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CHAPTER 1
INTRODUGCTION
Background Information

Design loads for grain and fertilizer storage structures are cure
rently}prédicted by’the grain pressure theories of Janssen (22), Airy
(1), and Riembert (41)91»Janssen"s theory has found the most wide=
spread acceptance in the United States, while in Europe the solution
of Riembe:t is most commonly used.

These theories are inadequate for the‘design,of thin walled de=-
formable storage structures now commonly foénd in agr;cultﬂral enter=
prises.. The inadequacies result directly from the following limita-
tions, |

all existing grain pressure theories are one or two dimensional
approximations 6f»a three dimensional étate of stress. Jaky (21)
proposed a two dimensional solutionm to grain bin loads, whgreas the
remaining.theoriésvare one dimgpsional solutions. None of thé'existing
theories are generaI”énough to allow the designer to consider the
loads indueed by expansion and/or contraction of‘the stored granular-
media caused by changes in temperature and/or moisture content. This
is of importance as most granular»media encountered in agriculture are
hygroscopic materials. Dale and Robinson (12)‘dbserved that lateral
pressures in deep bins increased nearly‘six=fold’with moisture

increases of 1 to 4 percent in wheat.
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The most severe limitation of tﬁiii»grain pressure theories is
that they assume the confining(structureﬁto‘be_aniinfinitely rigid
body. It has been observed by Tefzaghi (52) in studieg of soils that
confining,wal; deformations of ;nly several hundredths of an inch re=-
sulted in large changes in the pressufe distfiﬁutibn on the wall.
Similarly, Hamilton.(16) noted large increases in the préssures
exerted by grain oh circular cjlindrical bins when the bih walls were
displaced toﬁards the grain., Jenike (23) in his work with grain
hoppers aiso noted ﬁh;; small wall deformations resulted in large
variations in the resulting pressufe distributions. Collins (9),
Saul (46), and Dabrowski (11) observed that biﬁ wall flexibilities
significantly altered the magnitude and distribution of tﬁé loads on
bin walis. | -

The inadequacy of the existing theories is further demonstrated
by the discrepancies:observed between measured bin loads and those A
predicted by theory. The studies of Hamilton (hﬁ}# Stewart (51),‘
Collins (9), Jenike (23), Dabrowski (11), Saul (46), and Isaacson (20)
indicated that large differences exist between measured and predicted
loads in grain storage strucﬁﬁ?es.

The stress distribution in an arbitrary storage system could be
obtained by application of‘the three dimensional ﬁheory of continuum
mechanicse - Such én approach to the grain présshré problem‘would’
iﬁherentiy include the interaction between the bin wall and'grandlar
medium and would alldw for the considera;iop of‘the expansion and
contraction of the granularvmedium.wiih moisﬁﬁre‘conéent and temperaw
ture. | |

Employment of the theory of continuum mechanics to a grain



storagg system requires that the three basic conditions of mechanics
be defined. These conditions are those of equilibrium, kinematics,
and constituency. The first two conditions are dependent solely upon
the~geométry of the sjstem and are defined in any standaid text of
continuum mechanicse. Cﬁnstituency, the stress=strain behavior, is
independent of the geometry, but.is dependent upon the material pro=
perties qf,the systems

Generally, the §tre55wstrain behavior of the bin wall is known,
whereas ‘the three dimensional stress=strain behavior of the storgd
granular media en ﬁasse is unknowne. Thus, itvgsinecessaty that the

stress=strain behavior of granular media en masse be defined before a

rational solution to the grain pressure problem can be attempteds
Objectives

Based on the background information, the literature review of the
following chapter, and time limitations, the objectives of this study
ares

‘1a To define metheds and techniques adequate for evaluating the

three dimensional static stress=strain behavior of granular
media encountered in agricultural enterpriseso

2. To evéluate the three dimensional static stress-strain be=

havior of a granular medium en masse.
Scope of the Study

The static stress=strain behavior of only one granular medium en
masse, say wheat, at one physical state will be investigated. The

initial venture into this field of study would become too unwieldy if



variations in moisture contents and/or physical properties of the
ﬁedium were.considered. It is more important that the feasibility of
the techniques be demonstrated for one set of conditions. Generali=
zation should be the goal of subsequenp studies.

All stress levels are assumed to be below the level at which
macroscopic failure occurs. Macfoscopic failure stress is defined as
the stress level at which flow commences. ‘That is,wthe stress level
at which strain continues to increase withoﬁﬁ‘boundSwmwithout any
increase in stress level. This type of failufe_is differentiated from
microscopic failure‘which occurs continuously in the form of arrested
slips as individual grains slide over ome another during the deforma=
tiqn processe. |

Only normal stresses and strains were considered in the investi-
gation. No attempt was made to study the effects of shear'stressese

Prediction equatieﬁs for strain have been developed for normal
strains for the stress paths anticipated in grain storage systems.
The equations are alsc limited to the first cycle of loading and to
stress paths in which the ratio of normal stresses, 030,303 remain

constant during loading and unloading.
Definition of Symbels

Many quantities appear repeatedly throughout the report, and
therefore, are designated By symbols. Unless otherwise noted in the

text, the symbols are defined according to the following list.



Av
AV
c

AVCOL'I’

AV
8
AV

AV

Avraw

_anntitx

Dimensionless function of Ty and n3

Slope of leading curve in log=log space in the ith direction

- Approach of the centers of two contacting bodles under

contact forces, ine
Corrected volumetric deformation, cu. cm.
Volumetric deforhation due to membrane compression, Cue Cms

Volumetric deformatlon due to membrane 1ndentat10n and

':compressions Clls Ce

Volumetric deformatlon due to grain deformation, Cus Che

Volumetric deformation due to membrane indentation, cu. cm.

Volumetric deformation due to membrane indentation, meme
brane compression and grain deformations Cuo Clie

Raw volumetric deformation, CUs Clle

Base of natural‘logarithms

Initial voids ratio

Principal strain in a horizontal directiom, ino/inu

Principal strain in a horizontal direction perpendlcular
to €19 in./in.

Prinecipal strain in the vertical direction, in./in.

Elastic component of strain in the .ith direction, ine/in.

Strain in ith direction due to comtact stresses, inclin,

Strain level in the ith dlrectlon at which. unloadlng
commenced, in./in.

Plastic component of strain in the ith direction9 1n°/1no

Strain in ith dlrectlon due to particle reorientatlon,
in./in.

Total strain in the ith direction, ine/in.

Instantaneous strain in the ith direction in a' creep test,

lno/ino
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Designation of an arbitrary functiop

Shear modulus, pSi,

Height of a wheat kernel, in,

Subseript designating principal stress directions
Subscript designaging a loading function

Mean slope of the unloading curve in log~log space in any
horizontal direction

Slope of the unloadlng curve in log~log space in the ith
direction

Mean slope of the unloading curve in lognlog space in the
vertical direction

Pressure applied to the stress plate, psie
Angle of internal friction, degrees-
: |
Dimensionless coefficient in prediction equations

The dependent pi=term. The principal straim in the ith
direction, in./in.. - .

0 0. /0

Stress ratio 1/ 3
o_Jo

Stress ratio 2/ 3
ag 1o 0. /O
Stress ratio 1/ c

Correlation coefficient

Radial distance the load cylinder is located from the
centroid of the stress plate, in.

Standard deviation from regression
Hydrostatic compressive stress; psie
Principal stress in -a horizontal direction, psi.

Principal stress in-a horizontal direction perpendicular to
Oy psie.

Principal stress in the vertical direction, psis
The characteristic stress level for wheat en masse, psi.

Stress level in the ith direction at which unloading
commenced, psi.



Time from application of a load, min.
Characteristic time in the ith direction,'minn

Counterclockwise angle of rotation from the y=axis to the
location ef the load cylinder on the stress plate, degrees

Subscript designating an unloading function



CHAPTIER I1

LITERATURE REVIEW

Stress=Strain Behavior of CGranular Soils

Theoretical Considerations

Evaluation of stresses within granular media has long been
accomplished by the limiting stress approach. This approach is dis=
cussed in standard texts on earth pressure theory such as Terzaghi’

(53)« The theory does not center upon the constitutive behavior of
the granular medium@ but it is concerned with the limiting, or the
active and passive, states of stress in the medium., That is, the
theory is dependent upon the stress levels at which failure occurs,
but says nothing about the path between the two limiting cases.

Recently, soil mechanicians have taken a more fundamental
approaéh to the determination of stresses within granular media. Cox,
etsals (10) summed dp the deficiengies of the;limiting stress approéch
to the problem of earth pressures.‘

"Until quite recently, an important deficit in the

theory of earth pressure lay in its development without

reference to stress-strain relationships, the theory

being based upon the concept of states of limiting equilib-

rium satisfying Coulomb’s law of soil failure in con= -

junction with.a conjectural extremum principle. This

procedure altogether neglects the important fact that

stress=strain relations are an essential constituent of

a complete theory of any branch of the continuum mechanics
of deformable bodies." ’

v -
[y

Coxy eteoale (10) investigated the deformation of granular media

8



with particle sizes ranging from clay to sand and for a range of soils
frém saturated clay to dry sand. It was found theoretically that under
quasi=static axially symmetric deformation, the behavior of natural
soil is approximated by an ideal soil which obeys Coulemb'’s yield-
criterioh and associated flow rule. The soil deformations were found
to be charactériéed by a rigid-perfectly plastic stress-strain
relationship.

Other investigators studied the stress=strain relationships of
granular and cohesive medium by assuming different idealized deforma~
tion“relationshibso For exaﬁple, Biot (5) assumed that thé\relationw
ship was viscoelastic in nature; Shield (48) assumed, as did Cox (10),
that the relationship was rigid-perfectly plastic; and Drucker, et.al
(13) assumed that the relationship was elastice-plastic with work
hardening before failure and perfectly plastic gfﬁer”failureq

Brown (6) cited limi;ations of the work hardening theory presented
by Druckef, eto.al. (13) since the meéhanical strength of the soil due
to friction is not included in work hardenihgo Based on‘the assumpm
tiohs thats (1) Sand is‘a structure cpnsisting Qf elastic‘érains of
known geometry and properties;’(2) Qoulomb‘friction is developed at |
points of particle cbntact; (3) Changes in internal %e@metry in an
incremental‘displacement are insignificant; and (4)‘Sand is isctropic
and homogeneous, Brown developed anvincrgmen;al streSSwstrain theory

for sand and an associated yield function. Of interest in his study

are two hypotheses relating to the behavior of sand under deformatiom:

(1) A pufely deviatoric extermal agency must do positive work on the
displacements it causes (for stable deformation); and (2) The effect

of straining on a sand aggregate is to transform it from ome randomly
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disordered configuration to another. The consequences of these hypo=
theses are that the hydrostatic component of the external agemcy is
zero and continuing macroscopic isotropy exists in the mass of sand.

Roscoe, et.al._(42),'in discussing the yielding of clays, assumed
N

N

the soil‘td be an_eiasticéplastic continﬁously isotropic mediume
Further, he pointed.out that if stress«stfain éelatignships‘of goils
ére desired, it 1s necessary to define both hydrostatic and deviatoric
stress parameters. Ihese parameters are defihed, respectively; by the
volumeﬁrié strain and the shear strain relationshipse.

The Hertz theory (1l9) of contact stresses for spherical points of
contact has/been»used by vafious authoré to help de;ing the stressr‘
strain relationship of noncohesive granular medium.'jBriefly,'chis

theory states that the radius of the area of contact of the two

spheres is given by the relationship:

“‘VQ‘I‘T P(k; + k,) RiR, o
8=Y% "R, + R, , *

where a = radius of contact area between spheres, in.
P = applied normal load between-the_spheres, lbf.
R; = radius of curvature of sphere 1, in.

R2 = radius of curvature of sphere 25 ine

1 = Viz -
ke ='~;E;-§', sqeine/lb e
1= 2 ‘ ‘
k2_= o E2 s sq.i‘nollbf.

1 = Poisson’s ratio for sphere 1.
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V, = Poisson's ratio for sphere 2.
E1 = Young's_modulusbfor sphere 1, psi.

E, = Young's modulus for sphere 2, psi.

