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ABSTRACT 

UCHE G. N. ANAZODO 

MECHANICAL PROPERTIES OF CORN COBS 

bt 
Agr1cultural 

Engineering 

Theoretical equations were developed for calculating the 

apparent elastic modulus and the strength of corn cob under quasi­

• 
static radial compression and simple bending. An empirical equation 

was derived for calculating it8 modulus of toughness. 

Experimental justification waA provided for the application of 

the Hertz Unear elastix: contact theory in detennining cob mechanical 
, 

properties in radial compression, since the cob 1& a composite of 

three inelastic materiala. 

In simple bending, the basic flexure formula was modified ta 

account for the compOIIite and tapered structure of the cob. 

The relative contributions of the macro-struc'tural components 

of the corn cob ta its mechanical properties were determined. 

Cob mechanical properties were found ta be significantly 

affected by corn var1ety, harvest date and moisture content, but not 

by loading rate. Further experimental investigations showed that the 

cob mechanlcal properties ~re much dependent on fertilizer rype and 

application rate but less depe?dent on 80il type and condition. 
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PROPRIETES MECOOQUES DE L:EPI DE MAIS 

Des équations théoriques furent développées pour calculer le 

coefficient d'élasticité apparent et la rhistance d'un épi de mars 
sous compression radiale quasi statique et flexion simple. 

One équation empirique fut -également dérivée pour le calc~l du 

module de dureté. 
.... 

Des expériences en laboratoire s'avérènt indispensables pour 

l'application de la th~Qrie Hnlai re élastique "Hertzienne" afin de 

" déterminer lu proprUt~s mécaniques de l'épi sous compression radiale" 

étant donné les trois matériaux inélastiques constituants de l'épi. 

En flanon simple la formule exprimant le fléchissement fut 1 

modifiée pour prendre en considération la composition et la structure 

particulière de l'épi de mais. 

Les contributions relatives des composantes macro-structurelles 

de l'épi par rapport à ses propriétés mécaniques furent aussi détermi­

nhs. 

Les propriétés mécaniques de l'épi se sont avérées significa­

tive~t affectées par la variété de maIs, la date de récolte et 

l'humidité de l'épi et non par le taux d'application de la charge. 

nea exp~rlences supplémentaires démontrèrent que les propriétés 

mécaniques de l'épi furent fortement liées au fertilisant employé 

ainsi qu'aux dosages appliqués, mais peu affectées par le type de sol 

et sa condition. 
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CCfiTRIBUTIONS TO KNOWLEDGE J 

There are five principal aspects of the study reported 1n this 

d9ctoral thesls which the author wishes ta claim as hrs original 
1 

cdnt rlbutions ta lcnowledge. 

1. ~lyse8 of the force-deformatlon curves and failure of the 

corn cob under radial 10adingS~ve not been adequately researched. 

ience, no formaI equations have been presented'in the literature for 

charaeterlzing the mechanieal properties and strength of the coro cob. 

Previous interpretations of the force-deformation curves of the corn 

cob under radial loading have been Umited to the measurement of the 

(

maximum force to crush or break the cob and the detennination of the 

slopes of the upper portions of the curves. Thus the most 91ngle 

important achiavement of the present research investigation is the 

establishment of theoretical and experimental foundations for intet-

preting, in proper engineering terma, the experimental force-deforœation 

curves of corn cob cOlDp08ite under radial compression and simple bending. 

2. Although the application of the Bertz linear elutic contact 

theory to biologieal material. is not new, no experimental justification 

of this approach has previously been presented in the cas. of tadial 
\ 

compression of cylindrlcal biological IDIlt.rials.· TItus the exp.rimental 

evidence, developed and presented in this study, that the Hert~ linaar 
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elastic contact theory aecurately predicta the contact ~rea .of a , 

fadially deformed corn cob composite. d~.pite iu non-homogeneous. , 
if 

.. non-taotropic and inelûtic structural composition and mechanical 

bahavior, 1& considered a very important finding. 

3. The bending strength equation cievaloped in this atudy for 

I;ofn cob campos1 te loaded as a simple beu ls equally applicable to 

any other linearly taperad composi te cyl1ndr1cal biological structure 

of two "homosanaoUl" ma te ri aIs . This equat10n 'not only provides an 

accurate th.oret1ca! basts for a quantitative analyais of the force-
/' 

_)defle~tion curvea of ~uch agricultural produf. 

reaaarcher to investigate the importance of e~ch 

of tha product in question and also to determine 

.. taper1ng structure. 

it also enablea the 

of tha two campanents 

the effect of it'" 

o 

4. Fol the first time, it ia established that a five-parameter 

~iric&l equation gives an accurate representation of the force-

deformation curve 'v:>f corn cob composite in radial compressian, or 

indeed for any other biological material with similar force-deformation 

behavior. Integration of th!s equation providea a straightforward 

method for determining the modulua of toughness of a corn cob campoaite. 

'nlia finding has an important bearing on the chaneterizatian of the 

lDIchanical 8trength of agrlcultural products. eapecially ln view of 

" the l'rasent inabil1ty to eetablish a rational mechanical fallure 

theory (or theorl •• ) for moat agricultural producta. 
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" 5. Prev10ualy reported investigations of the mechanical 

properties and .chanica1 behavior of the corn cob composite con-

.id.rad the cob .. & hollow el_tic c:ylinder by dilregarding the soft, 

, sponlY, c:ylindrlcal parenchyutoU8\ tissue at the center of the cob. 
". 

An in~8t1gation wu conducWtf ta exami~ this structural s1mpllfica-

tian of the cob c01llposi te, since in radial compression. the tIlechanieal 

properties of a composite eylindrleal body may be significantly 

modified by the existence of a very weak material wt.thin it. Experi­

meotal rasulu froa this study s.howed eoncluâivhy that the soft pith 

material at the center of the cob .aot ooly contributes eub.tantially 

ta the uachanical properties of the cob composite but it a180 plays a 

critical role in the initiation o! failul;'e in the cob when loaded in 

radial compression. Thus, this s tudy contributes to knowledge by 
1 

providing a better understanding of the relative importance of the 

corn cob 's lllacro-structura! components to its composite mechanical 

propart!es; and thereby points out the error in Il popularly-held 

notion about an essential component of the cob. 

Furthermore. the experimentai results obtained f~ this study 

provide quantitative information on the mechanieal properties of the 

corn cob. The major 1DOWphological, agronomie and edaphic factors 

affecting the corn cob ~chaniea1 propart!es vere alao established in 

this th .. is. 

l'he rasulta of and conclusions from the etudy he rein pr.sented 

may find prae tieal atlp 11 cations in the foUowing related etudies c 
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1. 10s8 and damaae durinl corn combine harve.tinS. 

2. corn production reaearch to detend.ne ths agroaomic and mechaniza-

tioo a,..t .. that optim1ze. éconOlldc return. and 

3. mathamat1cal formulation of corn combine' shell1ng th.o~ . 
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CHAPTER l 

INTRODUCTI ON 

1.1 Importance of the problem t 
It i8 weIl recognized that an adequate knawledge of the r 

mechanicel behavior and failure criteria for agricu1tural producta 

during harvesting and handling ia essentia1 to the efficient 

mechanization of these procesaes, Consequently, considerable 

experimental and theoretical research work has bean done in 

identifyi.ng and quantifying the mechanical properties of food 

materials which are important in the optimU1ll design and performance 

of harvesting and proeessing machines (Mohsenin and Goeh1ich, 1962; 

Mohaenin, 1970, 1977), A workshop on the design applications of 

mecbanical propertiu of soUd food Jllateria1s (Pennsylvania State 

University, 1975) has further demonstrated the need for more' 

research 1nfon.tion on the Mchanical properties and bahavior of .' 

loaded agrlcultural products, Mechanica1 properties of agrlcultural 

produets have also seme important appllcati0D.8 in the study of the 

storage qualiti •• of such produets under various storage systema 

(Mohammed, 1976). 
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In the c .. e of the corn plant, interest has been focueed on 

studying the physical and machanical properties of the corn stalk 

(Prasad and Gupta. 1975) and corn urnel (Balastreire and Berum, 

1978). The ob vi oua réasons for this special interest in the staU 

and kernel of corn are the needa to reduee 1088es due to stalk 

1 
lodging, to minim1ze the power required to cut the plant during 

lD8chanieai harvesting and to preserve urnel quality. 

On the other hand. little work has bean done in characterizing 

of 

2 

the IDechanical properties of other corn plant companents, 9ueh as • 

the eob. Although corn cob la not a primary produet of the corn 

plant, there is field and experimental evidence that the cob 

morpho1ogieal, physical and mechanical properties influence the corn 

combine shelling efficieney (Sehgal and Irown, 1965; Agnes, 1968; 

laall and Johnson, 1970). Both cob moisture content and cob strength 

are known to affect umel 10sse8 and kemel d.«mage (WaeHi and 

Buchele, 1967). 

Thua, a Imowledge of the mechanical properties of the corn cob 

is also importapt in the design and performance of harvesting and 

proc.8sing machines. 

Characterization of the mechanical properties of the corn cob 

may alaa be Il11Portant in furtherlng thaO induatrial ..exploitation of 

th!s corn by-product. Bichei and Yoerger (1954) listed the following 

indus tri al uees of corn cob: manufacture of furfural; soft-grit 

blasting of metals; absorbents and driers; fur cleaning and 

f 
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abruives for hand-soap. Johnson and Lamp (1966) stated chat the 

chem:1cal indua try uses cob aB a carrier for insecticides, herbicides, 

and as an extender of vitamine and minerala in feedstuff. They al8'o 
9 

stated that. cob flour and fine cob me.l are.red in ph armaceut.i cal , 

cOS1lMltlc and aimilar preparations. Corn cobs are aIso used as 
.~ 

animal bedding and as animal feed, mostly for the roughage effect 

(Table 1). Bargiel!!..!!. (1979) discussed the potentiai use of 

corn cobs as a source of heat for lrop dryin~ They developed a cob 
---~ 1... 

.. saver attachment for a corn combine. 

1.2 Nature of the prob1em 

Adequate eharaeterizatian of the mechanicai properties IIDd 
'\ 

8t.rangth of the corn cob has not been achieved because of the comp1ex 

natura tJ)f cob morphology and structural composition. As desc ribed 

in Chapter II, the macro-structure of corn cob consists of three 

main componenta, none of which ls exact1y homogeneous, even on the 

m&ero8copic level. c 

The pr~lelll la further compUcated by the non-linear, non­

elastic and n~~isotroPic force-deformation behavior of corn cob 
" 

under en.mal \ leada, as illustrated in Figure 1. 

It eould, however, be na.onably usumed that the cob 

composite is radially isotropie and that each of its three major 

macro-structural components 1 .. homogeneoua, elutie and isotropie. 

• 
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TABLE 1. Average per lent composition and digestible nutrients of 

corn ear, kernel and cob* 

Ear Kernel Cob 

Item 
and cob Corn dent Corn 

';round 
mes l concentrate 

% % % 

Dry mat ter 86.1 85.0 90 4 

Total digestible nut rien t 73.2 80 l 45. 7 

Protein 714 8. 7 " 3 L 

F1ber 8 [) 2 .1) 32. l 

Fat 3.2 ) 9 1} 4 

Calcium 0.04 0.02 'J 1 1 

Phosphorus 0.22 0.27 0.04 

Ni trogen 1. 18 1 39 [) 17 

Potassium 0.40 0.29 0 82 

*From Johnson and Lamp (1966). 
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1. 3 Objectives (lf this study 

The objectives of this studv were 

l To develop appropriate th1!oretica1 and expenmental methods for 

character1zing the mechanical properties of corn cob composite 

under quasi-static load1n~s. 

2. To determine the effeets of rate of loadin~ and cob moistlHe 

content on the mechanical properties of corn cob composite 

3. To investigate the mo~hological, agronomie and edaphic factors 

f' 
affecting cob mechan1cal properties. 

1.4 Scope of this study 

1 

The seope of this study was l(mited to thenretical and 

laboratorv experimental investigations llllder quasi-statie l"adings 

A greater proportion of studies on the mechanical properties 

of agricultural pr~ducts is based on quasi-statie analys1s, which 1s 

re1atively silIllJler than dvnamic anlllvsis Howeve r, for the purposes 

of apply1ng the lDBterial properties determined tmder laboratory 

conditions to practical situations in the field, quasi-static 

analysis should be supplemented with dynamic invest1~ations. 

ElIllJhssis in this study was on radial compression of corn cob 

composi te. Axial loading of SOlDe cylindr1cal biological mater1als 

has been found to give less useful information on the mechanieal 

properties of the products tested CSnobar, 1973; Sherif ~ al., 

1976). Moreover, in relation to efe shell1ng performance of the 

6 
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• conventional corn combine harvester (Figure 2), mechanical properties 

of corn cob tmder radial compression are probablv more relevant than 

those detennined under axial cômpression. AIso, because cob 

breakage in the combine cvlinder-concavf' leads to kernel losses and 

overloadin~ of the separating and cleanin~ devi,-es of the harvester 

(Johnson and Lamp, 1966). simple bending tests were also considered 

important Th us , elastic modulus and strength of corn cob composite 

in simple bendiQg were also studied in sorne detsil 

1.5 Approach to this stu~ 

ln radial compression, the corn coh problem was considered 

essentiallv identical t0 the contact prohlem of an elastic cylinder 

on a rig1d plane. The cla8sicsl solution of the cylinder problem ls 

based on Hertz l1~ear elastic contact theory An i mp 11 ci t assump tion 

in this approsch Io7SS that, despite the non-homogeneous structural 
,-"J'! 

composition of the corn cob composite, the stresses and deformatlons 

at the surface of contact between the corn cob and each of the two 

loading steel plates could be adequately predicted from the Hertzian 

solution of the contact stress deformation of a homogeneouB elastic 

cylinder on a rigid plane. Experimental justification of this 

a88 LIlIIP t ion lo1ae unde rtak.en . 

ln simple bending, the approach adopted was to modify the 

elementsry beam flexure formula to aCC01.mt for the tapering of the 

cob structure and its composite nature. 

.1 

The cob wse coneidered in 
• 
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Figure 2 Shelling of corn ear ln a combine cyllnder-concave 

( f rom Wae 1 t l, 1968) .,..... 
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simple bending as a tapered cylindrical bodv of two homogeneous 

materials, the mid-cob and the soft pith at the center. The outer 

fine fluffy matertal covering the mid-cob was considered unimportant 

in simple bending. 
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CHAPTER II 

REVIEW OF LITERATIJRE 

2.1 General 

Corn ie one of the moet efficient crops for converting the 

SUrl'e energy into food. Although thought to be a native of Mexico, 

corn ie grown throughout the temperate and tropical zones of the 

wor1d where rainfall i9 adequate or irrigation water can be provided. 

It is a fast growin~ erop that yie1ds best with moderate temperatures 

and plentifu1 supp1y of water (Aldrich ~ al. , 1975). 

Corn, more widely knawn as maize, ranks after wheat and rice 

as the third most important crop in the wor1d. It has been the 

1eading crop in the north central United States corn be1t for about 

100 years, and in the provitjce of Ontario, canada, for the past ten 

years (Rami 1 ton, 1976). Grain corn production ilJ,~.more predominant 
• 

than silage corn production in both the United States of America and 

Canada, although this is the case on1y in the provin? of Ontario 

and Quebec, which are the two leading corn producing provinces in 

Canada. 

10 
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One of the more important attributes of corn a8 a gr~rop 

is its high economic return, spart from its vast range of 1ndustr1al 

applications (~lebenow, 1968) Besides genetic and edaph1c factors 

(Anderson and Kemper, 1964, Glenn and Daynard, 1974), the main 

detenninants of grain yield are p1ant1ng date, population densirv, 

temperature, photoperiod, fertilizer type, and rate of fertilizer 

application (Ragland !!.È., 1966, Bonaparte, 1968, Genter and 

Jones, 1970; Marley and Ayres, 1972, Kirton, 1973, Arnold et ~., 

1974; HUIlter !! al., 197.{1; Winter .!!!l., 1976) 

Mechanization of corn production has grest1y enhanced the 

economic importance of the crop but not without some associated 

prob1ems. For instance, combine harveating of corn frequentlv 

results 1n SOlDe Appreciable amOlmt of kernel losses and damage, 
.. 

particularly when the crap 1a harveated st re1atively high moisture 
") 

content due ta weather constraintB. These lasses occur chiefly in 

the machine's gather.ing, threshlng, sepÀrating and c1eaning devices 

Combine losses, eJq)ressed on a shelled-corn basis as a per-

Il 

centage of total harvest, may collectively amount ta about 16 per cent 

-.,J 

(Burrough and Harbage, 1953), seven or five per cent (Pic~rd and 

Bateman, 1954), or about nine per cent (3y& ~ al., 1966). For 

high-moisture corn picker sheller harvesting operations, up to 10 per 

cent keme1\ 1088 may be suffered during she111ng aIone (Richey ~ al .• 

1961). It la important to nate that a fi ve per cent grain 108s is 

approximate1y equiva1ent ta a 25 per cent 1088 of profit and not 

flve per cent (Friesen, 1972). 
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Kemel damage during corn combine shelling 1s even a greater 

concem to the fanner than kemel loss. Mechan1cal damage lowers 

the profits of corn grC/W'ers by invisible lasses (Le., imperfect 

shell1ng, maturity 10ss and scavenger loes as discussed by Johnson 

and Lamp (1966)), accelerated deterioration, incressed drying costs 

and lowen!d market priee of grain corn (Burkhardt, 1971). 

The kemel loss and damage levels 1n any given situation will 

depend on machine design, adjustment and operation, field condi tians, 

weather, and erop morphologicsl, physica1 and me.hanieal pToperties 

(Hunt 1 1964, Sehgal and BrO\o1!1, 1965 , Byg !!. al , 1966. Johnson and 

Lamp, 1966; Waelti and Buchele, 1967, Nyborg et aL, 1969; Friesen, 

1972; John Deen, 1973; Lein ~ !l., 1976). 

Mo1sture content of the crop components ls probably the maet 

, single important crop factor 1nfluenc1ng harvest1ng and post 

harvest1ng operations for corn (Hunt, 1964; Waelti and Buchele, 

1967; Prasad and Gupta, 19]5, Hamdy ~ !l., 1977). In the shelling 

of corn, if moisture content ia too high, many of the kemels will 

rupture before break1ng away from the cob, and longitudinal cob 

bn~akage may increase. If moisture content is too Law, field lasses 

due ta 10dg1ng and dropped ears will be incre~sed, and kemela will 

be damaged because of their inability ta deform when the cy11nder 

bar strikes them (Friesen, 1972). 

12 

Crap strength, measured separately as stalk strength, kernel 

etrength and cob strength, has alsa been found to affect significantly 
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field lasses and damage of corn product (Zuber and Grogan, 1961, 

Tho1DPson, 1963, Waelti and Buchele, 1967). 

2.2 Mechanical properties of solid 
food mate rials 

Mechan1eal properties may be defined as those having ta do 

wi th the behavior of the material unde r spp lied forces. Mechanica1 

prop~t1es that are time dependent may be eonsidered as rheological 

The physical characteristics which are usually measured in studying 

III@chanical p rope rties 0 f solid food mate ria 1& Incl ude IllOis ture 

content, shape, lize, and density. ln some instances, volume, 

surface area, porosity, color and appearance are also detennined. 

In the study of the mechanicrl properties of biological 

materials, lt is assumed that the techniques employed in evaluating 

the behavior of engineering materials will be applicable ta most 

agricultural products CMohsenin, 1970, 1977). l.inear elaatic theory 

is aBsumed, although agricultural materials, being eomposed of 

solids and fluids, do Dot act in Il purely elastie manner. Rather, 

their resiatanee ta applied external load ie Il eombination of 

elastie, plastic and viscous behavior. As a result of these 

diffieulties, many observations are requ1 red and the meehanieal 

properties of interest must be evaluated st varioUB atages of 

maturity in arder to specify e01DPletely the meehanical behavior. 

13 
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Frequently, the characterization of the tensile, compressive 

or bending streogth of an agricultural product ls limited to the 
, 

measurement of the maximUlll force to fail the material. Force, 

however, is not a valid tœaSure of the strength of a material. The 

maximum force to fail a material depends on many factors, including 

the size and shape of the material being tésted. Stress or strain 

at the critical point of failure may be more validly used. Detar-

mination of the stress-strain curve from the force-deformation curve 

obuioed during test requires a precise and versatile testing 

machine with an x-y plot capability. This oeed 18 largèly 8atisfied .. 
by the Iostron universal testing machine, described by Boume ~ al. 

(1966) and Bourne (1967). Ta simplHy the stress-strain analysie, 

experimente are performed with conveniently shaped specimens of the 

agricultural product. 

However, 1 t mus t be pointed out tha t the calculation of 

stress aS force per unit cross-sectional area of the loaded matarial 

is not vaUd for large defonnations as oecur ln loaded biologieal 

materlals. The contact areae or the lo.aded aress ln both radial and 

axial losdings of the biologieal materials do not remain cons tant. 

Approprtate theories for ealeulst1ng the contact stresses in both 

cases have been developed in c1ass1cal theory of 1inear elasticity 

(Timoshenko and Good1er, 1970). Linear theory of v18coelast1city 

as developed for po1ymerJ.c materials (Bland.tl960; FIUgge. 1975) 1s 

also frequently appl1ed ta analyze creep and relaxation elq>erimeotal 

J 
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data obtained with agricultural materials (Finney ~ ~., 1964; 

Mort'C/W and Mohsen10, 1966; Moustafa, 1967; Mohsenio, 1970; Olen and 
"\ 

Fridley, 1972; De Baerdemack.er and Segerlind, 1976). 

Young' 9 modu1us, shear modulus, eomp1ex modu1us, modulus of 

toughness, compressive stl'ength, sheal' strength and tensi1e streng!h 

... 
are some of the parameters oHen used in charactel'izing the 

mechsnical properties and behavior of agrieu1 tural produc ts. AlI 

these tenus and certain other features of the force-deformation 

(f-d) eurv&s of agrieultura1 products are defined by Mohsenin (1970) 

and, except the comp1ex modu1us, may be determined from quasi-statie 

teslls uaing the Instron universa1 testing machine. Comp1ex modulus 

calcu1ation requires dynamie tests as described by Finney and Norris 

(1968), Wen and Mohsenin (1970), and Rao !!. al. (1976). An exveri-

mental technique for determining the dynamie strength of food 

materialB ia described by Jinda1!!. al. (1976). 

The application of the 1inear theory of elasticity to the 

study~of the mechaniea1 behavior and properties of biological 

materialB has been questioned. ln an effort to establish a more 

direct fundamental approach, Murase and Merva J.1977) developed an 

e1astic stress-strain constitutive equation ta deaer1be the responas 

of vegetative material to enVironmental pertubatioDs, based on the 

asawaption that the vegetative tissue can be approximated as an 

elastic, paraus, multicelled continuum. However, their equatioo 

15 

contains five mater!al coefficients which are not easily determinab1e. 
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Th us , as convincingly argued by Mohsenin (1970), until specifie laws 

and princip1es are derived and established, bio-mechanical 

properUes research will s Ü 11 be based on the application of the 
L 
basic princip les of engineering mechanic~. and rheology. 

A recent contribution to the 1in!ar theory of elasticity 

approach te the study of stress-atrain behaviors of agricultural 

products under applled load is the application of the finite element 

malysis techniques (De Baerdemaèker, 1975; Cooke ~ al., 1976; 

Segerl1nd, 1976; Sherif, 1976; Gustafson ~ aL, 1977). The finite 

element method ls a numerical procedure for the solution of differ-

ential equations. The basic premise behind the method ia that any 

function, existing in a region, can be represented by "a set of 

piecew1se continuous functions deflned over a finite number of 

subdomains" (Segerl1nd, 1976). However, a numerical solution of the 

stress-strain behavior of arlPintact agricultural product under load 

depends on adequate knawledge of the "elastic constants Il of the 

major constituent materials of the product. Otherwise, the appl1ca-

tian of this powerful technique wi.ll be seriously limi ted as was the 

case with the study by Brandini et al. (1978). Experimental 

verification of the numerical solution 1s often very diff1cult to 

undertake, due largely to the lack of Adequate e~erimental technique 

for measuring strains in the intact agricultural product wR\n loaded. 

Much more difficult ta accompliah ia the identification of 

what constitutes failure in a loaded biologieal material. The 

( 
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maximum-stress theary is usually adopted as .the strength theory, but 

this assumption has been diBputed by some authors (Segerl!tld and DaI 

Fabbro, 1978; Murase !l~., 1979). 

Murase et al. (1979) 9tated that failure of a vegetative 

tissue must be ini tiated by one or more of the follow1ng phenomena: 

1. rupture of the wall of an individual cell; 

2. rupture of the membrane enclosing the cytoplasm with release of 

the contents of the cytap1asm into t~è cellular mass; 
, 

3. separation of the middle lamella. 

They considered the initiati~ of a failure to be of utmoat 

importance because it must precede the critical or uitimate failure 

of the agrlculturai product. 

Mohsenin (1977) coosidered the threshold of failure in an 

apple tissue to be the initial celI rupture in the parenchyma tissue 

which resuIts from excessive elastic or inela.tic deformation, 

exhibited by a discontinuity in the force-deformation curve called a 

bioyield point. In the case of a corn kernel, he stated that a break 

in the endosperm may develop from exceeding the elastic or inelastic 

defonnation of the aleurone layer (outermost thin layer of the endo-

sperm contsining oil and protein) causing visible or invisible 

cracks. lni tiation of these cracks could be consldered as the 

threshold of failure in such foods as cereal grains. On the other 
,. 

hand, the fsilure threshold in a Meat tissue may be considered as 

the stresa level at which tearing and separation of connective 

t1saue talte place (Mohsenio, 1977). 
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The meehanisms of failure of axiallv compressed cvlindrieal 

specimens of saUd food materials ... ere studied by Calzada and Peleg 

(1978). They stated that NO antaganistic mechanisms participate in 

the compressive large defonnation process These are. 

1. fracture of structural elements ... hich tends ta reduce the 

ove1ilJll strength, 

2. compact1on of origlnal and fraetured elements ta produce a 

denaer structure which te.nds ta increase the overall strength. 

Calzada and Peleg (1978) further explalned that at each strain 

level, these meehanisms could balance one another (giving rise to 

the linear reglon of the stress-strain curve) or be dam1eated by one 

of them. In a case of dominant fracture meehanism the slope of the 

stress-strain curve deereases with the strain and an upward convex 

region appears. If eompaetion dominates the situation, the slape of 

the curve lnereases progres91vely and an upward concave curve wl11 

develop . 

2.) Corn phydcal and mechan1cal 
propert1es 

Because of the varioUB lasses and damaae ta corn due to s talk 

lodging and mechan1~al ln jury dur1ng harvesting, manv researchers 

have investigated the mechanical properties of corn stalk and corn 

kernel. In coatrut, 11ttle work has been done ln charaeterlz1ng 

the mechanical propert1es of other corn plant components, such as 

tha cob. 

18 
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2 . 3. l Co rn st alk 

Using procedures suitahle for laboratorv and field testing 

Pickett et al. (1969) found average compressive and tensile modul1 

values of 2379 MPa and 7653 MPa for the cortex of corn stalk They 

also fOlllld the rheological properties of corn stalks to be closelv 

assoclated with the stage of plant development and the radius of 

the stalk. 

In a studv involv1ng drv mature corn, Prince !!.. ~ (1969a) 

found the apparent elastic modulus of whole-stalk specimens tested 

in compression ta average 2758 Mega-Pascals (MPa); and that of 

sections of the cortex tested in tension to average 1724 MPR. 

Prince et al. (196.j.b) tested stalk specimens in bending to 

detennine the effect of perimeter ancl internode position an the 

mechanical propertles of the stalk material. The modulus of 

elastic1ty which averaged 4723 MPa for the stalk specimens was found 

to be significantly different for different positions of the tested 

specimens on the sta1k perimeter. 

Prasad and Gupta (1975) studied the behavior of maize stalk 

LU'lder quasi-static transverse compression using a table Instron 

testing machine. They found that the u1timate compressive strength 

of the sta1k had a 1inear relationship with the stalk diameter and 

was observed to decrease wi th Increase in rate of deformation. They 

a1so detennined that the modulus of toughness, as well as the ui timate 

( shear strength, of the maize stalk decreased with increase in the rate 

1 



.. 

, , 
i-

of defonnation and tlWe height of cut from ground Level. Prasad and 

Gupta (1975) determined the modulus of toughness of corn stalk ta be 

0.084 Jt 106 N-m/m
3 

at 10 cm/min and r) .040 x 10
6 

N-m/m 3 at 50 cm/min. 

They explained that the effects of rate of defonnation on stalk 

mechanical properties mav be because of the visco-e1astic behavior 

of plant material. 

Stalk strength, measured principa11y as the maximum breaking 

or crushing force, as did Zuber and Grogan (1961), Thompson (1963), 

and Plckett (969), has also been found to be affected by the thick-

ness of stem rind, pith strength, stalk lignification, stalk rotting, 

plant population, plant height or ear height, soil fertil1ty and 

corn variety (Hunter and Dalbey, 1937; Krantz and Chandler, 1951, 

Zuber and Grogan, 1961; Josephson, 1962, Thompson, 1963. Liebhardt 

and Murdock, L965; Liebhardt ~ aL, 1968. Pickett et aL, 1969, 

Chang, 1971; Liebhardt and Huns on , 1976). 

'2.3.2 Corn k.erne1 

Kernel strength and k.ernel damage have been extenslve1y 

studied because of the obvious economic importance of preserving 

grain quali ty. 

Zoerb and Hall (1960) determined basic mechanical and 

rheo1ogicai properties of individual bean. corn and wheat seeds. 

Molsture content had the greatest influence on the strèngth o~ the 

seed. Resisting force, elastlc modulus and stress aIL decreaaed 

with increasing moisture content. 

20 
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Bilanski (1966) found that the resistance to impact damage of 

a11 the grains he tested (inc1uding corn) increased as the moisture 

content lncreased. He measured the resistance as the minimum energy 

requlred to damage the grain. The reslstance was also found by 

Bilanski (1966) to be dependent on ho~ the kernel was posltioned with 

respect ta losd. 

