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The velocity effect is {resented in a diff3rent way in

Fig. 45, with rate of deformatior1 plotted agai1st corpresa

force. 718. 46 i iven below as 1 reans of cualita.tivflf

explaininr 110 curvt of ‘ig. 45.

11t tae 20 and C20 p-rce:1t deformati-m points, '; 1e pea
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(a) (b) (C) (61)

E13. 40 Rate of shear 3“rain as a fw1ction of stress f

for f;nua ty es <1? fluin:1: (a) lraxconlU1 or g

viscous liquid; (b) non-1eut011an or suasi— f

viscous liquid; (0) ileali756d plastic solid, 1
I? .0 _ , o o o I O '0 ‘

Ulngham solid; (d) quasi-plastic material. 1"

Stress Relaxation

Stress relaxation o1 pea beans ea: tudied at several

moisture contents, at Various amounts of deformation and

at three initial deformation rates. The beans were deformed

to a cert-in fraction of their original 1iensign, and seeg
r

crossh ad was stepped. The oscillograyh chart 051tinued to

Inove so that a continous force-time record vas obtained.

an [s o

. it 101“ mlPC‘B D1013-Relaration urves are snown in :i

(
”
l

‘ture levels. Curves 5 and 4 are for the same moisture, but

1iifferent amounts of ae1ormation. all of these curves

nearesent relaxation after deformation at a medium steed.

‘Phe speed effect on relaxation is shown later.

‘fhe curves in Fig. 47 are nearly parallel and p1ot as
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straight lines after a time of about 1.4 seconds. It was

(
’
1
‘

decided to try 0 express the Stress relaxation in equation

form which would describe it during the initial second as

well as for greater lengths of time. In addition, descrip-

tion of the early yortion of the curve would aid in describing

the rheological behavior (and/or mechanical model) of beans

under stress relaxation. It has been shown that equation (15)

cr V's;é
" 0

gives the stress relaxation for a material that may be rep-

.L

reseLted as a model, by a Lax ell uni'.

dince the stress relaxation curves are not true exponen-

tial relationsh'ns, i.e., straight lines on semi-10g paper,
A

is desirable to express the variation with time by means(
‘
1
'i'

of a small number of eXponential terms. a graphical method*

is used. Fig. 48-illustrates the proceedure. Jhen plotting

force (or stress) against time it was observed that the

relation is linear on semi-log paper at the larger v lues

of time. a straight line through these points projected up

to zero time gives the exponential term with tae largest

time constant, 77 . Fhis is subtracted from the original

force-time curve in the range of small time values, and a

new line of the log of the difference is similarly plotted.

fhis gives tne evponential term with the next largest time

constant, 7; . This could be carried out a tnird time, but

w 0

, Essays in Rheolosv; Pitman 1 Sons Ltd;
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the chance for error becomes greater as the differences be-

come smaller. For pea beans, the relaxation is expressed

very well by two exponential terms. as shown in Jig. 48,

the complete equation is:

31:46 + 5’28 ----------- (1'7)

 

r. Am.

The constants a1 and A2 are evaluated by setting t=?O. 1

1‘

Graphically A1 and 52 are simply the y—intercepts of the 1

dashed line and of the log force-time difference line. The

'. -.J. 4- ...1.°~ - 1 . ,0

time constants, ufllCfl also represent tne relaxat1on time are H

a 
found by taking the slope of two straight lines:

7’:

O ‘ ‘\

Evaluating tne constants for the curve of Lig. 48, the

force-tine relaxation equation is:

..t -t

./(27 c1537

F: wage ’4 4- 25183

The relaxation times (time constant) are given in Fig. 47

by curves 3 and 4, for beans at the same moisture (52.8w d.b.),

but at a different amount of deformation. Bho relaxation

times are practically equal. inis was found to be true at

other moisture levels. That is, regardless of he amount

01 deformation, at a given moisture level, the relaxation

times were equal. Of course the greater the deformation,'

the larger the force value.