-Alsoy the Hertz method predicts that the compressive displacement, D

of two points along the normal to the points of contact is

.,\3/9112 Py + )7 (Ry +R,) (2)

D = P
16 7 B4R,

Ko and Scott (27) measured the vqlumetxic‘strain of a granular
noncuhe51ve materlal and found that it. did not vary linearly with the
2/3 power of: thernal pressure as prechted by Eqmation 2. They con=
cluded that the discrepency was due to am increasing number of ppints
of contact within the mass as the pressure increased. A “holej" model
was suggested to describe this effect. The use of the "holey"
Hertzian theory supported Ko's experimentai‘results for hydrostatic
states of stress.

| The Hertzian theory amd Ko's results did not consider the effects
of téngentiallforces between spheres. Mindlin. (33);, in a theoretical
study of the displacement of two ébheres in contact subjected to a
monotonically increasing tangential»lo#d, found that at a point of

contact slip occurs on an annulus of outer radius, a (same radius as

defined in Equation Ig,and inner radius,

¢ = a1 - T/ (3
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where ¢ = inner radius of annulus of siipy in.
a = outer radius of annulus of slip, in.
T = tangential contact force, lbf.

N

i

normal contact forge, lbf.

£

i

dT/dN.

Mindlin (33) also developed an expression for the relative displace=

ment of the centers of two spheres

C3fN(2 =y ) [1 = (1 = %)2/3]
§ = s s - (4)

8 Ga

where 8 = relative displacement of centers of twe spheres, ine

i

v = Poisson’s-ratio of the spheres
. i

G = shear modulus of the'spheresg psie

The tangential compliance of spheres in contact was also devel=

oped by Mindlin (33) and may be represented by the equation

8 2(L =v )
T 4 ca(l T )1/3

where 8 = the tamgential compliance, inollbfe

Mindlin, eteale. (35) studied the-béhavior of granular particles
when subjected to an oscillating tangentigl contact force where T:SfN
and found thét é stable cycle was obtained after thg first quarter
é}clé of loading.

Mindliﬁ‘and Peresiewicz (34) studied the same problem discussed

above, but included: the-effect of a varying tangential contact force
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of constant ob}iquity superimposed over a constant initial normal con-
tact force No. They developed a theory for the first loading and
unloading éycle and the subsequent stabilized cycle of leading. For
the stabilized cyclg, if the tangential force varies from +I%* to =~T%,

the tangential compliance is defined by SR for the loéding cycleo_

=1/3

N

L* + L
]

= 48 _ A
S“d“4ca {9+(1-e)[1-(1+e)2<1+9m (6)

where O = £/B
L = T/fNo
,L* = T*/fNo
B=dar/dN > £

T* = maximum value of the tangentialAforcé, lbeo

For the unloading cycle they fouﬁﬁ the compliance to be obtained by
reversing tﬁe signé of § andii'iniEquation Go |

Duffy and Mindlin (14) de;ived_ﬁhe differential stress=strain‘
relation for a;medium composed of a face centered cubic array of ﬁ‘
elastic spheres in contact. The theory was based on the theory of
elastic bodies in contact and includes the effects of both normal and
tangential components of conmtact forcésa They concluded that the
relation bgﬁween strain and the notmal contact”force is n%nlinear,
but elastic; and that the relation between the tangéntial component
of force and dispiacement is inelastic and nonlinears.. They concléded
further that the stress=strain relationship is dependent upon the -
loading history of fhe medium and is negessarily incremental in nature.

Duffy and Mindlin (14) derived the governing différential
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equations for granular media by considering the equilibrium conditions

and the conditions of the compatability of relative displacements.

The equilibrium equations (Equations 7) were obtainéd‘by considering

each sphere to have tweive points of contact with two tangentiai»and

one‘normalvcompbﬁént of force at e;cﬁ géntact poinée |
In Equations 7 the following notation is usedé dNij” dTij, and

dik are the fprée increments for a-contact‘with its nofmél in the

i=j plane. Cpn;equently, dNij and‘dTij lie in the i=j-plane, wheréas

dik-is normal to the i=j planes The symbol dp,; is the fdrce_increm

|
menﬁ"appliea to the face of a cubical element of particles.

For each cubical element.thére are 36_dontact force gomponents;
only 18 of which are independént sin;e they are @;ametrically 6pposite
18 other force componentss Also, since each sphefé and portion of a
spﬁére are in equilibrium, as wellkaé is the entiééwéubical élementyv
there are only 9 independgnt equations of equilibrium.

Note that in Equatipns 7 thé“primed elements indicate»that the
contact normal is opposite in sign to the unprimed contact ndrmalg
and that the Q‘équations of equilibrium are obtained by selecting any
three of the four'equations in.Equation set 7 and'cycling the sube

scriptse

4dex + 2V2‘ (ﬁNxx +-dey‘~ dex +»dey) = dPxx +.dny +-szx

sar, + N2 (v, + dN o+ dI, 4T ) =dP +dP - P,

(N

4dex - 2q2 (szx +-'dey - dex +-dey) = dexx + dny - szx

4ar, - N2 (dNgy + gy = dTgy + dTy)) = dPpy + dByy = P,



15

Similarly, Duffy and Mindlin (14) wrote the set of equations for
compatability of relgtivg displacements. Note ﬁhat dwij is the dige
placement corresponding to dNij’ daij is the displacement corresponding
to drij’ and’quk is the displacgmgnt correspondong»to ?Tkk; Any three
of the set of.Eqnations 8 plué six more obtained By cyclic permutation

of the subscripts define the relative displacement conditions.

fi

"ITdézz ndqyz + dazx + déyz +ds,

4

12d6, =+ = do - dB = db

z T yz 2x vz zZX
» (8)
¥2 db° = -do__ + do__ +d6__ + db
44 vz ZX: vz zX
s * - é. , ¢
Y2 ds ) = Hog - dog A8+ A8

8ince the number of equations is less than the number of unknowns,
the constitutive relationships are required. Duffy and Mindlin (14)
e - - ,:

chose to express these in terms of mormal- and tangential compliances,

C,, and sij’ aé shown in the set of Eguatiéns 9.

ij
dogy = Cy; My ' R daiJ = Cyy A
dalj = Sij dle &g;j - S;JvdT 3
Brge = S Ty e = Spge Ty

These three sets of equations, Equation 7, 8, and 9, are suf~
ficient conditions for solving for the stress distributioas within a
granular medium. However, Mindlin (33) has pointed out earlier that

the 19 equéfidns are not linear in components of contact forces sinces

1

the equations contain compliances; the compliances are dependent upon

i i

the contact forces through the radius, a, of thQACOntaCt.cir¢le§ and
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the compliances are dependent upon the load'hi§£0r§;of the element.
Thus, analytical solution of the system becomes extremely difficult,

if not impossible.

Experimental Considerations

Ko and Scott (25) commented on the direction taken by soil

mechanists with regard to esﬁabiishingja valid eérth préssure theory.

"The analytic solutions which have been employed
represent situations which are extremely idealized
versions of real life counterparts. The solutions
referred to are those for various simple stress dis=-

-~ tributions of limearly elastic isotropic homogeneous
media on the one hand; and certain results derived
from the upper ‘bounds methods of ideally plastic
analysis on the other. It seems to the authors (Ko
and Scott) that this situation has inhibited the study
of the real stress=-stfain behavior, or constitutive
relations of soils, and that work has consequently
tended to concentrate on the stress conditions at
failure." .

Ko and Scott (25) developed a cubical soil test bowihich‘peru
mitted indepeﬁdent control of stress in three directions for deter-
mining the stress=strain characteristics of soils in general. The
apparatus cbnsists primarily of a 4 inch hollow aluminum cube which
serves as a housmng for six rubber membranes, each of whlch is mounted
on one inside face of the cube. Each membrane, and subsequently the
granular medium, is lsaded by hydraulic pressure.

The loading of the stress box is controlled.by a mechanical=-
hydraulic analog. Ko showed that there exists an exact analog between
the location of a concentrated load on a triangular plate supported at
its vertices and the position of the stress point, definediby the sup=

port reactions, on the octahedral stress plane. The reactions at the
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vertices correspond to the three principal stresses which are trans=
mitted to the cubical element by means of hydraulic Iinesel

The advantages of this test apparatus are ﬁhata (1), Stresses are
controlled in three—orthogonal directlons, (2) The hydrostatic ‘and
deviatoric componénts of stress can be separated; (3) A particular
stress histery’can be reproducedbeXactly‘by simuItaneous and p;oporn
tional changes of the stresses in three orthpgonal‘di;ections; and
(4) More hombgeneeus states of stress and strain are obtaimed in the
eoii sample than in a‘triaxial shear test'sample.

Two other attempts to ﬁest CUbical'saméleS of soil have been made
by Kjellman (24) and Bell (4). However, the testing apparatus devel= .
oped by these investigatogé‘contained deficiencies‘ranging’from |
mechanical complexity in the former to stress inhémpgeﬁeit& in the
latter, Presently, Ko and Scott's apparatus is the-most eephistieated
and_panageable eub;cal sei1_testing apparatus availableo.

Ko and Scott (26, 27, 28) conducted three dimensiomal load-
deformation tests on sand in which they eonsidefedvhydfostatic
stfesses only, deviatpric stresses\gnly, and a combination of hydro-
static andvaeviatoric componentsmef.stresse A summarj of their
»findiags fbiiowss (1) A sand sample never before subjected ﬁb shear
stress is monlinearly elastic and 1sotrop1c at all voxd ratios when
sub jected to hydrostatlc compression; (2) The compressibility of the
sand was not influenced by the shear stress history; (3) The sand
remained elastic and isotropic when hydrostatic and deviatoric stress
components were superimposed; (4) For straight shear stress paths in

an octahedral plane deformations varied

IThis apparatus is described in more detail in Chapter IIL.
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logarithmically with octahedral shear stress; (5) Shear unloading along
the same path as loading indicated that the elastic and plastic com=
'ponents of defo:mation were nearly equal in magni;ude;ﬂand (6) Shear
loading.andvéeloading along straight line stress paths'in an octahedral
plané produced deformations which varied roughly linearly with octa=
hedral shear stress.

Hardin and Richért (17) determined the dynamic shear modulus of
sand using a resonating triaxial columm. The'testé‘were conducted by
applying an initial confining pressure and torque and thgn imposing
an additional oscillating torque to the sample. The authots concluded
that the octahedral shear stress is a measure of the deviatoric stress
component;‘ Hardin and Black (18) recorded the following equa;ions"for
the shear modulus of clean, dry, round grained sand.f?: vibrating
loads of small amplitude. Uo is taken as being equ#l ﬁo the isotropic
component of initial static sﬁress independent of the deviatoric com~
ponent of stress,. stress history, and rate of loading. The amplitude
of oscillation of shear strain was 2.5 x 10~5§ and the comstants in

the aumerator of Equations 10 and 1l are necessarily dimensional.

2
_ (32,17 = 14,80e) 1/2 - ‘
G = T o (0'0) for o, > Z,OQO psE {(10)
2
— (22315 o= 100606) 3/5
G == T e (cro) foro & 2000 psf (11)

where e = voids ratio
00 = isotropic confining pressure, psf.

G = shear modulus; psis
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»Saada_(45) developed and tested a stresS‘coﬁErolIedvtriaxial
_éesting app;ratusa Theitrue'stress.was applied pneumaticélly and could
be controlled either manually or automatically. The ﬁpparatus has'been
recommended primarily for use in rheological studieé pf senéiti#e
claysol |

Rowe (44)_conducted shear box and triaxial shear tests on cohe-
sionless soilg iﬁ‘which he.sﬁudied the effects of the parameterss
sampie thickness, soil type, length of the slip line, type of test,
soil density, confining pressure, direction of loadings and strain
history of the soil. He hyp@thesizéd that the_slip line theory cam be
used for intermediate states of<defo:matién"(those states between the
active and passive states);“hnd<cmntended that p, the internal angle
of friction9 yaries with load and approachgs an u1timatev#éiue,v¢uo -----
ﬁe concl&ded‘thét in a cohesionléss soil which-is nét failimg9‘¢ is
dependent méiﬁly upon the movement gf a unit iength‘of,;he;plane sqbw
jeeted to maximum.sheérvénd is dependent to a lesser dégreé’upon soil
grading and rate of shear, @s he concluded§ varies largely with conmv
fining pressure, deémsity, straim historj and strain difectiono

In.a more recent study Rowe (43)'¢xtended his approach and applied
the principleuof least work to a random mass of.irregular particles.
He hypothesized that deformation of a granular‘medium conSists_of a
number of arrested slides. ‘Equation 12 represents his §t£é55wstrain

P
relationship for intermediate stressess

= Tan" (45 +—= ) (12
. dv-. 2
0, (1 + o
3 v€1 '
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where o, = axial stress, psi.
oy = lateral stress, psi.

initial volume of the sample, cu. ine

<
i

&
dV = incremental rate of change in volume, cu. in.
o

g = incremental axial strainm rates

?u = ultimate angle of internal friction.
Stress=StraianehaVior of Small Grains

Small grains implies agricultural parti¢u1ate materials such as
wheat, corn; and sorghum. Most studies of the load-deformation be-
havior of small grains have been confined to the behavior of individual
kernels. Furthermore; the load-deformation behavior was usually used
”onlz‘as a tool to defime some othe:‘ﬁrbperty of the grain such as the
modui;s of elasticity or Poisson's ratio of the individua1 kern91n
Nevertheless, the results of these investigatzgns provide some useful
insight into the moré general three-dimensional stressfstrain behavior
of small grains en masse.