Shelef and Mohsenin (1969) studied the effect of moisture 

content on the mechanical properties of yellow dent corn by applying 

uniaxial compression loads ta individusl kernels. The loading was 

app1ied successive1y with a cylindrica1 indenter, paraI leI plates 

and a spherical indenter. Three moisture dependent variables \oIere 

evaluated from the force-defonnation relrtionsh1ps, viz: the l1near 

Ioad li ml t, the apparent elastic modulu~ and the modulus of deform-

ability. l t \oIaa found that the values determined for each of these 

parameters decreaaed with Increase in mo1sture content of the kemel. 

The1r results further showed that at any given moisture content the 

values of the apparent elastic modulus and the modulus of deform-

ability were in the same arder of magnitude for the cylindrical 

indenter and the parallel plates. These values, particularly at the 

laver moisture contents, were considerably higher far the case of 

the spherical indenter. 

Research findings reviewed by Mohsenin (1970) gave the cam-

pressive apparent elastic modulus of yellow dent corn as 399 MPa in 

the vertical position, at kernel moisture content of 15.4% d.b. and 

21 
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losding rate of 0.20-1.17 cm/min. In the fIat position, with the 

germ side down, the reported compressive apparent elastic modu1us 

was 1157 MPa, at moisture content of 12.2I d.b (dry basis) and 

0.05 cm/min. loading rate. The corresponding values of the ul tilll8te 

stress were reported as JJ MPa and 17 MPa. 

Bslastreire and Herum (978) studied the relaxation modu1us 

of rectangular slabs of corn kernel endospenn in simple bending. 

They found that the corn endosperm in bending may be represented by 

a generalized Maxwell mode! cOllIposed of a spring and five Maxwell 

elements in parallel. 

The dependence of corn st&lk and corn kernel mechanical 

properties on moistuTe content and rate of loading 1s a typicsl 
, 

biomaterlal me chani cal behavio r. Finney (1969) li tated th at the 

modulus of elasticity of plant tissues should be 1nfluenced by at 

least three factors: the rigidity of cell waHs, the stiffness of 

the intercellullir bonding agents and the turgidity within the cells. 

He added that, structurally, 1ntercellular adhesion or cement1ng 

substances and cell wall streogth are factors quite l1kely ta 

influence toughness of agricultura1 products. Fletcher (1971) noted 

that the dependence of !Dechanicsl properties of sol1d food materisls 

on the rate of loading is one reuon for the belie f that such 

materials are viscoelastic. 
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2.3. 3 Corn cob 

Being usually diBcarded after corn shell1ng, the corn cob has 

not attracted mueh interest, its raIe during corn shelling notwith-

, 
standing. Most literature dealt ~ith the study of the mechanical 

properties of the corn cob in a rather haphazard manner The chief 

concern has bean usu&lly \ternel properties and quality, while the 

cob is only treated as a subsidiary problem. 

While the importance of cob strength in re lat10n ta the mech-

anlzatlon of corn harvesting and drying ls not yet fully recognized, 

the influences of cob moisture content on these processes have bean 

weIl astablished (Burrough and Harbage, 1953, Hopkins and Pickard, 

1953; BUllt, 1964; Johnson and Lamp, 1966, Agnes, 1968, Hall and 

Johnson, 1970; H.amdy ~ !.!c., 1977) 

HUllt (1964) pointed out that for small grains k.ernel moisture 

ta the prime indicator for timing the harvest, but in corn harvest-

ing the stalk and cob moisture contents must also be cons1dered. 

Johnson and ~ (1966) emphasized that the research findings of 

some investigators showed that karnel moiature doea oot correlate as 

well ta cylinder 1088 as does cob moisture. 

Besides the ahove references to cob lDOisture content, a 

l1terature aearch gave l1m.ited and inconsistent information on cob 

strength and cob mechanica1 properties. 

In 1926, Wioter reported the breaking strength of corn cob as 

"the relative strength per tmit area of the ligneous part of the cob." _ 
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The relative strength Io'as determined as the maximum force ta break a 

four-inch long cob section loaded as a simple beam. Using this 

strength parameter, Winter (1926) found B high correlation between 

the average brealting strength of seed-ear cobs and the yields of the 

resulting corn,. plants. 

Waelti and Buchele (1967) determined cob strength as the 

maximum compressive force of a one-inch long cob section w1th la ad 

applied radially. The initial cob diameter was taken 8S the d1s-

tance between the loading plates at a ten-pound load during the cob 

strength test. At this force, the cob "glumes" were crushed and 

laid flat agsinst the cob surface and cob deflecüon was still at a 

minimum. An average UltiIDa\train of 0.379 mm/mm wu reported. 

Cob Hrength WIlS found. QY waelt\ and Buchele (1967) ta be 8lIIong the 

moa t lmportan t c rop p rope rtles/llf fec ting \terne 1 œechanical damage ln 

a cmnbine threshing cylinder. Law \te me 1 damage was associated vith 

low detachment force, high \ternel strength, low \ternel deformation, 

lolo' cob atrength. 

Another measure of cob strength reported in more recent 

studies ia cob stiffness, defined as the dope of the upper portion 

, 
of the force-deformation curve of corn cob in radial compression per 

unit length of the tested cob sample. Ramdy!!!.!.. (1977) found cob 

atiHness to lncreue wi th increue ln drylng temperature but 

decreaaed wi th 1ncrease ln moisture content. 

24 
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None of the above etudies included an analvsis of cob failure. 

The first reportelà attempt ta charact.rize the mode of failure under 

external load was made bv Jolmson et al. (19ff9). They considered 

the cob under radial laading as a hollow (~in elastic cvlinder sub-

jected to opposite forces uniformly dlstri&vted alang 1ts length 
1 

Classical engineering mechanics for the -defI'ection of a r1ng 

CTimoshenko, 1956) was then cOTIsidered appl1cabl@ ta the corn cob 

radial deformation. In aIl their tests, Johnson !l al. (1969) 

observed that "the cobs failed piece by piece longitudinally along 

their planes of s)TlIIIIetry into four quadrants." The surface of 

failure wu found ta be 1rregular. 

More recently. Brandini !.!. al (1978) applied the finite 

element analysis technique ta the problem of cob deformat10n in 

radial compression. They also c0TI8idered the cob aB a hollow 

elastie cyl1nder. The corn cob was simulated a8 a single material. 

Thearet1 cal consideration of the corn cob as a ring or a 

hollow elastic cyUnder 1s obviously an over-simpl1ficat10n of the 

complax structure of cob. 

2.4 Structure of corn cob 

Ordinarily, a corn cob may be considered as the composite of 

all the structure that remains after the kemela have been removed 

from the corn ear. 

2S 
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Morpholog1cal analys~s of the corn cob bv Sehgal and Brown 

(1965) reveals that it is a complex structure composed of glumes, 

lemmas and paleas, rachillae, glume cushlons, rachis nodes and inter-

nodes, prophylls, inter-row tissues, inner and outer vascular system, 

and a soft, spangy, parenchymatous tissue in the center knO'J11 as the 

pith. These morphQlogical deta1ls of the cob lOere descr1bed by 

Laubergayer (1949) and Nickerson (1954). 

'> 

The framework of the cob is composed of numerous c learly 

defined segments disposed ln longitudinal plane. Each segment has 

two vascular bundles whlch pass through one or tvo radia 1 canals in 

the woody framework. Planes of cleavage oecur between the segments, 

both longitudinal and transverse to the axis of the cob. The trans-

verse plane corresponds to the Interval betveen the weak, diagonal 

rlbs. The longitudinal plane of cleavage ls usually zig-zag, and no 

other l1ne of weakness transverses the cob longitudinally (Reeves, 

1950) . 

The longitudinal rOWB of cupolate rachis segments are 

fastened with one another by a "cem.ent1ng" substance, the Inter-row 

tissue, in a manner s1mulating zipper fasteners (Sehgsl and Brown, 

1965). When force is appl1ed on the top, the cob spHte or opens 

llke a zipper 1n the inter-row region. The woody ring of the cob 18 

strengthened and supported by Inner and outer vascular system. The 

bUIldles have longitudinal course From the base to the apex of the 

cob and are 1ntra- or 1nter-row in poe! tion. 
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'The pith also shows indefinite transverse planes of cleavage 

and frequently bn~ak.s transversely and 10ngitudinally 1nto segments. 

It is uniformly composed of parenchyma, except for a tew vascular 

bundles running longitudinally 1n the region near 1ts periphery 

(Reeves, 1950) NickersOD (954) stated that the pith reg10n of cob 

1s genera11y free of vascular tissue. 

The connection between the woody zona and the pith zone 1s 

somewhat 100se in the mature dry cob as can easl1y be demonstrated 

by the eaBe with which the pith can be removed from the center of 

the cob. 

Four distinct zones can therefore be structurally 1dentified 

1n the cross-section of a corn cob. Sehgal and Brown (1965) 

described these zones as follows: 

1. fine chatt, cODsistlng of lemmas and paleas, upper portions of 

the firat and second glumes, 

2. coarse chaff, consisting of the basal portiODs of the firet and 

second glumes, rac:1illae base, and glume cushions or the rudi­

mentary leaves; 

J. woody ring or ud-cob, consisting of rachis Dodes and internodes, 

toner and outer vascular system; and 

4. P ith. 

In the present study, cob structure 18 consl~ered ta be 

composed of three distinct macro-8tructural zones or c01Dponents. 

With reference ta Figure 3, thue are: 
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1. the glume or fine chaH; 

2. the mid-cob, including the glume base or the coane chaff; and 

3. th. pith. 

From the preceding literature review, one may conclude as 

followa: 

1. Corn cob physical, morphological and mechanical properties 

affect corn combine performance. 

2. Corn cob moi.ture content has a profound effect on both cob 

breakage and kernel damage. 

3. Information on cob mechanlcal properties and strength 18 very 

limited. 

4. Corn cob consists of three distinct macro-structural cODlponenta. 
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CHAPTER III 

REVIEW OF ELASTlC CONTACT nŒORY AND ITS APPLICATION 
TO RADIAL COMPRESSION OF CORN COB COMPOSITE 

3.1 General 

ln this chapter, the theoretical deve10pments 1eading to the 

expressions to be adopted in thia study for calculating the apparent 

elastic modulus and the maximum contact a treas for a corn cob composite 

radially compressed berween tvo parallel steel plates are presented 

and the assumptions in this approach discU8sed. The stress and strain 

distribution. developed within a radially comprassed corn cob composite 

aile not conaidered becauae of the c01llplex nature of contact stress-

deformation, the c01llPosite nature of corn cob, the inelastic and 

anisotropic behaYlor of the cob under 10ad (refer to Figure 1). 

The primary objective of th1a study la to det~rmiDe theoretica1 

and emplr1cal expressions for chaf&cteriz1ng the machan1cal properties 

of corn cob using a standard experimental technique. lt is hoped that 

knowledge of cob _chanical propertie. Will enhanee subsequent studies 

of.c9b failure with respect to corn sh.lling in a combine cylinder. 

30 

/ 



( 

3.2 Lin.ar elaatic contact theo!] 

When two elastic bodies are in contact lIllder the action of an 

externally applied load, local compressive stresses are set up, and 

deformation of the surfaces occurs. In general, the contact stresses 

so developed may be quite high, even for a relatively small a~plied 

load, owing ta the very small area of contact. 

Contact problems are essentially non-l1near. Nevertheless, the 

classical solution for the local stresses and deformation. which occur 

when two bodies are pressed together wàs developed by Hertz in 1881, 

bas.d on the 11near theory of elasticity. 

The two principal types of Hert! elastic contact are 111ustratéd 

in Figures 4 (a) and (b). Figure 4 (a) represents the contact between 

two spherical bodies. Figure 4 (b) describes the c~tact of two 

cylindrical bodies having rad1i of curvature RI and RZ nsar the zone 

of contact and oriented so that their azES are para1lel. The Hertz 
T 

theory etates that the contàct area le elliptical for the first type 

of contact, while it ia rectangular for the second type. The latter 
~ 

ls of interest in this study. 

The normal pressure distribution, q, at the surface of contact 

of two cylindricai bodies press.d together is, according to the Hertz 

theory: 

q (11 
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..,here 

qo maximum contact pressure 

b half rldth of the contact area 

x distance from the center of contact along x-axis 

(Figure 4b). 

The maximum contact pressure, q , ..,hich occurs at the center of the 
o 

contact surface La given, according to the Hertz theory, aS: 

2F/ntb 

F applied nonul load 

l length of cyl1ndrlcal body Ln the y di rection 
/ 

(Figure 4b). Î 

[ 2] 

For the case of the contact of r...o long eIast1c cylinders, it 

can be shawn (Poritsky, 1950; Timoshenko and Goodier, 1970) that the 

half contact width, b, 18 given by the expression: 

4F [ ( (I 2 2 

b2 - VI) IE1) + (Cl - v,,) lE,) ) 
-- [3 ] 

ni[(l/R
I

) + (l/~) ] 

whera , with reference to Figure 4b: 

E elastic modulus 

V Poisson 's ratio 

R radius of cufture 

and subSCrlpt8 l and 2 refer to the cylinders in contact. and other 

symbols as defin.d previously. 

)3 
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Th us , if the elastic constants, El' EZ' vI and v2 , of the two 

cylinders are known, b can be calculated from equation [3] and then 

the maximum contact pressure, qo' can be determin~d from equation [2]. 

Unlike for engineering mate rials , experimental determination of the 

elastic coostants of biological materials is quite difficult and 

imprecise because of their relatively complax structural composition. 

Es timation of the e las tic cons tan ts of such mat@rials f rom r@ctangular 

s1abs or Core specimens of convenient shapes ta not always reliable 

Th US , in this study, the apparent elastic modulus of corn cob 1s 

determined by testing composite sections of the cob. 

3.3 Apparent elastic modulus of a radially 
cQlllPressed cyl1ndrica! biologicsl 
materisl 

On the assumption that their response behavior is essent1a11y 

that of a linear isotropie material for small deformations, the H@rtz 

elastic contact theory has been appl1ed ta cylindrical biological 

materials (Sô.~bar, 1973; Segerlind ~ al., 1976; Sherif, 1976; Sherif 

!! al., 1976). The major steps in the derlvatioD of an expression for 

the apparent elaatic modulus of Il radially compressed cylinder composed 

of biologicsl materlal are presented in this section. 

Porttsky (1950) deve10ped analytic equations for det@rmining 

the No-dimensionsl deflection and stresses of NO cyl1ndrical elastic 

bodies in contact tmder 8. normal load. His mathematical analysis is 

rather too involved for inclusion in this review. Identical solutions 

were independently developed (1950) and T1..moshenko and Goodier 

34 
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(1970). The mathematical analyses in bath studies are equally tao 

complicated for any brief presentation. 

With reference ta Figure S, Poritsky's solution for the normal 

de fonnll.ti on , w, at the surface of contact between two cy1inders 

subjected ta normal Ioad is: 

2 Z b r 2 
w 2[«1- vl)!TIE

1
) + «1 - V

Z
)/IIE

2
)][f q(s)lnCi)ds] + Cx 

-b 
[ 4] 

where, with reference ta Figure S, 

q(s) pressure at a point due ta the applied load 

r • the distance between an Infinitesimal area at s and 

the point of observation, x, r - 1 x - si 

C a constant, the magnitude of which depends on the 

principal curvatures of the surface of contact 

and other symbo18 are as previously defined. The constant, C, ls. 

expressed as: 

c 1/2 RI + 1/2 ~ [ 5] 

where RI and ~ are as defined previous1y. 

In the case of a <:ylinder compre.sed between two parallel 

plates, Figure 6, it 18 UBual (Wilson, 1927; Thomas and Hoersch, 1930; 

Lubkln, 1962; T1moshenko and Goodier, 1970) to consider each of the 

plates ta have an infinltely large radius of curvature, that ia, 

( 
... [ 6] 
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Figure 5. Three dimenSlonal representatlon of an 

elastic cylinder subjected ta a distributed 

normal load (from Sherif !.l~., 1976) 
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UPPER MOVING STEEL PLATE 

+lC 

CYLINDRI CAL BODY 
R, E, 11 

Figure 6. Cyl inder compressed between two paraI leI 
fIat steel plates 
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and henee, 

c [ 7) 

If, also, the compressed cyl1nder 1s composed of a biolog1.cal 

material with an apparent elastic modulus, E - El' considered very 

small eompared with the elastic ntodulus of the steel plates, E2' then, 

(8 ) 

Binee E2»El and v2 ie in the same order of magnitude ae VI (now 

repIaeed by v, Poisson'e ratio of the biological cylindrical material). 

The range of values of Poisson' s ratio 1s 

-1.0 0.5 (9 J 

If 1t Is further aseumed that the pressure distribution on 

either surface of contact of the compresBed cylinder ie aceording ta 

the Hertz theory as expressed in equstlon (1), then, 

q(s) 2 2 2 1/2 
[2F/rrb i,][b - s] for 1 si <b [10 ) 

Employing these Bimplifying assumptions, Sherif ~ ~ (1976) 

integrated equation [4] and obtained a more manageable expr~sioo for 

the z-component of deformation at the surface of Cootact, viz., 

where 

w 
2 

[2F(1 - v )][ln(b/2R) _ 1/2 _ (x/b/] + x2/2R nu 

E apparent elastic modulus of the cylindrieal biologieal 

mate rial 

[ll ) 
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v Poi880n ' s ratio of the cylindrical biologiesl material 

R eross-sectionsl rsdius of the eylindrieal biologiesl 

ma terial 

and other syulbols are 88 defined previously. 

Equating the coefficients of the constant terms in equation [ll J 

lo7i11 result ln 

107 ( 2 F (l - v 
2

) (TI lE J( ln (b ! 2 R) - 11 2 J [12 ) 

2 SlmiLarly, equating the coefficients of x will result ln 

[ 131 

or 

E 2 2 
- 4FR(l - v ) tnlb [14 J 

Equation (13) or [14) ean be used ta ca1eulate b if E i8 known 

or to determine E if b can be direct1y measured during test. Other-

Io7ise, a second e~res8ion la needed. 

Sherif !!. al. (1976) Introduced a term, Z, defined ss the ratio 
, 

of the original radius of the eylindrieal body ta half contact width, 

th ua , 

Z Rib [15 ] 

Noting that D - 2w, Io7here D i8 the total vertical deformation 

of the radially compressed cylindrlcal body and w is the z-component 

of deformation at the surface of contact; eliminating the common tarm, 
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[F(l - "})/IHEl. in @quations [12) and [13], and replacing b2 with 

2 2 
R IZ .,jrcrm equation (15) will vie1d the additional deslred expression 

aB 

[D/2R J [ 11 (2 Z2) )[ ln (2 Z) + 1/ 2 J [ 16 J 

where .dl the symbols are as defined previous1y. 

Z in equation [16) can be estimated from the table produced by 

SheriE (1976) or that by Sherif ~ al. (1976) using the experimentally 

detennined ratio, D/2R. Othervise, equation [16] will have to be 

solved by trial and error procedure or by Nevton's method as described 

by Conte (1965). 

A validation of Poritsky's solution, equation [4], and those of 

the subsequent equations from H, equations [11] to [16), can easl1y 

be checked by noting that equation [131 i8 identical to equation [3) 

for R.z • '" and E2 >:>E l · However, experimental verification of the 

slmplifying aBsumptions introduced in applying Poritsky's solution ta 
~' 

biological cylindrical mater1a1s was not C01ductid by Sh~if et al. 

(1976). They used p1eng1ass cylinder in their test insteed of a 

biologiesl or agr1cultural product. Nonetheless, realistic values of -
the apparent elastic moduli of cyllndrical samples of potato and 

app1es wer@ determined by Shedf (1976) us1ng the approach outlined 

here. Snober (1973) had earlin &'P'Pl1ed a similar &'P'Proac.h in 

determining the apparent elastic modulus of cyl1ndrlcal lamples of 

carrot. \ 
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The total vertical deformation of the radL'llly compressed 

cyllndrlcal body, D, consists of NO components. These sre the 

elastic component, De, and the plastic componeat, Dp, ss 111ustrated 

in Figure 7. The s1astic cOlllponent of the total deformation 18 • 
determined from the equat1on, 

De 8n/100 

where 

8 degree of elssticity in percentage, as defined 1n 

Figure 7, and 

D 18 as defined previous1y. 

To limit the analys1s of the force-deformat1on curve of 8 

[ 17] 

cyl1ndr1.cal biological mate rial compressed between two parallel steel 

p14LaB to the elastic range, D in equation [16) must be replaced by 

De in equation [17]. ( 

3.4 Basic auumptions 'tplderl1n1ng 
the Rertz theo!] 

The follow1ng basic 4Ssumptions underline the Hertz linesr 

ela.stic contact theory (Ra.dz1m~k"y, 1953): 

1. The bodies in contact are isotropie. 

2. The proportional li mi ts 0 f the mate rials are not exceeded. 

3. The loading acts perpend1cular to the aurface. 

4. The dimensions of the compressed areas are small when comparad 

with the whole surfaca of the bodies pre.sed together. 

\ 
\ 

\ 
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S. The radii of curvature of the contact areas are very large 

compared with the dimensions of these ereas. 

However, based on several theoreticel and experimental 

extensions of the Hertz analysis, Lubkin (1962) 8tated that the Hertz 

theory CaTI be check.ed wi thin a fraction of a per cent, as long as i ts 

hypothesis holds; that ls 1 as long as the sol1d bodies remaio 

linearly elastic and the contact area 1s small ln size compared with 

the radil of curvsture. Beyond the proportionsl limit, some of the 

relations predicted by the theory continue ta hold approximately, but 

the divergence increases with the degree of departure from linear 

elastidty (Thomas and Hoersch, 1930). 

ln applying the Hertz theory to spherical biologieal materials, 

Mohsenio (1970) examined the fundamental assumptlons made by Hertz in 

developing this theory. Mohsenin (1970) stated that it has been 

demonatrated that Hooke's law holds approximately for several agri-

cultural products aC very low levels of load. Notwithstanding, the 

fact that agricultural product~re heterogeneous, anisotropie, and 

exhlblt large deformations under load rais es con91derable doubts as 

to the validity of applying elutic contact theory to such mate~lals. 

In the absence of any other appropriate the ory for the characteriza-

tion of the mechanical properties of agricultural products tested 

intact in compression, the Hertz theory still remains the basls for 

Interpreting experimental force-deformation data. To minlm1ze errors 

due to the fsilure of agricultural products to satisfy the Hertz basic 

--------------------
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&8SUIIIp tions , the application of this theory must be limited to the 
L 

linear e1astic stage of the force-deformation curve (described in 

detail in Olapter V for the corn cob). The use of the elastic 

component of deformation in8t~.d of the total deformation, will 

minim1ze 80y errora in tbe calculated values ?f the apparent elastic 

modulus and maxilaUDl contact pressure due to large de formation . AB Il 

further cbeck on the applicabl1ity of the Hertz theory in the 

particular case of radial compression of corn cob comp08ite, erperi-

mente will be described in Chapter VI whlch compare th.ontlcal 

.. tlutes of b vith directIy lIleasured values of b for some corn cob 

samples . 

From the foregoing, it is hereby prop08ed that, in radial 

COIIIp ru al on : 
• 

1. the apparent elastic ~ of corn cob, E, can be estlmated from 

equation [14] to equation [17], where F, D, B and v are experimentally 

de termined , and 

2. knowing tbe value of b from equation (15), the cruahing strength 

of corn cob composite, cr • defined as the maximum contact atress at 
c 

the center of the deformed surface are. of the cob, 18 estlmatad from 

equation (2). 
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CHAPTER IV 

., 

TBEDREilCAL CONSIDERATIONS IN SIMPLE BENDING 

j 

4.1 Tran8formatien of cob's compo.ite .action 

The corn' cob 18 a taperad cyl1ndrical composite of threa 

diffarent material8. Its cros.-section i8 not exactly circul~r but 

could be cODsidered approximately 80. The constituent mate rials of 

the corn cob are Dot ho.ageneoua. Ravever, homogeneity could be 

.. sumed for aach of the three major coœponents of the corn cob. 

Anothar geou.trtc simplification that might be re ... onably made 1& to 

dierelard the outermoat chaffy zona, the glume. 

In thi. analy.is, ther.fora, the cob 1a considerad .. a tepered 

rlght circular cyl1ndar of No hOlDOleneoua _teriala (tha aoft p1th At 

" 
the center and tha woody mid-cob on the outaide). 'l'wo modification. 

are thus n.eded in the 8imple beam formula in order ta calculate the 

max11DU111 bendins .cra .. in the cob Ululer A simpla bend1ng load. 

Gondder Figura Sa, whlch showa cha cob crase-section .. 

conJliat1ns of two dilfarant materiala. 1 and II. The lJII)Mnt of 

( ina rtia aion. tha x:&-arla for the outer utarial (annular sec tion) ta: 

45 



1 

x 

46 

(a) ORIGINAL CROSS-SECTION OF SIMPLIFIED COB 

z = Ilne of symmetry parallel to IIne 
Ro ---'~ of f6adrng 

z 

/ 

x=lme of symmetryand ~~~~:.+--

neutral aXIs of the 
beam rn sImple bendrng 

(b) TRANSFORMED CROSS-SECTION OF SIMPlIFIED COB 

x x 

z 

FIgure 8. Determln~ion of the equivalent moment of inertia of 
corn cob' compos i te, _ , 
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1 Il 

4 4 
Il - (lT/4)(R - Ri) 

0 
[ 18 J 

wh@re 

Il lIIOlIIen t of in@rtia of mat@rial l 

R radi us of cob composite wi th the glumes compressed 
0 

Ri radius of the cob pi th 

The lII01D.en t of inertia slong the xx-axis for the inner material 

(circular solid 8ectlon) is: 

[ 19 J 

Popov (1968) outlined the procedure for the transformation of a 

composite séction of two different m~terials into one of a single 

\ 
homogeneous equivalent section. If th. equival@nt section is d@sired 

in mate rial l, then the dimensions corresponding to material l do not 
'1 

change whi11! the dimensions of materlal II parallel to the neutral 

axis will he changed by multiplying with the ratio m - EZ/El' where 

EZ and El are the elastic moduli of materials II and I, respectively. 

Th us , for the original circular section of Figure 8a, its 

equivalent section is easily determined as shawn in Figure 8b once E2 

and El are known. The modulus of elasticity of the trans formed 

section i8 equal ta that of mate rial 1. 

UnI.as the cross-section is symmetrical, the centroid of the 

transformed cross-section will aot coincide with that of the original 

section (Shanley, 1957). In thA! eue of corn cob, the cross-section 
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is symmetrlcal and, hence, the neutral axis ia still xx ln the trana-

formed domain. 

With reference to Figure Bb and applying the procedure indicated 

ahove, the III01D8Dt of inertia of the transformed cross-section, re, 

alang the neutral axis xx is given by 

le [20 ) 

where, from Figure Sb: ai - Ri; b i - mR
i 

and m - E2 lEI' Note that 

the first tenD in the rlght-hand side of equation (20) la from 

3 
eq ua tion [18], wh! le the se cond te rm, ITb i a/ 4, ta the momen t 0 f 

lnert!a of the transfot1D8d section of material II which ls conaidered 

elliptical in shape. 

Subatituting the values of al and b
i 

in equatlon (20) i00i'111 

result to 

le (11/4) [R
4 
o 

(R~ (l - m) 1 

The ab ove transformation of section can be checked with the 

/ 
formula for the equivalent moment of inertia of the cross-section 

[H) 

transformed from a compoaite beam of two materials as given by Duggan 

(1964) and Ryder (1969). The formula la 

le [22 ] 

uaing the seme symbol as before. Subatitutlng for Il and 12 fram 

(181 and [19] ln equatlon [22) viII give the same rasult as expressed 

10 equat'ion [21]. 
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4.2 Maximum bending stress for cob composite 

From any book an strength of mate rials , the maximum bending 

stress for a simple circular beam freely supported at both enda and 

loaded st mid-span 1s given by 

a max Meil [23) 

where 

M maximum bending moment 

l moment of inertie of beam 

c distance of the extreme fibres from the neutral axis. 

Figure 9 illustrates the simple bending of a whole corn cob 

composite. To determine the ~mum bending stress for the cob. 

equatian [23] must be modified to account for the tapered structure 

and composit@ nature of the corn cob. 

The equivalent moment of inertia of the cob composite 1s given 

by @quation (21). With reference to Figure 9. "c" in equation (23) 

can he shawn to he equal to (dl + d
2
)/4, where dl and d2 are, 

respectively, the average diameter of tha cob composite st the tip and 

butt enda. 

Applying the above modifications to equation [23J, the 

expression for cob strength 1n simple banding 1s presented as follaws: 

[24J 

where 
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maximum force to break the cob camposiye 
( 

effective length of cob or loading span 

Equation [24] can eaaily be seen to be correct by substituting 

the values, dl - d
2 

- d; f. 1 and m • 1, in i t to dbtain the simple 

beam solution: 

a 
max Mc/I 

4.3 Elastic modulus of a tapered beam 

Schroder .!!. al. (1973) derived a deflection formula for a 

tapered beam wlth uniaxial modulus bAsed on the s1mplified Euler , 
deflection equation. The latter is 

-M 

whe're 

E - Young 's modulus 

[2S 1 

[26) 

l(x)- moment of ihertia of the cross-section 4S a function of x 

M - bending moment 

y - deflection, Fiiure 9 

x - coordinate distance, Figure 9. 

\ 

For the case of simple bending, the III01II@Ot on either side of 

the load cao be expressed as 

M(x) 'lx/2 [27] 
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and M(n) • F~/2 [ 28] 

whe re '1 18 defined in Fl gure g. 