Relaxation curves are plotted in Fig. 49 for varying

rates of deformation on rectilinear paper. This allows the
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stress relaxation rates to be more noticeable. (Curve 2 and

s inis. 49 are curves 3 and 4 plotted in Fig. 47.) 'i5. 49

shows that the initial rate of deformation has a definite

effect on the relaxation rate. Time constants corresponding

8

to tde first and second exronential terns, are summarized

in the figure. Considerinr the aHOint of defor~itlon and
re

the rate of deformation, the ti:e for the Lean t be deform- 5

ed, is also listed. 1

It is aparent that 'it11 the slower rates of deformation, 3

_-l

time is allowed for th material to creep or to even begin F

1

stress relaxation before the crosshead movement is stopped.

when Hie cros head is stOpped, less relaxation is necessary

than in the case of rapid initial deformation. Thus in

considering the effect of rapid deformation upon stress re-

laxation in beans, the rat e of deformation will chiefly de-

termine the relaxationtime, while the 222223 of deformation

will determine the ini ial magnitude of the force at the

be ,rinniin; of stress relaxation (or end of deformation)

period.

Since the force at any time during relaxa tiol Can be

ex12ressed by the 22E.Of two exponential terms of the form

/9€1/?J , it is concluded that pea beans can be represented

rheologiCally by two haxwell units in series. As above,

7E'7Z? , where 7? is the viscosity of ttu: vigcq1

element (dashpot) and E is the medulug of elasticity

of the elastic element. Representing the behavior of beans

in this manner accounts for the distinct actions represented
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1

by the two exponential terms. El and 32 are different as are

7% and7fi;.

~

enunical represen—

-tivn of pea beans

I

77‘ $ is .. _.

It must be borne in mind that the model suits the ideal case;

actually the Viscous phase of the bean is probably quasi-

I
Q
L
M
M
L
‘
H

3
5
*
"

‘
.

.

viscous or quasi-plastic and the elastic segnent ’s certainly

not perfectly elastic.

A Practical Application from the Results

In Comparing the various parameters investigated with

moisture content, it became ap‘:_arent that in many cases the

variation of the dependent variable was great enough that

it could be used as a measure of moisture Content in grain.

SpecifiCally, the foice-doformation curves for beans and

the punch shear tests on beans showed promise in this respect.

1"19;. 51 shows the relationship between force and moisture

at various deformations. The greater the slope of the line,

the more desirable the situation for detain hing moisture.

—‘

irst glance it aO ,
1

1
'

H
)

apears that the éC percent defor-1.
.1.

v.-‘.‘ ?_ _o 1 ' ..‘ w -_ ~ 1 3‘ 3“ A _ L ’ TT N , g ‘. .

iation curve \L'Jillxl oe tat:- oest one to use. i‘O‘HOVCl" ..i one

”tundurd deviation above or below the line is considered,
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the gunch shear test, curve é, would be chosen. Carsider

the steepest yortion of the £0 yercent deformation curve, i.e.,

.1.

between 15.3p w.b. and 16.5p U.b., and the punch shear DCSt

(curve 4). Bhese two curves are redrawn to a larger scale

in FiA. 52.

C
“
!

g

In Pie. 52, one staneard deviation is subtracted at the
O

'— 1‘ I "' l '9 f :5 L‘-~ 1- A a a" 3'7“. "W7 O" :‘. " ‘f' r‘fi-P'UI 4'7; 11"? “I“ '. (3V1 is VlQoJN v.0. yoint o. the top Lulv~ownv Mu ~w-~~»iu wv-‘nux-u .
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lones.,.mmx31ble slepe t-hn. ca be obtaihfid 113,.een fee 3

 

15.8” w.b. and 8.5” W.b. points without deviatine from either

original point on curve 1 by more than one standard devia-

tion. The steepest gossible slope (naintaining a maximum

variat on of one standard deviation) would be obtained by

adding and subtracting one standard deviation in the reVerse

order from above.

For the moisture range of 2.935 w.b., the line A 3 gives

a value of 2.15 lb/percent moisture. Jaking t

tions for the punch test, line C D, Fig. 52,

Q J 0

cent moisture. .;‘.1is means one-g xrsithin this moisture rang-e

4 a: u~q-.- , . A. L-f.‘l-.‘. ...
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1.. o egg-41-- c ul 1' r op .‘L e s

The mechanical prOperties of grain are needed to analyze

problems encountered in grain harvesting, handling, and pro-

cessing. Seed crackage and damage by cr‘shing are enc;untered F‘

during threshing and handling operations. Grinding grain is i

a relatively high energy process accompanied by low efficien-

-
-
.
h
h
‘
.
‘
_
A
-
'
_
_
-
_
.
_
-

.
-

cy. To solve these problems or make improvements in existing

(parational techniques, investigation should begin with the

‘
M
-

determination of basic preperties of the individual grain

kernel.

a strain gage transducer was designed and built to

measure the mechanical and rheological properties of grain.