Mohsenin (36) made the cbservation that biological materials are
generall& nonelastice Ingteéd, they are elastic=plastic with strain
hard;niﬁg éince the hysteresis losses associated-with mos£<biplogi¢éi
materials were observed to decrease with rfpeéted cycles of loadihgp
In the cése of the load=deformation behavior of corn kernels, he
reported that the mechanical behavior was nonlinearly elaStic»pléstico
The hysteresis losées associated with the first and seéond'load cycles
were 45.3 and 15¢6 percent, respectivélyov

Shpolyanskaya (49) evaluated the modulus of elasticity of wheat

grains by applying the Hertz theory of contact stresses ahd“assuming
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the grains to be spherical. Upon loading the individual grain between
two flat plates and measuring the resultant defotmatibns9 he deter=-
mined the modulus of elasticity of wheat grains to be between 5.37 x
lOéipsi and 6.64 x’105_psi, Repeated loading and unloading of the
kernel showed that after several cycles; the loadudefoxmétion‘behaviof
approached that of an elastic bOdYo

Zoerb (549 55) studied the load-deformation behavior 6f soft wine
ter wheat using small core samples of a kermel. Nonlinear elastic=
plastic behavior with strain hardening tendéncies,weﬁe obsefvedo: The
ﬁysteresis losses decreased from 4553 in thé first load cycle to 26.4
percent in the second load cycle. It was also observed that hyéteresis
losseé‘increased wiﬁﬁ the moisture content of the grain. Similar
trends were noted for both kernels of corn and pea beans.

Shelef‘and Mohsenin (47) loaded wheat kernels in va:ibus manners
to obtain the elastic modulus of wheat., Whole grains were loaded
between two flét plate$3 whole grains were loaded by a spherical
indenter 0,016 inch in diameter, whole grains were loaded with a
cylindfical ihdenter, and core samples were compressed between two
parallel plates. In each test the load-deformation behavior was
found to be elastic-plastic with strain hardening. They reported
moduli of elasticity of wheat in the range of 1.57 x 105Iand 8,30 x
losapsio

Arnold and‘Roberts (3) also loaded wheat core samples between
parallel plates. Their observations confirmed the‘elastijplaétic
nature of cereal graiﬁso

“It has’been suggested by Stgwart (50) that the triaxial com=

pression test be used to evaluate the physical properties of small
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grains. He used the triaxial compression test method successfully
to study the effect of moisture content and specific weight uéon the
internal friction properties of sorghum grain. The triaxial com=
pression test, however, would not suffice'for obtaining the generalized
stress=strain behaviéfuof smélllgrains envﬁasse, because it is con-
fined'to the case where o, #=q2 =0q (The symbols refer tq'the(three
‘principal stresse;.), and the stresses and strains in triaxial samples
have been shown [ﬁgq Lambe (31).] to be nonhomogeneous throughout the -
sémple.

The uniaxial compression of wheat en masse in a circular cylin-

drical teéting,chamber was studied by Narayan and Bilanski (38).
Vertical pressures up to 3000 psi were 5pplied to the sample. The
vertical stressestrain behavior was found to be logarithmic at stresses
below 500 psi, but tended toward a linear relationship‘above a vertigal
stress of 500 psi. This suggested that two m@des of deformgtion,were
involved. At low stresses thevgontrolling mechanism of,deform;tion
was particie reorientation; whereas; at higher stress levels, the
predominant meghanism was individual particle deformation. Ih?yfdb°
.served that unloading behavior procéeded aldng parallelbpaths with

successive load cycles. Also, the unloading paths were parallel even

when the stress level at which unloading commenced was varied.
Discussion

It has been observed that onlyllimited stﬁdies have been made of
the stress=strain beha&ior of small grains. To be sure no attempts
have been made to define the three dimensional stresg-straiﬁ behavior
of small grainé en masse. ‘
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The three dimensional stress~strain behavior of granular soils en
masse has been investig;ted both theo:etitally“ana,experimentally@ Ihe
theore;ical approach has not proved to be very successful, Besausé of
the complex mechanisms con;rcLling stress-strain behavior.

Among the factors affecting the behavior are parﬁicle shape,
particle size, mechanical properties of the particles, énd the eorien~
7ﬁatiaﬁmof the particles,withiﬁ the mas§, ﬁven if elastic spherical 
particles of uniﬁorm.size aré assumed to make up the particulate array,
the;theoretical evaluation of the general stress-strain behawvior be-=
comes a formidable task. 8imce most granular media encountered in.
agrigulture are ﬁonspherical, nonuniform in size, and nonlinearly in-
éiaéﬁic, the possibility of atﬁaining a theofeﬁical description of the
stress~-strain behavior Qf; say, wheat is remote.

-In view of the complex nature of the stress=strain behavior . of
granular media en masse,-aﬁé‘in(view of the conclusion reached by Ko
and Scott (25) (See page 16.) for granular éoils, it has been concluded
‘that an experimental evaluation of the stresse-strain behavior pf small
grains en masse is more feasible than an analytical”apprpach; Further=
more, the experimental gpparacﬁ; designed by Ko and Scott (25) for
evaluating the three dimepsional stress~strain behavior of granular
soils appears to be adaptable to the study of the mechanical behavior

- of granular media encountered in agnicuitural storage systems.



CHAPTER I1I1
EXPERIMENTAL APPARATUS
Composite Description

The primary experimental apparatus used in this investigatiomn is
the system developed by Ko and Scott (25) for the study of the static
stressestrain behavior of sand. Only“minor thanges were made to adapt
it to use in investigating éhe static stfe55mst£ain behavior of
agriculgﬁral materials. -

Figure 1 is a photograph of the apparatus, sans the air compres=
sor, in the agricultural engineering laﬁoratory at Oklahoma State
University. The apparatus was located in a temperature,controlle&
raome»‘

The function of the apparatus is to independently and simule
taneously apply uniform étresses to the three pairs of opposite sides
of a cubical element of a granular mediumwaéd to measure the deforma-
tions encountered in éagh of the three principal streés directions.
The resulting strains are assumed to Ee uniform.and homogeneous
throughout the sample thickness in each of_the three principal stress
directions. The épplication of stiesses is accomplished by a mechan-
ical=hydraulic analog;v This analog will be discussed iﬁ more detail
in the section destribing the method of 0peration.>

The apﬁé;atus consists of eight major components. These com=

ponents may be located in Figure 1 according to the letter

24
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designations listed below. .

A = Stress box

B = Calibrated oil-water tubes

C'a 0il reservoirs

D = Water reservoirs

E =~ Stress control: device

F = Rectifier for the electromagnet

G = Pressure gauges for the load cylinders

Another representation of the components and their relationship
to .one another is given in the schematic diagram in Figure 2. A des=
cription of each component and its function is‘discusséd in the fol=-

lowing sections.
" Stress Control Device.

The function of the stress control‘device‘ié"tolprovide,means‘for
‘siﬁultaneous, continuous, and-independént application of’Stresses in
three diéections;f A ﬁhotograph and schematic diagram of the'str;ss
control device are presented in Figures‘3 aﬁd 4. The device'is‘sup»
ported by three 16 gadge punched steel angle sections Whiéh are tied
together at the base to form vertices of an equilateral triangle 21
inches on a side. |

Three 1/4v1nch thick steel triangular plates 21 inches on a side
are located inside the trianguiar frames These plates aré labeled 1,
2y, 'and 3 in Figure 4. Plates 1 and 3 are rigidly fastened teo the

frame. The distance between the fiXed plates is determined only by

the size of the cylinders between them. -Plate 2 is a free, o?
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Figure 3,

The Stress Control Device
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floating, plate. The qounterweights$ 5, are fastened to plate 2 and
exactly balance the weight of the floating plate and any components
attached to its. Three ball seats have been machined in plate 2 at the
vertices of a 15 inch equilateral triamgle. The ball seats serve as
sockets for the piston rods of the three middle cylinder5¢

The cylinders L and M, which have armaximum rated pressure of 60
psiy, are all Bellofram Type 10-100 actuators. These cylinders have a
stroke of 1.03 inchesy a cross sectional area of 2.26 squafe inchesy
and a nearly frictionless movement. Cylinders L and N weve mounted as
shown in Figure 5.

The cylinder mounting served to suppeort and align the cylinder
and piston rods. The linear ball bushing in the aligning lucite plate
provided a nearly frictionless support for the piston rode The ball
transfer mounted on the piston rod end fits into a ball seat approp=
riately located on plate 2. :

Cylinders L were bolted to plate 3 by means of the thréaded rods,
whereas the load cylinder M was not fastened to any plate. Instead,
it was free to be moved from one location to another between plates 1
and. 2,

The mounting for cylinder M varied from that of cylinders L and N
in that anothe? one incﬁ‘thick lucite plate was mouﬁted below the base
plate-ghown in Figure 5. This plate served as a housing‘fcr an elec~
“tromagnet (Item 6 in Figure 4) which was usedvto hold the leoad cylinder
M in place during a loading test.

Plate 4, which is suspended symmetrically from plate 2, is a °
3/16 inch thick triangular steel plate 9 inches on a sides, The sus=

pension rods were located at the vertices of a 7.1/2-inch equilatexral
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triangle. Gylinder Ny which is identical to cylinders L, was bolted
rigidly to plate 4. The ball transfer on the piston rod end was
aligned with the centr01d of plate 2 and fit into a ball seat on the

under51de of plate 3,
Stress Boxes
Basic'Construc;ion

The stress box is the cibical container in which the granular
: samples“are held and loadedel For the study two saﬁplevboxes were
constructed; one wyieh had inside dimensions o£'4 inches on a side
and one which had internal dimensions of 6 inches on a side. Other
than for size differences, the two boxes were idemtical in design.

Each.stress box was constructed of six 5/8»inch,thick aluminum‘
plateso Each plate was square Wlth 45 degree bevelled edges as shown
in the vertical section of the box in Flgure 6. In each bevelled sur-
face«was machined a fectangular groove for a 0,139 inch O=ring. Also,
clearance holes for 10~24 machine screws were drilled through each
bevelled surfaceo, In two edges of the side plates_h@les were drilled
and tapped for 4«40 machine _screws. At the cemter of each plate a’
1/4 inch NPT was drilled and tapped. | |

The plates for the top!and bottom of the box were 9/32 ‘inch
smaller on a side than the plates for the sides of the box. The dif-
ference in the size of these plates is a comsequence of. the retaining
frame- which rests onr the top and bottom edges of the side platese

The retaining frames are made of 0,200 inch thlck alumlnum and
are provided with drilled and tapped holes to accommodate 4<40 machine

screwse' The retaining frames are fastened, one each, to the top and
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bottom bevelled edges of the side piates in order t0'separate‘the top
and bottom plates from the side plates,‘ This is desitable;_sinca only‘
the top or bottom plate need’he‘disaaéembled when'orepariﬁg‘a samples .
Thus, the'Iatex’rubber.membtanes mounted on the side plates are;Lelde :
in place by the retaining frame when either- the top or-bottomvplate_is
removed. | - * |
On each plate is placed a latex rubber membraneu. The membraheg v

were fabricated by a dip process described in a Latex Technical

Bulletin entitled "Natural Latex Dipping ProCess" (30)6 Molds for thea‘

- membrane fabrication were made of lucite and weretofvthe:same size and’

‘shape as the-aluminum .plates of the stress box sans O=ring groovess -

The thickness. of the membranes was nearly unifotm andeﬂaS'within<the  ;._
range of 0,014 to 0,018 inches. |
The membranes were held in place on the plates"b& means of the
0,139 inch O=rings. Figure 7 shows a view of the.top oiate with the.“
membrane and.d-ring in place. | -
Adherence to the-following assembly procedureavaaaured»a wate:w'
tight mating'of the stresa box.> A thin coat of low.oiscosityﬂgasket

sealer was applied to the O=ring grooves., Upon mounting the membranes

.and O=rings onto each plate, the retaining frame components were

fastened to each of the side plateea “The four aide;walls were ioosely'
fastened with 10-24 machine screws. Before tightening the sCreW39v

the botﬁbm plate ﬁas'loosely attached to the side~p1ates;_ Tightening |
of the screws commenced sequentially until all the screws were secure-'
It is important that the screws. not be turneévin the holes or. the

membranes will tear during the tightening process, The tOp plate is

attached to the box after a sample has been preparedow?Againjthe Sérews,



holding the top plate in place must be sequentially tightenédw e

assembled 4 inch and 6 inch box are both shown in Figure 8.