Ualng equations P7] and [28] in equatlon (26), then 

2 2 
EI(x)d y/dx - Fx/2 [29] 

and 
2 2 

El (n) d yi dn -Fn/2 [30 ] 

Ualng the proper expressions for the moment of inertia of a 

linear tapered homogeneous beam of circular cross-section (Schroder 

.!.S,.al., 1973), equations (29J,oand [30] canbe transformed to 

[ 31] 

[ 321 

For the bO'UOdary conditions: 

y(x) y (0) o 

yen) • y(o) o [331 

dy/dJ. • -dy/dn 

Schroder!S-!!. (1973) gave the follcw1ng final solution for 

the deflection of the tapered beam under simple bendi~ 

y [ 34] 

wh.re 

F • concentrated load applied at the mid-span of beam 

C - correction factor for beam tapering 

( 

\ 
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and other tenns are as defined before. The correction factor for beam 

tapering, C, is given Ln Schroder et al. (1973) as 

C [ 35] 

where 
2 3 4 5 

K KI KI SKI KI ~+ 1+_+_+ __ + __ 
48 48 64 96 767 256 

[ 36] 

[ 37] 

2 3 4 5 

1+ 
KI SKI KI 35K1 KI 

[ 38] C3 - r+T+ '8 + 384 + ï6 8 

2 3 4 
K

5 

C
4 

1 rs SK 2 K2 3SIS 2 
[ 39] 

8 '6 + 32 - "8 + 384 - 16 

KI (d2 - dl) / d2 [40 ] 

KZ ( d
2 - dl) Id l [41] 

and d2 and dl are defined in Figure 9. 

In app1ying the above results, original1y derived by Schroder 

et al. (1973), to the corn cob prob1em in simple bending, 1t 1s to be 

noted that the theoretical implications of the composite nature of the 

corn cob have not been considered. !bus the e1astic modulus of corn 

cob determined from the &lflection formula of a tapered homogeneous 

ma te ri al , should be considered as only an estimate. Equation [34J can 

( be ra-written as 
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[42] 

where 

Eo apparent elast1c modulus of Corn cob under a simple 

bending load , 
De • elaJItic component of total deflection at mid-span. 

similar to that defined in eqUAtion [17] for radial 

compression 

and other tenIIII are as defined -i-reviously, 

<-
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CHAPTER V 

EMPIRICAL ANALYSIS IN RADIAL COMPRESSION 

5.1 Nature of force-de formation (f-d) curve 

Derivation of an @mpirical equatioo to represeot the force­

deformaUon curve of the corn cob composite will be useful in 

obtain1ng an expression for calculating cob modulus of toughness. 

Traditional 1DI!thods of d@tenniniog this material properey by direct 

l118aBure1Dl!Ot of the area I.lljder the f-d curve ar@ tedious and Impreclse. 

Although iotegratiog devices are commercially available for attachment 

ta tasting machines with f-d plot capabllity (as uaed by Paulsen, 

1978). such a facility 18 oot readily available to many nsearchers. 

As observad from 1977 and 1978 1aboratory tests with 3 cm-long 

cylindrical sections of corn cob c01llposite involving more than seven 

var1eties of corn, the rupture point of fallure of corn cob composite 

under radial compression 18 initiated by the 8Ppearance of a crack. at 

the center of the cob pith. The crack is theo propagated vertically, 

aimultaneously 10 both upward and dowaward directions, firat through 
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the pith zone and subseq~ntIy 1nto the mid-cob. If compressed 

further, the cob eventually splits into two halves aiong the vertical 

plane of 8ynnetry. 

ln geoeral, the force-deformation behavior of a radially 

compressed corn cob composite invoives five distinct stages as 

l11ustrated in Figure 10. These are: 

1. the translent IJta~. duriog whlch the outermost chaffy material 

covering the <2ob composite, the glume, ls flattened with very 

little cob resistance. This behavior is non-linear and non-

elastic. 

2. the apparent elastic stage, which 1s the primary resistance to 

d.formation stage of the cob in radial compression. The behavior 

18 apparently lioear elastic. It terminates with the app,arance 

of a crack at the center of the plth. IPis 18 uaually Il brittle-

Hke failure. 

3. the dissipative stye. which 1s the very short period when the 

crack. 18 propagated through the plth zone. lt 18 characterized 

on the f-d curve by a 8udden drop in the force and with very ~--

littie deformation. This stage eods when the force Harts ta 

ine raase again. 

4. the plutic stage, which 18 a secondary ,reahtance ta deformation 

stage of the partially failed cob. The f-d behavior during Wa 

perlod 1s rather more difficult ta explain and much more 

inconsistent than the precading Itages. This stage eods with the 

fulure of the mate ri al in an apparently ductile manner. 
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Figure 10. Nature of the force-deformation curve of corn cob 
ln radiai compression 
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5. the ultlmate fallure stage, when the cob splits into two halves. 

From scrutin, of the many f-d curves obtained by radially 

campre.sing 3 cm-long cob samples with the Instron testing machine at 

low rates of laading (0.5 to 3 cm/min), the curves cao be categorized 

into three typu, &II illuatrated 1n Figure 11. The important differ-

ence is 1n the relative magnitude of the force to crack the pith, Fb' 

and th. t to f ail the mid-cob, F d . 

However, for the three varieties teated 1n 1977, it W&i found 

that the average values of Fb and F d were Dot lDUeh different. 

Moreover, for all t'a three varieties tested and for aIl th. f&ree 
, 

tut dates, th. deformation at mid-cob failure, Dd' 1s only very,... 

el1ghtly greatar than the defobnation at pUh cracUng, '\. !hus, in 

thia th.si,. the analyds of the f-d curves of corn cob cOlllpraueg 

radially ia li1lited to curve Oab in Figure 10. Pi th cracking 15, 

tbarefore, considared as the critical fallure phanomenon. Th. dis-

sipative, plastic and ulumate fallure Itagea are not considerad any 

further. 

5.2 Empirical repl'eeentat1on of f-d curve 

Uebovitz and Eftia (1971), follov1ng the von of Ramberg and 

Oslood (1943), prasent.d a 3-paramet.r characterizatfon of th. f-d 

bah.vior of SOll8 engineering aUoys (Figure U) .. : 

D - F/M + K(F/M'o 

wbe" 

[ 43] 

\ . --
.. 

• , 
1 
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Figure 11. 'l1lree type. of force-deforaatioo behaviol' of corn cobe. 
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M s10pe of the strai~t portion of curve 

n aI1d K constants which depend on the non-1inear shape of 

~e f-d ~rve. 

In the s&me manner, as illustrated in Figure 13, a S-parameter 

\ 

characterization of the f-d curve of corn cob io wadial compression up 

ta the critical point of fallure, pith cracking, ia derived as follawa: 

D [44] 

where 

D vertical deformation of corn cob 

F applied normal force 

Fb - maximum force to crack the pith 

M -o slope of line joining the Jlrigl",~ coordinate axes to the 

critical fallure point 

aDd other parameters are as defined previous1y. 

The constants, a and ~, are determined by choosing two points 
.. 

on the non-l1near portion of the curve, Figure 14; substituti:~ the 

corresponding values of the forces, FI and F2 , and the slope~ alM 

and P2M, in equation [44], and !olving the resultant two equations 

slmultaneoualy to obtain the following expre •• ions: 

n 
lo~[(a2/al)(1 -al )/(1 - a2)] 

log(,~c- 'l)!('b - '2)] 

K ,. [(l - a
2

) !a
2

][ (F
b 

- '2) /M]l-n 

• 

+ l 

• ~- -- ..... _'.---.. I ... ,' __ -~"':"""' 

[45 ] 

[46J 
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Figure 13. Flve-parameter characterizatlon o'f the f-d 
curve of corn cob in radial compression 
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where rI' F2' al and a 2 ~re defined in F~ure 14. 

Figure 15 shows that the empirical equation, equation [44], 

very ~loaely fits the data for each of the three varieties of corn cob 

teated in 1977 (details in Tables 05 and D6 in Appendix D). 

5.3 Emp'1rical equat10n for cob modulus 
of toughness 

The4loUghne8a of a mate rial under external load 1& definecl as 

the work per unit volume of che material required to cauae nqlture of 

the material. Toughness is calculated as the area \.mder the enUre 

force-deformation curve dp to the critical po1nt ~ failure, per \.mit 

voll.lD8 of the matLerial. 

With reference to Figure 16, the work done per unit volume of 

cob compos1te, U, may be denoted as: 

1\ 
u . [ ! F dDJ/iA 

~ 

r
b 

or U • [FbIb - ! DdF] ftA 
0 

[47] 

wb.r. 

1. • lan,th of cob sample tested 

'A • averag_ croa4~~tional area of cob. 

r 
Substituting the ~re •• ion for D tram equatlon [44] in 

equation [47], then 

,. 

------.... -----·1 ,. - -- .. ---+-------
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Figure ,16. Determination of the modulus of toughness 
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R - average croas-aectional radiua of a short cyllndrlcai 

sample of the cob c01llposite 

and other parameterll are as defined previouaIy. 

[48J 

[ 49) 

Equation [49] i. the desired empirlcal equation for calculating 

the modulus of tougbness of corn eob in radial eomprusion. The 

parametera Fb' M, ~ and n are determined from graphieal analysis of 

the force-deformation curve .. outlined earlier. 

r 
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CHAPTER V1 

EXPERIMENTAL WORK 

6.1 Tes t apparatus and matariala 

AlI laboratory tests wera parformed with the Inlltron Univetllal 

Testing Machine, wh1ch 1s a standard instrument used in rheological 

s t,udies (Figura 17). 

Briefly, the tasting machine conaists of two parts: 

1. the drive mechanlsm, whlch drives a morlng cross-head in a 

vertical direction by JDa8D8 of twin laad 1IdT8V8 at fixed speacia in 

th, range 0.05 to 50 cm/m1.n; and 

2. the load-sensing system, whlch consista of electric bonde.d-wire 

strain gauges whoae output !I fed ta a strip-chart recorder. Jfhe 

latter draws a force-distance curve of sach test sampie performed. 

A t1lIIe ans CCl alao be e&811y obtained ft'01II thA! ctart sine. the '\ 

recorder chart and the moving croas-head are .ynchronously driven 

trOll th. • .... power supp ly . 

) 

----_ .. _-----
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Figure 17. Instron Universal Testing Machine (Table Model) 
used in all laboratpry investigations. 
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AlI radial compression tests were performed by compressing 

) cm-long (unless otherwise indicated) cylindrical cob samples between 

two steel plates attached ta the Inatron machine (Figure 18). 

The ) cm-long cylindrical samples were sawn off the middle 

section of each hand-she11ed ear, using a power bandsaw. ioth cob 

diameter and pith dlameter were measured with a vernier cal1per. Each 

ûiameter was an ave!age of four readings, conaisting of measurements 

of two mutually perpendicular diameters at each of the two ends of the 

) cm-1ong cy11ndrical samp1e. Cob moisture content and kernel 

moisture content were determined uslng the oven method, drying 

tempe rature of 103°c and drying duratlon of 72 hours (Agricultural 

Ehgineers Yearbook, 1978-79, p. 376). 

The choice of 3 cm-long cy1indrical, samples was based on a 1977 

preliminary test in which 1 cm-long, 3 cm-long and 5 cm-long cob 

samp1es were compared. The 3 cm-long sample was found to be 

suitable for the table model Instron machine uaed. Samples taken 

from the middle section of the cob were found 1ess variable in thelr 

cross-sectiona1 dimensions than those from the butt end and tip end. 

PreUminary tests performed bath in 1977 and 1978 showed some variation 

of mech81lieal properties along the cob length. This test was repeated 

~"'"\n 1979 (see Appendix B). 

Measuremen t of cob aize, cob and \ternel moisture content and 

the mechan1ea1 tests vere aIl performed on the same date the esr 

.amples were hand-ahelled. "nits procedure wu adhered ta on aIl test 

date •• 

" ." .~-----------..."...-
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Figure 18 Radial compression of corn cob composl te .. 
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In simple bendJ.ng testa. a whol. corn cob was suvported u a 

.imple beam on a ateel Chann1'- section vith the flat aide on the load 

cell of the testing .. chine. The cob was then loadacl at mid-span by 

a transverse auel rod attached to the cro.a-h •• d (Figure 19). 

Whether in radJ.al c01Dpre •• ion or .imple bendi.ng. a separate 

loadinil and unioading tait wu perfot'1Md W'tth repreaentat1ve sampIe •. 

Th.i8 wu don. 1n order to detn-mine tha dearee of eluticity of the 

a8lllp1 •• tested and thus detendne tha elutic c01IIpouent of the 

dafOT1D&tioo or daflaction. 

Th.e tamperature and ralative huœ1d1ty of the centrally he.ud 

and eontroll.d laboratory roo1ll vera lIIODitored throuah~e period of 
"r 

the ta.ts using an "Atldna Thermiltor PaYChrOlM,r." Tb. values 

\ 
racorded in 1978 were 22 ± I·e and 37 t 8 per cent; relpectively. 

6.2 1978 Invalti&!tiona 

~, 

Com .an uaed in the 1978 laboratory in ... sti,at1oaa vera 

ebta.ined froa tvo .oureal: 

1. a uper1mental field at Macdonald Colle .. for a 8011 cOIIIpaction 

ra"arch inftlU.aUon by the Agricultural Enlin.ering Depart_nt 

(aap1 .. ft'Olll thi.. lourca vera grouped accordinl to cOIIpacUoo 

-ttUtMuta and ooly laple. froID OI1e Iroup vera uaed in any one 

'--:.. 
. variaUona in "1IIP1 .. duè 'tO....~cOllPact1on treatMBU) • 

... 
,-

-----~~-~ ~---
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Figure 19. Si mp 1 e bend i ng of a whol e-I ength corn"ucob. compas 1 te. ""' .. 
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'2. experimental fields at Howick, Ormstown and Riverfield, in Quebec, 

for varlet y , fertilizer and site investigations b'y the Renewable 

Resources Department,of Macdonald College. 

Corn ears w~~ hand-picked from the experimental fields, hand-

hq$ked and then stored in fIat trays at laboratory room temperature. 

The decision ta dry the ears in the laboratory was a result of the 

little variation in moisture content achieved in 1977 when ears were 

left to dry naturally in the field and only hand-picked on the 

laboratory t;est date. 

On each test date, the required number of eara wu rand01lÙ.y 

selected and hand-shelled to ob tain c,frn cobs. 

~ 6.2.1 Direct measurement of contact area 

Three simple te~hniques were used to determine experimentally 

the area of contact ,of a radially compressed corn cob at the crltical 
!<'" 

point of fsilure. These techniques are briefly described as followa: 

1. Glume method.--Radial compression of 3 cm-long middle 

section of corn cob composite was performed as usual. At the end of 

the test run, the width of the area of contact was measured with a 

caliper from the depressions of the glume QO both surfaces of contact 
\ 

of cob with the two fIat loading plates. 

2. Carbon paper !JlElthod.-A cax;bon paper sandwiched betw~.n two 

white plain typing sheets was cello-taped onto the lower fIat plate of 

the Instron. The test sample was placed on the paper and radial 

j 
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compression test was performed as usual. At the end of the test, the 

'width of contact 'Was measured wi th a caliper from the contact area 

imprinted on the lower sheet of paper. 

3. CandIe carbon method.--A Hat piece of glass plate was , 

thinly coated with candIe carbon (1. e .• soot from a burning candIe). 

The darkened glass plate was allowed ta cool and th en p1:aced on the 

1 
""- lower steel plate of the Instron. The radial compression test was 

performed as before. The area froln which carbon had been removed by 

the contact of the deformed cob represented the contact area. The 

width of the contact area was measured with a vernier caliper. 

The above experiment to measure the area of contact was 

conducted first with Coop 5265 corn variety obtained from the 80il 

compaction experimental field. It was subsequently repeated with 

Asgraw RX-30 corn variety from the second source of corn ears. 

Coop 8265 is a medium maturity variety while Asgrow RX-30 is a late 

maturity variety. Both are high ttelding corn varieties. 

The three experimental techniques for determin~ng contact area were 

performed on each of the two test dates at a loading rate of 1 cm/min. 

6.2.2 Deternd.nation of the effects of 
moisture content and rate of 
loacl1ng 11 

A 3 x 3 factorial experiment was conducted rf.n 1978 with 

Coop 5265 corn varlety. Cob composite sections, 3 cm-long, each cut 

- from the middle of a whole corn cob t were radially compressed between 
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two fIat plates in the Instron testing machine. Three loading rates. 

0.5. 1.0, and ~.O cm/min, were used on each of the three test dates. 

On each test date, starting from the first dafe of harvest and 

tepeated twice st an interval of ONO weeks, nine ears were hand-

shelled and a 3 cm-long cob section was eut from the middle of each. 

Radial compression of each was performed undl the cob failed by 
"', 

cracking at the center of the pith. The firet group of three cobs 

was tested at 0.5 cm/min, the second at 1.0 cm/min, and the last at 

3.0 cm/min. 

Using whole-length corn cabs. another 3 x 3 factorlal experi-

ment, similar to the one described above, was performed in simple 
• 

bending. The three loading rates were l, 3, and 5 cm(min, instead of 

those used for the radial compression test. 

Preliminary experiments in 1977 and 1978 indicated that the 

MOst appropria~e combination of loading rate and chart speed in radial 

?mpression was l' cm/min and 10 cm/min .. The corresponding combination 

in simple bending was found as 3 cm/min and 3 cm/min. It was the re-. 
fore decided to use a range of loading rate with each of these values 

aS the mid-value. 

6.2.3 
" 

Test to determine the relàtive 
contributions of the macro­
s'tructural components of 
the cob 

Because the pith 

tendeney to dis regard i t 

is re~atively very 

And!UA con81der 

soft, there has been a 
p 

the cob as a hoilow 
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cyllndrlcttl bo~y wi th one mate rial (Johnson.ll al.. 1969; Brandini 

et al., 1978). This simplification needs to be examined more closely ...... - .. 
since, in radial comp~ssion, the mechanical properties of a composite 

cyllndr1cal body may be si~gnificantly modified by the existence of a 

weak material withrn' it. 

A 4 x 2 factorial experlment was therefore~performed ta test 

the relative contributions of the three macro-structural compon~ts of 

the corn cob to its mechanical propertias. Four simplified structural 
" / 

models of the corn cob, as illustrftted in Figure 20, and two levels of 

moisture content were used in the experiment. 

Cob sections, 3 cm long, were cut from the middle of whole 

cobs, from a single variety, Co op S265. Half of these cob samples 

vere sanded ta remove the outer chaffy ~lume and thus obtain the' 
1 

CQl~-1!I1!lmDles. Half of these smooth cob samples were poked at 

a thin rod ta remove the pith mate rial and thus obtain 

the simpIy, mid-cabs. The pi th 

the unsanded samples vere removed to get the 

Tht\!'", remaining haH of the unsanded samples 

cob composite samples. 

the two test dates, radial compression tests'were 

performed on each of these samples at 1 cm/min rate of loading with a 

table model Instron testing machine. Size and moisture content of 

•• ch cob sample vere det~ned as described earl1er. 

17 
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(a) Actual Cross-sectionol yiew 

• 

Pith 

.. 
78 

, 

or 
Glume 

(b) Circuler Simplification and 
Homogeneous Assumption 

Midcob 

, 

\ 

(c) Smooth Gob (d) Hollow Smooth Cob or MÎdcob 

(e) Hollow Cob 

'" FIgure 20., Cross-sectional vlew of corn cob and those of fts 
simplified structural mode)s 
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6.2.4 Tests to determine the effects of 
variety. fertillzer and soil 

l 

Corn stalk. strength-has been found to b. significantly 

influenced by the variety of corn planted, the planting density and 

the rate of fertilizer applied, particularly potassium (Zuber and 

Grogan, 1961; Thompson, 1963; Arnold et al., 1974; Loesh et al., 1976) • 
.,..-- 1 --

7r;" 

Wael~i and Buchele (1967). reported varietal differences i~ kernel and ~ 

cob'physical and machanical pro~rties as related to corn kernel ~ 

damage in corn combine cylinders. Thus, a preliminary investigation 

was condUcted to determine the effects of corn variety, fertili~er 

rate of application and field location (or soil type and condition) on 
J' 

corn cob mechanicsl properties. 

Corn ear 88Illples were hand-picked frOID experimental fields 

designed and grawn by the Renewable Resources Department of Macdonald 

College. Only three of the many sites and fourrof the twelve 

fertilizer treatment levels were used in the corn cob analyais. Two 

(. 

o 

l , 

vadeties of corn, Warwick SL-207 and Asgrow RX-30, were grown in each 

site. On each test date, the required number of ears wa~ hand-shelled 

ta obtain cob samples. Sections, 3 cm long, were cut from the middle 

of the cobs. Three test samples for each treatment level of variety, 

fertilizer or site were individually tested in radial compression at 

a loading rate of I cm/min until the cob pith split. Size and moisture 

content of each cob sample were determined as desé~ibed earlier. 

Additiona! experlments were performed to determine the 

mechanical properties, in particular the el .. tic modull, of the cob 

• 1 
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pith and cob mid-cob tested as rec~angular s1abe in ,axial ~ompreseion 

(Appendix C). This information 1s needed for the çalculation of "m" 

in equation [24]. This experiment was repeated in 1979 with three 
~ ~ 

1 
different corn varieties and three rates of 10ading (Appendix C). 

For comparative purposes, mechanical properties of corn kemels 

and corn cob in axial compression and radial tension were also 

determined (Appendix D). (' 

&.3 1979 Investigations 

Corn ear samples used in al! the,,! experi_nts performed in 1977 

and 1978 were obtained from field ~eriments established for 

different research objectives other Ithan those of this study. This 
, 

I1m1ted the number of samp1es used and a1so influenced the scheduling 

of the 1aboratory experiments in 1977 and 1978. It was theref~e 

dec1ded to plant three varieties of corn in 1979 specifically for the 

, co~ cob s tudy • 

6.3.1 Experimental design,: 
) 

The experiment wu designed as a spUt-plot in time with three 

corn varieties and three harvest1ng dates. The three varieties were 

Warwick SL-207, Funk G4065 and Asgrov RX23. AlI three varieties are 

- hybrid corn selected in consultation with the Agronomy ~.earch Centre 

at MacdonalA CoUage. 

o 
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As illustrated in Figure 21, there we~e three blaCks or 

repllcations, each of which contained three main plot units. Each 

main plot Imi t had three suh-plots. The three corn varieties were 

randomized within each replication, while the three harvesting dates 

were randomized within each main plot unit. 

6.3.2 Ftild pteparation, layout and 
cultivation 

The experimental field was prepared for seeding by faU ,plowing, 

disc harrowing and fertilizing by the field staff at Macdonald College 
r-

P'at:1II. 

The field was laid out as illustrated ln Figure 22. Each main 

plot had six rOW8 of corn of one single variety. The two outside rows 

.. 
of each main ~lot were not used in the analysis. Three of the four 

inaldè rows conGtituted the three sub-plots in~rn plot mtit. 

AlI the three corn \l'arieties we;; planted on the Bame day, 

9th May 19~, using a two-row planter with a fertil1zer attachment 

mounted on an MF 135 tractor. The row sP!lcing was 75 cm (about 30 

inch.a) between rows and plant spacing within row Wa8 20 cm (abou? 

8 inches). Additional fertilizer, as rJcammended by the farm manager. 

1 

was applied during planting. The seeds were treated with an 

insecticide-flmgicide compound supplied by the seed agent. Mechanical 

waeding with a two-wheeled, tractor-rotovator was done on the 29th and _ 

30 th June 1979. 
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HARVEST DATE - VARIETY COMBINATIONS 
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b KEY CORN VARIETIES HARVESTING DATES 

A = WARWICK SL-207 1 = 22/09/79 

B = FUNK G 4065 2 = 06/10/ 79 

'C =ASGROW RX23 3 = 20/10/79 

Figure 21. Split-plot in time design 
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6.3.3 Labor.tory tests 

Corn ears were hand-harvested from the experimental field on 

•• ch test date, starting f~m 22nd Septedler 1979. when the three corn 

varieties were deemerl to have re4ched physiologieal maturity~and dry 

• enough to be hand-sheHed without breaking the tips of kernala on ~e 

cob. l'wo subsequent hand-picldngs were done on 6th October 1979 and" 

20th October 1979. 

Laboratory tests consisted of radia~ compression tests with' 
" /" 

3 cm-long corn cobs and, simple bending tests with whole-length corn 

cobs as descrtbed earIier. 

l'wo major 

,amples from the 

corn cob atudy. 

The firat was an investigation of the ~ffeet8 of ,corn variety 

and harvesting date on cob physleal and meehanical propèrtiea. SalIlPle 

preparratians and physical 'and meehanieal tests ~re compléted on the 

same day that the eorn ears were hand-picked fram the experimenta! 

field. Three varietiea wi th thr:ee replieations and three harvesting 

dates were invo11ed in thls investigation • 
...-... ......... 

The second major investigation in 1979 was to repeat the 

e~eri_nt on the effects of moiLture content and rate of loading. 

live test da~es ta give five moisture content levels were used 

instead of three. The rates of loading were 0.5, 1 and 5 cm/min. 

Corn aan were hand-picked from a saparata block plantad next to 
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block III of the split-plot field experiment. Warwi~k SL-207 co~ 

variety was used in this investigation, which was limited ta radial 

compression. About 300 corn ears were hand-p1cked fram adjacent rows 

on 19th September 1979 and kept, unhusked, in the laboratory to dry. 

'nle required number of corn ears was hand-husked and hand-shelled on 
\ 

each test date and the rest le ft until they were needed. Sixteen 

3 c~1ong cob samp1es instead of three were UBed for each rate of 

loading on each test date. Addi,tional three 3 c.m-long cob s'amples for 

each rate of loading on each test date were used for loading and 

unioading tes t. 

Additional1y, a third experiment was' conducted in 1979 ta test 

" • the effects of increasing the rates of application of nitrogen 

fartilizer on corn cob physical.and mechanical properties. Corn ear 

.amples were hand-picked from a random1zed complete block expedment 

8S 

~< ... -" ... ' 

establ!shed by the Renewable Resources Department of Macdonald College. ' 

Unlike ~e previous ye8r, potassium and phosphorus ferti1izers were 

/, 
kapt constant at the recommen~ rates for War.wick SL-777 corn variety 

planted at the Agronomy Research Centre. Four blocks and four of the 

eight fertilizer treatment levels were involved in this study. Five 

sampling units were used. Radial compression was performed on one 

,test date, 29th September 1979. 

AS in 1977 and ,\78, loading and unloading tests were perfQrmed <­

for each experiment with representative cob semples. 
1 

.. 

; 
" 

'""~o~ __ -,-;-_ J 

-----------------



, 
~ ~ 

1: 

~ 
~. 

" § 
1 

" C' 1 
" ," .: ~ 

l 
> 

• 
fi 

1 
,1 f '-

1 

r~ -1 • 
1 

1 

( 

~) ? 

, 

( { 

...., 

" ., 

" t 

", 

, 
,/ 

CBAPT!ll vn ~ 

\ 

• DStIL!S AND DISCUSSICl' 

7.1 Procedure for calculattns 
esb meehanieal propartl •• . ~ J 

.. 

-l 

\ - ~ 

, -

.. 

, . 
Bued on the theoredeal and empi ri cal, equatton8 pre •• nted in 

Chapters Ill, IV and V, a summary of the methods uaed in calculating 

- '" 

cob mechanlcal propertiee ln radial compression and in simple bending 
,., 

is 8iftn below. Ca11'l'ulations for each of the two loading configura- _ 

tians are made with experimental1y determined force-deformatlon cu~ .. 
", 
"'. 1 

of a .ing1e test sampIs. 

7.1.1 Radial compression 

, 
Consider a corn cob te.t sample vith the fo~low1n8 t~t 

" . ducrip tians and meas U?~ ,physi cal prope rtie. : 

Test date - 06.10.79 

Varlet y of corn • Asgrow RX 23 

llate of loading • 1 cm/min Il 

Kernel molsture content • 28.0% w.b. 

J 
-- ...... nom = 

.. 

f, 
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, 
Cob molsture content • 44.1% w.b. 

Cob diameter, 2R - 23.1 mm 

Pith dismèter, 2r • 8.0 mm 

Test sample 1ength, ! • 28.6 mm 

~e force-deformation curve for, the ab:ve test sample Is shawn 

in ligure 23. From th1s, the following information is derived: 

" 
Ratio of loading rate to chart speed • 1/10 

Porce at pith cracldng, Fb • 71.0 kgf 

Deformation st pith cracking, ~ • 84 x 1/10 • 8.4 1l1li. 

~ 

FI - 4.0 kgf 
\ 

23 x 1/10· 2.3111111\ Dl - / 
, . 

'2 • 12.0 nkgf 

- 43 x 1/10 - 4.3 mm D2 
\' 

DJ .. 45 x 1/10 - 4.5 mm 
h 

wher. points 1 and 2 are 80y two reasonab1y spaced points on ,the non-

linear portion of curve Oab and D3 19 the intercept of line ab (upper. 
<! 

stfught portion of curve Oab) with the deformation axis. 

Degree of elaatlcity, ~% 

\ 

Because of the destru~tive natur~ of the raqial compression test, 
5 

an •• dute of the degree of elasticity of the test sample is obtained 

from loading and unloading another cob sample similartito the tèst 

sampie. From Figure 24, 

a • [AB/OB'] x 100% 

- [43'/138J x 100 • ~ 
,/ 1; 

j \ 
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Fi gure 24. Determination of the degree o~ elasticity of corn cob in radial 
compression -. 
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Crushing atrain, ~b 

From equation [17] 1 viz, 

De • ~D/lOO 

th.' elastic companent of deformation at pith cracking 1a determined a8 

De - 31.2 x 8.4/100 - 2.6298 lIlII1 

Cob crush1ng a train la defined as the ratio of e1.as tic deforma-

tian st p1th cracking ta the original diameter of the cob, hence, 

Eb • De/2R 

• 2.6208/23.1 

• Q.1l345 

Apparent elaetic modulus, E. MPa 

Determine Z ln equation [~6], viz, 

De/2R - [1/(2Z
2

) ][ln(2Z) + 1/2] 

by trial and error using the value of De/2R already calculated or use 

the table, provided by Sherif ll.!l. (1976) or preferabl,. that by 

Shenf (1976). 

• • z - 3.228 

Calculate the apparent elastic modulua from equations [14] and 

['15] which yield: 

E ~ [4 1Z
2

(1 - ,}) l/CII R,t) 

As shown in Appendix A, Poisson' s ratio of corn cob in radial 

eOlllpr ... ion 1e determined as 'V - 0.32. Th1l value 18 used in all 

90 
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calcula tians of the apparent elastic modul.J.Js of com cob reported .in 
l' 

1 

this thuis. 

Dy substitution: 

E • 

• ~MPa 

~ 
// 

) 
/1 

2 
kgf/1fIIIl 

Contact width, 2b, at pUh cracking 

From equat10n [15], viz. 