Electronic equipment was used to amplify and record load-

deformation relationships.

Properties u-re examined for three grains -- corn, wheat,

and pea beans. The effect of moisture content_on the mech-

arameter'anical preperties of grain kernels, was the chief p

investig;ted. Four moisture levels, ranging from 10.65 d.b.

to 32.85 d.b., were used. Other paramete=s studied were the

effect of rate of deformation and kernel position (edge or

flat), on strength characteristics. Rates of deformation of

0.0777 in/min, 0.267 in/min, and 0.407 in/min, were used.

Temperature effect was not studied. All data were obtained

at room temperature. Ten replications were made for practically



all tests.

leis inves ig tion consisted of a quantitative study of

the following mechanical properties and/or characteristics

for each grain with the variables indicated:

1. Maximum kernel strength, lb. -- edge and flat posi-

tion, four moisture levels, three deformation rates. r-a

The maximum strength of the kernel depended greatly on

moisture content and seed position for the test. 1'he average 5

_
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!
?

L
-
i

.

maximum Compressive force for corn kernels in the edge posi-

3
J
'
1
'
"

‘

l

l

—
.

tion decreased from 45.5 to 17.5 pounds with a moisture in-

crease from 14.6% d.b. to 26.0% d.b. In the flat position

the compressive force decreased from an average of 96.7 to

73.7 pounds for the same moisture range. Variation between

individual tests was much greater in the flat position than

in the edge position. These tests were run at the medium

Speed of 0.257 in/min.

The maximum compressive strength of wheat kernels increas-

ed-sligntly up to 20 percent moisture. Above this level no

elastic preperties and no point of maximum strength were

found.

Pea beans showed Q.ightly higher strength in the flat

Position than in the edge position at low moisture. Seed

POSition made little difference fit higher moisture.

Rate of deformation had no significant effect on the

resulting compressive force at low moisture levels. A sig-

nificant speed effect was noted at the five percent level,



he"ever, for corn in the edge position at 26.0A d.b. The

fast deformation rate produced an average maximum strength

of 22.5 pounds while the medium and slew rates gave strength

averages of 17.5 and 16.1 pounds respectively.

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

moisture levels, three deformation rates.

hoisture, kernel position and rate of de;ormstion had

‘

the same effect on yield strength as on niximum strength.

1.aximum strength values ‘anged from about 50 percent to

30 percent higher tlan t1e vield strength values.

5. laximum Com ressive Stress, psi -- c01e spec:meis,

four moisture levels, one deformation rate. (slow).

a linear relation existed between maximum stress and
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Lodulus of elasticity relationship th moisture parallel-

‘ed maximum stress. fhe range for corn was 50,000 psi to

0 ’ O A o c e v— «'7. ’

~9:OOO p81 ior a meisture cnange from lCogfi to sc.0fl d.b.
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L an

godulus of elasticity of corn decreased as percent rise a

.1

4: percent moisture increase. dimilariy, for wheat a 5; per-

cent decrease in modulus of elasticity was obtained from a

55 percent moisture increase. because of the non-elastic

nature a high moisture, data were obtained for pea beans

at only one moisture level.

 

‘4.

i

5. Shea Stress, psi -- flat position (in vise), four

0 L. o "

meisture levels, slow deformation rate.

Shear stress for corn decreased from about 1250 psi to j

950 psi for a moisture increase from 14.5» to 21.0w d.b. . 1

.Shear stress for wheat stayed relatively constant at about

)81 within the 15.7 to 24.5a d.b. Passe-

0. Static and Impact energy Reguirements for Kernel
 

nupture, in-lb/ins -- flat position (in vise), four

moisture levels, slow speed (0.0777 in/min) and

pendulum impact velocity (5.24 ft/sec).

For corn, impact and static energy valles were about

.
1

equal at intermediate moisture content (13.5p to 18.5} d.b.).

At moisture levels below this range, however, inpact energy

was lower than static shear energy, and above this noisture

range impact shear energy was higher than static shear energy.