Auxiliary Components

Apparatus for measuring the uniformity of the strain within the
stress box was also constructed. Five micrometer depth gauges were
mounted to one of the side plates on each stress box. The 1/8 inch
diameter pointers on the depth gauges protruded through clearance
-holes in the platé.

| A series electrical circuit was mounted on the latex rubber mems=
branes,  The circuit consisted of 3/16 inch diameter pieces of 0.001
inch brass shim stock connected by fine insulated conducting wire.
‘The wire was brought outside the box by compresging it between the
aluminum plate and rubber membrane along.thembeﬁelled edgew The
locationsﬁﬁﬂthe micrometer depth gauges on the p}a&es and the bréSs
shim stock on-the membranes are shown in Figuré}é@‘

| An ohm meter was placed in series between the circuit and thé 
depth gauges.  When all the gauges were backedvaway‘frbm'thewshim
stock circuit, an open circuit resulted. By seqpenfially loweriﬁgfthe ;
dépth gauges until a finite electriéal resistance WES'rEQGrded on the
ohm meter, tﬁe.distance of the membrane from afdatﬁm»could‘be deter=
mined at any ﬁeasuring«stationq An assembled 4 inch;Stress box with

the micrometer depth gauges in place is shown in Figure 10.
- Oil=Water Tubes

The oil-water tubes were constructed of thick walled high strength

glass tubes 3/8 inch I. D. by 1/2 inch 0.  Ds The tﬁbes¥were'ca1ibfatéd
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Figure 7. Partially Assembled Four Inch Stress Box

Figure 8. Assembled Four and Six Inch Stress -
Boxes
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Figure 10.
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' tovthe nearest 0.1 cubic centimetéf and had a range of 0 to 58 cubic
_cehtimeters. |
The funétiqn of these tubes was to measure the change in volume
behind the membranes of ﬁhe_stress boxe A change in the volume wuuid
be accompanied by a change in the oil-water level in the ca1ibré£ed
- tube. TheM911 used in the tube was Mobil DoT«Ee 0il, Gafe,was ﬁaken

to remove as much air as possible from both the oil and the water con-

....... - Y

h

P

tained in the hydraulic lines.

0il and Water Reservoirs

These reservmirslﬁere made of regular stremgth 1/2‘in@h O«D. glass
tubings The oil reservoirs Wére not célibrated, but the water reser-
voirs’were calibrated te within Ool.@ubic centimeter and had a capacity
of 120 cubié centimeters apiece. |

The oiL-reservoifs_gerved only to supply extra oil whem‘rgquired.
The water reserﬁpirs wererﬁsed as a supply sour@e‘and alse as a means

‘fbr'measuring the amount of water‘admitted between phe_plaﬁes_and men=
.ibranés of ghe stress b@g during sample preparatiom. This‘ﬁas of ;mporu

tance in evaluating the volume and voids ratio of the test samples.
Auxiliary Equipment

. The pressures appliedv;o the ioad éflinders M and N were con=
trolled by a pressure regulator and measured with bourdon tube preséure
gaugeS¢v Maréhalltown Test Gauges with a 6 inch dial, a?least reading -
of 0.5 psi and an accuracy of L/4 of one percemt of the full écalei‘
reading of 100 psi was used for,tﬁis,purpose..vA pressure gauge was

placed in each of the hydrauliéylines eiﬁ@nding from the ¢ylinders L.



40

These gauges were also Marshalltown Test Gauges with an accuracy of
1/4 of one percent of full scale of 100 psi. Howevef; these gauges - .
only had a 3 inch dial and a 1east‘reading of 1 psie. They served as a
means for periedically checking the line pressures for a given location
of the load cylinder. M on the floating stress:plétea During a léadu
deformation test each of these gauges was sepafated from the test
ébpafatus by means of.a small géte valve., The entrapped air inside

- the bourdon tube would have compféssed under load, the;eby inducing |
an error in the volumetric deformations.

The rectifier was constructéd in the agricultural engineering
laboratorys It served to comdition the power source for the electrbu
magnet attached to load cylinder M. “

| Various gate valves were-located as showm in ;heESQhematic dia=

gram of Figure 2. These valves served to isolate portions of the »

hydraulic system both while preparing and loading the samplee.
Method of Operation

The apparatus described can be used to test the loadmdefo:mapion
~behavior of any granular medium which can be placed into the stress
‘boxe After a sample is placed into the stress box and the hydraulic

lines are conmected as shown in either Figure 1l or Figure 2, the method
of application of stress is accomplished by only a few simple stepse

First, a stress state and a stress path must be seiecteda Then

the location or locations of the lcad cylinder M on the stréss plate
2 must be determined. Ko and chtt (25) have derived the‘relationship
between’thg pressure in each of the hydraulic lines leaving cylinders

L, the location of the load cylinder, and the magnitude of the pressure
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in load cylinder M.

Figure 1l is a sketch of the stress plate (Plate 2 in Figure 4).
The pressures in the cylinders at the vertices of the stress plate are
the principal stresses, T1s Ogps and Oge If the distance between ver=
tices of the plate is given by 2%, if a set of coordinates, x and y,
is established with origin at the centroi&‘of the stress plate, and
if the y-axis is oriented such that it passes throuéh the o) =vertex,

then the expressions for the principal stresses can be written ass

o= (L+A3 ) (13)
P 37 N

O, =73 (1L + 5 X =3 y) (14)

o, =k 35 N3

3=3 1 -Fx-59 (15)

where P = 01 +02 +03

i

pressure applied to the load cylinder M, psi.

- X
x=5
5=3

o, = principal stress in the ith direction, psi.

Equations 13, 14, and 15 can be more convenientli'expressed in
terms of the angle 6 -measured counterclockwise from the y-axis, and
the distance r from the centroid of the stress plateo

Noting that

Xx=r sin 0 . (16)
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‘Figure 1le ‘Definition Sketch of the Stress Plate
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y=Tr cos 6 . (17)._

- ¢ . -

x =T sin D =r sinb (18) .
and ;=-E'cos 6 =r cos B, (19)

the equations for principal stresses become:

ol=-§-(1+'V3-?cos 6) (20)
02=~§(1 +%; sin 9'-&2:; cos 9) ‘(2‘1)
63:‘——-31: (1.,-%; sin 9-—22'? cos 6) (22)

The values for the principal stress, Ops 998 apd Oy, are tabu=
lated in Appendix A-~1 fqr_selected‘values‘of r and 6 for a load
gylinder pressure of 1 ﬁ#i. Angles above 90 degrees are not *included
because of symmetry of the stresses in-the Othervéuédrénts{"-Alsé
includediin Appendix A-I are the stress'ratiqsb6;/déiahd Gé/03 for
each set of coordinates r and 0 . R .

Knowing the relationship‘between stressaplété;boordinates and
principal stresses, it is an easy chore to loéate the_load cylinder and
apply the desired magnitude of stress. For examplé;hif a hydrostatic
state of stress is desired, (01:02303 = 131:1) the load cylinder is
simply placed at the cenﬁfoid of the stress platé. If a deviatoric

state of stress is desired, the load cylinder is moved away from the
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centroid of the stress platee

The stresses in cylinders L are t;an&mittgd through the hydraulic
lines, ;hfough the oil=water tqbes,'and=to the six sides of thg stress .
box. Eachvﬁydfaﬁlic_line is dividé&mét'the stréss box with one line
:med;um under load éausés water to fléw into the space'between the mem-
‘brane and aluminum platef__xhgingsuLting change in thg.;iléwater levél
in the oil-water'tubes is a measure of the‘defo:mation“bﬁ the grénular
medium.

Separation of the hydrostatic and deviatoric stress states is the
function of load cylinder N. Since piate 4 is suspended symmetfically
from plate‘Z;“ahd since cylinder N is located at the céhtrbid of piate
4, any load applied tozcyiinder N transh{Eslé.hydrbstatic state of-
stress to cyiinde:ngo If cylinders M and N are both loadgd:wifh

. eylinder M.located‘éway from the ¢entroid of plate 2, then both a -

hydrostatic and deviatoric state of stress can be applied to ‘the spréss

box. The value of this feature of the stress control device becomes
clear when it is realized that any arbitrary state of stress can be

separated into a hydrostatic and a deviatoric component of stress.



CHAPTER IV
GENERAL PROCEDURES

The procedures discussed im this chapter are gene:al-in’that';hej
apply‘tq all the testing programs in this study. Except where other-

wise noted; it is to be assumed that-these procedures have been fol=

lowed throughout the testing programe.
Stress Control Device Calibration

Periodigalk%31;~was required that‘the‘line pressures; T4y T, and
T3s be calibrated to assure that they complied with the line pressu;es
-predicted by Equaﬁions 20 to 22.. ~

For various locations, r énd 6 5 on the stress plate the line
pressures were computed for several values of Ioad cylinder pressure
pi§ The top load cylinder was plaéed ét the:var;ous-locations énd
loaded from O to Ppax® At each pressure_leve1, Pys the 1ine pressures
ﬁere recorded and COmpared to ;he compﬁted line présgﬁreso When a dise
cfepancy between measu:ed and.cqmputed pressures o¢cu;red, the line
pressﬁré was adjusted to the compu;ed pressure by altering the ﬁagniw
tude of the‘counterweights fastenéd to the stress plate; The codnterw
weights»consisted 6f lead shot td facilita;e»the calibration procedure,

The above procedure was repeated du:ing loading and unloading of
‘the top cylinder from O Eo Prax to 0 until the computed and mgésured

line pressures agreed to within 0.25 psi. Then the load cylinder was

45
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moved to a mew location and the procedure was repeated.
Test Sample Preparation

Strict adherence to the following methods of test sample prepara-
tion was réquired t§ assure thats (1) Variations between test samples
: wére minimizéd; (2) The teFt sample was homogeneous; and (3)‘ihe shapé
of the sample was‘neariy cubical, :

The first step was to remove all the entrapped air from the space
between the membrane; and the alumigum PlétQSo“*ThiS was done to each
side of the stress box with the exception of the top side. Only after
the sample was prepared and the top plate was in élace-could the air
space be evacuated.

The stress box was next filled with water. A clear lucite plate
which had the same size and shapg asvthe top plate was placed om top
of the stress box. Water was siphoned through a hole -in the lgcite
plate until the wa;ér level touched the pla;e bottom. The weight and
volume of water‘required to fill the stress b&x was recordeds This
volume was de;ignated by the symbol Vge SN

The box»was emptied and dried with tissue paper before the hy-
draulic lines were cpnheéted to the stress box. Precautions were taken
to assure that the hydraulic lines were void of any air bubbles. Also,
all the gate valvés on the apparatus wefe closed before connecting the
hydraulic lineso: Reference Will be made to Figure 2 in the following
discussioh.

 The water level in each of the three water tubes was recorded.
Valves P and T were opened and approximately 16 cu. cm. of water was

admitted behind the bottom membrane. A wvisual check was made for air
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bubbles behind the membrane. Enough water, approximately 4 cu. cm.,
was admitted behind each of the side membranes to fill the membrane to
# depth of 1 inch. The granular medium was then funnelled into the box
in such_a manner és to fill_the box uniformly-ﬁb a depth of 1 inche.
Water and grains were admitted in this sequence until the box was
filled to a level even with the bottoﬁ of the lucite plate. About 4
lifﬁs were required ﬁo fill the 4 inch stress box, whereas the 6 inch
stress bpx‘required‘é lifts. It was mecessary to use this filling
procedure, because the side membranes would have bulged gxcessively
near the bottom‘if completely fiiled in ome 1ifto_ Thus; the grain
sample would not have been a cubical. | |

When the box is filled, the water levels in the water reserveoirs
and the total wéight of the grain sample,_wsg are recorded, ﬁﬁ@@volume
of watef admitted behind the membranes, V,, is computed and recordedj -
and the sample volﬁme, Vpo is determined by subtracting VA from VB,

Thus,

V.=V, =V ' (23)

where Vo = total sample volume, cu. cm.

Vg

volume of the empty stress box, cu. cm.

VA‘= volume of water admitted behind the membranes, cu. cm.