Z • RIb 

calculate the contact w1dth as 

.. 

2b • 2R1z 

• 23.1/3.228 

• ~DIIl 

Cruahing IIItrength, (j c' MPa 

l'rom equation [2], viz, 
il 

q, • 2F/IUb o 

the crushing strength, defined as the 1IUIX1.11lUIIl contact stre8S at the 

center of the deformed surface area of the cob, 1a calculated.as 

follow8: 



/ 
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~ 

f 
f 
\ 

( 

1 ( , 

1 
1 
! 
î , 

, 1 

-- --- --------------------------------------

• 1 

a c - qo· 2Fb /(IU.b) 

• 2(7l)!CIT(28.6) (7.156/2»kgf/mm2 
, 

. - 0.44170 x 9.8067 MFa } 

• !.l HPa 

Modulus of toughn •• 8 

The relevant equation for calculating cob modulua of toughne'8 

18 equation [49], viz, 

u • 

M 18 the dope of the upper straight portion of curve Oab 

(Figure 23). henee 

M • Fb/(Db - D3) 

• 71/(8.4 - 4.5) 

Ir • 18.20513 kgf 111111 

! The. constants n and k for the non-linear portiou of curve Oab 

(Figure 23) are determined as fo11ows: 

where 

From equation [45]. viz,_ 

n • 
log [(a2/a1)C~ - Ql)/(l - œ2)] 

1 + log[(Fb - F1)/CFb - '2)] 

,S1op. of line lb 
œl • Slope of line ab 

• 

" 
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- [(71 - 4)/(8.4 - 2.3»)/18.2a513 

- 0.60332 

S10pe of Une 2b 
Slope of line ab 

- ~/M 

(- [(71 - 12)/(8.4 - 4.3»)/18.20513 

- 0.79045 

,. .'. n - 1 + 10g[(0.79045/ 0.60332)(1 - 0.60332)/(1 - 0.79045)] 
10g[(71 - 4)1(71 - 12)] 

- 8,14343 

From equation [46], viz, 

K - .[(1 - a2)/~][(Fb - F
2
)/M]l-n 

[(1 - 0.79045)/0':79045][(71 - 12)/18.20513]l-8.14~43 

- 5.96429 x 10-5 

Fina11y, the modulu8 of toughnes8 for th"test sample 18 

calcplated by substituting aIl ~he r~levant valuès in equation [49]. 

The resul t 018 

u - 0,0140646 kgf nmt/m3 

- 0.0140646 Jt 9.8067 Jt 106 ~_m/m3 / 

- 0.138 Jt 106 N_m/m3 
;' 
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7.1.2 Sll11Ple bending 

Cana1der a corn cob test sample (whole-length corn cob) vith 

the following test descriptions and me&8ured physical propert!ea: 

Test date - 06/10/79 

Variety of corn • Asgrow RX 23 

Rate of loading • 3 cm/min 

Kemel moisture content - 25.9% v.b. 

Cob moisture content • 40.2% v.b. 

T1p-end cob diameter. dl - 25.7 mm 

Butt-end cob diameter. d
2 

- 31.7 mm 

Loading span, L - 150 mm 

'\.JI 

. '. 

,. .. 

the force-def1ection curve for the &bove test samp1e ls shawn 

in Figun 25. From this. the following info.rmation Is derived. 

Ratio of loading rate to chart speed • 3/3 • 1 

Maximum bending force. Fb - 11.0 kgf 

Maximum de flection • Db • 26.9 mm 

the degne of elasticity in simple bending is determined in a 

aim11ar mannar ta that in radial compression. the value detarmined is 

1 
fi - ~ 

Bending .trangth, ab' ~a 

Tha bending strength equatlon as darlved ln Chapter IV of 

thl' thesi. 18 

ab - (64FbL)/[llCd1 + d2)3(1 - f4(1 - m») 
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'lbe coefficient' (l, - ~4 ('1 - m») 1a determ:1.ned in Appendix C 

for four varieUea of corn (lncluding Asgraw RX 23) and at three rates 

of loading. An average value of 0.98 18 used in a11 calcul,ations. 

fi • b (64)(11.0)(150) III (25.7 + 31.1) \0.98» 

2 
• 0 .18136 kgf /mm 

• 0.18136 x 9.8067 MPa 

• 1..1 HPa 

Apparent doUe modulwa. \, HP. 

'Pl"01Il eqU4tion [42), vi!, 

\ • 8 n3
C/TI De 

th. apparent elastic 1IIOdulus of the telt sarp!e CaI1 b. cÙCulated, 

wh.re 

F • 

C • correction term for cob tapering 

, 7 
• -2.48"4 x 10- (uslng equatio'IUI [35] ta [4lj) 

D. • 131\/100 • 41.8(26.9)/100 

• 11.2442 II1II 

8(11) (150)3<1 - 2.484 x 10-7, )/(1t(1l.2442» 

- 2.08848 kgf/mm2 
r 

- 2.08848 x 9.8067 MPa 

- ~HPa 
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Fortran computer programs (Appendtx E) were written to 

fa ci li tate the calculatiOlls of cob mechani cal properties in radial 

cOIIIpresdon and in simple bending. Input (data) and output (calculated 

ruu1u) for some of the experlments performed in 1979 are also 

included in Appendix E for further clarification of the methods o~ 

anfy.es adopted in this study. Statistical analyses included 

analysis of va rlance and Duncan' 9 new mul ti p le range tes t, using 

Statistical Analysis System (S.A.S.) comput~ package. Regression 

analyais w .. done With a programmable electronic calculator. 

7.1.3 Just1f1.cation for applying the Hertz theory 
" 

\ Table 2 shows that the values of the contact width predicted 

!-rom -~h;ttertz linear elastic ~ontact theory and those given fram 

direct experlmental measurements are reasonably close. The lower 

values of the carbon paper method and the higher values of both the 

glume depression and the candIe carbon methods are understandable. 

The res1stance of the carbon paper would tend to reduce the true 

contact area of the deformed cob. On the other hand, the candIe carbon 

coat1.ng would introduce some additional tangentiel forces at the 

contact surface which would tend to disperse the fine carbon deposits 

on the gl88s plate much more than that due to the deformatiçm of the 

cob alone. The higher values of the glume method could be due to the 

initial flattening of the glume which la not an elastic deformation lUI • 

considered in the the ory • 

"\ 
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TABLE 2. Experimental and theoretical detendnatian of cqntact width t 

Measured values Tt Calcu1ated va1uesttt 

Expe rimen tal 
2b" -technique 2 R ~ 2 b Ratio 2 

Dt>/2R Z 2 R/Z [2b"/2b] r 
1IID UIII mm 

lIm 

ugrow RX-JO testad an 7th October 1978 with cob mois ture • 8.3% w. b. 

Glume d,pression 23.9 5.9 14.1 0.248 1.95 12.3 0.87 0.983 

carbon papal' 24.4 6.3 10.4 0.259 1.89 13.0 1.25 0.543 

candIe carbon 26.4 6.3 17.1 0.238 1.99 13.3 0.78 0.692 

Coop s265 t~8ted on 16th October 1978 with cob moisture • 30.2% w.b. 

Glume depression 25.4 5.5 15 .4 0.217 2.13 U.O 0.78 0.994 

Carbon paper 25.4 6.0 11.1 0.234 2.05 12.6 1.13 0.940 

CandIe carbon 25.9 5.9 16.0 0.230 2.07 12.6 0.79 0.798 

Coop S265 tested on 26th October 1978 with cob moisture • 10.2% w.b. 

Glume depression 24.4 6.1 13.9 0.250 1.94 12.6 0.91 0.917 

Carbon paper 23.7 6.8 Ù.2 0.285 1".76 13.5 1.23 0.890 

CandIe carbon 25.1 6.5 16.0 0.258 1. 88 13.3 0.83 0.916 

t 
, ~ach value 1s the lIIIIlan of three test samples. Rate of 

lo.ding - 1 cm/min. 

tt2R • cob diameter; Dt,. deformation; 2b • contact width. 

ttt Z 18 determined fram equation [16] or fram table in Sherif 
et al. (1976) ~ r Z - coefficient of determination between measured and 
ëàlëU1.ated contact width using "alués for e.ch set of three test 
lample •• 
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The glume depression method, which incidentally, 1s the 

.aint method, gave the closest values to those calculated from 

theory. However, the contact area obtained from the candIe carbon • 

method was the most defined (Figures 26a, b and c), and thus iF gave 

the most reliable measurement. The candIe carbon technique" had 

previously been found suitable for estimating the contact area of 

radially compre.9sed rapeseed kernels CMiddendorf ~ al., 1973). 

Wilson (1927) also found the use of "lamp black" as the most satis-

factory exp e rimen tal method for determining the contact area between a 

steel cylinder and a plane surface. 

The contact area in each of the three test techniques wa 

rectangular as predicted in the H.rtz theory. 

From the above results, it ls concluded that, deapite the non-

homogeneous, non-isotropie and inelastic nature of corn cob, the Hertz 
1 

linear elastic contact theory can be reasonably applied to detennine 

the apparent elastic modulus and the maximum contact stress at the 

surface bf a radially compressed short cylindrical specimen of corn 

cob composi te. 

7.1. 4 Camparison of empirical method w1 th 
the areagraph ch art technique 

It has already been shawn in Chapter V (Figure 15) that the 

---p empirical equatlon derived to represent the force-deformation curve 

of a radially compressed corn cob fits the experimental data very weIl. 

A furthe~ check on the empirical approach is provided ln Table 3. 
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Figure 26a. 
GI ume 
depress ion 
method of 
measuri n9 
contact wi~th. 

Figure 26b. 
Ca rbon pape r 
method of 
measuring 
con tact wi dth. ; 

Il 

-' 
Figure 26c: 

, Candle carbon 
(method of 
measuri ng 
contact width. 
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TABLE 3. Comparison of empirical method with the areagraph chart 
technique 0 

Modu1us of toughness 

t Area under 106 x N - m/m3 
Sample Length D1ameter f~d tt 
number t, 2R. 

curve Empirical mm mm 
A*, mm2 Areagraph 

method method 
u* U 

1 31.1 28.6 209.032 0.041 0.038 
T 

2 33.1 27.4 150.967 0.030 0.030 
v 

3 33.4 25.4 259.354 0.060 0.062 

4 32.3 26.8 211.612 0.046 0.047 

5 32.4 26.5 185.806 0.041 0.042 

6 34.2 27.2 121. 935 0.024 0.024 

7 31.4 25.5 250(i 322 0.061 0.063 

8 35.1 26.0 180.64'5 0.038 0.037 

9 31. 7 25.8 179.354 0.042 0.043 

10 31.6 25.4l 178.064 0.044 0.043 

Coefficient of determination (~2) between U* and U • 0.9882 

t 
~ Variety. Warwick SL-207 tested on 10th Oftober 1979 at 

- 1 cm/min. 

ttU* _ [A*(O.4)(9.8067J/[RR2t], where 0.4 kg - mm _ 
1 mm.2 fram f-d curves. " 
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Cob taOdulus 0\ toughness determined from the empirical equation agrees 

very weIl with that determined from the tradltional areagraph chart 

method (of 97% degree of precision). 

'---­
Apart from minimizing the eubjectivenesa inherent in the 

tradi tianal methods of measuring the area under a curve. 

approach ls a faster teclmiq~ c01l!pared with the areagraph method 0 

the planimeter method when many experl~nta1 curves are involved 

the experiments repeated oVer many time periods. 

however, subject to the use of a computer program to calculate 

modulus of toughness. 

7.1.5 Comparisou of the modifled bending 
aquatione with the basic flexure 
formul'as 

A practical method of assessing the significance of the modi-

fications made in the basic flexure formula- ta account for the 

composite and tapedng nature of corn cob in simple bending ia ta 
~ 

compare results calculated wtth the modified equations (equations [24] 

and [42])with those calculated with the basic flexure equatious (i.e., 

3 
amax • Me/I and Ymax - FL 148 EI, where a11 the symbols are defined 

in Chaptel: IV). 

Table 4 shows values of cob bending· 8trength and apparent 

elastic modulus wben the cob is considered aS-: 

. &-
a tapered composite cyllnder of two materials, 

2. a solid cyl1ndrical straight beam, and 

3., a hollow cyl1udrical straight bum. 
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TABLE 4. Comparison of the modified bending equations vith the basic flexure formulas 
___ ~ _ ----"'----~_ _ ~ _ "i 

~ 

Corn cob mechanica1 properties (MPa) from Ratios 

Data t Modified Basic f1exur~formu1as 
bending 

source equations So11d beam Hollow beam ~*/~ ~**/~ Qb*/Ob q **Ia 
b b 

Eb ab E 'Ir 
b 

a 'Ir 
b Eb** ab** 

1 21. 758 1.602 20.988 1.570 21.186 1.619 0.965 0.974 0.980 LOU 2, 27.174 1.653 26.351 1.620 26.515 1.657 0.970 0.976 0.980 1.002 
3 - 36 .284 2.052 35.321 2.011 35.713 2.~ 0.973 0.984 0.980 1.015 
4 12.369 1.126 12.202 1.103 12.357 1.146 0.986 0.999 0.980 1.018 

5 16.037 1.196 15.63Z 1.172 15.928 1.234 0.975 0.993 0.980. 1.032 
6 20.479 1.606 19.891 1.574 20.290 1.661 0.971 0.991 0.980 1.034 

), 
7 11.988 1.203 Il. 780 1.179 11.850 1.205 0.983 0.988 0.980 1.002 
8 18.209 1.481 17.669 1.452 17.843 1.498 0.970 0.980 0.980 1.011 

9 18.153 1.634 17.722 1.601 17.838 1.638 0.916 0.983 0.980 1.002 
10 54.727 2.3],7 5;.831 2.329 53.460 2.415 0.965 0.977 0.980 1.016 
11 58.278 2.798 51.046 2.742 57.741 2.846 0.979 0.991 0.980 1.017 
12 27.109 1. 778 26.622 1. 742 26.834 1.790 0.916 0.984 0.980 1.007 

13 24.797 1.665 24.502 1.631 25.003 'll..723 0.988 1.008 0.980 1.035 
14 48.232 2.266 47.763 2.220 49.282 2.397 0.990 1.022 0.980 1.058 
15 31.242 1.814 30.850 1. 778 31. 383 1.866 0.987 1.005 0.980 1.029 
16 32.167 2.053 31.689 2.012 31.955 2.069 0.985 0.993 0.980 1.008 

Coefficient of determination, r 2 , for: Eb* and Eb '" 0.9996, ab* and ab .. 0.9999. 

Eb ** and ~ - 0.9988 and 0b** and ab = 0.9962 ~--~ 
".,-

t 'b 
See detai1s in Appendix E. Tables E5 and E6. I,;J 
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There are very little quantitative differences among the three methods 

of considerations. The results suggest that the simple beam or the 

hollow beam consideration is a very good approximation of the 

structure of the corn cob as regards calculating cob mechanical 

properties in simple bending. Qualitatively, however, the modified 

equations present a good basis for evaluating the importartce of the 

composite and tapering nature of the corn cob to its mechanical 

properti~s in simple bending. 

7.2 Variabtllties in cob physlcal 
and mechanical properties 

The mean, standard deviation and coefficient of variability for 
\ 

each of the nine physical and mechanieal properties of the corn cob 
\ 

determined from a 1977 radial compression test are given i~ Table 5. 
1 

" Forty-five '3 cm-long middle sections of the corn cob composite from a 

W4 

single variety, Pickseed 165, planted at Macdonald College Farm, were 

radially compressed at 2 cm/min rate of loading. Analysis of the data 

obtained shows that cob moisture content ls the least variable property, 

while cob modulus of toughness i8 the most variable property. Based 

on the variabilities in cob mechanical properties shawn ln Table 5, the 

req~red sample size for a 95% confidence level is about 62 for a 10% 

precision,* or 16 for a 20% precision Cas calculated trom methods 

described by Hahn (1975) and Steel and Torrie (1960». However. if 

the experimenter ia not interested in calculatlng cob modulus of 

toughnes8, the required sample size i5 lower. For the same confidence 

leve1. it 1s about 21 for a 10% pr~cision or 6 for a 20% precision. 

*The maximum allowable error in estimating the population mean. 



,~ 

-----

\. 

~, 

.... 