At 21,25 d.b., impact and static shear energy requirements Jere

about equal; at a moisture f 5Gaid.b., energy required toO

rupture the kernel was 2.8 times as great by impact shear

‘

as witq static shear.
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Corn and wheat i ract energies ranged from about 15 to

o ) o . o o ‘ f ( ‘-

25 in-lb/in~ for a meisture variation from 15p to 25p d.b.

‘ C . A n O 9

tea bean impact energies went irom a low of 0.5 in-lb/in“

at 8.7% d.b. to 55 in-lb/in2 at 56.2% d.b.

7. Modulus of Resilience, in-lb/kernel -- edge and flat

positions, four moisture levels, one defo~mation rate

(except at low and high moisture levels).

Phe modulus of resilience showed a relatively large
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_
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variation between individual kernels at a given moisture

l
“
a
.
.
.
“

content. The absolute variation was, however, quite constant

from one moisture level to another. A typical value for wheat

was 0.05 in-lb/kernel. For corn 0.12 in—lb/kernel and

0.5 in-lb/kernel were typical values for the edge and flat

positions respectively.

8. Toughness or Lodulus of Toughness, in-lb/kernel --
 
  

edge and flat position, four moisture levels, one

deiormation rate (except at low and high moisture

levels).

Larger variation between individual kernels was observed

ftn°rnodulus of toughness than for modulus of resilience.

Lodulus of toughness values averaged from two to five times

greater than the modulus of resilience energies.

9. Hysteresis Loss, percent, -- flat position (corn and

beans), core specimens (wheat), two moisture levels,

two deformation levels.
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HysterCSis losses were greater with higher moisture

content and with the initial loading-unloading cycle. For

wheat, the initial cycle produced a hysteresis loss of 44.5

percent. and the second cycle a loss of 20 percent. For

the same conditions with corn, the losses were 59.5 percent

and lé.9 percent. also with corn, in'tial cycle loss was

59.2% for 15.8% d.b. and 62.6% loss for a moisture content

of 26.03 d.b. Similar losses were obtained for pea beans.

Rheological Properties

1. Rate of Deformation —- pea beans, one moisture level,

three deformation rates.

fhe variation in rates of deformation used in this study

was not great enough to cause an important difference in the

canpressive force on pea beans at a moisture content of

52.83 d.b. Ideal plastic properties seemed to be present

at the lower amounts of deformation (20 percent), and quasi-

plastic effects appeared at greater deformations 35 percent).

2. Stress Relaxation -- pea beans, three moisture levels,
 

three deformation rates for one moisture level.

The rate 01 stress relaxation in pea beans was found to

be a function of the preceding deformation rate. Stress

relaxation rate was somewhat dependent on the ameunt of de-

formation. Stress relaxatien time, however, was found to

be completely independent of amount of deformation. This

 



phenomenon was checked for two moisture levels of 18.55 d.b.

and 52.8% d.b. hoisture content had very little effect on

relaxation time. Pea bean relaxation may be represented

rheologically by a mechanical model consisting of two Maxwell

units in series.

Other Observations
3

The feasibility of indirectly determining grain moisture

content by means of a mechanical test on single grain seeds

 was considered. The possibilities of such a moisture meter

appear quite good, particularly for pea beans.

 



 

  

 



CONCLUSIONS

as a result of this study of mechanical and rheological

preperties of grain, the following conclusions are presented:

1. Of the parameters investigated, moieture on ent has

the greatest influence on the mechanical properties of 1

grain. all strength properties generally decrease in 5

magnitude as moisture increases. Energy required for

seed rupture by impact increases as moisture increases.
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Variation in mechanical properties with moiscure change

is greater for beans than for rheat or corn. elastic

properties are present at low moisture; plastic prep-

erties appear at high moisture content.

2. Rates of deformation varying from 0.0777 in/min to

0.478 in/min in compressive tests, have no effect on

kernel strength at low moisture, but show some signifi-

cant difference at high moisture for corn at the five

percent level.

3. Laximum compressive strength of corn at all moisture

levels, depends greatly on whether the kernel is in an

edge or flat position. For wheat, there is no signifi-

cant difference in strength for either position of the

kernel. “ith pea beans, seed position makes a differ-

ence on strength at low moisture, but not at the higher

levelSo



9.

lsl

Punch shear tests are unsatisfactory as a means of de-

termining shear stress of corn and wheat.