The voids ratio of the sample is éémputed during the sample pre-~
paration procedures to insure that the voids ia;ié of the sample is
within the limits defined for the test being conducted. Equation 24
is‘the.expression which related the sample volume and weight to the

initial veoids ratio.
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(VT) (8:G.) (v.)

e, = 7 - 1 (24)
'8 :

where e, = initial voids ratioc of the samples
: :

v, = total sample weight, gms.

Y = density of water, gmse/cu. cm.

If the sample wvoids ratio was within the desired range, the top
plate was fastened to the stress box and the air space behind the mem-
brane was evacuated by circulating water into the center port of the
plate and out of a second port located in a corner of the plate. The
stress box was tilted during this operation to ;llow air bubbles to
escape. The sample was ready to be tested as soon as the hydraulic
line was connected to the top plate.

Before a test was begun the follpwing additional steps had to be
completed: (1) The load cylinder had to be properly located on the
stress platey (2) Valwves P and R had to be closed; (3) Valves Q, T,
and S had to be opened, and (4) The initial omlwwater level had to be

recorded.
Data Collection

The load cylinder pressure was varied from O to p in 3 psi

max
increments of pressure at uniform time intervals. The rate of loading
will be determined by some preliminary investigations. At the end of

each time interval, the cil-water level in each ocil=water tube and the

three stress levels were recorded. The same procedure was followed

during unloading of the sample from Ppax £° 0.
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At the conclusion of a loading test wvalves S were closed and the

oil=water level was recorded in each oile-water tube. Then the pressure

in thé load cylinder was loaded along the same path followed with.
valves S open. At each pressure level the cil-water levels were
recorded. The change in the oil-water level with valvés 5 closed was
the error introduged to the ﬁglumétric deformations of the:grain
sample due to the combined effect of compres;ion‘of entrapped air in

the fluid lines and expansion of the hydraulic tubes under load.
Reduction of Data

In this study all compressive deformations are assumed positive.
This is in agreement with the standard sign conventions adopted in the
area of soil mechanics.

The raw'vglumetric deformations in the ith direction at any given
pressure level were obtained by calculating the differepce between the
oil-water levels at the given pressure level and at 0 psi in the i;h
direction. The resulting volumetric deformation was de;ignated by'the

symbol, AV__ )

raw’i® This is called the raw volumetric deformation,

because several volumetric corrections must be applied to Avraw)i'

Corrections to Deformation Measurements

Two voliimetric corrections must be applied to the raw volumetric

- deformations. These are:

a. Corrections to compensate for the compressibility
of entrapped air im the hydraulic lines and the
expansion of the hydraulic linmes under load.

be Corrections to compensate for the tendency of the
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rubber membranes to £ill the voids between indiwvide
ual grains under leoad; and corrections to compensate
for the compressibility of the rubber membrane under

load.

These corrections have been evaluated experimentally.

The first source of error has aifead&nbeen discuséed in the sec=
tion entitled "Dé£a Collection.” The correction term applied to the
raw deformations to compensate for the compressibility of entrapped ai:
and expanéion of the hydraulic lines is designgted ﬁy the symbol AVLe
The magnitude-of AV, is simply the difference between the oil=water
levels at load cylinder préssure p and O psi when the hydraulic system
is isolated from the test sample by the valves § in Figure 2.

The correction curve for thé effects of membrane compression and
indentation are required because it is assumed that the membrane de=-
forms as a plane. The curve was developed on the following‘basise It
is asserted that any volumetric deformation behind a membrane adjacent
to a single layer of granules is composed of three components: (1) De=
formation of individual particles; (2) Compression of the membrane;
and (3) Indentation of the membrane. In equation form the total volu-
metric deformaéion under load of a membrane adjagent to a single layer

of particles is:

AV, = AV_+ AV, + Avg (25)

where 4AVt = total volumetric deformation, cu. cm.

AVE = volumetric deformation due to compressibility e¢f the
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membraney, cU. Cme

AVI

Avg = volumetric deformation due to grain deformation, cus cms

H

volumetric deformation due to grain indentation; cu. cime.

Manipulation of Equation 25 yielded the correction term desired.

Avcorr = AVc + AVI = AVt - AVg ) (26)

- Thus, it was required that AVé_and AYt be defined.

The apparatus used for evaluating AVg igs shown in Figure 12.
The.deformation of the grains at load P was evaluated from the change
in the dial gauge reading. The stresses were evaluated simply by
dividing P by the cross-sectional area of the aluminﬁm block. For
convenignce in future éalculatipns the grain deformations were con=.
verted to volumetric deformation per square inch of area. |

The apparatus used- to determine the total deformation of a mem-
brane adjacent to a single layer of particles, AVt is diagrammed in
Figure 13. The apparatus comsists of a hollow steel box which has its
boﬁtom~side open. The open side is a 6 1/2 inch squares A rubber
membrane is placed over_the open end and is secured to the sidewalls
by a watertight compression fit. In the top of the box is an NPT
connection for admitting water and a bléed valve for removing any en-
trapped air. A hydraulic line cennected to the NPT fitting runs to a
calibrated water tube which is connected to an air compressor.

| AVt is obtained by the foiluwing procedureehhA single layer of
grain is placed‘on the base plate. The Box with the membrane in place

is located on the four supports and then slowly lowered by adjusting
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the bolts on the four supports until the membrane just touches the
layer of wheato The lock nuts are then tightened and the box is filled
with water. GCare musﬁ be ;aken to remove all the air f£rom the béx.
“After coﬁnecting the hydraulié lines and recording the initial water
level in the calibrated tube, the tést commenced.

- The pressure was increased from 0 to 60 psi in 5 psi incrementso
At each increment thé chahge‘in.the liquid level in the water tube was
recorded. The difference between the water level at pressure p and 0
psi was the desired AVt at pressure p. The defqrmation9 Avt” was
also converted to the volume change per square inch of ﬁembrane areas

By the procedures outlined above, an expression for AV per

v corry
square inch of membrane area as a function of stress level, ggs Was
developed. To apply the correction to a membrane on a stress box, it
was required to multiply the value for Avccrr/sqo in. by the area of
the membrane. In Appendix B=II the cbrrection curve for the wheat

grains used in the testing program is given as a function of pressure

level.

Réduction of Raw Volumetric Deformations to Straius

Equipped with the correction curve for mémbrane indentation, the
reduction of data is straight forward. The true volumetric deformation

behind the two membranes in the ith direction is given by the equationm:

AV)i = AV__ ) (27)

caw’i = AVL?i ® BVeorr)

corr’i

The strain in the ith direction is evaluated by Equation 28.
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Sensitivity of the Computed Strains

The least reading of any volumetric deformation measurement
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(28)

0.1 cu, cm. Since three volumetric deformations are required to com~

pute the corrected volumetric deformation in the ith direction in the

stress box, the least reading of the corrected volumetric deformation

is 0.3 cu. cm.

If the least reading for the corrected volumetric strain is sub-

stituted for AV)i in Equatiocn 28, a measure of the sensitivity of the

computed strains is obtained.

[ €2}
!

|

I+
<o
e

where S = strain sérﬁsitivity9 cmefcm.

VT = volume of test sample, cu. cm.

(29)

For a & inch stress box the sample volume was approximately 1000 cu.

cm, For a 6 inch stress box the sample volume was approximately 3330

cu. cm. Thus, thebsensitivity of the strains for the 4 and 6 inch

stress boxes were, respectively, i 0.030 x lOm2 and i 0,010 x 10

cm. fem.
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Variations in Procedures

Uniformity of Strain Measurements

The micrometer dials and the electrical circuit described in
Chapter III under the subheading "Auxiliary Components" were mounted
and in place before the test sample was prepared. The test was con-
ducted as aescribed in this chaptere' However, befqre loading com=
menced, the deformation of the membrane was recorded at each of the
five depth gauge statibns. Then, at each increment of load, the linear
displacement at gach station on the membrane was recorded by lowering
the depth gauge until it closed the electrical circuit, recording the
micrometer-dial reading, and backing the depth gauge from the membrane.

By sﬁbtracti@n it was possible to determine the linear displace-
ment of the membrane at each station for any level of stress. The
uniformity of the membrane deformation was observed by comparing the

linear displacement of the five stations.

r

Creep Tests

The only change in procedure concerned the mode of load applica-
tion and the recording of data. The maximum desired stress level was
applied to the stress box at the begimming of the creep test. The oil-

water levels were then recorded at time intervals.

Radial Stress Path

In these tests the magnitude of the pressure in the load cylinder
remained constant. However, the lecation of the léad cylimder was

moved from the cemtroid of the stress plate outward along a straight
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line path. That is, p and © remained constant throughout the test,
but the distance from the centroid, r, was varied. This had the effect

of holding the sum, ¢, + 0o, + 0,, constant, but causing a variation in
5 9 T 3 ? g ,

2

the'strgss ratios, 0,/0, and 02/03=.



CHAPTER V
THE PARTICULATE MATERIAL

The particulate material investigated in this study was hard win-
ter wheat. The physical properties of the wheat which were deemed
important to the stress=strain behavior of wheat en masse are presented

in this éhaptere
Properties Evaluated and Methods

The physical proﬁerties evaluated are: (1) The size and shape of
the individual graims;'(Z) The séecifié gravity of thevgrains; {(3) The
angle of internal frictionj (4) The moisture comtent; (3) The coef=
ficient of static friction between the wheat and latex rﬁbber; (6) The
coefficient of static friction between wheat and aluminum; and (7) The

mogey

voidé ratio., Five samples were randomly selected from the wheat used
¢ \

in the testﬁng program. Each sample was subjected to the physical

tests described below.

The size and shape of the particles were determined by measurement
of three orthogonal dimensions of the wheat gréing This technique was
suggested by Mthéﬁin.f36)o The dimensionsvmeasured'were the lengths
of the maximuﬁ axis, a, the minimum orthogonal axis, ¢, and the maximum
axis orthoéonal to both a and ¢; b. The dimensions were obtained using

a Wilder Opto=M Model A Optical Comparator with a 10X magnification and

a 0.05 millimeter grid. The grain was rotated in the comparator until
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the maximum dimension was observed. Then the gra;n was rotated about
the major axis until the minimum axis was observeé; Ihe grain was
finally_fotated 90 degrees about the major axis to obtain the inter
mediate dimensiong>_Five kernels wete selected and measured from each
of the‘five wheat samples. |

The specific gravity of the wheat kermels was detérmineg by the
large pycnometer method aS“desgribed by.Mohéénin (36)0 The angle of
‘in;efnal friction was evaluated by standar& confinad triaxiallshear
tests in which confining stresses of 200847and‘27°72 psivwere employed.
A discuésion of the conéined»triaxial shear test for cohesionless §oils
is described in Lambe (31). The coefficients of static friction were
determined by the methods outlined by Brubaker and Pos (7) for‘gfaiﬁs>x
on structural surfaces.

The grain moisture content was determined by oven drying the
samples for 24 hours at‘180 degrees Fahrenheit. The moisture cbntent
of the wheat was checked periodically during the testiﬁg program to
insure that the moisture content was not significant1y7g1teredo Any
variation iﬁ the moisﬁure content could have been critical since the
physical properties of wheat, such as the coefficient of static fric-

-tion and intérnal friction, were reported by Brubaker and Pos (7) aﬁd
Lorenzen (32) to vary with moisture content. |

The voids ratiolof the wheat varied between samples and was evalu=
ated independently for eéch.sample testeds The procedure for obtaining
the initial voids fatio was presented in_Ghapter IV under the sub=:

heading "Test Sample Preparation.”
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Summary of the Physical Properties

The three axial dimensions of.twentymfive wheat grains are pre=
sented in Appendix C=I. In Appendix C=II1 are summarized the tesﬁlt5rof
-the other physical properties tests.

The mean physicél propertiés of the wheat.are compared to pub=
lished physical properties for wheat in Tab?é 1. The size of the wheat
grains were smaller than the published walues. The size diffgrence
could be due to seasaﬁal and/or varietal differences. The ratio of the
axial dimgnsions,‘a/b and afc, are nearly equal; and both the measured
and publigﬁed results agree with Shelef and Mohsenin's (47) observation
that the major axis is approximately twice as lomg at the other two
orthogonal axeso.

The observed specific gravity was only 1.4 percent lower than the
published value of 1.42, The coefficient of static friction of wheat
on aluminum or latex rubber has not beén published, however, Lorenzen
(32) reported the static c§efficient of friction between wheat at a
moisture content o£ 11.0 percent and steel to be 0.39. The observed
value of 0.253 appears to be in the proper range since the aluminum
used was extremely smooth. No c@mparisén could be made for tﬁé
friction coefficient betwegn latex rubber and wheato

The angle of intermal friction for wheat at 11.0 percent moisture
has been published by Lorenzen (32). The observed and pﬁblished

friction angle differed by only +2.0 percent.
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TABLE I

MEAN VALUES OF THE PHYSICAL  PROPERTIES
OF THE WHEAT USED IN THE
TESTING PROGRAM .