1 
/ 

\ 

.. 

~~~~", ........... ~ ... ~ 

____ ... --""_[ 't""""'_ .... "f!il"'~_.,..,.~J ... ~IIf'_ ... '" c-. __ ....... _ .. _~ 

r/-' 
"-" 

Mean values and variabi1ities in cab's physical and mechanical propertl~t 

tt Standard Coeff. of 
Mean value deviation varia~ility Properties Symbol Units 

Moisture content MC % w.b. 44.8 3.9 8.8 

Di8llleter 2R mm 25.5 2.3 8.9 

Pith diameter 2r mm 7.5 ' 1.1 15.0 

Crushing force Fb kN 1.2 0.3 25.0 

\'.Crushing strain Eb 0.15 0.02 13.3 
\ 

,Stiffness* S MPa 12.3 2.9 23.6 , 
r 

App-aren t elas tic modulus E MPa 25.9 5.7 22.0 

Crushing strength (Je MPa 5.3 1.2 22.6 

Modulus- of toughness U 
6 3 10 N-m/m 0.16 0.06 39.1 

tBased on radial compression of 3 c~long mid-section pieces of corn cob 
composite -tested on 10-10-77. ~te of 10adlng - 2 cm/min. Corn variety ; 
Pickse~4-165. ~ 

tt Forty-five cob samples tested. each sample tested separately. 

*Stiffness a Mit, where M • slope of the upper portion of f-d curve and 
t - 1ength of sample tested. 
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Sim1lar variabi1ities have been reported for the mechanical 

properties of other agricu1tural products (Finney, 1967; Bunyaphlanan. 

1973; Pau1sen, 1178). Bun~~ph1anan (1973) determined the coefficients 

of varlability Jor the force at bioyield, deformation at bioyield, 

modulus of deformabi1ity, minimum stress at bioyie1d and energy at 

bioyield of 40 carrot tissues. The minimum coefficient of variability 

determined was 6.61% for force at(bioyie1d and the maxim4m wae 24.40% 

1 
for energy at bioyie1d (measured with an areagraph chart). Ueing an 

integrating device to me as ure automatica11y the area under the f-d 

curve of soybeans under compression, the variabi1ity in 80ybean tough-

nese as determined by Pau1sen (1978) averaged 32% and was in some 

cases up to 62%, depending on rate of deformation, moisture content or 

hilum position during test. Variabilities in rupture force and 

106 

deformatlofi determined for soybean were about 23% and 19% respectively. 

, 
7.3 Relation of cob size to cob 

machanical properties 

Data for Table 5 were grouped according to cob size as given in 

Table 6. This analysis indieates that •. at bo~h 10w and high cob 

mo~content leve1s, 

1. cob apparent e1astic modu1us and cob crushing strength increase as 
" Ir: 

the pith diameter or the ratio of the pith diameter fO the cob 

diameter decreases, but they decrease as the mid-cob thickness 
1) 

(l.e •• the difference between cob diameter and pith diameter) 
i 

decreases; ( 
() 
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TABLE 6.- Relation of cob size with cob mechanica1 properties t 

\ • 
Mechanieal properties 

J, 

/ Size Apparen t elas tic Crushing Modulus of 
modu1us strength toughness 

MPa ,.-MPa 106 x N-m/m3 

Cob diameter (2R) 

~ 29 te 3Q 1Œl 34.2 . 6.3 0.15 
27 to 28 mm 26.3 5.1 0.13 
25 to 26 mm 24.3 5.1 0.15 
23 te 24 mm 22.9 4.9. 0.15 
21 ta 22 1Œl 27.2 6.4 0.26 

, 
J 

Pi th diame ter (2r) II' 

10 mm 25.8 5.0 0.11 
9mm 24.2 4.7 0.1! 
8mm 24.4 4.9. 

~:. 
·0.13 

7mm 26.1 5.7 0.18 
6mm 28.3 5.9 0.16 
'mm 31.8 7.4 0.28 

r 2r/2R 

20.1 4.2 
~ 

0.35 to 0.39 0.12 
0.30 to 0.34 25.0 S.l 0.15 

t 0.25 to 0.29 26.7 ·5.4 0.15 
0.20 to 0.24 ~' 32.3 7.0 0.23 

! 
\ 

\ 

\ (2R - 2r) 
1 

21 ta 22 mm 38.6 7.2 0.16 
18 to 20 mm 25.8 \'<!! S.2 0.14 
16 ta 17 mm 26.6 S.7 0.19 
14 te 15 mm 21.2 4.8 0.18 

\~aotnota. for Table 5. 
, 

( , 
1 
i .. \ 

; , 



j 
( 

( 

WB 

2. cob modulus of toughness increases as cob diamet~Pith diameter 

or'the ratio of pith diameter to cob diameter deereases; 

3. cob apparent elastic modulus and cob erushing strength are 

insensitive or not monotonieslly related to cob diameter; and 

4. cob modulus of toughness ia insensitive or not monotonically 

related ta the mid-cob thiekness. 

The above relatianships of cob size parameters to cob mechanical 

properties appear ta be 9ubstantlated by the experimental work of 

Sehgal and Brown (1965). They found that there ia a tendency for the 

Iarge-pithed cobs to split more e88i1y during combine hsrvesting thsn 

~e small-pithed ones. They also determined that cabs with paorly 

developed inter-row tissues tend to split rather eas1ly as compared 

with the ones which have well-developed inter-row tissues. Another 
7 

supporting evidence from literature may be drawn fram the experimental 

results of Paulsen (1978). He found that the average toughness was, 
• 

in nearly aIl cases, greater for the small soybeans than for the large 
y 

anee. This is in agreement with the dependency of cob modulus of 

iltoughness on cob size as determined in the present study. 

7.4 
J 

Importance of cob macro-structural 
c2!P0nents 

Figures 27a and 27b shaw that the f-d curves of the four 

simplified structural modela of corn cob under radial compression are 

different. There are two major qualitative differences, viz, 
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Figure 27(a). F-d curves of cob simplifled models at hlgh 
moisture content uoder radial compressTon . 
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1. The initial noo-l1near behavior of the cob composite is ooly 

evident in the behavior of the hollow cob model but almost absent 

in those of the smooth cob and hollow smooth cob models. This 
\ ' 

observation establishes that t~e initial non-linear behavior of 

the cob composite under radial compression is essentially due to 

the initial flattening of the glume covering the cob composIte. 
f' 

• 2. The sudden drop in force at or near the maximum force recorded in 

the f-d curveS of the cob composite and smooth cob models ls 

absent ln those of hollow cob and hollow smooth cob models. Thus, 
'" 

it could be concluded that the Budden drop in force at or near the 

peak force of the force-deformation curve of a rsdially compressed 

corn cob composite i8 due to pith cracking. 

Quantitative analyses of Figures 27a and 27b and others similar 

to them, using the equations presented in this study, lead to the 

reaults shawn in Table 7 and plotted in Figure 28. The apparent 

elastic modulus and the crushing strength of the sm?oth cob are the 

highest, while those of the hollow cob are the lowest, st bath test . . 
dates. This immediately suggests that the pith contributes greatly 

to the apparent elastic modul~' and the crushing strength of the corn 

cob composite. Moreover, the fact that the suooth cob has higher 

apparent elastic modulus and crushing strength values than the cob 
, ~ 

composite, indicates Chat the glume has a negative influence on bath 

. of these cob ~chanical properties. 

FurtherlDOre, to quantify the relative contribution of 

each of the three major cob components to any metanical property 
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TABLE 7. Mechanical properties of corn cob composite and those of its 
simplified structural mode"\s 

" 

Properties t 

Test date Structural 
modela MC E cr c U 

% w.b. Eb MPa MPa 105 N-m/ml 

} 
06.10.78 Cob composite 49.8 0.14 20.8 4.1 1.2 

(' 
Smooth cob 46.4 0.13 23.2 4.3 1.4 

Bollow smooth 42.1 0.08 21. 7 3.0 0.3 cob /J 

Bollow cob 40.3 0.17 10.9 2.4 0.8 

, 20.10.78 Cob camp,oeite 9.4 0.10 53.8 8.4 1.7 

Smooth cob 10.4 0.09 71.9 8.7 1.4 

Bollow smooth 8.0 0.11 34.2 5.2 0.9 cob 

Bollow cob 10.4 0.15 22.4 4.5 0.9 

t Se. Table 5 for definitions of symbols. 

Each value ia the average of three test samples. 

Corn variety • Co-op S-265. Loading rate • 1 cm/min. 
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of the cob compo8ite, for instance, the apparent elastic modulus, the 

following apprDx1mate expressions were'used. 

1. For per cent contribution of glume to cob composite e~tic 

modulus, the expression i9 

"lOO(Ecc - Esc) IEcc" 

2. Per~cent contribution of pith ta cob composite elaatic modulus la 

expressed as 

3. Per cent contribution of mid-cob ta cob composite elaatic modulua 

1s de te rmined as 

"100 Ehac/Ecc" 

where E la the apparent elastic modulus and the subscripts cc, sc, hc 

and bac danate cob composite, smooth cob, hollow cob and hollow amooth 

cob, respectively. The calculated percentage contributions vere then 

adjusted as shawn in Table 8, sinee the properties of the cob com-

ponants are not strictly addl t:j..ve. 

A negative percentage contril>ution by any cob component implies4 

that the component in question reduces the cob composite mechanical 

proparty being cona1derad. Thus. Table 8 shows that the pith has a \ 

very substantial positive contribution to cob mechanical properties, 

particularly when the cob is dry. The ~ob, however, has "the 

greatest positive contribution to cob mechanical properties st both 

levela of moisture content tested. In contr~t, the glume tènds ta 

, 

lower the values of cob mechanical properties determined. Indeed, the 

1 ," 
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TABLE 8. Relative contribution of the'three major components 
cob to its mechanical properties 

~ 

Cob Ad jus te dt percentage con tributions tt 

componen ts 
MC Eb E Oc 

C 
Glume 

1rt 6.3 16.6 -8.6 -4.6 

,(dry) (-16.6) (14.3) (-38.0) ("'3.4) 

Pith 

vat 17 .1 -50.0 34.3 37.6 

(dry) u (-16.6) (-;71.4) (66.1) (44.3) 

Kid-cob;--- " 
\ 
'-

wet 76.6 133.4 74.3 67.0 

(dry)' 
,-

(133.0) (157.1"l:! (71. 9) (59.1) 

« 
t Adjuatment 

1 
110/100 43/100 140/100 109/100 

ratio ~ (64{100) (70/100) (88/100) (105/100) 

ttTbe percentage contributions are calculated·from Table 7. 
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of corn 

U 

-41.5 

(15 .0) 

80.5 
(40.0) 

61.0 

(45.0) 

" . 
41/100 

(118/100) 

,', 

, 
J 
1 
J 
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--. actua! importance of the glume to the cob mechanical properties as 

related to corn shelling in a oombine cyl~der-concave ls questlonable. 

In this respect, the smooth cob May be the most approprlate structural 

model for determining cob mechanlca1 properties as related 

combine harvesting. 

7.5 Effects of molsture content 
and rate of loading 

to corn 

{ 

Based on 1978 1aboratory investigations, Figures 29 and ,30 

~J demonstrate the effects of moisture content on the f-d curves of corn 

cobs obtained in radial compression and simple bending. From similar 

experimental f-d curves, and using the equations presented in this 

thesis, the mechanica! properties of corn cobs were calculated for 

the different moisture contentA 1eve1s and rates of loading. The 
1 

r6sults. including statistical analyses. are presented in Tables 9 to 

14 and p10tted in Figures 31 to 35. 

AlI the cpb mechanica1 properties determined with the exception 

of cob modulus of toughness and crushing strain, vere found to be 

signiflcantly affected by cob moisture conten~. None of these 

properties was shawn to be sign1ficantly affected by rate of loading 

in both radial compression and simple bending. Apart from cob crush-

lng strain, the values of al1 cob mechanlc~l prpperties determined 

increased signlficantly as the cob maisture content was decreased. 

Essentially, the values of cob crushing strain de~ermined decreesed 

with cob lDOisture content. a1though this was Îlot significant at O.OS 

" 
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MOISTURE CONTENT % w.b. 

COB KERNEL 
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Figure 29. Effects of moisture content on radial compression 

of corn cob composite ' 
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TAB~E 9. Effects of moisture content and rate of loading on cob 
mechanical properties in radial compression (1978)t 

'-

Test date 

13.10.78 27.10.78 07.11.78 

Kemel moisture 
content, % w.b. 22.4 13.7 9.5 

Rate of 1oading, 
cm/min 0.5 1.0 3.0 0.5 1.0 3.0 0.5 1.0 3.0 

Cob mois ture 
c nt, % w.b. 41.4 44.1 44.7 11.9 10.1 8.8 6.9 6.8 7.0 

-<"-

Cob diameter, 2R. 
DUD 26.3 25.6 25.6 24.5 24.4 24.7 25.3 24.8 24.7 

Pith diameter, 
2r, mm 8.8 8.4 8.3 8.5 8.3 9.0 8.0 8.3 7.9 

~rushing fc' \ 
F
b

, k.N 0.71 0.73 0.82 0.86 1.07 1.18 1.39 1.24 1.54 

Crushing strain, 
Eb 0.13 0.15 0.15 0.11 0.13 0.11 0.12 0.11 0.13 

Degree of 
e1astici ty, 
a, % 

Elastie 

48.852.149.544.052.447.047.346.947.6 

modulus, E, MPa 18.0 16.0 l8.Q 29.0 31.0 41.0 41.0 43.0 44.0 

Crushing 
strength, 
cr ct MPa 3.4 3.2 3.7 5.4 6.1 6.8 7.7 8.0 8.0 

Modulus of 
toughness, U, 
106 x N-m/m3 0.09 0.16 0.19 0.14 0.23 0.25 0.26 0.20 0.30 --

t Each value is the mean of three test samp1es. Co-op 8-265 
corn variety. 3 cm-long cob~~mp1es used. 
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TABLE 10. 1 Summary of analyses of variance on effects of moisture 
couLent and rate of loading in radial compression (1978)t 

F values 
,{(JI 

Degrees 
" Source of variation of Elastic Crushing 

Modulus 
Crushing freedom of modulus strength toughness strain 

Total 8 

Moi,ture content 
(test date). B 2 43.23** 123.4** 5.16 ns 4.75 ns 

Rate of loading, T 2 1.93 os 2.75 ns 3.18 ns 0.75 ns 

Experimental error, 
B x T 4 

t 
1978 radial compreSSion data (Table 9). Analysis of variance 

perfonaed on means of three test samples. 

** Significant at 0.01 level. 

ns Not significant at 0.05 level. 

1 

/ 
~/ 

/ 

/ 
/ 

1 
,/ 

/ 

1 

/ 
; 

/ 

/ 
1 

1 

1 • 

" . 
~-~----------------

/ 

\ . 
1 



j 

1 

,( 1 

i 

/ 

TABLE Il. Main effects of cob moisture content and r~te of loading on 
cob mechanical propèrties in radial compression (1978)t 

Cob Elastic Crushing Modulus of 
Test date moisture modu1us strength toughness Crushing 

content MFa MFa 106 x N-m/m3 strain 
% w.b. 

13.10.78 43.4 17.3 a 3.4 a 0.15 a 0.143 a 

27.10.78 10.3 33.7 b 6.1 b 0.21 ab 0.117 al-

07.11. 78 6.9 42.7 c 7.9 c 0.25 b 0.120 a 

Rate Elastic Crushing Modulus of of Crushing 
loading mo du lus strength toughness strain 
cm/min MFa MFa 106 x N-m/m3 

0.5 29.3 a 5.5 a 0.16 a 0.120 a 

1.0 30.0 a 5.8 a 0.20 a 0.130 a 
~ 

3.0 34.3 a 6.2 a 0.25 a 0.130 a 

t !ach value is the mean of nine test samplea . 

In each co1umn, means with the same letter are not 
significantly different at 0.05 level as determined by Duncan's new 
multiple range test. 

Corn variety, Co-op 5-265. 
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TABLE' 12. ~Effect8 of moisture content and rate of 10ading on cob 
mechaniesl properties in simple bending (1978)t 

) 

YTest date 

03.10.78 - 17.10.78 05.11.78 

Kemel moisture 
'~ 

cQIltent, % w.b. 32.6 14.8- 8.8 

Rate of 10adlng, 
cmlmin 1 3 5 1 3 5 0 1 3 5 

Cob mois ture 
content, % w. b. 59.2 57.2 54.5 21.6 J.8.4 20.0 6.6 9.1 7.3 

Tip-end di ame ter , 
db mm 22.5 21.8 22.9 22.0 20.7 20.5 22.0 22.7 22.2 

Butt-end diameter" 
d2, Dm 31.5 30.9 32.9 31.5 29.2 29.7 30.9 31.5 30.2 

Maximum b reaking 
force, Fb' N 77.5 81.4 96.9 82.4 97.1 78.5190.2211.8223.6 

Maximum def1ection, 
Do, mm 16.7 18.7 17.6 23.7 22.2 22.5 10.4 10.9 Il.7 

Degree of 
ela.stieity, 8, % 54.8 55.4 56.9 53.0 52.7 54.0 51.2 53.9 62.3 

Elastic 
modulus, Eb, MPa 23.4 24.0 24.1 18.9 32.1 24.0 106.9 98.1 95.1 

'Bending strength 
O'b' MPa 1.5 1.7 1.7 1.7 2.4 1.9 4.0 4.1 4.8 

t Each value i8 the mean of three test samp1es. Co-op 5-265 
corn varie ty • Laading span • 150 mm. 
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tABLE 13. Summary of analyses of variance on effects of molsture 

content and rate of loading in simple bendingt 

Degrees F values 

Source of variation of 
freedom Elal:ltic modulus Bending strength 

Total 8 

MOlsture content "-
(test date) t B 2 158.96** 64.10** 

Laading rate. T 2 0.28 ns 1.41 ns 

Expe rimen ta1 error, 
B x T 4 

t 1978 simple bending data (Table 12). Analysis of variance 
performed on means of three test sa~les. 

** Slgnificant st 0.01 leveI. 

na Not signific8Dt at 0.05 level. 
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TABLE 14. Main effects of cob moisture content and rate of)loading on 
cob mechanica1 properties in simple bending t 

Test date 
Cob mois ture Elastic modulua Bending strength 

content, % w.b. MPa MPa 

03.10.78 57.0 23.8 a 1.6 a 

17 .10.78 20.0 25.0 a 2.0 a 

05.11. 78 7.7 100.0 b ,..... 4.3 b 

Rate of loading Elastic modulus Bending strength 
cm/min MPa MPa 

1 49.7 a 2.4 a 

3 51.4 a 2.7 a 

5 47.7 a 2.8 a 

tEacb value 18 the Mean of nine test samples. 

In each column, means with the same latter are not 
significantly different at 0.05 level as determined by D\mcan 's new 
aultiple range test. 

Com varlet y was Co-op S-265. 
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'Figure '35. Effects of molsture content and rate of loading on cob 
bendlng strength (1978). Each data point 15 tne mean 
for three test samples. 
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level. Apart fram cob' apparent elasde modulus in simple benctlng, all , 

cob mechanical properties determined tended ta increase in magnitude 

with increase in rate of loading. but the increases were not signifi-

cant at 0.05 level. 

From the 1979 investigations on the effests of co~, moisture 

content and rate of loading in radial compression, Table 15 confi~ 

that cob mechanical propecties, including cob modulus of toughnes8, 

u 
are significantly affected by cob moisture content, while they are 

not significantly affected by rate of loading. The interactions 
, 

between these two factors are not significant at 0.05 level. The same 
q 

experiment, as shawn in Table 16, also confirms that cob mechanical 

properties increase significantly with decrease, in cob moisture 

eontent!' Regression analyses on 'the simple effects of cob moisture 

content on cob mechanical properties at each of the three rates of 

lo.ding (Table 17) suggest that cob apparent elastic modulus and ~ob 

erushing strength are each linearly related ta cob moisture content, 

.' whiie cob modulus of toughness has a non-linear relationship with cob 

molsture content (Table 18 and Figure 36). 

The e(fects of moisture content on cob mechanicai properties as 

determined in this study, are in generai agreement with those reported 

in literature for other agricultura1 products eZoerb and Hall, 1960; 

Shelef and Mobaanin~ 1969; Middendorf ~ al., 1973; Pau1sen. 1978). 

Apparente1:..at1c m+u!us. ultimate compressive strength and modulus of 

toughnes8 increase. while ultimate compressive deformation decreases 
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TABLE 15. Summary of analyses of variance on effects of moisture 
content and rate of loading (1979)t 

Source of variation 

Total 

Moil ture con ten t 
(test date) Btf 

Loading rate, Ttt 

Experimental error, 
B x rttt 

Sampling error, 
S (B x T) 

Degrees 
of 

freedom 

239 

4 

2 

8 

225 

Apparent 
e las t;l.e-.. 
modulus 

101.06** 

1.10 DS 

1.32 ns 

F values 

Crushlng Modulus 
of 

, strength toughness 
:" 

239.10** 9.44** 

2.70 DS 1.12 na 

0.32 ns 0.56 ns 

t 1979 radial compression data on Warwick St-207. Five telt 
dates: 20/09, 26/09, 04/10, 10/10, and 24/10/79. Three rates of 
loading: 0.5, 1.0 and 5.0 cm/min. Further detalls in Appendlx E, 
Tables El and E2. 

" 

\.... 

ttTests of hypotheses based on B x T as the error term. 

tttTest of hypotheses based on S (B x T) as the error terme 

**Significant at 0.01 level. 

ns Not significant at 0.05 le'vel. 
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TABLE 16. Main effects of moisture content on cob mechanica1 propertiés 
1n ,z:ad1a1 compression (1979)t 

Cob moist:ure Apparent Crush1ng Modu1us of 
Test date c.ontent el as tic. strength toughness 

% w.b. 1IIOdulus HP a MPa 106 x N-m/m3 

20.09.79 49.2 14.7 a 2.4 a 0.045 ab 

26.09.79 44.0 20.0 a 2.8 b 0.049 b 

04.10.79 24.5 35.4 b 3.7 c 0.050 b 

10.10.79 20.6 43.1 c 4.0 c 0.041 a 

24.10.79 8.5 61.3 d 6.1 d 0.059 c 

t Rach value 1a the mean of 48 test samples. 

In each column, means with the same let ter are not 
dSDificantly different at 0.05 levei as determined fram Duncan's new 
multiple range test. Com variety • Warwick SL-207. 
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TABLE Il. Simple effects of cob moisture content on cob mechanical properties at three rates 
of loadingt (0.5, 1.0 and 5.0 cm/min) 

Cob mois ture Apparent e1astic Crushing Modulus of 
contenttt modulus strength toughness 

Test date % wet basi.s 
~ 

MPa MPa 106 x N-m/m3 

0.5 1.0 5.0 0,5 1.0 5.0 0.5 l~O-L'~- ~~Q . 5.0 
-=-

....... ~""~""'~~"'')~~r 

e-. 

20.09.79 49.6 49.5 48.5 15,6 12.7 15.9 2.3 2.2 2.6 0.040 0.048 0.O47~ 
26.09.79 45.1 44.8 42.1 20.1 20.1 19.8 2.8 2.8 2.8 0.053 0.050 0.044 

04.10.79 24.6 26.1 22.8 33.0 37.9 35.2 3.5 3.9 3.8 0.049 0.051 0.049 

10.10.19 21.3 20.8 19.7 42.8 42.6 44.0 3.8 4.0 4.1 0.036 0.044 0.043 

24.10.79 8.6 8.6 8.2 61.4 54.8 67.9 6.1 5.8 6.4 0.056 0.058 0.063 

t Each value la the mean of sixteen test samplea. Warwick SL-207 varlety. 

tt 
Kern~~ moisture contents are, respective1y, JO.2, 23.2, 15.4, 15.2 and 10.4% wet basis. 
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-\ 

Regression equatione of cob mechanical propertiee on cob moisture content 
(MC, % wet basis)t 

.. 

~) . 

ÇMechanical Rates of Correlation 
properties Symbols Units loading Regre~iOn equationstt coefficients 

cm/min r 

Apparent E MPa 0.5 E - 65.759 - 1.045 (HC) -0.971 elastic 
1.0 E - 63.671 - 1.003 (MC) -0.998 modulus 

5.0 E - 70.651 - 1.206 (MC) -0.960 .. 
Crushing Oc HPa 0.5 (] -c 6.041 - 0.078 (HC) -0.918 strength 

1.0 cr .. 6.097 - 0.079 (HC) -0.971 c 
5.0 cr -c 6.311 - 0.084 (MC) -0.921 

Modulus U 106 
JI: N-m 0.5 U - 0.062 - 0.011 log (MC) -0.380 of 

813 
taughness 1.0 U 0.065 - 0.010 log (MC) -0.609 

5.0 U,· 0.078 - 0.021 log (HC) -0.790 

t 
Experimental data from Table 17. 

tt The regression equation with the highest absolute value of the coefficient of correlation was selected for each mechanica1 property at each rate of loading. 
" 

.. 
11"" 

~'Uoo.",,-,,,,,,~ ... ' - _ ..... ~~ ~ 

""'-

",,",,~~_ry! :.'~~~ ~H -, 

~ 
/----.. 

----------

--- -

t;; 
.J:'oo 



_.......-.-~ ~~,.~~-~----

-" ""~l.).~~~~ J.l! 

------------
-." 

~ 
rat /- ~-

r"': 

~- 6' = 

a 
a.. 8. :E ::lE .. ~ 

w .. 
~ 0.056 tf5 

CI) .. 
=> :;:) 
--l 

::J: ::J .. 
0 l- CI) 

0 (!) CI) 

~ 
z w 

40 w4 ~ 0.050 Ct: 
u ..... (!) 

..... 
CI) => 

0 
(J) 

(!) 1-« z 
...J' ~ w ~3 
t-

30 -:;:) en 0.015 
z 0:: ::> 1 • 
W U -l 

0:: => 
« 0 
a.. 0 
a.. " 

:E 
« ?n 2 

0.010 1 U=0.065-0.010 Log ( MC) 
E=63.671-1.003 (MC) \1 

~ :: 6.097 - 0.079 ( MC) 

r =-0.971 -1 ~ r li :-0.609 

101 
r ::& - 0.998 1 1 1 

,. 

1 
,/ 

..... 
0.035 ! ! 

0 20 40 0 20 40 0 20 40 
COB MOISTURE CONTENT, MC, % WET BASIS 

J 

" \N 
V1 

Figure 36. Regressions of cob mechanlcal properties on cob moisture content (1979). 
Each data point ts the mean of sixteen test samples. 
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with decrease in the moisture contènt of the agricultural product. 

Stage of lDAturlty of the agrleultural product and the Inherent 

variations in biological materials'may change some of these effects. 

partieularly thS~ deformation which iB usually the least affected 

mechanieal property. 

136 

t- This dependence of mechaniesl properties of biologieal materials 

on their molsture contents has not been adequate1y explained. Hawever. 

as auggested by Shelef and Mohsenin (1969), the addition of water 

mole cules in a dry material eould lead to some ge~trical re-arrangement 
• D 

of the ~n units ln the material micro-structure which were previously 

very close to each other. lt could also result in the lowering of the 

friction coefficient between adjacent cellular units of the materiSl.(­

Unde19ueh conditions the deformations under a given load would 

gra..dually increase and the modulus of elastidty would decrease wlth 

Increase in the number of water Molecules present (Shelef and Mohsenin, 

1969) • 

On the other hand, while it 19 generà1ly agreed that rate of 

loading affects the Mechanical properties of agricu1tural products due 

to their viscoelastic nature, experimental results reported in the 

literature did not show a consistent influence (see, for instance, 

Mehaenin !!. al., 1963; Fletcher .!:l al.. 1965; Fletcher, 1971; Prasad 

and Gupta, 1975; Paulsen, 1978). There are, however, some indications 

that at low rates of loading (le88 than 10 cm/min) a11 the mechanical 

properties increase with increase in rate of loading; whl1e at high 
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rates of loading (ab ove 10 cm/min) thera ls a reversal in tbls trend 

for some of the 1Df!chanical properties at some crltical loading rate 

region, shawn by Fletcher !! al. (1965). 

7.6 Effects of corn vertety and 
harvest date 

Based on 1978 expedmenta1 data, Table 19 'and Figure 37 show a 

strong dependeney of corn cob mechanical properties on corn variety, 

at both moisture content levels. Warwick SL-207, grown as a grain 

corn, is elearly ,~chanically stiffer and stronger than Asgrow RX-3Q, 

grown as a silage corn. However, at low moisture content, the allage 

corn has tougher cobs than the grain corn. This varietal effect is 

not necessar1ly due to the slight differences in cob moist~re content 

and cob size, as can be seen by studying Tables 6 and 19. It cou1d be 

due ta some undetermined differences in their eoh morphologieal 

structure ~d chemieal compositions. The two verieties vere planted 

on the 8~ date and on the same site and vere hand-harvested on the 

ume da~e. The same fertllizer treatments and other production inputs 

vere applied t,P. both varieties on the same days. 

137 

'Table 20 gives a SUJIIIIlary ,of a statistical analysis performed on 

1979 experiment&! data in vhieh the èffects of corn variety and harvest 

date vere investigated. Variety is a highly significant factor for 

cob crushing strength and cob modulus of toughnes8. a signific;ant 

factor for eoh elastic modulus in simple bending and cob bending 

strength, but ft has no aign1ficant affect (at 0.05 level) on eob 
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. TABLE 19. 

# 
Effects of variety on corn cob phys1èa1 and mechanical . \ 

propertiest 

Test dates 
29.09.78 18.10.78 

Properties 
Varleties 

y Z y Z 

Moisture content, % w.b. 49.2 38.2 7.3 7.6 

Diameter, 2R, mm 23.9 24.1 24.4 25.3 

P1th di8llleter,. 2r, DIIl 6.5 7.9 6.2 6.4 

2r/2R 0.27 0.33 0.25 0.25 

Cruahing force. kN 1.3 0.8 1.8 2.0 

Cruahing strain 0.16 0.17 0.10 0.14 
,-' 

Stiffness, MPa 13.0 5.2 25.6 20.4 

Apparent e1astic modulua, MPa 28.3 16.0 }0.5 46.2 

Crushing s trength, MF a 5.9 3.5 11.2 9.2 

IModulua of toug~ss, 106 x N-m/m3 0.20 0.19 0.20 0.26 

t 
y - Warwick SL-207; Z - Asgrow RX-30. 

'!'hree centimeter-lODg cob samples at 1 cm/min rate of 10a&g. 

Rach value is the average of three test samples. 
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TABLB 20. Effecta of variety and harveatrdate on corn cob phyaical 'and .achanical propertiea: 
a~ry of: atatiatica1 analyses of variancet 

Source of 
variation 

Degreea 
of 

freedom 

Total 26 

Block, R· 2 

Variety. A 

RxA 

Harveat 
date. B 

2 

4 

2 

P,valueatt 