Lodulus of elasticity values for wheat and corn are

very similar, ranging from 50,000 psi at around 15.5%

d.b. to approximately 25,000 psi at 23% d.b.. Laximum

ompressive stress for wheat Varied from approximately

3300 psi to 1700 psi for a moisture change from 15.5%

d.b. to 25.0% d.b. This moisture range produced a

compressive stress change for corn from 5000 psi to

2500 psi.

At high moisture more energy is required to rupture

grain kernels by impact shear than by static shear.

The reverse is true at low moisture.

Specific damping capacity and relative elastic preper-

ties can be evaluated in grain by means of hysteresis

loops. Hysteresis loss depends chiefly on strain his-

tory (wheticr the loading-unloading is maiden cycle or

some later one) and on moisture content.

‘he force required to deform grain to the elastic limit

and maximum strength points decreases as the moisture

content increases. The range of modulus of "esilience

and modulus of toughness, however, is quite constant

with the four moisture levels. The decrease in strength

was found to be compensated for by an increase in due-

tility or toughness.

Stress relaxation with time can be represented by two

Kaxwell units as used in rheolOgy studies.
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10.

duantitatively, stress relaxation with time

given by the sum of two exponential terms.

rate of deformation has more effect on the

stress relaxation than moisture content or

amount of deformation. Relaxation time is

with various deformation amounts.

The use of the strength properties of grain

promising as the basis for the development

rate of

the (initial)

constant

3 appears Fifi

of an

I

inexpensive but accurate mechanical moisture meter. )
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It is difficult in one investigation to study in detail

all phases of mechanical and rheological properties of grain,

Certain phases of tne investigation suggested additional pro-

blems for study.

1. The effect of temperature on mechanical an:1 r:eologital

properties should be studied.

2. Impact data, obtained by inpinging grain against a

hard surface, would be useful in knalyyi113 bean crac‘:rge.

5. szfte‘esi.s losses in srair kernels should he investi-
k.‘
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gated in more detail. Py a preliminary mechanical condition-

ing, the grain Icernel can be TLEdQ more brittle; this action

may reeduce energy re uirements during the griolios process.

4. Rheological properties of grains mry he studied more

conveniently if strain is measured as the result of a constant

applied stress. In this study, stress (fore?) vas recorled as

a result of a constant strain rate.

5. The possibilities of a nechanieal moisture meter

should oe investigated further.

6. Grain hardness should be investigated. Peerueps herd-

ness can he used as .n indirect measure of moisture content.

7. Determination of the coefficient of thermal eXpansion

of grain kernels by :nears of strain gages stould be invest?atd

8. Proyerties of other grains, and other varieties of corn

,/“”“\

HIEQt andbenafs,/ should be studied.
’ur'“m
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TABLE A 1

{0333, lb, ssgtlaio To 3810; PROPORTIOLAL 11111.
YIELD P0111 “Lo 11x1111 STRELGTE, 303

YELLOW DENT CORN AT 14.6% d.b. (12-7% “ob-)
I; 188 8008 POSITION AT THREE sesgos

Proportional Limit Yield Point Maximum Strength
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Slow Med. Fast. Slow Med. Fast Slow Med. Fast

26.2 28.8 26.5 28.2 49.8 59.4 29.2 49.8 59.4

16.1 ' 28.8 54.1 22.9 29.6 55.4 24.9 48.7 55.4

22.5 22.2 18.5 25.6 58.9 20.9 59.5 58.9 28.0

56.7 26.9 21.6 56.7 55.4 57.4 56.7 58.0 40.0

15.1 19.7 25.6 28.8 21.6 54.1 42.7 52.1 57.5

51.5 15.1 22.5 56.7 59.5 41.2 63.0 40.7 41.2

28.8 27.5 21.6 50.8 50.4 55.4 45.2 48.5 48.5

27.5 28.2 51.5 55.0 57.4 46.4 45.8 44.5 49.8

52.8 26.2 50.2 59.5 52.1 2.8 45.9 45.8 46.5

56.7 24.9 24.9 49.8 40.6 52.4 49.8 40.6 52.4

Ave:

27.2 24.6 25.4 55.2 57.5 57.5 42.1 44.8 41.8

$37.6 4.8 4.8 7.7 10.1 8.1 10.1 10.4 7.1
C'N: .