Measured Value Published Value
Property and Stde. Deve and Std. Deva
Length of Major Axis (ins) 0.196 _ ‘0;2241
: | - 0,002 ‘0,010
Length of Interm. Axis (im.) 0,098 Oa1291
' B 0.001 0,010
Length of Miner Axis (im) 0.091 0.123%
0,001 0,008
Specific Gravity 1,396 10421
0,013 me
Internal Friction 25.0 : 24052
Angle (degrees) 0.1, _ oo
Moisture Content 11.38 _ 70801
0028 G
Statie Coef. of 0,477 {Not available)
Friction on Latex Rubber 0,007
Statie Coef. of 0,253 {Not available)
Friction on Aluminum 0.003

Lpublished values are from Mohsenin ( 36 ).
Published values from Lorenzen ( 32).



CHAPTER VI
PRELIMINARY INVESTIGATIONS
Size Effect and Strain Uniformity

Purpose and Nature of the Tests

The purposes of this series of investigations were to determine
the influence of test sample size upon the stress-strain behavior of
wheat en masse, to determine the degree of uniformity of the strains
encountered in the stress boxes, and to select the size stress box to
be used in subsequent testing programs for wheaﬁ\én massee

Hydrostatic compressiom tests, in which the applied stresses
varied from 0 to 20 to O psi, were conduéﬁed with both the 4 and 6
inch test boxes. Volumetric deformation readings were taken at stress
levels of O; 1, 2, 3, 5, 8, 11, 14, 17, and 20 psi. The stress incre=
ments were applied at one minute intervals. A stress level of 20 psi |
was considered large encugh to span both mechanisms of def@rmation
encountered in particulate m§§ia en masse; namely particle deformation
and particle reorientation. At each stress iﬁcremegt the linear de-
formation of one of the side membranes was also measured by means of
the five micrometer depth gauges. Three replications were rum for each

stress box.
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Test Results

A summary of the voids ratios of the test samples is presented in
Table II. The range of the voids ratio was 0.739 to 0.78l. This
indicated that with careful sample breparatidn the initial voids ratio

of the test samples could be closely controlled.

TABLE 1I
/ :
INITIAL VOIDS RATIOS FOR THE
SIZE EFFECT TEST SAMPLES

Test Sample " Initial Voids Ratio
‘ - _ - ~ Rep 1 = 0,761
Hydrostatic Compression = 4 inch box ’ Rep 2 = 0,781
' ‘Rep 3 = 0.765
Rep 1 = 04739
Hydrostatic Compression =~ 6 inch box “Rep 2 = 0,764
Rep 3 = 0,766

The stress=strain curves for wheat ima 4 inch and a 6piﬁch_sam~
ple un&ef hjdrostatic comﬁression are presented in Figufes 14 throﬁgh
19. The data for these curves are tabulated in'Appendii Daig In-each
of these figures thecji.ahdcyzﬂdi:ectiqﬁé chrespdnd7tovthe stresses
applied in the horiéﬁntal direc;ion;.wbereaStJB alw@Ys refers to the‘
stress applied in the vertical direction.

Thet:l - ey and the Oy = €9 cutves-were’neaply identical in;everyl
test, whilg.the¢33'- €3 cufve &as displaéed to the lefﬁ of the other

two. The maximum difference observed betwean‘el and €, at a stress
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level of 20 psi was 3 percent, whereas €; was consistently 20 to 30
percent lower than either of the horizontal strains. Hysteresis losses
of about 25 and 65 percent were observed in the vertical and horizontal
directions, respectively.

The stress=strain curves for the 4 inch and 6 inch stress box all
exhibited the. same charaptéristic shape. At stresses below approxi-
mately 8 psi the o; - € relationship was nonlinear‘énd large deforma=-
tions ﬁére experienced for small increments of pressure, but at
stresses above 8§ psi the o, =€, relationsﬁip tended toward a linear
relationship. The wheat began to behave as a much stiffer méterial
as stress level increased. The shape of the curves, therefore; lend
support to the contention that two“distinct mechanisms of deformation
are present: one in which particle reorientation is pfgdominant and
one in which particle deformation is predominant.

The stressestrain behavior obtained with the 4 inch cubical sample
of grain is shown in Figures 14, 15, and 16. The following observations
- were made uponvguperimposing the stress=strain diagrams fo£ these
three replications. The o, = €5 curves for rep 2 and ngp»3 nearly
coincided in the respective directions of stress. In‘tep‘l, however,
the unit strains in each directign were about 12 percent lower than
the strains at a corresponding stress level in reps 2 and 3. .The
deviation of the results of rep 1 from those of reps 2 and 3 resulted
from the rep 1 sample Being accidentally‘preconsolidated to a;streés~
levei of 2 psi and unloaded before the hydrostatic compression test
was ¢onducteda Thus, the initial voids ratio of the sample in rep 1
was reduced by the preéonsolidation; As expected, the curves for rep 1

tended towards linear at a lower unit strain than in reps 2 and 3.
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The stress-strain diagrams obtained with the 6 .inch samples are
plotted.in Figures.17, 18, and 19. Seberpoeition of the~diagramé»for
the three replications indicated that the reepecﬁive curves were mnearly
identical for the three ;eplicatioﬁso

It was concluded that the strains measured by‘both the 4 inch and
the 6 inch sample are repeatables Thus, repeatability of results
played no role in the selection of an adequate sample size for subse=
quent testing.

A comparison‘of the 0, - ¢, behavior of the 4 and 6 inch samples
indicated that the‘unit strains for the 4 inch sample were consistently
ﬁigher than the corresponding unit strains for the 6 inch samples.

The magnitude of these differencesvare shown“in Table 111 for rep 2
of the respective sample sizess |

Inspection of‘the‘StreSSwstrain curves and_the percent differences
listeeﬂin Table III suggested that the uni; strains were cbnsiderably
and consistently higher in the 4‘inch sample than in the 6 inch.sample.
'Furthermore; the differenees were larger at the lower levels of stress
ﬁhan'at the higher levels of stresss At a stress of about 8 psi the
percentage differences began to stabilize. This was a strong indication
that the differences in the uhit strains between sample sizes were
taking place primarily in the realm of stresses where particle re-
orientation is the predominant mode of deformation. By the time
particle deformat;on became the predominant mode of,deformation, no
further increase (or decrease) in the difference between the unit
streins of the respective sampies was observed.

i The results of the strain uniformity data are presented in Tables

IV and Ve In the second column of these tables the average linear



 TABLE III

- COMPARISON OF UNIT STRAINS BETWEEN THE
. FOUR AND SIX INCH SAMPLES (REP 2).

Unit Strain Diff.l Unit Strain % Diff@l Unit Strain % Diffel
. Lrrerntag, A: el‘”lld.no _=€1‘=6ino T €2f4ino ,__‘ezuﬁino €3f=41no 63’6ino .
Stress : 2 ‘9 2
(psi) (in./in. x 10%) (%) (in./in. x 107) (%) (in./in. x 107) (%)
0 0 0 0 0 0 0 0 0 0
1 0,753 0,508 32.5 0,715 0545 22.5 0.618 0.440 28,8
2 0.868 0.613 29.4 0.820 0,624 23.9 0,553 0,504 8.9
3 - 0,934 - 0.664 -28.9 04877 - 0675 23.0 0.705 0.523- 25.8
5 1.001 0.763 23.8 0,944 0.763 19,2 0.716 00,553 22.8
8 1.278 1.006 21,3 1,211 1.006 16 .9 0,911 0.701 23.0
i1 1:.430 l.144 22,1 1.364 1l.144 16,1 1.030 0,790 23.3
14 1.630 1.325 18,7 1,554 1.322 14.9 1,161 0.907 21.9
17 1:754 1,455 17.0 1.688 1.446 14.3 1.258 " 0,984 21.8
20 1.888 1.556 17.6 1.821 1.554 14.7 1,367 1.061 22,4
( € =’4ino) = (G..-=6ino)
ly Diff, = — - - x 100

L (e i%4in;)

2Stress equals the hydrostatic compressive s;:essow*?qfndh

n~nn



TABLE IV

STRAIN UNIFORMITY DATA FOR'THE FOUR INCH SAMPLE UNDER

_ HYDROSTATIC COMPRESSION (REPS.2 AND 3)

Measured Linear Deformation
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TABLE V

STRAIN UNIFORMITY DATA FOR THE SIX INCH SAMPLE UNDER

(REPS 2_AND 3).
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movement of the membrane as cpmpqted from the volumetric deformations
is tabulated for éach‘stress level.  Columns 3 to 7 contain the linear
deformations as obtained from the microﬁeter depth gauges, the location
of which are shown in Figure 9. Column 8 is a listing of the average
deformatipn of the membrane as meésufed by the depth.gauge59 and
column 9 is a tabulation of t@é difference between,the mean average
linear defogmatiqn computed from the depth gauge measurements and the
volumetric deformation measurements.

The membrane defbrmations were consistent in ome sense. At the
stations within 1 inch of the membrane edges in the 6 inch stress box
and within 1/2 inch of the membrane edges in the 4 inch stress box,
there was a slight restriction of the membrane deformatibn. However,
as the measuring stations moved away from the membrgne édges, the |
variation of the deformation became random in bbth‘the'4 inch and the
6 tn;h stress box;v Siﬁce the uniformity of the membrane deformaﬁién
was~not affeéied by sample size, it was not a contributing féctor in
deciding upaﬁ an adequate sampie size.

) ;The averagg 1inear deforﬁatiﬁns‘éf the membrane as cpmpu;ed by the
two methods were in close‘agreementa Except for a few isolated cases
at stresses belpw 5 psi, the average linear membrane deformations com¥
puted 5y two*méthods ﬁere‘within 0.002 _inches ofwgach other; and in
many instances, the difference was 0.000 aﬁd'0°001 inch. This close
agreement provided confidence in thelmegsuring and data reduction tech=
niques since the two average'linear”deformatiohs‘were obtained inde~

pendently.
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Discussion of Size Effect Considerations

From the standpoint éf sémple uniformity between test runs and
the uniformity of membrane deformations, either the 4 or the 6 inch
sample would have been equally satisfactory. However, the stress=
strain‘behavior of the samples in the two boxes did indicate variation
in responsé~due to size.

It was asserted that smaller unit strains would be expected im
the smallest sample if edge effects (wall effects) were fespénsible
for the variation in reépoﬁéé due to sample size. The basis for this
assertion was that a larger percentage of the mgterial in»a given
stress plame would be restrained by a wall effect in a smaller sample
than in a larger sauple. Since thevlafgest unit strains were obsefved
in ;he smaller stress box, it was conclﬁded that, although wall
effects may bevpresgnt,;they were overwhelmed by some other effect
which is dependent upon sample sizeo

Above stresses of 8 psi the stress-strain diagrams for the .two
sample'éizes Wwere similar in shape and slope. The differeﬁces in
respoms; due to sample size, therefore, weremproduced'dﬁripg the
‘iniﬁia{”stages of deformation. Taat isy tﬁe diffe:ences took place in
~ that portion of deformation during which particle reorientation was
‘the predominant mechanism. o |

In a finite sample it is hypothesized that particle recrientation
will begin at the membrane~particle interfadeo‘ As the stress is
increased, particle rgorientation will contimue at ths interface and
begin to occur in planés removed from the membrane. 'As.the stress is
further increased, the particle reorientaﬁion‘will proceed tOWards the

center of the sample. However, if the mass of material is large
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enough, individual particle‘deformation will begin to occur in partiw.y
cles near the interface before ﬁarticle reorientation has been come
pleted in the central portion of the sample. Thus, if a sample is

large enough, a large strain gradient will be present.