Ettt Oc u .~ Ob 

6.00 na 167.46** 41.10** 15.62* 15 .29* 

6.24011 0.84 ns 15.64** 8.46** 7.22** 

MC 2R 2r 

0.34 nB 1.61 ns 11. 37* 

66.83** 18.36 011* 99.88** 

A x,B 4 5.05* 6.93** 7.50** -O~8l na 0.68 ns 2.62 ns. 1.38 ns. 1.35 ns 

A (R x B) 12 

~ 

tBas~ on data from 1979 split-plot experiment: Analyses perofrmed on means of seven test 
semples. Further details in Appendix E. Tables E3 and E4. 

tt ns - not significant at 0.05 level; * - significant at 0.05 level; ** - aignificant at' 
O~Ol level. 

tttAll symbols defined in the l1at of symbols and abbreviations. 
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apparent elaatic modulus in radial compression. 'On the other hand, 

harveat date ls found ta be a highly significant factor for cob 
"-

IIIOdulus of toughness, cob elastic modulus in simple bending and cob 

bending strength, a significant factor for cob apparent elastic modulus 

in radial compression, but it has no significant effect (at 0.05 

level) on cob crushing strength. 

The differences in the mechanical properties of the three corn 

variettes tested could not 'be d!rectlY aS8oc1ated wtth any differances 

in cob moisture content nor in cob diameter since these properties 
q 

were not significantly affected by this factor. On the other hand, the 

influence of harvest date on cob mechanical properties could be 

attributed to the highly significant changes in cob phyaical propertiea 

as barvesting was delayed. 

In the same analysis, Table 20, i t i8 f Olmd that the ~ter- , 

actions between vanety and harvest date are highly significaDt for 

radial compl;'easion but not significant for simple bending. 
\..,.-w-

Tbe main effects of variety on cob physical and mechanical 

propertles are shawn in Table 21: Asgrow RX 23 has consistently 

higher values of cob mechanical properties than Warwick SL-201. Cob 

apparent elasUc modulus. in bath radial compres8ion and simple 

bending. and cob bending strength are not found to be significantly 

different at 0.05 level for Asgrow RX 23 and Funk G4065. but the 
e 

former bas aignificantly higher values of cob c.rushing strength and 

c,ob lDOdulus of toughnes8. In silllple .~end1ng. the values of cob 
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tABLE 21. Main effects of variety on cob physical and meçhanical 
propertiès (Duncan's new multiple range test)t 

t, 
Varietiesttt 

Propert1eatt < 

Warwick Funk Asgrow 
SL-207 G4065 RI 23 

E, MPa 20.8 a 22.8 ab 24.4 b 

a c' HP. 2.9 a 3.2 b 3.9 c 

U, 106 N-m/.3 0.056a 0.061a O.107b 
~...." 

20.3 • 40.9 b' 35.0 b \, HP. 

1.5 a 2.2 b 2.0 b 
l ab' MP. 

, 1; 

HC, % v.b. 40.3 a 40.5 a 42.0 a 

• 
21., \IIIIl 26.1 a 25.3 

. 
a 25.1 a 

2r, - ~ !r.1 a 8.5 a 7.6 b 

2r/2R 0.31 0.34 0.30 

Keme1 MC, % v.b. 24.4 27.9 26.8 

t Rach value 18 the mean of 63 test 8~le8. 
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tt Symbol. are def1ned in the list of .ymbols and abbreviations. 

ttt values in a raw vith the same letter are not s1~1ficant1y 
d1ffumt at O.OS level. tJ 
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mechaniea1 properties of Funk G4065 are ~ be significantly 

higher than those of Warwick SL-207, despite th~ similarity in their 

( physlcal properties. However, in radial compression, with the 
./ 

exception of cob crushing strength values, the calculated values of 

cob mechanical properties for Funk G4065 are not slgnlflcantly higher , 
~ 

than those for Warwick SL-20 7. 

The main effects of harvest date on cob physical and mechanical 

\ 
\ pr9perties are present-ed in T,able 22. Cob apparent elastic modulua 

1n radial compression 1a found to lncrease significantly from the 

first harvest date (22.09.79) to the second harVest date '(06.10.79) 
, .\ 

but it decreased significantly later (20.10.79). Delays in harvesting 
" 
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• 

"" It,k the three varieties of' corn planted did not, in'general, lead to 80y ~ 

. .. 

aignificant differences in the calculated values of cob,crushing 

8trength. Cob 1IIOdulus of toughness, cob elastic modulus in simple 

bending and cob bending strength initially decreased s1gnificantly. 
?) 

but later increased with delay in, harvesting. 

Tables 23, 24 and 25 show the simple effects of ~ariety and 

harvest date on cob mechan1cal propertiea in radial c6mPression. 

Rumination of these simple efflcts-will give better insight into the ~ 

effects of variety and harvest date since these two factors interaet 

a1gnificantly in radial compression. 
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TABLE 22. Main effects of harvest date on cob physical and mechanica1 
properties (Duncan's new multiple tange ~esf)t 

Properties tt 
Harvest dates ttt 

22.09.79 06.10 :79 20.10.79 

E, HPa 21.4 a 25.5 b 21.2 a , ;) 
) 

oc' MPâ 3.4 a 3.4 a 3.2 a 

u, 106 N-m/m3 0.076 a 0.064 b - 0.083 c 

~, MPa 4~.9 a " 25.4 b 28.9 b 
""v1&..... ...... 

" ab' MPa 2.2 a 1.6 b 1.9 a 

MC, % w.b. 48.9 a , 38.3 b 35.6 b 
, i, 

2R, - 25.8 a \ 26.1 a 24.6 b 

2r, 7.4 a 9.4 b 7.4 a mm. ~, 

2r/2R 
"~ \ 1\ 0.29 ~O.36 0.30 ~ 

1 , 
~ 

Kemal MC, % w.b. 30.4 25.7 22.6 
" 

t Each value ls tbe mean of 63 test semples. 

tt 
.., 

Symbols are defined in the list pf symbols and abbreviations. 

ttt Values in a row with the same let ter are not si8111ficant1y 
different at 0.05 level. 

' 0 

0 
,', 

<It 

"1 

, . 
• 

'\ 
, 

. , 

t, 
", 

r< 
~ 

144 

... 

~ '! 

l 

! 
Î , 

'1 1 
\, 



1 
\ 

1 
.. 
If 

(. 1 

\ 
r 
t 
( , 
1 

." 

,. 
r , 

1 
, 1 

TABLE 23. Simple effects of variety and harvest date on corn cob 
apparent elastic modulus in radial compression (E. HPa) t 

Barvest date -+ 
Variety '" 

22.09.79 06.10.79 20.10.79 

Warwick SL-207 

Funk G406S 

AI,row BX 23 

A-+ 

23.1 a "" ... 

'A + 

22.3 a 

A-+ 

18.8 a 

tDuncan's new lIlUltiple range test. 

A 

21.6 a: 4-

A 

26.8 a 

B 

28.0 a 

A 

17.8 a "" 

A 

19.3 a 

B 

26.4 b 

In a co1umn. values with the same small letter are not 
l1p1ificantly different at 0.05 leve!. -

In a row. values With the same capital letter are not 
.ignif1cantly different at 0.05 level. 

~ \ 
Eac.h value i8 ttfe'" mean of 21 test samples. 

\ 
" 

-, 

145 

" 

, . , 
~ 

; <1' 
\ ., 
ï 

l 
1" 

1 

1 

1 

1 
-~ 



.t 

\. 

TABLE 24. Simple effects of variety and harvest date on corn cob 
crushing strength (0 , MPa) t 

c 

Rarves1: date + 

Varlet y '" 
22.09.79 06.10.79 20.10.79· 

A+ AB 
WaTW1ck St-lO 7 

3.3 a 1- 2.7 a -1-

A+ A 
Funk G4065 3.4 a 3.3 b 

A+ B . 
1 3.4 a 4.1 c A8 grow RI 23 

• , 

+ 
'Duncan's aew multiple range test. 

la a column, values with the same smaU latter are not 
aign1f1cant1y different at 0.05 level. - . 

In a raw, values with the aame capital 1etter are not 
.1gn1f1~t1y different at 0.05 leveI. 

Xach value 1e the mean of 21 te8t .ample •• 

B 
t 

2.5 a 1-

A 

3'.1 b 

B 

4.1 c 
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-- TABLE 25. Simple effects of variety and harvest dgte on corn cob 
modulus of toughn~S8 in radial compression (U, 10 x N-m/m3)t 

Harvest date + 
Varlety '" 

22.09.79 06.10.79 20.10.79 

A+ B AB 
Warwick St-20 7 

0.070 a + 0.043 a + 0.053 a + 

AB+ A B 
lUl'lk G4065 

0.060 a 0.050 a 0.073 a 

• 
A~ A B 

Asgrow RI 23 0.097 b 0.100 b 0.123 b 

t 
Duncan 's new multiple range test. 

In a column, values with the same small letter are not 
, significantly differE!flt at 0.05 leve!. -

In a ravi values with the same capital letter are not 
.1gnif1cantly different at 0.05 level. 

l , tiI, 
Eaéh value 1s the mean of 21 test samples. 
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7.7 Effects of fert1lizer level of 
application 

Tables 26 and 27 and Figure 38 demonstrate the influence of 

fertilizer rate of application on cob mechanica~ propertles, as 

determ:1ned from 1978 experlmenta1 data. The effects of fertilizer 

rate on cob mechanical properties depend great1y on corn variety. 

Bath cob apparent e1astic modulus and cob crushing strength increase 

in1tially and then decrease with 1ncrease in fertilizer rate of 

application when Warwick St-207 ià considered. On the contrary, 

these mechanical properties remain initia1ly constant and then 

increase as the fertilizer rate is increased for Asgrow RX-3Q. 'l11us, 

as regards cob apparent e1sstic ,modulus and cob crushing strength, the 
j 

optimum fertilizer rate for Warwick SL-207 corn variety is about 60 

kg/ha (kilograms per hectare), while that for Asgraw RX-JO vari~ty 

lies beyond 150 kg/ha. It must be added, hawever, that the de8ir~ 

ability for,havtng high values of cob strength and elastic modulus 
~ 

depends on the practical application for which the knowledge of such 

mechanical propertles i8 sought. 

For Warwick St-207 corn variety, the cob modulus of toughnes8 

decreases with increase in fertilizer rate of application. A 

reverse trend ls indicated for the Asgrow RX-30 variety up to 100 

kg/ha rate of fertilizer application, after which cob modulus of 

toughness decreases with further increases in fertilizer rate. 

With reference~_ 27 J the' fact thnt the,. Fl level (equi­

v~ent to NPK COmbinatiOn~O:120 kg/ha) gave the highest valu~ 

148 

• 



) 

[ 

1 

1 'j 

1 

( 

-..,TABLE 26. 

• .. 

Effect of fertilizer leve1 of application 
phYllieal and !Dechanical properties t 

~orn eob 

Ferti1izer leve1stt 
Properties 

FO F2 F3 

Moisture content, % w.b. 13.5 16.2 Il.7 

D1ameter, mm - 25.8 26.6 " 26.4 

Pitb diameter, mm 7.1 6.9 ~ 5.8 

Crusbing force, kN 1.2. 1.4 1,.6 

Crusbing strain 0.13 0.14 0.13 
F 

Stiffnes8. MPa 10.7 , 8.9 15 .8 

Apparent elastic modulus (HPa) 32.6 30.6 41.3 

cruabiïg strength, MPa 6.0 6.1 7.8 

6 3 Modulus of toughness (10 x N-m/m ) 0.18 0.24 O,~, 

t Eaeh value 1s the mèan of three test samples. AlI 3 cm-long 
cob samples at 1 cm/min rate of loading. Varlet y of corn UBed was 
Asgrow RX-30. Test date was 30.09.78. 

, 
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ttFertillzer leve1s: FO - no fèrtilizer. F2. NPK, 120:60:120 
kg/ba. F3 - NPK, 180:90: 180 kg/ha. NPK· nitrogen, phosphorus and 
potua1um fertllizer combination. ~ 
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TABLE 27. Fert111zer effect on corn cob physical and mechan1cal 
properties t 

Fertil1zer 1evelstt 
Properties 

FO Fl F2 F3 

Moisture content, % w.b. 6.9 7.3 '7.11 6.7 

Diameter, mm 23.5 24.4 23.6 24.7 

Pith di~eter, mm 7.1 6.2 6.9 8.0 

Crushing force, kN 1.6 1.8 1.4 1.0 

Crushing strain 0.11 0.10 0.12 0.09 

Stiffness, MPa 11.0 25.6 17.4 15.4 

Apparent e las tic modulus (MPa) 55.6 70.5 47.1 41.0 

Cruahing strength, MFa 8.3 11.2. 8.2 6.2 

6 3 Modulus of toughness (10 x N-m/m ) 0.22 0.20 0.18 0.10 

Each value 1s the Mean of three test samples. AlI 3 cm-long 
cob samples at 1 cm/min rate of 1oading. Variety of corn used was 
WarwiCk St-207. Test date was 18.10.78. 

Ferti1izer levels: FO - no fertilizer. FI· NPK, 0:60:120 
tg/ha. F2 - NPK, 120:60:120 kg/ha. F3 - NPK, 180:90:180 kg/ha. 
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of cob apparent elastic mod~us and cob crushing strength could be 
r') 
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interpreted to suggest that increases in the values of cob mechanical ~ 

properties are due principally ta increases in the amount of potassium 

fertilizer applied or reductions in the amount of nitrogen fertilizer. 

The very low values of cob mechanical properties at F3 level (NPK -

180:90:180 kg/ha) seem to substantiate the negative influence of high 

application of nitrogen fertilizer. Similar fertilizer effects on ' 

corn stalk mechanical properties have been reported as reviewed 

earlier in this thesis. 

From the 1979 data, Table 28 shows that increasing the rate of 

application of nitrogen ferti1izer from 0 to 480 kg/ha did not lead to 

any significant changes in the values of cob mechanical properties, 

despite the high1y significant effects on cob diameter and pith 

dlameter. 
rio " 

!he rates of phosphorus and potassium fertilizers were kept 

constant at the recommended 1evels. Examination of the main effects 

of nitrogen fertilizer levels on cob mechanical properties (Table 29) 

shows a slight but consistent decrease in cob apparent elastic modulus 

in radial compression from 120 to 480 kg/ha rate of application. Bath 

cob crushing stretfgth and cob modulus of toughness tend to increase 

slightly as the rate of application of nitrogen fertilizer increases 

from 120 to 240 kg/ha, but then appear to decrease as the rate la 

1ncreased further to 480 kg/ha. Table 29 also suggests that increas1ng 

the rate of application of n1trogen fertilizer from 120 to 480 kg/ha 

slgnificantly increases cob diameter but has no s1gnificant effect on Q 

~ 
plth tliameter. The control plot, 0 kg/ha rate of application, 

generally behaved different1y from plots with fertilizer. 

l 

l 
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TABLE 28. SUllllaary of analyses of variance on effects of nitrogen fertilizer on corn cob physlcal 

and mecnanica1 properties 

Source of variation 

Total 

'" Blacks 

Treatment tt 

Experiment error 

Degrees 
of freedom 

15 

3 

3 

9 

Et 

"\ 
0.23 ns 

F values 

(Je U MC 2R 2r 

"'-
'>?-

0.26 ns 3.08 na 2.73 ns 71.52** 27.91** 

t AlI 8~OIS defined in the Iist of symbols and abbreviations. 
tt 

Treatment çonsists of 0, 120. 240 and 480 kg/ha rates of nitrogen ferti1izer application 
vith phosphorus a~ potassium kept constant at recommended Ievels. 

ns - not slgnlficant at 0.01 level. 

** - significant at 0.01 level. 
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TABLÈ 29. Main effects of nitrogen fertilizer levels on cob physical and mechanical propertiea ... (Duncan's new multiple range test)t 

Rate of Apparent Crushing Modulus Moisture Pi th elastic of Dismeter applicatian modulus strength touglmesa cantent diameter 
1tg/ha MPa % w.h. 1ŒI 

HPa 106 N-m/m3 l1li 

A, 22~7 a 3.8 a 0.118 a 31.8 li 21.8 a 6.4 a 

120 24.3 a 3.7 a' 0.088,b 28.5 b 25.6 bc 8.0 b 
, 

1 
240 24'.1 a 3.9 a 0.108 ab 30..3 ab 25.3 b 7.8 b 

480 23.1 a 3.7 a 0.103 ab 30.2 ab 26.4 c 7.8 b 

- t 
Bach value ia the mean of 20 tes t allDlplea. 

In each column. means with the same letter are not aignificantly different at 0.05 
leveI. . ) 

.-

... 
Corn variety - Warwick SL-777. 

, . -
Rate of loading in radial compre8s~oD - 1 cm/-'n. 
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7.8 Effect of sail type and condition 

Table 30 and Figure 39 show the effect of sail type and sail 

conditioo. on cob mechanical properties, as determined in 1978. With 

reference ta the degree of variabilities in cob mechanical properties 

determined in Table 5, ft could be cane! uded that only cob apparent 

elastic modulus ls substantially affected by soil type and condition. 

The average apparent elastic modulus of cabs from the silty clay soil 

was lower than that for cobs from the silty clay loam sail. However, 

compacting the silty clay soil, as typified by the existence of hard 

pan!!, tends ta substa~tially increase the 'apparênt elastic modulus of ... 

corn cob. ," 

/ 

Table 30 also indicates that the effect of soU type and " 

condition on cob apparent elastlc modulus is strongly associated with 

the effect of these sail factors on cob moisture content. Corn cobs 

tram the silty loam soil had the highest value of apparent elastic 

IIOdulua and the lawest value of moisture content; whlle those fram the 

silty clay soil had the lowest value of apparent elastic modulus and / 

the higheBt value of moiBture C,6ntent. Cabs from the ailty clay soil 

vith hard pans had intermediatê values. 

The above result 18 in complete agreement with that obtained in 

a study of the effeets of soil c,ompaction on corn ear physical and 

.. chanical properties by the author (Appendix Dt Table D4. ligure D2). 

lt was found in that investigaqon that solI compaction by machinery 

traffic increases the breaking strength and lowers the moisture 

content of the corn eu hand-'Picked at physiologieal maturity. 
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, TAB~E 30. 

l' 
Effects of sail on corn cob physical and mechanieal 

. properties t 

Properties 

MOisture content, % w.b. 

Diameter, mm 

Pith diameter, mm 

Cruahing force, kN 

.Cruahing "train 

St1f~ess, MFa 

Apparent e1astic modu1us (HPa) " 

Cruahing strength, MPa 

Modulus of toughnes8 (106 N-m/m3) 
!(9 

-, 

A 

9.4 

24.6 

7.2 

. 1.Z 

0.,11 

14.4 

~6.4 

7.3 

Q.16 

SoU typestt 

B C 

. 
8.? 7.0 

23.4 24.8 
~ 

7.1 7.7 

1:\- 1.1 

0.09 0.08 

14.9 16.8 

53.9 62.1 
""-

......... 7.6 7.8 

0.15 0.11 

, 

t Each value ia the mean of six tes t s'amples .7 AlI 3 cm-long 
samples at l cm/min rate of loading. Variety of corn used was 
Warwick SL-207. Dates of testing were .30.09.78 and 18.10.78. 

cob 

tt . 

J.56 

S011 types: A,· Hawick s11ty clay; B - A with spme bard pans; 
and C - Ormstovn sllty clay loam, as evaluated by the 'Renewable 

, 

Re.ources Department of Macdonald College. l' 

.\ 
'. 

A 

• 

... 

, 
" 

)J 
1 

, i --'. l 

1. 



:;. ..... -10 
C 

~ , 
W 
I.D . 

"- ~t -ti', t;: 1 

n ,.. 
CIl 

0 
""'f\ 

\" ... , CIl 

" I~ 

" ... 
(. -< 

i " ' 
..,,111 
.[ 

n 
1 0 

j 
Q. -.... -0 
:::1 

1 
0 

1 :::1 

1 
n 
0 a-

I i 
1 n 

1 
::r 
III 
:1 '. _. 
n 
III, 

1 -, 
" ! ., 
0 

! " ct 

1 c 

.,' ,.rt \ ) 

ct 
'Ut 

-:J 

0: 
Q. ... " , III 

\ -
n 
~ 
" ~ 
CIl 
CIl -0 
:;J 

1 

LSI 

;1"" 
"": \ 

, , 

" 

" 

. APp,AR,ENT ,ELASTIC '~ODULUS /MP6 ' 
,~ 

" , 
\ 

'CRUSHING STRENGTH 1 MP.Q 

'N o 

\1 

0> o 

*, 

" 

MODUWS OF TOUGytNESS 1 105 X N -m/mG 
o - - ~ N 
. , o' .~, "" c.n \ 01 ""' h 

'" 
r 

" 

fi."'." . 
" ~ . , , 

, \ 
1 

, 1 

)#' 

'~ 

1 ) 
( $1' 

\ 

( 

\ , 

• f 

" , ' 

l-

~ 

, . 



( 

f 
.')1' t 

" , 
'i, 
0' 

( 

r 

,1 

"" i 1.1'"1>.('" •• .. ".~,..."',h" .. ~ ........... ' _ "'1>. . , 

J 

• 

CHAPTER VIII ; 

, 
.. 

SUMMARY AND OO~USIONS 
.. 

\ . 

'studies of the physieai and mechanieal properties of corn 

J stalk land corn kernei have been extensively researched. However, 
y 

l1ttle work has beeu done on the mechan~cal properties of corn cob, 

desp1té the fact that cob st;ength~~ffects corn combine performance. 

rr " 
The main objective of this study was to establish theoret~cs1 , , 

and exper1mental methods for characterizing the mechanical strength of 

the corn cob under radial compression and simple bendit.tg. 

The theoretical approach adopted in radial compression was to 

consider the corn cob' problem to be :ssentiallY ident~~l to the 

contact problem of an eJastic cylinder on a rigid plane. The 

classical solution of the elastic cylinder problem la baged on the 

Ir 
Hertz linear elastic contact theory. An iwplicit assumption in this 

approach wa!".'"that, despite the non-homogeneOU9 otructurnl composition 

of t~e corn cob composite, the stresses and deformations nt the 

8~rface of contact between the corn cob and either the upper or lower 

\ 
\ 

; 
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steel plate of the testing device could be adequately predicted by the 

~ Bertzi~ solution of the contact stress-deformation of a homogeneous 
li • "" 

elastic cyli~der on a rigid plane. 

~\ 

Experimental justification of the--ap~lication of the Hertz 

'\inear elastic contact theory to the radial c~Mpression of corn cob 

\ 

co~osite was undertaken. The contact area WQS measured by three 

simple experimental techniq~es and the values obtained were compared 

with those predicted by theory. Reasonable ,greement was obtained 
.' ~. 

be~een experlmental and theoretical valûes. 

In simple bending, the theoretical approach adopted was to 

modify the elementary beam flexure formula to account for the tapering 

of the ~b structure and its composite natur~. The cob was considered 

in simple bcndi~g as a tapered cylindrlcal beam of two homogeneous 

materialn, the mid-cob and the soft pith at the center. The outer 

fine fluffy material covering the mid-cob was considered unimport~t 
• l. 

in simple bending. Und~r these structural simplifications, the cob's 

li/- composite cro35-nection was transformed ta an equivalent one with a 

single homogcncoua material. The moment of inertia of the tr~sformed 
d 

section Was determined and an équation derived for calculat~ng cob 

bending strength. 

FrolJ\ laboratory tests performed over two years wi th 

seven vari~ti~s of corn, a five-parameter empirical equation was 

developed to represent the force-deformation curve of a radially 

compressed corn cob composite up to the threshold of failure. The 

n 
1 \ 

y~, 
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latter was deemed ta have occurred once a crack was initiated st the 

center of the cob pith. From the five-parameter equation, an 
4 

expression was derived for calculating the moaulus of toughness of 

corn cob composite under radial compression. 

The major laporatory investigations conducted include the 

determination of the effects of moisture content, rate of loading, 

corn variety, ferti1izer rate, fertilïzer typ~~ SOi~ type and soil 

condition ,on the mechanical properties of corn cobs. Another important 
, ~ 

experimenta1 study undertaken waS ta determine whether it is va1id ta 
~ 

dis regard the 80ft pith at the center of the cob and thus consider t~e 
L 

corn cob 8S a hollow homogeneous cylinder as was done by prenous 

investigators. 

A split-plot in time field experiment was established in 1979 

specifically for the corn cob study. T,hree varieties of corn were 
f>~ 

planted in a randomized, complete block de~ign with' three repE:r.ations. 

Each main plot unit eonnioted of six rows of corn of a single vari~y. 

At physidlogical rnnturity. corn cobr. from the thrC'c varicties were 
" 

subjected to Inhoratory expc:rim<:ntn to examine the cffcctu of corn 
, 

variety and hnrvcstlng date on cob m~chnnical propertics in both 

radial corr.prc~oion and ~implc bending. Moioture content (tent date) 

and rate of loading (!ffect!l 1J'cre rc-in7~stiga.tcd in n complete 

randûmized block design with sixteen observations for each of the 

three rates of loadlng on each of the five test dates. 

'" 
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Poisson 's ratio of corn cob in radial compression was determinecr. 

as 0.32. This value was, used in aIl calculations of the apparent 

elastic modulus of corn cob in radial compression, irrespective of the 

corn varietv. moisture content, rate'of loading or any other variable 
~ ~ 

factor tested'in this Btudy. 

Based ~n the results of this study, the following conclusions 

1. The Hertz linear elastic contact the ory Was found to be 

suffici~ntly accurate for predicting the contact are a of a radially 

\ 
compressed corn cob composite. 

\. 
2. The classical solution of the elastic cylinder on a rigid 

/ 

plane problem can be applied to determine the contact stresses and 

deformation on the surfaces of a radially compressed corn cob composi.te. 

3. 
4 ' 

From scrutiny of a great man y forcc-d~formation curves of 

corn .... cob in radin1 compresoion, it WM 0ntnblinhen. .. hat failure WaS 

lnitiated' at the center of the cob by pith cracking, This was followed 

by a progrcDoivc propllWlti nn of the crack surface through the pith 

zone and fluboequcntly tnto the mid-cob zone. Th~ cCJb finally split 

into two halve~, Crack propagation was oboer.cd to be aiong the 

vertical plane of ay~~try. 
,~ ~, 

\ 

4. The force-deformation curve of corn cob in radial com-

pression was acc~r~tely rcprcsented by a 5-par~ùcter equation which, 

upon Integration, gave an empirical equation for calculating cob 

modulus of toughness • 
, 

. ' 
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5. Modif!cations of thé basic flexu~e formulas to account for 

cob tapering and composite structure gave acceptable theoretlcal 
). 

equations for calculating cob bending strength and c~b apparent 

elastic modulus in simp'le bending. However, , the experimentally 

determined values ~f the coefficients in the modified e&uations were 

such that the calculated values of cob mechanical properties in 

simple bending when the cob was considered as a tapered composite 

beam of two mate rials did not differ greatly fram those calculated 

,; 
with the basic flexure formulas. 

162 

6. The values of cob mechanical properties in radial cam- . ,,. 

pression calculated from the equations presented in this study 
\\ 

increased as the ratio of pith dil1met~r to cob diameter decreased. 

1 

7. The rnechanical propcrticG of the CalO coh, with the 

exception of the apparent elnnU c morlulnn, varicd oi811i f-Lcantlv along 

the length of the cob. Th0 c1l1cull'\tcd -,-alur>'1 of cob e l:m ttc J!lodulus, 

crush:i)ng strength, cru'lhing Btrnin and ~odulu3 of toughnesB were 

highest at the tip-rmd of the cob and the le:1nt :1t th<:l butt-end, with 

those of the mid-nec Hon '1]wnYB intp.rJl1,:!rlinte (detail8 iu Appendix B). 

8. From qualitntive and qUBntit;üivc analyocs of 'th<:! force-

deformation CurvCfI of four nimplified r.tructurnl model" (If the corn 

cob in radial,compresnion, it in concluded that the uaual simplifica-

, 1 
tion of th'=! corn cob !ln il hollo1-7 cylind~t' of one hO!1l()g"ncoul.l l11ilterial 

is not valid. Th~ Ul'}chanical bellnvior and propertic9 of the ho110w 

li 

cob model were found to be very different from those of the cob 
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t 
composite mode!. The soft pith at the center ~f the cob contributed 

substantially to the cob composite mechanica! behavior and properties 

in radial compression, and, as such. cannot be disregarded as has 

been done by previous investigators. 

9. Cob mechanical properties in both radial compression and 

.} q. , '1:f 

simple bending were significanttly affeeted by cob moisture content, 

while rate of lo~ding had no signlficant effect on these properties. q 

10. Regression analysie shawed that cob apparent elastic 

modulus in radial compression was linearly related to cob moisture 

content. The relationship between cob crushing strength and cob 

moisture contnnt wns also found to be linenr but that between cob 

modulus of toup,hn~fln nnd Ieoh Ti'o:intnre content WU8 non-1inear. 

"' 
"11. Wheth<:!r in rnrll al comprcnnion or in nimplc bending, tàe 

values of cob otrcngth and cob c]ontic modulu9 increased as <'the cob 

moisture content H;W dncremwù. 

12. Corn varlet y and hnrvcot date were found from this study 

to be highly qignificnnt fnctorn nffccting cob rnodulus of toughness in 

radial cC'":1pr<:nnion. Cob cruflhing Btrcngth wno nignificantly affected 

by ~orn vnri~ty but it wn~ not nignificru!tly affcctcd by harvc8t date. 

On the other hand, cob appnrent elnl'ltic woJulu3 in radial co;;;pression 

was significantly nff~cted by hnrvcnt dntc but not by corn vnriety. 

Cob bending Gtrcngth and cob appnrcnt clal:3tic modulu..<J in siI:lple 

bending were signiflcnntly affected by both corn variety and harvest 