27.9 19.5 18.9 25.2 27.0 21.7 24.0 25.2 17.0

fexp for porgorticnal limit (slow, med, fast =:C.44; f.95::5.55

fexp for yield limit (slow, med, fast)==0.72; f.95= 3.35

fexp for maximum strength (slow. med, fast)=:0.27; f.35==o.5

‘3’: q— .

C : /AVG .X 100



TABL‘
A 0

I'LL:t
‘
J

80808, 15, 38131380 TO REACH PROEORTIOKAL LILIT,

11810 POINT AND msxlium STRELGTH,

FOR YELLOW DENT CORN AT 14.6% d.b. (12.7% w.b.)

IN THE FLAT POSITION AT TREES SPEEDS

 

 

Proportional Limit Yield Point Maximum Strength

 

 

 

Slow Med. Fast Slow Med. Fast Slow 18d. Fast

41.9 44.5 85.0 59.0 81.5 95.0 59.0 81.5 216.0

40.6 45.9 62.2 44.5 55.0 80.5 205.0 55.0 91.7

88.5 65.5 52.8 88.5 65.5' 52.8 151.0 75.5 91.7

55.4 28.8 29.5 55.4 52.4 45.8 94.2 56.1 105.0

58.0 27.4 72.0 55.0 42.7 78.6 55.0 42.7 115.2

59.5 49.8 41.0 52.4 49.8 50.7 81.2 120.0 50.7

59.5 52.7 40.8 60.2 51.1 40.8 68.0 84.7 245.0

75.5 8.8 89.0 90.4 54.1 91.7 90.4 89.2 144.0

40.6 88.5 56.2 40.6 88.5 65.5 157.0 167.0 65.5

21.0 62.9 95.0 21.0 65.6 151.0 170.5 86.5 151.0

Ave: '

45.8 47.9 58.5 54.7 58.4 71.4 110.9 85.8 125.6

T:

18.7 18.6 24.0 20.7 15.9 28.7 48.8 54.0 59.0

0*:

 

fexp proportional limit (slow, med, fast):

fexp yield point (slow, med, fast) = 1. 9;

fexp maximum strength (slow, med. fast) = 1.56

 

0*:- (r/Ave X 100
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TABLE A 5

FORCE, lb, 85051880 TO REACH

YIELD POINT AND MAXILUT STRENGTH FOR YELLOW DENT CORN

AT 26.0% d.b. (20.65% w.b.) 15 THE EDGE.POSITION .

AT THREE SPEEDS

 

 

Yield Point maximum Strenéth
 

 

 

56.4

.1 Slow: lied Fast Slow lied Fast

9.2 13.1 2209 10.5 17.3 22.9

10.5 15.1 15.8 15.1 16.5 18.5

7.9 15.7 19.7 9.8 22.5 27.5

16.6 8.5 14.4 18.5 15.6 20.8

7.9 8.5 19.7 12.8 14.4 26.2

18.5 14.4 22.5 21.5 17.7 22.5

11.1 9.8 6.6 18.5 15.5 11.8

20.0 16.2 19.7 21.8 25.6 20.0

12.4 15.7 25.6 21.5 17.0 27.1

9.6 15.1 28.0 15.8 19.6 29.5

Ave: 12.1 12.8 19.1 16.1 17.5 22.6

q-; 4.4 2.8 5.7 4.4 5.5 5.0

0*: 21.9 29.8 27.5 18.9 22.1

 

fexp: yield point (slow, med, fast): 6.50; f.95 = 5.55

fexp’ maximum strength (slow, med, fast) = 5.79; f.95 = 5.55

0* = “7.4% X 100



TABLE A 4

COMPARISON OF COKPRESSIVE FORCE (1b)

AT KEDIUM SPEED REQUIRED TO DERORE YELLOW DENT CORN

”TO TRE YIELD POINT AND TO MAXIMUM STRERGTR

AT FOUR MOISTURE LEVELS (% d.b.)