It is cpncluded.that the difference in the stress=strain behavior
between the two sample sizes is a result of nonhomogeneous states of
strain in the samples., It is also c;ncluded_that this strain non=
homogeneity will be more in evidence in the 6 inch box than in the
smaller box., This conciusion is supported by the nature of the stress=-
strain curves. :

In tﬁe 6 inch stress box particle reorientation has not been com=
pleted throughout the entire sample thickness before particle deforma~

tion takes place. Sipce the mass of grain becomes stiffer when parti;le
deformation takes place, it 15 expected that the unit strains ﬁnuld

be lower for the 6 inch box than for a 4 inch box at a given stress
‘level. It was noted earlier that suéﬁ is the cases - At'all levels of
stress thé unit strains in the 6;inch sample were smaller than the
corresponding sgrains in the 4 inch sample;

It has not been concluded that the strains in the 4 inch box were
completely homogeneous. The conclusions d¥awn are that the-effects
of strain nonhomogeneity are minimized by deg:easing sémple size, and
that the most adequate stress~strain relationship can be obtained with
the smaller sample. Since.it.is‘impractical physically to comnsider a

sample size smaller thaﬁ:4 inches, it was decided that the 4 inch =

stress box be used in all subsequent testing programs.
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Gravity, Isotropy, Load Rate, Creep,

and Load History Investigations

Purpose of the Investigations

Thehpurpose éf tbesé investigations was to define the influence
of factors such”as gravity, isotropy, load rate, and load histo?y upon
the méchanical behavior of wheat en ﬁasseo The results of these tests,
the objectives of which are outlined below; were used in desigping.the

main experiments.

Test Objectives

CGravity =~ to determine whether the difference in the stress-
strain behavior in the vertical direction with respect
to filiiﬁé was due to particle orientation with respect
to gravity or the weight of the sample.

"Load Rate = Lo obsefve whether a variation in load rate between 3
and 6 psi/minute caused a change in the stress-strain
behavior of wheat en masse when sgbjectéd to a hydro-
static compressive state of stressvor to a deviatoric
state of stress.

Creep - to evaluate the characteristic timesy T 45 for wheat en
masse under hydrostatic compressiono Tfi is defined in

the following equation:

€ s e -
;*L&'= 1.0 = (1.0 = —oi ) e t/Ti (30)

eal . € 6ai
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where €, = strain in ith direction at time, t, in./in.

€°i = instantaneous strain in i;h direction, in./in.
€ i = maximum strain in the ith directv:‘ign,ii‘n‘./ine
t = time from.épplication of load; minutes
Ti = characteristic time in ith direction, minutes

Isotropy = to determine the degree of elastic symmetry of wheat en
. ' o :

masse with respect to principal stresses. .

Load History = to determine the dependence of the stress=strain behavior

of wheat en masse upoh the load history to which it has

been subjected. The objectives of these tests were

fufther subdivided as follows:

1.

25

4.

To determine whether or not hysteresis losses
decreased with increasing number of full load cycles.
To determine if elastic stress=strain behavior is ap-
proached with increasing number of load cycles when:

(a) Complete load-=unload cycles are applied.

(b) Partial load~unload cycles are applied.

To determine whether the final strain encountered
for a general stress state is affected by the order
of applying the hydrostatic and deviatoric component
of a general stress state.

To determine the effect varia;ion of the stress
ratio, 030,304, from 1:1s1l to 4.00:2.50:1 while
holding p = oy + 02 + 03 constant, had upon the
stress=strain behavior; and to determine whether
repeated cyclic variation of the stress ratio

resulted in elastic stress=strain behavior.
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Test Descriptions

The loading tests conducted are deecribed in Table VI, Except
where otherwise indicated, oy and o, refer to horizontal stresses,

whereas oy designates the vertical stress.

Test Results

The reduced stress=-strain data for these investigations are pre=-
sented in Appendix D. Representative stress-strain curves are included

in the text for all the preliminary tests.
Gravity Effect

Rotation of the wheat eampleVQO degrees aboutetﬁcaxie after fil= ..
ling showed that the strains in the vertical and horlzontal'directions
with respect to filling were not altered by the rotationo Table VII
summar1zes the stralns observed for a rotated and nonrotated sample
at a hydrostatic stress, Tyt of 20 psi. The veriations observed in

€5 due to sample rotation were small and &ere‘ettributed to ;arietions
in sample voids ratio ana‘experimental errero

It was‘eonclgded'that the differences in the strain in the
verticalland horlzontal'directlons with tespect to f£illing under
hydrostatic eompression'were.dueite orientation of ipdlvidual wheat
grains with respect to gravity. Gravity orientation takes place
because wheat grains are .asymmetric; that is, a typical wheat grain
epproximates.an ellipsoid thch has a lengitudinal axis twice as 1arge

as either lateral axis. As a result, the stable orientations of a
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TABLE V1

SUMMARY OF PRELIMINARY TESTS

Expte
No,

Effect
Studied

Brief Description of Test

L

10

11

12

)

Gravity

Gravity

Isotropy

Isotropy

Load Rate

Load Rate
Load Rate

Load Rate

Load Rate
Load Rate

Creep

Load History

. Hydrostatic compression; stress varied from 0 to
20 psi; sample orientation during loading identi=
cal to orientation during fillingo (Two replica=-
tions) ' »

-Same as No. 1 except sample rotated 90 degrees so

vertical direction with respect to filling became
a horizontal direction during loadlngo (Two
replications) B

 Deviatoric streSs state with 0,380,380, =
2.33:1.67:1; p1 varied from 0 %o %5 to O psi.
(Two repllcatlons)

Deviatoric stress state with o 10p:05 =
2033:1.67:1; pl varied from O to 45 to 0 psi; o
was the vertical stress and 0p anddj were. the
horizontal stressesn (Two replications)

Hydrostatic compression; stress varied from O to
- 40 to 0 psi; load rate equal to 3 psi/minute in
top cylinder; load applied in increments of 3. PSie

Same as No. 5 except load rate lncreased to 4.5
psi/minute.

Same as No. 5 except load rate increased to 6.0

‘psi/minute.

Deviatoric stress state with ¢j:09303 =
2.3321.67:1; load varied from O to 45 to O psi in
top cylinder; load rate equal to 3 psi/minute in
top cylinders load applied in increments of 3 psis

Same as No. 8 except load rate increased to 4.5
psi/minute.

Same as No. 8 except load rate increased to 6
psi/minute.

Hydrostatic stress, g ,» of 20 psi applied
instantaneously to the samplej strain measured at
time intervals up to 1620 minutes from application
of the load. )

Cyclic hydrostatic compression test; load rate
equals 3 psi/minute on top cylinder; load varied
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TABLE VI (Continued)

Expte. Effect . ' .
No. Studied Brief Description of Test
from O to 40 to O psi on each face three times,
then loaded again to 40 psi; partially unleaded,
loaded and unloaded in ranges of 40 to 20 psi,
20 to 12 psi, 12 to 6 psi, and 6 to O psis
13 Cyclic deviatoric stress state with 01397303 =

14

15

16

17

Load History

Load History

Load History

Load History

Load History

2.33:1.67:1; load rate equals 3 psi/minute on top
cylinder; load on top cylinder varied from O to
45 to O psi 3 times; then loaded to 45 psi again
and partially loaded and unloaded in ranges of 43 -
to 30 psi, 30 to 15 psi and 15 to O psi.

Same as No. 13 except 9,:0,304 = 2,67:1.44:1,
Deviatoric stress state (01:09:03 = 2.33:1.67:1)
superimposed on hydrostatic compressive stress;
hydrostatic compressive stress of 10 psi .applied
in increments of 3 psi/minute on bottom cylinder;
then deviatoric stress superimposed by incre=
menting top cylinder pressure from 0 to 45 psi in
3 psi increments; deviatoric stresses unloaded;
hydrostatic stresses unloaded. Load-unload cycle
repeated one time.

Same as No. 15 except deviatoric stress applied
first, then hydrostatic compressive stress
superimposed.

Radial stress path; top cylinder loaded to 30 psi
while located at center of stress plate at 3 psi/
minute; load cylinder then moved along radial
stress path with O = 30 degrees from x = 0 to 3

to O inches in 1/2 inch increments three times
with cylinder still loaded to 30 psi; after 3rd
cycle, top cylinder unloaded to O psi and reloaded
to 30 psi; load cylinder moved along radial stress
path from t = 0 to 3 to O to 2 to O inches in 1/2
inch increments; with load cylinder at R = Q; top
cylinder pressure reduced to 0 psi. (See Figure
20.) ' :

p= °1’+'°2 +-d3 = pressure applied to top load cylinder.



e . 01+ 0p+03 = 30 Psi.
7 01:0p: 0 G 1 0 0a
0.0 100: 100:100 | {0 10 - 10
0.5 122: 41100 | U 10 9
1.0 150: 125100 ¢ 12 10 8
1.5 186:143:100 | i3 10 7
2.0 233:167:100 | 14 10 &
2.5 3.00:2.00:1.001 15 10 5
30 400:250:100] 16 10 )

o , '°‘_ ) Q‘é

Figure 20. Illustration of a Radial Stress Path in which © = 30 Degrees and ¥ = 0 to 3 Inches

1
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TABLE VII

GRAVITY EFFECT. COMPARISON OF STRAINS
AT 20 PSI FOR ROTATED AND
UNROTATED SAMPLES

Strains
Voids . ‘ .. .
Test Ratio . 2 3
(“) (") ) (ino/ine X 102)
Size Effect (Rep 2) 0,781 1.89 1,82 ' 1.36
Size Effect (Rep 3) 2 0.765 1.89 1.92 1.23
Gravity Effect (Rep 1)2 0.822 2.19 2,08 1.28
0,779 1.91 1.92 1.33

Gravity Effect (Rep 2)

1 : , L
Unrotated sample =~ €4 is vertical strain during testing and with
respect to £illing.

2Rotated sample = € direction is horizontal during testing, but
vertical with respect to filling. ‘ s

wheat grain in a gravity field are those in which the longitudinal axis
is perpendicular to the gravity field. The orientation of the longi-
tudinal axis within the horizontal plane, however, may be random.

The effect of particle orientation with respect to gravity is
that the geometry of an array of particles andvthe fadiiyof COntacting
suirfaces in the vertical direqtion vary from those in any horizontal
direction. 'Howéver, due to the.rahddm orientation of the longitudinal
axis in the horizontal plane, the geometry of the array is identical in

any horizontal direction. Thus, the mechanical behavior of wheat en

masse is identical in all horizontal planes.
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Isotropy

The results of two tesﬁs in Which<71202:c3 = 2,33:1.67:1 are
plotted in Figﬁfes 21 and 22, respectively. In the first test, o was
a horizontal stress, ﬁhereas it was a vertical stress in the second
test. It must be notéd that the vertical directioﬁ‘fefers to the
vertical direction with respect to fillingu

Interchanging the stresses between the two tests-had no effect on
the characteristic shape of the g, = &4 curves, It did9 however, tend
to alter the magnitude of the strains in each direction. In Table VIII
the magnitude of the strains in each direction are_iisted for a load

cylinder pressure of 45 psi.

TABLE VIII

ISOTROPY. STRAINS OBSERVED AT LOAD CYLINDER PRESSURE
OF 45 PSI AND 01202303 = 2,33:1.6731

Voids c c .
3
Test Ratio l 2
(=) (=) (in./in. % 102)
O, - Horizomtal 0,772 431 1.09 =0,69
G, - Vertical 0,794 3.21 1.89 «0,27

When o, was applied to the vertical direction with respect to
filling, the unit strain was nearly 25 percent less than that when oy

was applied to a horizontal plane with respect to filling. At the same
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Figure 21, Isotropy Experiment Results.
Stress~Strain Curves for
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Figure 22, Isotropy Experiment Results.
" Stress=Strain Curves for
Rotated Stresses.
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time the strainvin the Qz direction, which was horizontal in both tests,
increased by 80 percent when g, was ro;ated from a horizontal to a
vertical stress. In the O direction, expansioﬁ of the sample was
obsgrved by both cases. The magnitude of the expansion was diminished
by nearly 57 percent when g was rotated from a‘vertical to a horizog-
tal stress with respect-ﬁo fillinge W

Recalling that in hydrostatic compression tests the two hori;ontai
strains were equal, whereas the magnitude of the strain in the vertical
direction was éomewhat'smaller, and noting that rotation of a devia-
toric stress state significantly altered.thé magnitdde of the unit
strains in each'direc;ion, it was concluded that the stress=strain
behavior of wheat en masse is not completely»isotropigo However, the
behavior was found to be independént_of»direction in the: horizontal
plane. Thus, it was élso concluded that wheat en masse is orthotropic
with respect to principal‘strésses in planeS'perpendiqular to the

direction of filling.
Load Rate

The hydrostatic compression stress-strain curves for load rates
of 3, 4.5 and 6 pSi/minuté'in the.load cylinder are shown' in Figure 23
for the 02 dirgction. The curves for the 01 and 03 directionS'héve
been omitted since they illust:ated'Similar t:endso- At a stress level
of 40 psi, the strain, 52, was 0.,0263, 0»6258, and 0,0266 in./in. for
load rates 6f 3, 4,5 and 6 psi/minute, reséecgiveiy. Since a»similar
lack of variation of strain with lggd rate was observed in the other
stress directions; it was concluded that load rates within the range

of 3 and 6 psi/minute are high enough to minimize long

|
i
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term creep effects and low enough to minimize any dynamic, or inertial,
behavior. For static’testing undef hydrostatic compfés;isn, load rates
in the range of 3 to 6 psi/minute on the load cylin&er were deeméd
satisfactory. |

The results of a deviatoric stress test conducﬁed at load rates of
3, 4.5, and 6 psi/ﬁinute are illustrated iﬁ“Figureé 24, 25, and 26.