date. 

/ 
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13. The effect of fertl1lzer rate on cob mechanica1 

properties in radial compression was found to depend very much on 

corn variety. It also depended on the type of fertilizer applied. 

14. The effects of soi1 type and soi1 èondition were not as 

important as those for the other factors investigated. However, 

there was sufficient evidence to believe that substantia1 changes in 

cob moisture content due to differences in soil type or soil condition 

wO,uld 1ead to substantial changes in cob mechàI1ical properties. 
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CBAPTER IX 

LIMITATIONS OF STUDY AND FUTURE WORK 

One major problem encountered in this study was the 

determination of the Poisson's ratio of corn cob composite in radial 

compression. No adequate experimental technique was identified from 

\ past work fo~ determining the PoiReon's ratios of intact cylindri~al 

biological materiala under radial comprcRsion. Fruitless efforts were 

made to adopt the techniqu~8 developed for measuring the Poisson's 

ratios of conveniently- '!\:1p('d hOr.1op, r nem, , l,pecimel:lR of Rome fruits and 

,1 
? 

vegetables. A photographie technique Was finally used as described in 

Appendix At but Guch a method must be conaidered as approximate. 

An even more aeriQ.;JIl limitation to this study ia the lack of 

any establrshed experirn~ntnl t~chnique for measuring straing in 
''1 " 

biological materi~ls. Thin nnk~~ it co~letely imprncticable to 

verify any thn or0tlcnl or nt~~ricnl solution of the stre~R-strain 

distributir:;'1fl in r:tdinlly t:v;;prcBfled cylinrlr.l/;'11 or sph'1rica1 bio-
) 

logieal w./lteri:lln ",ith tl~qir characterintic cC7.poRlte and orthotropie 
t. 
! 

( properties. not to mention ,their viscoela9tic ,behavior. Consequently, 
('" ,r' 

t, 
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att.mpts to establish a fsilure theory for corn cob under radial 

compression were not conclusive. 

Prel1minary experiments shCMed that the corn cob composite 

exhibited force relaxation behavior in both radial compression and 

simple bending." Unfortunately, it was not possible to determine 

satisfactory ~heoretical 'relaxation functions which will describe such 

'behaviors, considering the contact stress distribution for the radial 

compression problem an~the composite nature of corn cob. A success-
r 

fuI mathematical mOrling of corn cob mechanical behavior will enhance 

the study of a shel~lng theory for corn ear. In a previous attempt to 

formulate corn she\llng theory for a conventional combine (Haly~. 
1968), the corn cob ~as merely described as a rigid body . 

• 

ln view of the ahove three limitations of this study, it ls 

recommended that the following three topies merit further researeh: 

1. There ia a need for A more appropriate technique for 

measuring PoiBson'~ ratio of corn cob Compo9~te in radial compression 

ànd also for an invcstigntion of the major factors affecting it. 

2. Experim~ntnl investigAtion of atrain distribution in a 

redially comprenaed corn cob car;po~itc should bi! und"!rtnken under 

quasi-static and dynamic loads in order to e~tnbllnh fi fal1ure theory 

for corn cob aB related ta corn co~blne cyl1nr!~r-concnve ohcll1ng 
.' 
action. In this respect, ft night be ndvl~3bl~ to inve~tigate the 

j,," r 
application of the photo-.;l.qnti': ;:;:lIÜYAÜJ ~ec.h::1ique for nlrerJ"l-strain 

measurement to th~ cob pTobl~~ in radial compression (Aome relevant 

li terature inc1ude Stieda.» 1965; (Arnold and Roberts, 1966) • 
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3. Mathematical analyses of the force relaxation behaviors of 

corn cob composite in both radial compress~on and simple bending and 

thefr transformation into the stress domain would seem desirable for 4 

complete mtderstanding of the mechanical propertieli llmd behavior of the 
Il 

corn cob as related to harvesting and post-harveeting processes. 

Fina,lly. in view of the significant effects of cob morphology 

on cob mechan'ical properties. the author sugges ts that plant breeders. 

in collaboration with agricultural engineers and soil scientiste, 

develop a new variety of hybrid corn with the following cob qualities: 

i. a smaller and lignified pith; 

ii. a t.miform and weil developed inter-row tissue; and 

iii. a less tapered'structure. 

Sucb improved features of the corn cob will minimize cob breakup 

during corn shelling in a combine cylinder. 
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APPENDIX A 

1 

MEASUREKENT OF POISSON' S RATIO FOR CORN COB COMPOSITE 

Basic theory:. 

Poisaoo'. ratio is de~ined as the ratio o~ateral unit 

de forma tian ta longitudinal unit deformati~n when an elastLc body is 

aubjeeted to a uni~al tenaile or compressive load. lt is that 

property of t~ter1a1 whieh explains the ehangè in cross-sectiona! ., ~ 

dimensions when a longitudinal loading ia applied. 

A literature learch revealad three basic methods for determin-, 
ing Poisson'. ratio of a biologieal material aseumed to be homogeneoua. 

isotropie, and elastie. 

1. Un1.ax1a1 108&g tlet.nod 

Pro. an Dia11y straitl.ed .peci1Den in tension or compression. 

the Poialoo'a ratio ean be computed fro~ 

[Al] 

where 

v • Poisson' s ratio 

E: • t 
transverse strain 
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2. Method based on the fundamental relatiod8 
amang e1astlc cons~nts 

." ; 

. From any book ml elas tic the ory , i t is shawn that the relatiml-

ships amang the elaetlc constants for a homogeneoua, isotropie, 

e1astie materia1 can be axpressed as 

G - E/2(1 + v) or v • [E/2G] - 1 

and K - E/3(1 - 2v) or v - 1/2 - [E/6K] 

wh.re 

E - Y"ung's IIlOdu1us 

v - Poisson's ratio 

G - shear modulus 

K • bulk lIIOdulua ( 

lbu., if Any two of E, G, K can be determined, \1 can be 

c01llputed from eqnations (Al] and (Al]. 

3. tigid die test method (Rughes and 
Seger1ind, 1972) 

,.. 

\ VrOIl the generalized Rooke 's 1aw for an isotropie body 

(A2) 

[AJ] 

exp rus ad iD polar c:oorclinatas, Hughe. and Segerl1nd '(1972) derived 

an e:çrasslon vh1ch r61ates the Itres., <1z ' and the strain, &z' in 

the direction of appl1ed 10ad to Pois.on'. ratio as follow .. : 

" 't.(t-r/a,) • (1'" \1) (1 - 2\1)/(1 - \1) [A4] 

The expari.-ntal procedure consists of determining E from an 

-- unrenr~d cOllPrasa1on te.t and detend.n1ng the ratio, tz.l"zt from 

a rutrainad tast, UliD. two 1ia1lar cylindrical samples froll the 

- -- ~ Il 
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s&me agricultural produet. With the knoWledge of E a~d E la the 
E Z 

value of v for the produet ia estimated from equation {A4] • 

• 
H..-rle and~CClure (1971). who reviewed the firat two 

methoda, discuased the diffieultiea involved in uaing any of theae 

'" 
two Methode in determining Poisson'a ratio for an agricultural 

181 

\ 
product. AlI of the three methods, briefly de8cribed above, s~L~~) 

from some experi~tal diffieulties, due malnly to the \ ~ 

1. complex structure of agricul~ral product, ...." 

2. inherant variabLl1ty of a biologieal material, 

3. inadequate instrumentation for measuring strains in biologieal 

materials. 

tn addition, none of the three methodsl i8 <Clirectly suitable 

. for detendning Poisson' 8 ratio in the case of radial compression of 

a cylindrical biologieal material eonsisting of two-or ~re distinct 

macro-structural componenta. The second method' could be applicable 

If a composite series or parallel mode! could be formulated for the 

biologiea! product. ln which case, any ~p of the elutie constanta. 

E, G and K, eould be determined for each component"of the product t 

.. suming that .. ch of tbese coq>onents is .homopneous, isotropie and 

elas tic. 1 Bowaver t apart from experimental difficulties in measuring 

the elaati~ constants, partieularly G and K, errors in the experi-

M'Dtal detend.nation of these constants will be COlllPounded in the 

value,. of Poisson 's raUo that would b. uUmated from the seleeted 

composite MOdel equationa relatins "f 1, ~ and K. 
L 
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Geometric description of cob deformation , 

Cob de formation undér a pure compressive loading bet1ieen two , 
parallel steel platea 18 geometrically represented ln Figure Al. The 

deformation ia, for aIl practical purposes. sydmetrical about the 

vertical and horizontal'planes which contain the central longitudinal 

axis of the cob. This can be readily demonstrated from the fact that 

it ia difficult to tell which aide of the contacting surfaces of the 

deformed cob was up or down dt{ring loading. Strict SymlDetry about 

each of these two planes i~ only possible if the cob structure and 

the applied loading are a180 symmetric about each of these planea. 
~ '4J 

From the abave symmetries, it may be assumed that the two 

syœmetrlcal planes remain plane aftep: de formation • !hua, the 

~ vertical and horizontal diameters through the cross-sectional centers 

• of the cob (for instance, KoLo and MoNo in Figure Al) remain straight 

after the deformation (Kt and MN in Figure Al). I~y also be 

assumed that apart from the central points (e.g., 00 Or 0), points on 

the ~rtical symm8tric,l plane e:xperience only vertical compressive 
• 

strains while points on the horizontal symmetrical plane suffer only 

horizontal tenaile strains. This iuplie. that these planes are alao 

the principal planea of the cob under radial déformation <as indeed 

~ confirmed from tbeoretical stress-strain distributions vithin a 

radially compres8ed e1astic cyl1nder (Lubldn. 1962». 

Baaed on the above reuonings and with ref,rence to Figure J, 
the total principal lateral extension of tbe cob 'can be expressed as 

.. Aad" P , ••• JJ'*.' 

182 i~ 

l 

" 



, 
1 , 

~ /' 

Ao 

A 

M 

f 

.. 

-----, Undeformed .. \ 

----.ofr~ed 

-

t
f 

Ko 
-..::.. 1 ;""_'1 "", ... 

K F 

H 

Configuration 

SJqte • 

. ',. 

.. 

____ ~o -L 

N 

\ 

O. {1"qta1 vertical 
dtformatlon 

B T. 
\ 

F~gure Al. Geometrie description of cob deformation~der radial 
compression ·-l 

• 

1 
1 

• 1 
.~ 

; 



f 

/ 

\. 

c 

\ 

~ ...... II'111 

-\ 

184 
" 

r àe Il ~ De V p Ap={- Op 
Ko 

\ -E K F 6=...L 0 
2~ 

M 

1 

Figure A2. Hypothetlcal description of the deformed cross-section 
of corn cob wlth the center fl~~d 

1 
(t. 

'( . 
-,.... .. ~,~,.,\.. i'" "' .. , l~~ ........ -..-•• ,.).~-

J . 

t ~ 
----------~----------._-~~_.-----'-



J 
\.. 

f 

1 ~ '. 1 
f ( . 
; v 
." 
6' 
~ 

i 
f. 

,:; 

-

l' 

.. 

185 

(f 

~X - MN - MoNo [AS] 

S1m:1larly, the total principal normal compression 1a given by 

[A6} '''f'''' . 

where D i8 the total vertical deformation of the cob obtained from 

the %.-y plot of the Instron testing device; and other terms are 

defined in Figure A2. 

'Since Poisaon's ratio 18 an elastic constant, on1y the elast1c 

companenta of the uni t princ1pal lateral extension and the unit 

pri~d.pal normal compression can be used in 1ts estimation. The 

élast1co component of the total vert1cal deformation 18 given by 

• Il 
De, - aD/lOO - a[KoLo - KL]/IOO [A7] 

where a 18 the per cent degree of elasticity. dete~ned as explained 
) (. 

in the mF-n thesis. The lata raI eitension of the cob due to the 

ap~lied normal load can be considered as completely elast1c since no 

s1gnif1cant differences were obtained by measuring MONo and 1ts 

corre,~pond1ng value after the deformed cob was a110wed to relax 

completely. 

From the foregoing geometric observations and analysis, an 

estimate of the Poisson's ratio for corn cob composite in radial 

compression can be calculated from the approximate fo~la: 

v -
[MN - MN ]tH N 

o 0 0 0 [A8] [(81100) (K L - KL) ]lIe L o 0 0 0 

band on the defini tion of Poisson'. ratio as the ratio uf 'unit 
, 

principal lateral extension to unit princ:1pal normal compression. 

o 
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Photographie technigue 

-MN and KL in equation [AB] must be determinH during com-

pression of corn cob because of the relaxation prope~t!es of the cob. 

'!Hammerle and McClure (1971) "described an instrumentation for 

monitoring-the changes in the cross-section of a cylindl'ical 

specimen of potato flesh during axial compression. Theil' technique 

wu cODsidered rather tao involved for an apprQximate measurement 

of MN and KL in the present (tudY, Hence, successive photographs of 

one of the ttfo end-viewa of the crosa-section of cob were taken ri th 

a movie camera during radial compression in the Instron machine 

before pith cracking. The movie alide was later projected on a 

8creen and the cro8s-sectional end-views at three or more time 

intervals traced on a plain graph sheet. 'An i11uatrative example is 

show in Figure Al. 

Calculatian of Polsson's ratio , 
J 

The r,su1ts of che photographie measurement and the calculated 

values of v from equation [AB] are shawn in Table Al. 'l1te over ... all 

average value of '1) from thia table is 0.23. However, a value of 'II -

0.32 was uaed in aIl the calculatians of E 8S given in equation [14] 

of thia study. 'l11e value of '1) - 0.32 is the average of the Isst two 

entrle. in the colUlll1 for the calculated Poisson' 8 ratio on the 

presomption that these entri.s fall into the apparent linear elastic 

• tale of the f-d CUrft (see ligure 10 of this s tudy) • 
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TABLE Al. Calc:~.t1on of Poisson' s ratio of the corn cob 

t' 
~: 
~. 
., 

Eati .. ted alep.ad t1me t MN. t Calt:ulà ted during 108dinl t KL, 1IIIl 1II1II 
Poi.son '. ratio seconda 

" 
90 19.8 21. 7 0.13 1 

144 18.9 21.8 0.16 

222 17.6 22.0 0.21 

276 16.7 22.3 O.27
tt 

336 15.7 22.7 - "" 0.37tt 

:::::.. 
t 

KoLo • 21.3 m HaNo • 21.6 m late of laading • 1 dA/min 

t , 
Se. Figures Al and A2 for de fini tion of these terms. 

tt Values uaed in determining the approximate 'Value of Poisson' s 
ratio of the corn cob. 
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Bemarks 

This value of 0.32 for Poisson's ratio of the corn cob 

composite agrees with those determined for other agricu1tural 

products. Hughes and Segerlind (1972) detetmdned the Poisson's 

ratio of 8weet potatoes to average 0.35, that of peaches to average" 

0.48, and that of apple ta he 0.30. Poisson's ratio of the corn 

etaik wu given as 0.23 or 0.36 by Pr1nce et al. (1969a) and that of 
Çi --

wood ranged from 0.3 to 0.5 (see Table 03, page 207). 

"-
However, Poisson's ratios for biologtcal mate rials ma~ not be 

considered as constants as i8 normally assuped for engineering 

materials. Finney (1967) found that Pois.on's ratio ranged from 

0.020 for overmature Rome Beauty apples to 0.236 for the same variety 

of app1e in the early stages of maturation. The. range Wu 0.252 and 

0.391 for-Kieffer pears. Chappel and Hamman (1968) found tha~ 

Poisson's ratio of apple flesh under compressive 10ading was dependent 

on time and stress. Hammerle and McLure (1971) found that PQisson's 

~ ratios of unlarlally compressed cylindrica1 specimèns of sweet 

~ot.to were dependent on moisture content and per cent strain. The 

values rangéd from 0.25 to 0.45. 

There ia need for a further investigation of experimental 

techniques for determining the Poisson's ratios of intact cylindrical 

bio1og1cal materia1a under radial compression. The l'\ik of an . 
experimental procedure fo~ determining Pois8on's ratio for a com- • 
posite materi.1 has a1so been pointed out by Segèrlind .!!. al (1976) 

who were unab1e.to determine the Poisson's ratio for carrots. 
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APPENDIX B 

VAlUATIONS IN THE COB' S PltOPERTIES AL~ ITS LENGTIi 

E!periment 

An experiment was conducted 10 1979 to test ~f the variations 

in the cob' s pbysical and mechanical propertiea along i ta 1ength ' 
( 

dete1'lllined in pr*v1ous years '(1977 and 1978) vere ataUat1cally 

signific8l1t. 

Corn cob samples, 3 cm-Iong, vere eut from tbe butt-end, mid-

region and tip-end of a who!e corn cOD. Radial c01llpresaion vas 

appl1ed at l CfA/min rate of loading on each sample until the sample 
" . 

failed. SeveD whole corn cabs of Warwick St-207 v~riety were treated 

in this mannu. 'lb. experiment was performed on two test clates 
\ . 

(04.10.79 and 10.10.79). AlI relevant in4)rmatiOn for radial com-

pression analyses waa obtained for each aifgle sample tested. 

'~tB 
Stadatical analyste of variance, aa sUllllllarized in T'able Bl, 

shows that, ri th the exeeptiO'l\ of elastic modulus, ~l 

and meclumical properties determine vary signifieantly along t e 
~ , 

A 
cob' a length. The values of the mech cal roperties are the 

highe.t for the tip-end sample. and thé luit fq,r the butt-end 

samples, with tho.e of the mid-reglon alvaY',ln~.rmediate 

are ahown in Table B2) • 

~ 
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TAlLE BI. Variation. in cob'. propertiea &locg it •. length: s.-ary of analys .. of variance 

Source of 
varlat1œ: 

Total 

Bloa (teIJt date) B 

tt Treatment., T 

B x T 

S{B ~ T) 

Deareee 
of 

fretlda.. E 

41 

1 

2 6.& ns 

2 1.25 ns 

36 

Oc 

23.36* 

1.16 ns 

t -
na • not dgnifiCalt at 0.05 level. 
* - a1BDif1cant st 0.05 leve~1 

** - a1pificant st 0.01 le~ 
1 

., value.t 

u Eb 2B. 2r MC 

113.11** 95.99* 64.35** 59.45* 60.09* 

0.20 ns 0.14 na 6.05** 1.~ 0.23 ns 

ttTreataent consisted of teatina three different regions of, a cob, riz., butt-end,lI1d-regioo 
and tip-end. ~ 

B x T uaad as the error tera wen no interaction ex1sted between B and T. S(B li: T) used .. the 
error tera when interaction between B and T ia a1gn1ficant. 
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TABL! 12. Variationa tn cob phydcal and mechaDical properti_ along 
cob len,th (DuDcan '. new 1IIUltip1e range test) t -

'. ,t- * 
Prop.rtiutt '_."4" 

Sutt-end lU.d-region ,T1p-end 
~.: 

E, MP. 33.6 a 4O.è a 44.0 • 
oc' 1O'a 3.2 a 3.9 ab 4.9 b 

~, 106 N-ra/.3 0.031a 0.045b 0.069c 

tb 0.043. 0.044a O.OSTh 

21. ID 28.5 a 26.6 b 24.2 c 

2r, .. \ 9.S a 8.7 a 6.7 b 

MC, % w.b. 19.1 a 24.3 b 16.5 a 

2r/2B. ~ 0.33 0.33 '0.28 

!Cernel MC, % w.b. 
.. 

14.8 15.3 14.2 

t Bach value 1_ the _an of 14 telt saJIPles. 
In .. eh TOW. 'Mani with the 8l1li8 letter are Dot aiguificantly 

different at O.OS level., 
Corn variety • Warwick SL-207. Rate of loading - 1 cm/min. 

, .( 
tt Symbols al defined iD. the 11_ t of symbols and abbreviadona • 

• 
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The ezclua1... u.. of lample8 ftom the md-region in the 

Il,,' inveati.at10a.. reportect in thi_ the_la appeara t~ be justified by the 

ab~ relulU. RCNaver, the value. 10 obtained do n~t reprelent"'the 

true .velr.g •• for th. whole-length corn cobs. It may thus be 
• 

n.c .... ry to tett •• mpl.. for the three regions of each corn cob in 

order to obtain battu .~r ... value •• 
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APPDDIX C 

r 

DE~ION OF MID-COB AND PITH ELASTIC MODULI 

The ratl0 of pitb elastic modulus to that of the mid-cob in 
t 

axial, COIIPruaion, 111, 18 needed ln the &imple bending strength 

equatian - equation [24J. 

Three short sections vere eut from the Ddddle of ten corn 

cabs of a .ingle variety (Figure Cl). Rectangular slabs of pith and 

thoae of the nd-cob were obtalned by Bauding each eut piece to 

\.~e. Physical diDleJ1ai
t
ons of eech oi seven pith slaba and seven 

mid-èob a1ab. vere measured and each piece aubjected to axial cam-

J, 

.. 

pres.ion (Figure C2). toading and unloading tests were performed on 

.J 
three of eech ,type of elab, using one slab at a t1œ'~ 

For comparative purpo8ee t the experiment wae repeated in 

trUlnene compre .. ion (Figure C3). Figure C4 ShaW8 a photograph of 

the mid-cob and pith rectangular slaba • 

The cob di_ter, plth diameter and 1II018ture content of seven 

short cyl:J.ndrtcal samples of col,'lt cob, tak.en fram the· mid-region, 

were determined. 

~, 
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Unes of cut 

Legend ' 
A • 1.5 cm - long corn cob section 

Ml - Mq • Mid-cob slabs 

Pl· PI th s lab 

Figure Cl. Method of cutting rectanguTar slabs of pith and mid-cob 
from whole-length cob 
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(a) Axial compression of 
mid-c;ob or plth 
rectangular slab 

. 
(b) Physic;al dimensions of mid-cob 

or plth rectangular slab 

F/cb 

h V

1 c 
Q 

Q 

J 
...... '(0" ...... """ • ..,.. ""' •• • •• "V Lb J-ejf 

t 

Eft. [F/c;b]/[S*O/a]. Ma/bcS* , s 

where E* • Elastlc modulus of slab ln axial compression s 
M • Slope of the stralght portion of f-d curve 

of slab ln axial compression 

S* • degree of elastlelty in declmaJ 

Figure C2. Determination of elastlc modulus of pith or mid-cob slab 
ln axlàl compression 
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(a) Transverse compression of mid-cob or plth rectangular slab • 
~ 

b 

(b) Physlcal dlmensions of mid-cob or pith rectangular slab 

where 

E • (F/abl/(S*D/cl· Hc/abS* 
5 

.197 

E • Elastic modulus of slab in transverse compression 
5 -
H • Slope of the straight portion of f-d curve of slab 

ln transverse compression 

a* • degree of elastlclty in declmal 

~19ure C3. Determination of elastic modulus of pith or ml~-cob 
slab ln transve~se compression 
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Figure C4. Mid-cob and pith 
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Res Ul ts 

The results are presented in T~ble8 Cl and C2. The ratios of 

p1th e1astte ~du1U8 and'md-eob ,.l .. Ue ..,dulus .... ranged froao Oof 
ta 0.13 for the four corn variet!éS and three rates of loading t88ted. 

The ratios of Pit~ameter ta cob diameter, f. ranged from 0.33 to 

0.41 for the four varieties. The values of the coefficient 

[1 ~ f4(1 - ml] ranged trom 0.97 to 0.99. 
( 

the compati.on between the values of the elastic moduli of , 
pith and mid-cob sIabs when determined in arlal compression and when 

determined in transverse compression shows that each of these com-

ponents of ,the cob composite is not isotropie. The values in axial 

compression are much higher than'those in transverse compression. 

Moreover, the high coefficient value of 0:98 for the 

correction in the bending strength équation suggests that the soft 
~ 

pitb at the center of the cob does not contribute 8ubstantiaJ.ly to 

the strength of the cob composite in simple bending. 

il> 
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TABLf! Cl. Elastic lIloduli of pith and miq"cob rectangular slabs in axial and transverse compression t 

Pith slab .. 
Mid-cob slab 

Property tt Wanrick SL-207 Punk G 4065 Asarow RX 23 Warwick SL-207 Funk G 4065 Asgrow BX 23 
Axial Transv Axial Trans v Axial Trans v Axial Transv Axial Transv Axial Tranev ,. 
9.3' 17.4 10.4 15.7' 9.4 16.2 16.7 18.8 14.4 l6.6 16.5 17.5 

a. Ba 

~ 

b • , DlRC 7.1 6.8 6.2 5.8 7.3 6.6 9.7 9.6 8.6 8.8 10.0 9.4 
c. lia 6.9 6.3 5.9 5.5 7.1 5.9 7.8 7.3 6.8 6.4 8.0 7.0 

/ 
fJ. % 56.7 52.1 71.1 64.8 50.0 56.1 86.1 44.8 72 .2 72.5 57.3 51.9 
P, kg 1.8 3.2 1.2 3.2 1.8 3.2 15.5 18.0 17.5 16.6 19.3 19.0 ,.-
D, IIID 0.78 2.03 0.69 1.15 0.87' 1.01 0.65 1.00 0.60 0.75 0.72 0.94 
Es, MPa 7.6 1.6 6.8 2.5 7.4 '3.1 60.0 15.9 97.6 13.1 94.6 16.3 

t Each value ls the mean of seven test samples except for those of fJ%. which are means of three test samp1es. Rate of loading - 1 cm/lIIin. 
tt 

AlI symbole are defined in Figures C2 and C3. Cob moisture content as in Table C2. 
,=-/ 

N 
0 
0 
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TABLE C2. Detendnation of the coefficient in the bt"tlding strength equationt 
') 

4.11.78 16.09.79 
:Il: 

Property 
Coop Wuw1clt As'graw Funk. 
8 265 8L-207 RX-23 G 1,065 

" 
Cob ao18tU:r:e content 6.5 20.2 21.2 20.4 

(1 w~b.) 
0 

......... 

Cob diameter:' 2R (JIIIl) 24.6 24.5 23.0 21.8 

Pith diameter, 2r 8.1 9.0 1.7 c 9.0 

f • r/R 0.33 0.37 0.33 0.41 

Rate of loading. cmlJd.n 1 1 1 1 0.2 5 

Pith sIBb elastic modulus 12.0 1.~ 1.4 6.8 • 7.2 5.2 
Bs· (MPa) 

Mid-cob alab élastic lIlodulus 149.0 60.0 94.6 97.6 65.9 39.9 
Es (HPa) 

m .. B*/E 0.08 0.13 0.08 0.07 0.11 0.13 • s 

[1 - f4(1 - ~]tt 0.99 0.98 0.99 0.97 0.98 0.98 

t Bach value 1. the mean of seven test samp1e •• 

tt 
Coefficient in the bending atrength equation. 

• 

N 
o .... 

; 
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APPENDIX D 

OTHER RELATED RESULTS 

Ax1al and tenalle tests 

Corn cob sampIes, 3 CID-long, were indivtdually tested in axial 

~d radial compress'ion using the Instron test1ng machine (see Figure 

lb). Cob composite sections about one centimeter long were also 

tested in radial tension as w.eil as in radial compression. The 

tenalle arrange_nt i8 illustrated in Figure Dl. Considerable 

d1.fficultiea were encountered in the tenslle test due to sl1pplng ()f 

the cob sample between the tension jaws. Too ttght a grip tended to 

induee failure near the gripped positions. 

Table Dl indieates that the values of the trushing straln, 

elaetlc modulus and cruahing strength of corn cob are higher in 

radial compression than in axial compres8ion. 'The lower values in 
~~ 

axial compression for E and crc may be due to the very approximate 

formulas used ln caleu!at1ng theae quantities. Moreover, it 1s to be 

noted that the value of the crushing force, Fb' used does not 

correspond ta the hlghest forte that the cob could withstand, 

particularly in azial compression (.ee Figure 1). lherefore, it i8 

po •• ible that the ultimete strengtil of corn cob in m.rl compression 

~ be much h:Lgher than that indlcat~d ln Table Dl. " 
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COB CROSS-SECTION 

,'-

f . 

11 cm 1 min 

Figure 01. Radial tenslle test for corn cob composite 
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TABLE Dl. 
t 

Mech~eal prop~rties of corn cob in radial and axial compression 

Type of MG 2R Pb DJ) • f3 cre 
loading % w.b. 1IIIl \ kN % & MPa mm b 

Radial 6.5 24.8 0.86 ,2.2 55.8 0.050 8.5 

Arlal
tt '6.6 24.6 0.89 1.1 87.2 0.032 1.9 

Radial/axial 0.97 2.0 1.56 4.47 

tEaeh Xalue is the mean of seven 
Loadiflg rate - l cm/udn. 

test samples. 

--
éorn variety - Coop S 265. 
Test date - 4/11/78. 

ttln axial co.pres8ion Eb - e~/! where t 

2 
cre - Fb/fiR where Fb 

'1, - cr c/E-b 

..a 

,-

- 30 mm 

- bioy1eld force 
(not maxiaum force) 

E 
MPa 

69.0 

59.4 

1.16 

..; 
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Table D2 indicatee that the corn cob is atiffér in tension 

than 10 compression, while it is stronger in CO.don than 'in 

t;p.ion. ~ noted abave. the result8 in tension 111&}' not be as 

accurately computed as those in radial compression. 

For a lDOre acc::urate camparison of the properties of corn cob 

in axial compre.sion vith those in radial compression. it 18 

necessary to study the rigorous methematical treatment of the 

stre.s-strain relation.hips in axially campressed elaatic cyl1nder 