WITH THE KERREL OR EDGE

 

 

Yield Point Maximum Strength

 

 

 

14.8 15.8 518.2 28.0’ 14.8 15.8 . 18.2 26.0

49.8 21.0 19.8 ' 15.1 55.0 26.2 26.7 17.5

29.8 50.1 57.5 15.1 48.7 58.7 49.7 18.5

58.9 45.8 24.9 15.7 58.9 51.7 55.4 22.5

55.4 58.0 59.5 8.5 58.0 45.2 44.5 15.8

21.8 18.5 20.5 8.5 52.1 21.7 24.9 14.4

59.5 24.9 18.5 14.4 40.7 41.9 26.2 17.7

50.4 18.5 51.8 9.8 48.5 21.8 55.4 15.5

57.4 21.9 22.5 18.2 44.5 24.9 27.5 25.6

52.1 25.8 28.8 15.7 ‘45.8 50.8 47.1 17.0

40.8 58.7 52.8 15.1 40.8 58.7 54.9 19.8

Ave: 57.5 27.7 28.5 12.8 45.5 55.5 55.2 17.5

V} 10.2 8.8 7.2 2.8 7.6 9.7 8.7 5.5

c: 27.2 51.0 25.2 21.9 18.8 28.9 24.7 18.4
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TABLE A 5

COszRISOH 0F COKPRESSIVE FORCE (1b)

AT LADIUM SPEED REQUIRSD T0 DEFORh YELLON DENT CORN

TO THE YIELD POINT AND TO MAXIKUM STRENGT

AT.FOUR MOISTURE LEVELS (% d.b.)

WITH THE KERNEL LYING FLAT

 

 

Yield Point Maximum Strength

 

 

 

:14.8 15.8 ‘718:2' 28.0 514.8 15.8 18.2 28.0

81.5 59.5 69.5 52.4 81.5 118.0 -- -75.2

55.0 49.2 99.6 --' 111.0 100.0 144.0 -"

85.5 98.1 85.5 75.4 75.5 104.7 . 157.5 86.5

52.4 58.4 80.9 96.9 70.7 124.5 85.5 98.9

42.7 100.0. -- 121.2 81.2 170.5 198.5 --

49.8 59.5 157.0 58.7 120.0 41.9 -- 52.4

51.1 74.4 - 144.0 95.4 84.7 205.0 144.0 95.4

54.1 85.5 '45.9 -54.1 89.2 82.0 45.9 55.8

= 88.5 44.5 58.0 -- 187.0 155.0 - 52.4 --

65.6 55.8 55.0 -- 86.5 _55.8 128.0 --

Ave: .

58.4 82.5 85.7 72.9 98.7 115.5 98.0 75.7

0718.9 21.1 40.2 52.5 27.2 48.4 50.2 22.7

C:

27.2 55.9 '48.0 44.5 28.1 40.9 51.2 50.8

 

C = qf/sve X 100



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

 

 

 

 

 

150

 

 

 

Yield Point Maximum Strength

Edge ~ Flat Edge Flat

84.2 44.5 84.2 “68.1

55.7 55.0 55.7 75.4

85.8 55.0 104.8 84.8

85.5 59.5 65.5 82.5

45.2 22.9 45.2 40.9

52.4 19.1 52.4 70.7

80.5 52.4 82.9 75.4

28.8 58.9 45.8 94.5

75.4 16.8 75.4 80.5

55.0 49.8 55.0 98.9

Ave: 58.0 41.4 82.1 74.5

d’. 14.5 15.2 18.8 -15.7‘

c:‘ 25.0 56.7 27.0 21.1

 

c = T/Avex 100
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TABLE A 7

FORCE, lb, REQUIRED TO DEFORM SOFT RED WINTER WHEAT

TO THE PROPORTIONAL LIMIT, YIELD POINT

AND MAXIMUM STRENGTH AT 16.0% d.b. (15.8% w.b.)

IN THE FLAT POSITION AT THREE SPEEDS

 

 

Yield Point Maximum StrengthProport i onal Limit

 

 

 

 

Slow Med . Fafi Slow Med . Fiast Slow Med. Faet

5.6 6.9 7.9 15.1 10.5 12.5 15.9 11.8 25.1

7.2 5.2 7.6 15.1 11.9 14.4 22.2 15.4 15.5 .