(Filon, 1902; Pickett. 1944; ~r1e and MoCluN, 1971). 

C.ariaon of cob .chanical properties vith 
tho.e of com urnel, corn stalt .nd woôd 

M preaented in Table D3. the values of corn cob mechanica1 

propertie. detarm1ned in thi. stucly are lover than those of corn 
~ . 

kemel (determined a1so by the authorl, corn stalk. (as reported by 

Prince!! .!l .. 1969 .. , 1~Q), and those of wood (as given in the 

U.S.D.A. Wood Bandbook, 1955). , 
0,/ 

Tbe presence of a relatively large pUh at the (:enter of the 

cob could aecount for the lower values of the mechanical properties 

of the cob eompared vith tho •• of the etait and ternel. Unl1ke the 

cob pith, the Italk p1th 1s It1ffened by the presence of the vsacular 

bUlldl ••• catt.red through lt (Prince.!.t.!l., 1969.). The soUd 

f11lial adda Itrength to the Italk by prevent1ng lts collapae undet 
'" bandial • tre.... and thé ~ong .b.ath. of th. vucular btmdles tend 
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TABLE D2. Tenaile and cOIIIpres.ive properties of cob in radial directiont 

Tendon, T 

Compression, C 

TIc 

Stiffaea. 
HPa 

22.9 

9.9 

2.31 

Strength Kax1J1U1l strain 
HPa 

~ 

O.s 0.04 

6.3 0.18 

0.08 iJ 0.22 

t Each value ia tbe average for a.ven te.t .ample •• . 
l Clt-Iong cob .ections fram the middle. 

Warwick S1-20 7 corn var1~ty. 

Rate of load1D., • 1 c:m/min. 
\ 

The atrengtb in tension was calculated as bioyield force/test 
.. aple lengtb z cob diameter, vhich should be considerad lUI à very rough 
eat1mate. 
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TABLE DJ •. Compa:r1son of the mechanical propertiee of co~ cab with thoae of Icorn urnel, 
corn etaIt and wood 

( 
Properties, HPa Corn caba .. b 

Corn stalkc 1 'Woocl
d Corn keme1 

,. 
E ~n compression 29 507 (1441) 2861 10342 

lb in simple ben ding 55 4723 11170 
Cruah~g strength 5.7 14 (33) 6.9"~ 48.5 

.-1 

Bending s trength . '3.0 95.8 

. Poisson ratio 0.32 0.32 0.23 (0.36)e 0.3-0.5 

a Corn cob composite at 15% (v.h.) mo1sture content for Coop S "265, rate of loading in radi,a1 compression - l cm/min; rate of loading in simple bending - 3 cm/min. 
b 

Corn kemel as determined in this study using expressions given on p.-335-336 of Kohsenin (1970). Values not bracketed are those in vertical posit~on, wh~le those in brac1tets are in fIat posit$on. Koisture content - 9.1% w.b. ltate of loading - 1 cm/min. 

~ry etalk spec~ as reported by Prince ~ al. (1969a, 1969b). 

~lte oak wood at 12% motSture content, from USDA Wood Handbook (1955). 

e 
Corn stalk with nades (without nades). 
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to inere_e the tenelle strength of the stalk (Duncan, 1975). Alao, 

the npoTted value in I1mple bending 18 for the cortex of a dry 

ataU. The moiature contents o'f the stan~s tested in axial com-

preasion and e1q>1e bending could be 1IlUch lower than 15% vat basis 

(the .oured value for the c~s reported in Table D3). However, 

the 1IIOdulua of toughness of co~ cob compares very well with that of 

corn staft reported by, pr.",ad and Gupta (1975). a1though the stalk 

was tested at h1gher rates of loading. 
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Effact of a011 eO!Faetion on corn ear 
phy.1cal and mechan1;al propert1es 

l' 

Moat of the ump1es uaed in 1977 and 1918 experimental 

investigations were from e~erimenta1 fields establ1shêd for so11 

camp.ct1on atudies. It was of interest to determine if 80i1 com-

paet1an has soma effact. an cob meèhanical properti.s. 

Experimental york 

In a 8tUdy of the èffect8 of mach1nery traffic on corn 

p~duet101l, '!laghavan.!! al. (1978) establ1shed a randomized complete­

black experiment on a sub-drained field of Ste-Rosalie clay, a 

ch1oritic-ill1t1e so11 having about 80% cray partiel., by weightl • 

"l'han vere four replieatian. of 13 treatMnta, eonaisting of 1, 5. 
~ 0 

10 and 15 pMUS of tractor hav1ng ... und wheel contact preasures 

of 31.4, 41.2 and 61.8 Ua. Tbe C::Olltrol plota had a'_zero tuffic 

treatment. The 8il.,e ~rn grown v .. a Coop 5265 corn variety. 
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Further ~tail. regarding cultivation and agronomic practlees adopted 
1 , 

in ,rowing the 8ilage corn are given ~ the report by Ra.gha.van,.!!.!l. 

(1978) • 
" 

Ear brealdng strength (defined as max1111U11l force to ~~eak an 

ear), moi_ture content, diameter and lengtb measurements ~ w.ere made 

209 

on individual sample. of the ailage corn by the author. (Only ao of ". 

the four planted repl1cations vere uaed in thi. analyais. Four ears 

were 8&111pled and tested from each e.xperimental plot, giving a total 

of 104 .an. 

'nte loading rate was 2 cm/lldn 5ld the test performed as 

descrlbed for corn cobs in simple bending. 

Besults 

'lb. résulta are shawn in Table D4 and figure D2. The results 

indicate that for a typical dry year (1977), a certl$l BlIlOunt of solI 

campacUon by machinery traflic increasea the breaking strength and 

lowen the 1IIObture content of the corn .ar when compared with an 

Ullcompacted so11. 

Re1II8rks 

In light of th. ahove raults, corn .epl .. fram the 80U -
COIIp.cttlon experimental field uaed in 1978 'nre grouped according to 

the leve1 of co~act1OD.. Qnly sampI.. from one particular levei 

(uaually zero or the lIoderate level) nre und in a·shen aingle 

exper1111at\t. 
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TABLE D4. Phyeical and mechanical propertiea of com ear in simple 
bendit\i at varioua so11 compacUon 1evela 

Corn ear phya1cal and mechanlcal propertiest 
Comp.c:t1.on 

leve1* 
HP. 

o 
0.04 

0.16 

0.21 

0.31 

0.44 
0.62 

0.93 

Moiature 
eonteDt 
% v.b. 

54.8 

49.3 

45.6 

47.0 

46.9 

48.6 

49.4 

43.9 

Length 

mm 

192 S'. 
201 

\;~ 
199 

·196 

200 

188 

" 

Diameter 

mm 

49 

49 

49 

48 

50 

49 

47 

49 

t Rach value la the mean of four corn e.rs. 

tt 

Variety. \of corn • Coop S 265. 
late of loadi.ng - 2 CTIl/min. 
Laading .pan • 150 mm (simp le bend;l..ng) 

Strength deflned as max1DlU11l breaking force. 

tt 
Strength 

N 

186 

223 

201 

196 

224 

216 

224 

201 

*Compacti~ level 18 the product of the number of tractor passes 
and the tractor tire contact pressure. 
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a 
Details of the comparison betlteen empil-1cal 
equation and e!perimental data 
~Refer to Figure 15) 

" 
1 

Figure 15 of Chapter V was presented to demonstrate the close 

fH between empirical equat1o\l - equation [44] - and experimental 
j 

data. Deta1.ls of this comparison ~re g1ven in Tables D5 and D6. 

'lbe coeffid.ent of determination between experimental1y determined 
1 

212 

deformation of corn cob under radial compressioo and the corresponding 

calcu1ated defotmation using the emp1rical equatlon range from 0.9951 . 
to 0.9997 for the samples of three corn varieties tested in 1977. 

. lit 
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TABLE DS. Determination of the empirica1 parameters for nine cob test samp1es . 
Measured direct1y from experimenta1 Calcu14ted 

S 1 force-deformation curves parameFers sap e _ 
n~ • M ~ - Ml M 

o Fb F2 FI IC 
a2 al n 

li: 10-6 kg lig kg kg/_ kg/ .. kg/_ kglmm 

Pi,ckaeed 165 

1 29.94 20.43 14.69 13.06 94.0 8.0 1.0 0.68 0.49 11.30 8.968 

2 28.24 21.33 16.55 13.71 96.0 7.6 2.40.76 0.59 14.80 0.046 

3 19.49 15.38 11.69 10.00 76.0 8.0 2.6 0.79 0.60 12.03 0.2'15 

J'unk G 4040 
-

1 10.94 9.72 7.45 6.53 35.0 5.2 1.4 0.89 0.68 12.14 1. 753 

2- 13.10 11.48 9.62 8.~1 55.8 6.4 1.0 0.88 0.73 10.62 0.388 

3 13.93 10.83 8.78 7.74 39.0 5.2 1.2 0.780.63 7.56 1000.000 

Wandck St-207 

1 

2 

3 

36.39 25.19 17.01 15.06 131.0 13.2 2.2 0.69 0.47 Il.41 

17.83 16.35 12.83 Il.81 68.0 13.0 1.4 0.92 0.72 8.83 

35.80 24.17 17.11 14.43 116.0 13.5 2.0 0.68 0.48 8.84 

/ 

2.177 

U.850 

137.00 

Empirical equations for tested 
samp1eé 

, 

4.06+0.031- 8.968x10-6(3.14-o.03P)11.3 

3.60+0.04F- O.046xl0-6(3.40-o.04F)14.8 

3.70+0.051- 0.275x10-6(3.90-o.05F)12.0~ 
~ 

2.16+0.09F- 1.753xl0-6(3.20-o.09F)12.14 

2.00+0.08F- 0.388xl0-6(4.26-o.08F)10.62 

2.24+O.07F- 1.000x10-3(2.8O-o.07F)7.56 

5.10+0.03F- 2.177xl0-6(3.60-o.03F)11.41 

1.94+O.061-12.850xl0-6(3.81-0.06F)8.83 

4.80+0 .03F-137 .00x10-,.6 (3.24-0 .03F) 8. 84 

.. 
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TABLE D6. Me8Bure~ and calculated deformation at corresponding load 

w. values (from Table D5)t 

Samp1e No.l Sample No.2 Samp1e No.3 

F Dm De F Dm De F Dm De 
kg mm mm kg mm mm kg mm m 

Piçkaeed 165 

0.0 0.0 0.4 0.0 0.0 0.2 0.0 0.0 0.2 
10.0 3.2 3.2 10.0 3.3 3.3 5.0 2.3 2.4 
20.0 4.2 4.3 20.0 4.2 4.2 10.0 3.4 3.5 
30.0 4.8 4.9 30.0 4.6 4·7 20.0 4.5 4.6 
40.0 5.3 5.2 40.0 5.1 5.0 30.0 5.2 5.2 
50.0 5.7 5.6 50.0 5.4 5.4 40.0 5.8 5.7 
60.0 6.0 5.9 60.0 5.7 5.7 50.0 6.3 6.2 
70.0 6.2 6.2 70.0 6.1 6.1 60.0 6.8 6.7 
80.0 6~6 6.5 80.0 6.4 6.4 '70.0 7.3 7.2 
94.0 7.0 6.9 96.0 7.0 7.0 76.0 7.6 7.5 

r2 - 0.9986 r2 - 0.9991 r2 - 0.9995 -Funk G 4040 

0.0 0.0 0.2 0.0 0.0 0.1 0.0 . 0.0 0.2 
.1 

4.0 1.6 2.0 5.0 1.7 1.7 4.0 1.7 1.5 
8.0 2.5 2.8 10.0 2.6 2.6 8.0 2.4 2.4 

12.0 3.0 3.2 15.0 3.1 3.1 12.0 2.9 2.9 
16.0 3.4 3.6 20.0 3.6 3.6 16.0 3.3 3.4 
20.0 3.8 4.0 25.0 3.9 4.0 20.0 ~.6 3.6 
24.0 4.1 4.4 30,.0 4.3 4.4 24.0 .0 3.9 
28.0 4.4 4.7 40.0 5.1 5.2 28.0 4.3 4.2 
32.0 4.8 5.0 50.0 5.9 6.0 32.0 4.6 4.5 

J 35.0 5.2 5.4 55.8 6.3 6.5 39.0 5.0 5.0 

r2 - 0.9979 r2 - 0.9989 ~ - 0.9951 

Wanrick SL-207 

0.0 0.0 0.3 0.0 0.0 0.3 0.0 0.0 0.3 
10.0 3.2 3.4 5.0 1.2 1.3 10.0 3.2 3.1 
20.0 4.9 4.9 10.0 2.0 2.1 20.0 4.5 4.5 
30.0 5.6 5.7 15.0 2.5 2.6 30.0 5.1 5.3 
40.0 , 6.1 6.1 20.0 2.9 3.0 40.0 5.6 5.8 
50.0 6.5 6.5 30.0 3.6 3.6 50.0 6.0 6.2. 
70.0 7.1 7.0 40.0 4.1 4.2 60.0 6.4 6.5 
90.0 7.6 7.6 50.0 4.7 4.7 80.0 7.0 7.0 

110.0 8.2 8.1 60.0 5.2 5.3 100.0 7.5 7.6 
131.0 8.8 8.7 68.0 5.7 5.7 116.0 8.0 8.0 

U· r2 - 0.9997 ~ - 0.9987 ~ • 0.9975' 
" 

t 
F - 1oad; Da· .aaured deformation; De - ealculated deforma-

tion; r2 • coefficient of datet'lllination for Dm and Oc. 
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f APPENDIX B 

. 
COMPUTER PROGUMS rolt CALCUI..ATING COB MECHANICAL 

PBOPBRTIES WITH SOME 1979 DATA AND RESULTS 

Program No.l: Prtntout of computer program for calculating cob 

mechanical propertie. in radial compressioo.. 

Table El: Radial compression data ta detendne effects 

of moi.ture content and rate of laading. 

Table E2: Calculated results using data in Table El. 

Table E3: Radial compression data ta de termine effecta 

of corn varlet,.· and harvest date. 

;rèle 14: 

Progr.m No.2: Printout 

Cal~.t.d reaultB .. ing data _id Tabl.~3. 

of computer program for calculating cob 

_chan1cal propertie. in s1.mp'le bending. 

Table ES: Simple bending data to determine effecta of 

corn varlet y and barvelt dete. 

Table E6. Calculated reluIts using data in 'Table ES. 

AU sj'mbola uaed are clearly defined in the progr... St in 

data of Progr .. No.1 stands for the 1ength of ,cob composite section 

uaad 111 radial cOIIIprelaion test. 

/ 215 
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PROGRAM HUMBER ONE 

'\.\"'~ r":lv lJr,HF: 9 flMF.=lO.!.lI\r.t::I\""'>O 
C "'R'IC;I~I\M rll DF.rERMTNf: r.IlRN r.flR M!-=r.HftN1 r.M. PRIlPF.RfIFS IN ~Af)I/lt 
C r.IJM JJ ~ F. S ~ Il 11\1 ~ F. F t= F. r: r C) 1 ) .. M" r ~ T"'~ F: r. Il N r F: "1 r A"I 1} R li r t 1 ) t= '.1 lA f) 1 N r. * 

c 
c 
c 
c 
c 

flTMI-NqllN nnnn) ,FHnnO} ,Fl\nOn) ,Fr.n('tO) ,71~O()) ,RI,OO) ,H{3001, 
l ~ n ("lf) • <; ( ~ Of}) .If ( '-HW) • '\ U , Cl 0 ) 

wl-/ll M(,,\f)("l).MI\(,onl.MR(~Onl 
rNrH;F.~ VHI{(V)()I 
(nNvI-RqlIN FAr.rnR FI{I)I~ KG/MM**7 f() MFGt. PA<;r.I\L<; IS CF = Q.ROA7 
r:RIIC:;HII\IG srl{f:NGrH 1<; DE"IOfF.1) RV S IN II1PA 
MlJOtll..,tlS /IF rnlJ(~HNFSC; rs nFNOrFn AV Il IN 10**A N-M/M**3 
PR. OENflff:S PD l C)SI)N ~t\ ri 1) 
E T <; Ml If)! lUIS flF F. U' <:; TI r: fTV 1 N MP A , 
!.lI = ~.14/ 
PR = O."P 
r:F = q.~()A7 
1>0 10 1 = 1 ,740 

) 
1 

/ 

RF.A.!) ( 'J, 1) VHI{ ( r) • <:;1. ( rI, 1) ( r) • FR ( rI, FA ( 

~
ITT 

,Fe( T) ,M( l l ,i"'ld [) ,MH( Il, 

. ~I)I{M!\rI1X.14.H~h.l.t-=4.n 
,() r:flN r T Nil': 

nf1 ~() T=l.?l~O 
~(T)=O(T)/? 
R(I)=R(II/Z(I) 
HH=r, F*4*FR ( J ) *R 1 r ) * ( 1- 1 PR. ) **7 ) 

E( l'=HH/(PI*C)U U*~( 11**7) 
S( l )=(GF*2*FR( T 11/1 PT*<:;U r I~I T») 

r,A=~A.( r) I~( 1) 
r:R=MR (T) lM (Il 
TF(Ct\.~O.O)CA=O.Ol 
TF(CR.Eo.nICR=O.Ol 
TF(r:A.EO.l.01CA=n.gg 
IF(CR.f(J.l.0)(:H~.qy 
nn=Ir,A/r:Al*ll-(6T/(1-GR) 
fi A =./.\ ,_ ne; 1 n ( f\ R S 1 DI! 1 1 

If 

RIi=A'_Or.lO( (FR( l )-FI\( I) Il (FR( I>-Fr,( r) 1) 
IF(RR.Eo.OIRR=o.nl 
~N=AA/~I-\+l 
CK=( Cl-CR )/CR..}*( ((FR( 1 )-Fel 1) )/M( 1)) )**c l-C:N) 
F.E=(!-=R( JI**2)/(?'*M( Il 1 
GG::: ( (CI(*'" ( 1 1 1 1 (CN+l) , * ( (FR ( l I/M ( 1 1 ) ** (CN+I ).ft, 

lH 1) =c F* ( E E+r.G) 1 ( PI ':c ( q ( 1 ) ** n *51 ( 1 ) ) 
?O CONftNIIF -

WRI rF.(6.?1 

,;:-:-:<;:."",~l\!l~~I!!r.~ , l~'" -;., • ~ .. 

'\ 

.) 

11 
l l 
11 
l "\ 
14 
loj 
lA 
l l 
IH 
l..) 
20 
2 l 
?~ 
21 
1.4 
~oj 
?A 
2. 1 
2H 
~.:) 
30 
'H 
3~ 
3~ 
34 ? FORMAT(ll'~}OX 'lQ7g EXPERtMENT TO O!=TERMINF. fFFEcrs OF MOlSTI}RE 

lr.nNrF.NT IJR Ec;t IlArt:(Vl'lQx.'l\Nn qATF; nF ,.nMlIN(;!H) **5*3 ,..I\crINTA 
?t EXPfRIMENT t.J]rH 16 C:;AMP/.fNG IJNlr<;(R)') 

N 

0'\ 

'3'i 
3h 

,7 

---,.~._ .. 

WRIfE(b.?!1 
21 FORMAT(' ',lOX.'**RAnIAt cnMPREC:;C:;ION OATA** VARIErv YS WARWICK SL 

1 ?n7t..<* 1 1 
WR 1 rf:: ( h , ~ ) 

~. " , 

/' --
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TABLE El 

lq79 FXPFRTMtNT TO nF.rERMtNF. EFFFr:T'î OF MOI~nJRF CONTFNf OR rESf IlAfE(V) 
"NI) L{t\ft: rH- UI4tHN(;(HI 1Cc1Cci)*"? F"crn1nt\t I:XPJ:1UMF.Nr :./UH 10 SAMPLlNG 111\I1rl;,(1<1 

*'!cR"nTAL r.nMPRFSSIllN IlI\P,** VI\RIF.rv J'\ 1"'"RWTr:K «:;L 707** 
IHo{ 

II '11 

1102 
o 

l li)":\ 

1104 

LI (Fi 

11 OA 

l117 

110A 

LI r}q 

lUo 

LUI 

1112 

llt ? 

1114 

llt~ 

1110 

L2'')1 

1202 

l2f')3 

1204· 

120') , 
120n 

L2'17 

'\ 

«:;: 
MM ?J.l. 

MM 

'3R." /"'.0 

34.R 7A.0 

'?A.':i /7.0 

3':1.0 "" ?H.7 

"?R.7 1.4.5 

:;7.7 7H.5 

30.'3 77.6 

'30.7 7H.? 

'3".4 '1.7.8 

'37.9 7R.4 

'3q.7 27.q 

35.n :?A.O 
30.5 

'37.4 

30.0 

'36.1 

39.4 

36.6 

37.5 

37.0 

37.8 

3R.7 

7A.o 

lEi.1 

77.3 

?7.7 

?A.q 

~n.5 

28.2 

7.7.9 

27.0 

27.4 

'29.'2 

77.7 
) ....... 

FR 
I(r, 

t= t F 7 r~ 
Kr,/MM KG ~ KG 

't? • l 

5R.O 

f,f).f) 

">A.H 

')f,.() 

17.0 

/R.9 

'?I).O 

"".4 
;R.? 

A'5.1 

43.0 

.. 
l.O 

1.n 

l.O 
l.0 

1 .. 0 

l.5 

l.n 

1.0 

7.11 

0J 
2.0 

4'5 4 R 7..0 

44.0 ?o 

4(".7 1.0 

3'3.9" 1.5 

5(".6 1.0 

5fi.? 

51.0 

47.0 

40;.0 

54.0 

7".4 

l.11 

2.0 

1.5 

1.0 

1.0 

?.O 

5.0 1'5.0 

A;n r--16 • R 

q.~ ?l.1 

7.0 II).A\ 

111.n ?l.n 
A.n ll.q 

H.n 14.Ii 

7.n ]3.') 

10.11 70.R 

7.0 10.R 

In.O ~'3.n 

".f) 15.q 
7.n 

7.0 

A.O 

7.0 

n.O 
5.0 

7.5: 

n.O 
".0 
5.0 

1r).r) 

17 .1', 

14.7 

In.7 
11. ~ 

lA.q 

14.6 

?0.4 

16.7 

Ih 01 

16.q 

;n. ') 
.~ 0- ,~- ~+ ~_ ......... "" 

Ml 
Kr./MM 

R.l 

Q.3 

10.0 

In.o 
10.Q 

n.A 

7.R 

A.q 

11..4 

11.0 

l~.A 

q.5 

10.4 

A.~ 

q.') 

7.q 

10.2 

q.Q 

) 1. 2 
q.q 

9.4 
Q.5 

11 .4 

M;? 
Kr./MM 

In.fI 

13.5 

11).5 

1'3.3 

If,.2 

q.1 

10.5 

Q.7 

1".0 
15.1 

11.5 

11.9 
13.4 

1I.2 

ç12.7 

14.1 

13.3 

11.6 

14.4 
12.0 

12.2 

12.3 

1':i • ;? 

1 

"-'.7'i 

~.71) 

":\.7:::' 

":\.7, 

~.7':> 

':\.7'1 

"1.7'1 

~.7'i 

~.7'i 

1.7"> 

3.7') 

'3.7') 

3.7'5 

':l.7':> 

":\.7'5 

"3.7'5 

3.10 

'3. :W 

":\./0 

3./0 

'.?'O 

3.211 
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1q79 EXP~RIMENT TO OEYERMINE EFFEcrs OF VARIETV OF CORN (V) AND HARVEST OATE (HI t i *SPLIT PLor EXPERIMENT IN A RANOOMI1EO COMPI.f:TE RLOCK -OESlf;N WITH fHI~EE F\U1CK~ (R) 1 

1 **~l\nIA,- COMPRESSION f1AfA** EACH VAUJE IS THE MEAN OF 7 TEST SAMPLES 1 

, 1 

VH'~ 1 1 

~~ 7.R FR FI F7. M Ml M2 7 r 1 
1 MM Kr; Kr; Kr; Kr;/MM KG/MM KG/MM 

1 • f 

Li 111 29.3 25.9 54.3 2.4 q.6 13.2 8.4 q.9 3.473 
':/0 

f 112 31.4 26;9 61.7 l.A 7.6 lR.1 10.R 13.2 4.000 . 113 31.4 2,7.3 55.6 7.7. 9.5 ?O.R 10.9 15.0 4.050 ; , 

~ 
f l21 ~A.4 2".5 39.2 1.R 7.Q 12.7 R.6 9.7 4.250 

~ 122 30.0 27.6 39.0 1.R 4.9 12.6 7.R 9.1 4.350 

r 
l23 30.7 27.2 36.8 1.7 5.4 11.5 R.2 9.4 4.715 

r 131 79.7 23 6 40.4 '3.1 10.0 9."4- 7.6 R.2 3.470 
r- 132 19.8 25~ 1.Q 5.9 1l.3 A-.9 10.2 4.1">0 1 
~ 4i ., -, 133 32.0 2'>.9 38.5 . 2.5 9.6 17..4 9.2 10.5 4.200 r 
! . 

~-lt "33.3 )2~.4 . - . . 2.5- 8.2 1B.A 10.7 14.2 3.575 
f :j ! < 212 34.7 25.4 2.Q 9.5 24.5 12.A 17.0 3.4"Q6 
r· 213 33.5 26.4 2.A 10.A 26.4 13.0 17.5 . 4.050 . .- -

221 28,,7 26.4 2.4 6.4 "'13.8 8.3 10.1 4.325 

~22 30.3 25.3 2.3 6.A 19.9 9.9 12.6 4.525 

223 29.1 2.~ 6.6 16.6 8.9 11.2 4.700 

231 31.4 24.3 58.0 3.4 9.6 11.8 11.1 14.1 3.235 

232 31 ... 9 24.9 54.0 3.2 1l.4 11.2 10.9 14.1 3.826 

233 30.8 23.9 48.8 3.1 10.0 14.1 9.8 11.6 3.473. 

311 37.2 25.3 81.4 2.7 10.9 24.8 12.1 17 .3 3.215 
1 • 

Lr- 312 36.1 25.3 83.1 2.A 10.6 2].7 12.2 16.8 3.100 N 

" 
\N 

4: j , ~-- -- -- ----_.-- -- ----- (1'0 

• , 1 

'-...-../ \. ~---------j--- -- --- ---~ .... -,..~-...---.,""~ ..... ~~ , ... ~~'"_......._....i(...O><:; ,,_ ... "'~"" ~ ~""~"' ..... ~'""~ _-l' ... \~ .... --\'" . ><' ~ ~ 
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'-,-- 31:\ 36.2 ~4.5 RR.9 ~.A 11. R 

~2l 27.3 26..2 ,9.0 2." /l.6 

322 3n.4 25.0 A4.5 2." 7.A 

~2~ :n.R 25.3 67.5 2.8 7.5 

331 32.3 2'>.0 _ 71.1° 4.3 14.q 

332 32.8 ~.3 79.J2 4.1 14.1 

333 3.1.6 ~3.6 69.8 4.0 15.1) 

'. 
,;> 

~ 

') 

. . 

'1 
i 

2/l.q 

14." 

1R.3 

17.9 

14.4 

1 q .? . 

17.q 

Il.q 

8.3 

9.0 
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q.4 

Il.1 

10.R 

~ 

11.5 

10.3 

12.0 

11.q 

12.1 

15.5 

15.0 
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1 TABLE E4. Calculated results using data in Table E3 

Î :r)~ Nl'::CHAf\1} <: t'II. p~npr:R fi e; IN ~ AlH 0'_ cnMPR'::SS IO!'i 

VHR I=(VlPAI S ((",PA 1 lJ(lfl**A N-~-1/M**3 ) 

111 lq.~ • ~.l O.oq 

Ilt, 112' ?h.~ 3.6 0.07 
~ t 

Ï' 0 
> 113 ')3. B 3.3 0.05 '1 

~ 1 

""'-
! III /1.9 2.9 0.()5 , 
r, 
~ 172 ~O.O 2.6 0.04 
ï 

~ 
1 

! • 123 2?.9 2.7 0.04 

131 15.1 2.5 0.07 
~ 

132 ')0.0 2.7 0.05 1 

~ 
. ". 
j 

133 18.4 2.4 0.0'1' ~ 1 

211 19.3 3.0 O.Ob 

1 212 ;10.4 3.3 0.06 

213 ')7.3 3.R 0.06 y , 
221 ~5. 5 3.3 0.06 

222 2R.8 3.'> 0.05 
, , 223 ;16.2 3.1 0.04 

231 17.8 3. ) D.OA 
, 

237. ')2.3 3.7 0.07 • 233 17.9 2.9 0.07 

311 20.8 3.5 o ~O9 

312 19.0 3.5 0.09 

313 16.1 ~.3 0.11 

3?1 ')9.6 4.1 0.10 

322 24.2 3.8 .. 0.10 

373 30.3 4.3 0.10 

331 24.2 3.R 0.13 

332 27.5 4.3 0.12 

333 27.6 4.2 0.12 
-- -- ....... - ------ -- -------------_._---... ---- ._~ --- - -----
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PROGRAH HUMBER TWO 

~W"TFIV , 
C pR.nr,~AM rn Ct\I.CIII_ArF: CilQ.N crlR MF:r:HANlr:AI. p~nPFRrIF.<; IN SIMPI.E ~O::NI) 
C JNG * EF~Fcrs OF VAKI~rv "ND HlIRVF<;r nATF * 

c 
C 
G 

E 
c 
c 
c 
c 
c 
c 
c 
c 
c 
C 
C 
C 
t.: 
CI 
C 
C 

J) 1 M F N S l f IN FR ( ï 0 1 • 1) P, ( ~ 0 1 • P, F TA ( ~ nIt 1) 1 ( ï () ) ,n -; ( ~ () 1 • CF r ( 30 ) , F. p, 1 30 l , ~ R ( -J, 
1 () ) • F. H P, r ï 0 ) • SR fi (10 ) • DM ( ï 0 1 • F RH n () ) , ,RH ( '10 ) , f) P ( ~ 0 ) 

REAL Ml.MH 
1 NTFr,FR VIiR"' 3()) 
OIltJRtE PI{FCI<;InN Cl.C?C3.C4.r:Ff,AA 
REAL *A K 1 .K~ 
CnNVF.R.<;IllN FAcrnR ~~OM Kr./MM~? rn Mf:r,lI PA<;r:AI.S rs CF=Q.A067 
CFT IS CflRRE(nON FACTnR FOR)cnp, TAPERINr, c:.TRIJCTtlRE AS DERIV-EO RV 
<; G H !Uln E R E f li '- (l 97"3 ) . 
ER nFNnr~s cnp, MnnlJ'r"S nF F.LA<;rtCrTV IN e:,IMPLI: RF.NnING IN MPA 
,A nF.NnTr;e:, CflR HFNI) <\jr. e:, TRFNr.HT II\J MPt\ " 
AETA rs rHF. r)Fr.RFf= tIF F.LAC, rIr: r fV IN qMPLF AENDING IN PERC!::'" r 
CFr: le:, (uRR.ECrrnN FM:mq FflR ('\f)f.\ cnMP!l<;ITt: NArtlRE WHICH IS 
EXPERIMENTALLY \1ErE~MINF.n A<; ().qA FOR 1\'-'- THE VAR,IEfIES TESTF:D 
THEINF.T1CALLY CFt: = 1-~**411-I'11 WHE~E F l, THE ~ArJO OF PITH I{ADII! 
S rn MlnCrJA RADltJe:, AI\jI1 M le;; fHF RArrn nF PIrH ELA<;rrC MfJOUlIJS ff] 
fHfd nF fHE M II)CI1R 
THE U1AIllNG t;PA\\I le; FIX!:!) fd'lL)f) l''III.I.IMl:fFR<; 
F.RR AND, C;RR n~NfJ ft: CIJF1 Mfll1lJUJS I)F ~LhC; T rc 1 fV àNn REND! Nr. s f~ENr.HT 
WHEN THE COA 15 cnNSIOF:~ED A<; A qt.-\PI.F HO'-1nr.FNfOlle:, CIRCULAR At:AM 

~ WIrH M()MENf OF INF.RTItI MI AND MEAN nlhMF.fF~ DM 
ERH ANf) SRH DENorE COR MOnlJllle:, OF ELAc,rrCITY I\NO AFNDrNG STRE1\Jr.HT 
WHEN rH'? COR IS CrJNSIDE~En 1\<; " HOI_llll'" REAM OF flNE MAfEf.UAI. 
MH IS fHE MOMENr tiF INERfIA flF THE HnLLnw Ri=t\M 
DE 15 THF. EtA<;Tlr: CI1MPn~E"JT nF fHE MA)(IM\JM~_F'_EC:TInN AT MII)-~PAN 
r)1 AND D2- ARE THE TIP-ENI) nIJ\METFR ANI) AUTT fND DIAMETER OF r:OA 
np IS THE nIAMETER OF rHF. COR PlfH Ar ~Jn- AN 
PI=~.147 
CFC=O.9F\ 
'- = l ">0 
CF=Q So AOn7 
fm 10 1=1.21 
REA D { 5 • 1 l V H R ( 1 ) ,F R 1 1 ) • 1) R ( t l ,A r: TA ( 1 l ,01 ( 1 ) ,n? ( l ) ,n P ( 1 ) 

l FORMAT{J3,7.X.nFo.l) 
Hl CONTINUE " 

DO 21') 1=1.27 
Kt! = ( n? ( 1 ) -0 l( 1 ) ) /( D 2 ( 1 ) ) • 
K'7 = ( D 2 rI) -01 ( 1 ) ) ! (01 ( 1 1 ) 

• Cl=(1.O/4A.O)+rKl/48)+((Kl**?)/n4)+((Kl~3)/q6)+(5*(Kl**4)/767)+ 
1 (1<1**5}/25fd . 
C2='l.O/48.0)-IK2/481+((K?**/I!n4)-((K2**31/Q6)+(5*CK2**4)/767)­

l r IK2**'5)/256' 
C3=(1.0/8.01+(Kl/61+(5*(Kl**21/32)+((Kl**3)/R)+(35*(Kl**4)/384)+ 

1 «( K 1 **1;;' /l6 ) . 
C4=(1.O/8.0)-(K2/6)+(5*(K2**2)/32)-((~2**3)/R)+(35*(K2**41/3A4)-

l ((K?**5)/16) , S> 

CF-fIl )=17.*1 IC1/(D~1 1 )**4) 1+(C2/<rH( 1 l-**4}» )-( IC3/1f)2( 1 )**4) )+(C4/ 
- -__ 11011 IJ >,'c*4 ) ) ) 

,-.. 

i:> 

..&t 

, , 

'\ 

'1' 

-
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'\0 
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f 
Jo 

t 
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t 
'"~ p 

1 

~! 
1-

0'-

, 

i I~ ; 
1 J" ' - !" 

1 

l
' 
.-

" 

\ 

\ 
\ , . 

,- .À 

~ , 

'" 
\ 

. , , 
" 

~~ 1\1.\:I)AR~Ir.Fr(I)} 
l'i nE"=(AETI\{I)*OH(l})!lflO 
24 ER(Il=(~F*B*FR(I)*IL**~)*ftA)/(Pt*n~) 
2~ ~B(I~=(CF*64*FR(I)*L1/(Pl*l(nlII)+n~(T»**1)*(FC) 
2'" f)M ( 1 1 = ( f) 1 ( 1 ) +112 C J Il 1 ~ .. 
?7 MI=(PI*WMII )**4))/,c,4 
2~ ERR(I'~(CF*FR(I)*(l**~))J(4R*MI*nE) 

'! 

29 SRRI l )=ICE*8*ERI l ,*! )/(~(DMf r )**3» 
'< ~'1 MH= ( PI *-( (nMJ 1 ) **4 ) - ( I>P C [ ) **4 ) ) ) 104 

31 
~~ 
33 • 
34 
1,'5 

~.., 

37 

_38 
3~ 

4" 
41 
4~ 
43 
44 r 45 
-4, 
47 

48 
4q 

- 5~ 
,_ 5i :-

52 
':>"3 

ERH(I)=~[F*FR(I)*(l**~)/14R*MH*OF} 
SRH ( 1 ) = 1 GF*B*F RI 1 } *'. ) / ( PI>:: ( ( nM ( T ) **1) - (OP U J **"1 ) ) ) 

7.0 ·CflNrII'i!JF 
WR 1 T E I~ • :? ) _ 

• ,?' FORMAT('l'.lOX.t,'<19T9- EXPERIMENf rn D'=TERMINE EFFEcrs OF CORN VARIE 
lTYCV)-l\/\JD HARVt:sr OAfE(H)·/9X.'*spur PI_or EXPERIMENT IN A RMID()M 
? 1 ZEn CUMPLE-TE RLOCK OF: 1\ l r,1\l W l rH fHR FF RI.OCK" t R l 1 1 

loiR 1 TE ( (, • ') l ) --=" 
'?1. FORMAT(' '.10X. t **S[MP,-F., RE·\JflII\I(; I1Arl\** Fl\CH VALlJt= IS rHE MFI\N ~F 

1 1 TE"r SAMP,-ES') . 
WR 1° T F ( 0.3 ) 

3 FORMAT( 'D' .6X, 'VHR FR(K(;) nR(M""" RF.rll.(%1 nltMM) D2IMM) DP( 
lM)') . 0 

DO 22 1=1.21 ~ 
WRITFC6,4)VHR(I) .FAII) .OAIII ,RETA(1 )rn!II),n7II),OP(I) 1 

2t FORMAr('0'.6X.tj.~X.6(t=0.1.7X» -
2i? CONtINU~ 

WRrrE(6.5l-
'> FORMAT!' 1,1 ,lUX, 'cn~ MECHANICAL PROpERTIES IN SIMPLF RENOINGt) 

WRITF.(6.6) . < 

" FORMAT( ro, ,6X.'VHR F.R(~PA') 'SIHMPA) CFT ERR(MPA 1 
1 ~RR(MPA E8H(MP~' ~RH(MPa)') ~ 

> ' 00 1'0 1=1 ,71--~ . 
WRITEL6.7)VHR/ 1) .ER( 1) .<lRI IT-,Cr-LlI) ,ERRI 1 ~ ,SRRI 1) ,ERH( 1) ,SBHI 1) 

1 FOR MAr (' 0' ,6 X. I3 • 2 X , 7. ( FR. ~ • 2 X ) , F l 7. • q , 4 (7. X , FR. 3 ) J ~ 
30 CONT1NUE > 

STOP 
END , 
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TABLE ES 

tq79 EXPERH~ENT ro- DErERMtN'E.~FI=ECT<;nF cn~N VAIlIETY(V} AND HARVF.:sr 1)b;TF.(H) 
*SPLIT PLOT EXPERIMENT IN A RANnOMI7.F.11 COMPtETE RLnCK nESIf,N WI rH rHRFi: RU1CKS 

~*SfMPI_E RtNDING OATAtlc* F.AOi VAtliE IS TH~ MEAN DF 1 TF.sr SAMPLES 

VHR'" Ff\(KGl ORfMM) RFrAf~~ IH(MM~ 11?'(MMI I1PfMM) 
A 

t 1 t 5.2 23.3 52.0 1 A • l '7 R • 2 7. 2 
112 

II ":\ 

1,21 

l22 

123 

nI 

132 

t33 

211 

212 
2'13,' 

7·3 
7.R 

'>.0 

0
6 • 4 

R.O 

1i.5 

5.7 
• 7. (, 

.9. (, 

ll. ~ 
7.4 

2Cl.2 

l FI.5 

27.6 
2~:q 

23.5 

2R.3 

21.1 

7.5.'5 

11.2 

17.3 

19.4 .. 

44.5 

47.3 

41.8 

4~.O 

41.3 

':) t.l 

45.4 

50.q 

38.6 

47.. l 

50:~ 

l-2' 7.7 22.5 4;>.6 
"222 . 9.6 lq.3 35.1 
~ 2.3 ~ 9.5 lC}.9 40.0 

231- 1.9 21.5 

~32 8.4 - 20.9 

, 2.33 ~ .. 8' 21:1 

31~ '" 9.0 19.6 

312 11.0 11.1 .- .J .... 

4'>.2 

~1.0 
45.3 

3'2.6 

43.3 

19.5 ":\l.R 7.~ 

lA.4 ~O.4 7.Q 

;P.7 ~1 R." 
2?q ":\1.8 > 10.1 

??o 

~(,. '5 

7.0. l 

:?7..o 

19.R 

21.1 
?le ? 

;?1.;? 

22.A 

.-f4.1 
7.1 • .1;; 

21.3 

19.6 

21.2 

21.4 

?1.4 

,2Q.4 

7.H.Q 

10.2 

,0.0 

, '-8.4 

7.Q.1 

;?A.q 

7.1.8 

30.? 
27.5 

28.6 

i>5.5 

27.9 

28.4 

]0.0 

1.? 

7.7 

7.4 

8.2 

R.7. 

7.5 

q.8 

10." 

q.A 

7.4 

7.8 

1.6 

7.0 

7.0 

i 

- - - ---~ -- -- ------- ~ --

PO 

II> 
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l " 

'J 'Pttll~ 
3 1
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cR .. 1- 1~ .. 5 

q.2 23.5 

R.2 20.8 

7.0 lq.~ 
6.'R 26.1 

q.5 27.7 

7.0 23.? 

-
~'O 

/ 

4(.,.1 ~O.A 77.5 A.li 

38.3 ~4.6 31.3 R.4 

43.0 ' ~3.4 7q.4 R.R 

4~.5 ;:>~.R ?R.5 R.q 

4l.3 71.7 78.7. h.q 

48.8 71.4 2q.5 7.(" 

44.1 1R.7 ~7.5 n.Q 
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TABLE E6-. Caleulated results u~ing data in Table ES 
---- ---

CnR M~CHANJCAl PRnPFRrIE~ IN ~IMPlE RFNntN~ 

VH~ ER(MPA) SR(MPA} CFT ERR(MPAl c;RR(MPA ERH(MPA) C;RH(MPA) 

III ?1.75R 1.60? -O.')OOOOOM)/ ?O.98R 1.570 71.1Ro 1.019 
-

L12 ~7.174 1.65~ -O. r}(}nI)I)0~q7 '7h.151 1.0?0 71',.515 l.n'57 
0 

113 30.284 7.057 -0.00OOO04A~ "35. "37.1 ?011 35.713 ?OR7. 

121 17..369 1.120 -0.OOOOO03R7 P.7.02 1.103 12.357 1.140 

122 16.037 1.19A "':0.000000100 1'5.632 1.17' 15.9~8 l . ') '1't 

t2"3 ?n.479 1.600 -0.OOOOO033A lq.Bql 1.574 20.2qO 1.061 

131 Il. 9RR 1.203 -0.000000374 H.7RO 1.179 1l.A50 1.705 

l32 l8.209 1.4Rl -0.000000477 17 .6hq 1.451. 17.843 1.49A 

133 18.153 1.634 -û.OOOOOO,Ml 17.722 1.601 17.838 1 • (.. '3A 

~1.l. '54.727 2.,17 -0.00Oq0044Q 52.R"31 1.."31.9 53.460 2.41'5 

212 .":>8.278- 2.798 -0.000000454 57.04A 7.747. 57.741 ?R4f, 

~13 ~7.269 1.778 -0.000000427 26.622 1.74'?. 26.834 1.790 

221 24.197 1.665 '-0.000000"366 ,24.502 1.631 25.003 1.77~ 

22? 
. 48.232 2.266 -0.QOOOO0411 47.763 2.220 4q.282 2."3q7 

'... 

223 31.242 1.814 -0.000000?11 3~O 1.77? 31.383 1. A-66 

?31 32.1b7 2.05"3 -0.000000470 3. q 2.01/1 31.q55 2.009 
1 232 40 .. 209 2.067 -0.00000043Q 3q.371 2.026 3Q.751 2.0AQ N 1 

.::-
~33 50.866 2.93'3 -0.000000656 50.00Q 2.A74 50.662 2.QAQ '""' 
311 55.476 2.325 -0.0000004(,7 54.4(,2 2.27B 54.824 2.33? 

312 55.350 2.72~ -0.000000447. 54.2RO 2.66Q 54.621 2.72Q .. --.. -- -_.~.- - _ .. - ...... - "-"'_ ...... ~---- ----_.-. - ~ ---. - ..... _,- --- -~----- - -- - "- ... 
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31::S 
'!Io 

~2t 

?22 , 
0 ~2? 

,331 

';}32 

333 

~
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il 'L 
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40.691 . 
'" 

~ 1?A64 

'16.R'i~ 

~4."Oq 

')3.707 

79.476 

14. A70 

~ 

• • an b·1 i?.aS. OJl Ui :s lILJUlIl tilill :c. • , , ,," 1 • • 
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