7.2 5.6 5.9 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

6.5 7.9 4.9 8.5 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 15.7 20.5 19.0 14.1 20.5

7.5 6.2 5.6 15.7 8.5 9.5 17.7 8.9 10.9

5.9 8.5 11.5 11.4 12.5 16.4 15.8 18.0 16.4

5.2 7.2 6.5 11.1 11.1 9.8 15.8 11.8 11.5

Ave:

6.8 6.9 7.6 2.9 12.5 15.7 15.9 15.8 16.9

0’:

1.1 .9 2.1 5.4 2.8 5.0 5.9 5.0 5.7

C:

16.2 15.0 27.6 26.4 22.8 21.9 24.6 21.7 21.9

fexp’ proportional limit (slow, med, fast) = 0.74; f.95 = 5.55

fexp: yield paint (810W, med, fast) = 0.515 f.95 z: 3.55

fexp: maximum strength (slow, med, fast) = 1.925 {"95 ~.—.. 5.55
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TABLE A 8

COMPARISON OF COMPRESSIVE FORCE (1b)

AT MEDIUM SPEED REQUIRED To DEFORM SOFT RED WINTER WHEAT

TO THE YIELD POINT AND TO MAXIMUM STRENGTH

AT TWO MOISTURE LEVELS (% d.b.)

WITH THE KERNEL IN THE PLAT POSITION

 

 

 

 

 

 

Yield Point Maximum Strength

18.0 86.3* 16.0 20.3

10.5 17.7 11.8 19.6

11.9 16.4 13.4 18.4

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

12.3 14.8 13.8 15.8

1.9 4.3 2.9 3.9

15.5 29.0 21.0 24.7

 

c = (r/Ave x 100



TABLE A 9

21131201? E03 P11111181; 0. 172.110.; 0.11.? 00R};

81' 11.310? EXILE-.3 ..T 1701’}. £01531???) lzilVLL-S,

' ' . 7
-~vnv- ‘p,’x'-" ,. o— »$" .u-v « ,

luxur}: 0113.; 1111 5.31153... 11.51

 

 

13.4.7: d.b. 18.1% d.b. 19.2% d.b. 211.7% d.b.

13.5

13.6

9.8

16.8

27.5

15.6

15,2

14.9

11.4

9.3

17.9

15.4

17.0

17.6

19.9

14.6

21.1

22.7

19.8

14.2

19.6

19.6

26.0

20.4

21.5

21.4

15.9

21.7

55.2

19.8

24.8

51.9

28.5

26.5

19.5

26.5

44.7

20.4

28.5

51.2

 

14.8

4.8

w

0
1

F
:

O
O

m
m

(
\
J

C
[
Q

o \
1

28.2

 

c = (r/Ave ;< 100



TABLE A 10

.....

ENERGY FOR FaILURE 0F SOFT RAD thTER uhfiaT

BY IRPACT SHEAR AT FOUR LOISTURE LEVELS

IRON-POUNDS FER SQUARE INCH

 

 

16.9% 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

16.7 11.0 19.8 21.0

17.0 19.3 18.0 26.6

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 19.6 17.5

Ave: 16.1 17.1 18.3 24.1

7’: 3.5 3.1 1.6 5.7

0: 21.8 18.1 8.7 25.3

 



TABLE A 11

EIJEEI‘GY FOR FAILURE OF PEA 813.115

BF.” 11.13.01” 311112.111 AT POUR EALOIJI‘L‘RLJ LEVEJLS

ILGIi-PCUI‘JDS 1.1.11 SQUIIRJZ 1.01:

1

 

 

 

 

8.7% d.b. 18.5% d.b. 22.8% d.b. 36.2% d.b.

3.14 36.8 40.1 72.6

1.54 48.7 55.7 74.5

2.13 30.7 45.0 48.8

3.03 36.9 45.21 69.3

2.81 37.3 44.1 53.3

4.95 34.6 46.4 , 54.3

5.00 40.8 55.2 83.3

2.70 26.1 57.2 59.5

3.40 31.4 62.5 63.2

5.94 22.8 62.6 73.5

3.46 34.6 51.3 65.2

1.32 7.0 7.6 10.3

8.2 20.2 14.8 16.3

 



 

TABLE A 12

ENERGY REQUIRED TO RUPTURE PEA BEANS

22.8% d.b. (18.6% w.b.) BY IMPACT SHEAR

AT TWO VELOCITIES, INCH POUNDS PER SQUARE INCH

 

 

 

 

 

 

8.: 44° 30' 9.: 79° 42'

(Vel.of Impact 5.24 ft/Sec) (Vel.of Impact 8.87 ft/seé7

40.1 2 46.8

55.7 57.2

45.0 49.1

45.2 45.8

44.1 59.4

45.4 44.5

55.2 48.2

57.2 57.2

62.5 51.7

61.6 41.9

Ave: 51.5 48.0

q‘: 702 507

C: 14.0 11.9

 

fexp = .80, 12.95 = 4.41
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