The strain in the l-direction increased with load rate. The strain

at a load rate of 3 psi/minute (the test denoted’bf the circled points)
was about 12 percent higher than the strain at the other load rates.
However, it Was}¢bserved that the initial voids ratio for that sample
was 0.817, whereas the voids ratio for the -other samples was in»the
range of 0.790 to 0.795. Thus, another test was rum at a_Loéd rate of
3 psi/minute. In this case, the initial voids ratio was 0.792 and the
strain was only about 5 percent highér at a load rate of 3.psi/minﬁﬁe
than at the other load rates. (Tﬁé results of this test are denoted
by x's in Figures 24, 25, and 26.) It should be noted that the varia-
tion in the strain, &, for the two samples loaded at:3‘psi/minute was
about 0.35 x 10"12 ins/in. This is nearly ;wo~third$f§f the difference
in strain observed between load rates.

The differences in obéerved strains due to loéd_rate were also -
small in the 2= and 3~directions: For example, stﬁéiﬁ differendes
between the various load rates were oniy 0.0008 and 050610 in;/in; iﬁ'
the 2- and 3=diféciions, respectively, These'cdmpariSOns ignored the
sgpplef which had ah initial voids ratio 6f 008170.

| The variation in strain with‘ldad rate was Small‘in all céses;
that is, thé variation tras equal to or less than-8’peréeht of the

observed maximum strain at any stress level. "It is asserted that -
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differences of such magnitude are attributable to variations in sample
preparation, variations iﬁ wheat grains between samples, and experi~-
mental error, |
Since_little variation in the magnitude of the strain was observed
at load rates of 3, 4.5 and 6 psi/minute in the load cylinder for
identical stress paths, it was concluded that valid static stress=
strain relationships for wheat en masse can be obtained by employing
load rates in the range of 3 to 6 psi/minute in the top.load cylinder.
Since it was found to be more convénient to conduct the tests at a
lower rate, a load rate of 3 psi/minute was used in all subsequent

static load deformation studies.
Creep Tests

Strain;ﬁime curves for an instantaneously applied stress, Tor of
20 psi are plotted in Figure 27. The strain in each streés direction
increased rapidly for the first half minute after application of the
load. After one~half minute the rate of deformation rapidly decreased;
and by the time one minute had elapsed, the rate of deformation was
very low. It is noted that the experimental apparatus was designed
primarily for gradually applied static loads. Thus, it is not a very
accurate apparatus for measuring rapidly varying deformations. - It
is suspected ﬁﬁéﬁ part of the time required to approach thé nearly
horizontal portion of the curves was due to a lag in‘the deformationso
This- lag resulted since a finite time is required to convey fluid to
the membranes surrounding the sample. Once the instantaneous deforma~-
tion was achieved; however, the results of the creep tests were valid

and resulted in suitable estimates of the characteriStic times for
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wheat en masse.

The curves in Figure 27 are defined by the general equation

€ €oi -
et = 1,0 --(1.0 - 22 ) Ty (31)
i i

Thevvalues of oo i and €,y are defined in the'figurea The character-
istic times were computed by evaluating T, at various levels of te.
Upon selection of a time level, t; €y could be obtained from the curve
and"ri was computed by Equation 31. The characte;istic times,'thg
instantaneousvstrains, and the maximum strains are summarized in Table

IX for the three stress directions.

TABLE IX

CHARACTERISTIC TIMES FOR WHEAT EN MASSE

Stress Characteristic Instantaneous ' Maximum

Direction : Time - Strain Strain
(=) (minutes) (in./in x/loz) (in./in. xwlOZ)
1 280 2.52 R

2 310 2048 ' . 2.98
3 380 1.82 2.30

The characteristic times in the two horizontal directions were
280 and 310 minutes, respectively. In view of the hydrostatic com=-

pression tests for the size effect and load rate studies, it is
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expected that the behavior in the two Horizontal directions should be
identical. Thus, the.diffcreﬁce betﬁeen the horizontal characteristic
times is attributed-to random variations. The” characteristic cime in
the vertical diiectiqn is 380 minutes, which is 25 to 30 percent larger
than the characteristic times in the horizontal directions; |
1t was observed that over 80 percent of the maximum stré{p was

achieved instantaneously. Furthermore, 3 minutes after apblicétion of .
the load, nearly 85 percent'cf the maximum strain was achieved;

Ic is recognized that the stress=strain behavior of wheat en
masse-is -somewhat dependent upon time. However, the change in the:
strain with time is small as compared to thcginstantaneous behavior;
and the large characteristic times indicate a very low rate of increasc

in strain with time,
Load History

The stress-strain curves in the horizontal stressv&irection\fOr a
cyclic hydrostatic compression test are plotted in Figure 28;i Aggin
e, was neariy identical to elo The strain in the verticai:direction
was about 40 to 45 percent lowgr than that in the two horizontal:
directions.

In all three sttess planes the‘hysteresis loss; decreased with
increasing number of loading cycles. Fcr.example, in the 1-&irection
the hysteresis losses were,69‘and'48 percent in the first and second:

cycles, respectively. Hysteresis losses decreased as the number of

load cycles increased, because less particle reorientation took place

v

1Hysteresis loss refers to the energy absorbed by the material
during a load-unload cycle. -
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in each subsequent load cycle. fhat hysteresis losses were present
.after three’full load cycles indicated, however,- that some partiélé
rgorien;atidn occurred even aftervsevéral loading'cycles;,or:that
individual particle deformation also exhibited hysteresis lossess

The results of the partial load cycles indicated that most‘of the
particle reor?entation occurred at- stress levels between‘O and 4 psi.
Partial load'cycles during the third full load cycle»reSulted in nearly
‘elastic stress-strain behaviqr between stresses of 4 énd 40 psis
However, at stress levels between 0 and 4 psi hysteresis losses were
present even for the partial loaé cyciés, |

A log~log plot of the stress-strain curves are shown in Figure
29, 1In the 9y direction, the log=stress log—st:;in relationship was
nearly linear for the first two cycles>of both ioading and unloading.
This indicéted that defofmation during hydrostatic éompression in the
o1 and gy directions .is approximated by the general ferm ei = A ci »
In the-o3 direction the log=-stress log=strain relationship was also
approximately linea?, but‘it did have some curvature aﬁ stresses above
20 psi. | _

Similar to the behavior under hydrostatié compression, the
hysteresis losses decreased with repeated load=-unload cycles of
deviatoric stress. In Figure 30, theg1 = €) curves are presented for
a cyclic deviatoric stress ﬁest in which 01302=§3 = 2633:1.67:1,
Whereas the hyéteresis loss in the first cycle was 95 percent,.the
lbss in the second cycle was only 83 percent. Due to continuing're—
orienfation of particlés within the samplerduripg.full load cycles,
the deformation did not approach elastic behavior witﬁ inc;eased num=

ber of load cycles. In the g, and o, directions the strains became
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increasingly larger in the positive direction with each successive load
cycle, whereas the strain in the133 direction became increasingly
negative (expansion) with successive load cycles.

Partial load cycles during the fourth fuli load cycle revealed
that: €, was not elastic even for partial load cycless €, was elastic
for partial load cycles above a stress levei of 5 psis and €4 was not
elastic for partial load cy;1es.

Another cyclic deviatoric stress state with 030,30, = 20§381»§4:1
( o = 15 degrees and r = 2.5 inches on the stress plate in Figure 20.)
resulted in-trends similar to those for the stress state described in
Figure 30. The only difference in the results of the two deviatoric
stregg states was the relative magnitude of the stréins in sach
directiéno In Table X the magnitude of the strains in each stress
direction are listed at a load cylinder pressure of 30 psi during the.

first load cycle for each deviatoric stress state.

TABLE X

STRAINS OBSERVED AT p = 30 PSI DURING FIRST LOAD CYCLE

WHEN 0,30,:04 2.33¢1.67:1 AND WHEN
030,205 = 2.63:1,.4431
Stress State  Voids Ratio - €1 €2 €3
- \ . 2.
(01u02°o3) (=) (in./in. x 107)

20333106731 05687 3015 0-97 ‘”0952

2,63:1e44:1 0,704 4,26 0,03 =0:41
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The result of superimposing a hydrostatic stress state upon a
deviatoric stress state is illustrated in Figure 31. The result of
reversing the order of appliéation of identical stress states is
plotted in Figure 32. (Only g - € curves are shown in Figures 31
and 32.) Comparison of these figures led to the conclusion that the
sample deformation is greatly affected by the order of application of
the stress components. It is further evidence that the deformations
encountered in wheat en masse are highly dependent upon load historye.

In Table_XI the magnitude of the strains at the .end of each load
and unload portion of the curves are compared. vAt the end of each
load or unload cycle, differences in the strains observed for the two
tests were in excess of 70 percent of the maximum strain observed in
Figure 31, The incremental nature of the stress=strain behavior pre-
cludes the separation of general stress states into hydrostatic and
deviatoric compohents when dealing Qiﬁh wheat en masse. &hat is, the
principle of superﬁosition cannot be applied to the strain behavior of
wheat en'massg.‘

The o) = € curves for a radial stress path test in whigh thg_
stress ra?io 0130,%05 Was varied while holding o, + o, + 05 constant
are presented in Figure 33} The stress path has been described in
Figure 20. |

The variation of €9 with stress ratio was essentially 0. (See
Appendix D=XII.) This is expected since the stress, Tgs remained cone-
stant as the load cylinder mbﬁéd from r = 0 to r = 3 inches.

In the o) direction the stréss increased ffommlo to 16 psi as.the
load cylinder moved from r = 0 to r = 3 inches. The corresponding

strain, ¢ increased along a curved path as the stress increased.
» €9 g P
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TABLE XI

STRAINS OBSERVED AT END OF THE LOAD CYCLES
FOR PRELIMINARY TESTS 15 AND 16.

Hydrostatic Over - Deviatoric Over
Deviatoric "~ Hydrostatic
€1 €2 €3 €1 €2 3
. , - 2 . . 2
(in./in. x 107) (in./in. x 10%)
End of 1lst | - ‘
Load Cycle 3065 0.95 «0,.16 1.88 1.47 0.76
End of 1st : 0
Unload Cycle 3.50 0,73 =0.18 1.72 1.17 0.64
End of 2nd -
Load Cycle 4.15 1.05 =022 237 1,70 0.67
End of 2nd
Unload CyC].e 3.89 0.85 «0.22 217 1.44 0060

At r = 2.5 and 3 inches the strain increased very rapidly‘yith
increasing st:ess;' It is asserted that the rapid increase is due to
plastic shear and particie reorientation. The sample was observed to
change shapé since the rapid increa;e in €; was accompanied by a rapid
expansive increase im €y Whgn the stress ratio was altered towards‘
1:151 as r varied from 3_t070 inches, very little strain was recovered
in the € direction. As r is varied from O to 3 to 0 inche§ in sube
sequent cycles, the increase in € decreased with the number of cycles.
HoWever, therévﬁas still little or no strain recovery when o decreased
as a consequence of returning the load cylindervto the plate centrqido
During the last cycle;, r was varied only from 0,to 2 to O inches.

This procedure'avoided the very large deformagions experienced fer

r>2 inches. GConsequently, irrecoverable strains during this cycle
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were much smaller than in the previous cycles.

It must be concLuded‘ﬁhat wheat en masse responds nonlinearly and
-nonelastically to changing states of deviatoric stress. Repeated
cycling of the deviatoric stress states resulted-in a decrease in the
irrecoverable strains associated with each cycley, but the rate of
decrease was relatively small after the second cycle. Many more than
four cyclings of the stress ratios are required before the behavior

‘approaches elastic behavior.

Discussion of Load History Results

The.stress=strain behavior of wheat en masse was found to be
highly dependent upon load history. All the test results\indigated
large hysteresis losses and irrecoverable deformations during repeated
loading and unloading cycles. The hysteresis losses did, however,
decrease slowly with repeated cycles of loadiﬁgo The irreversible
nature of the stress=~strain behavior‘was attributed generally to con=-
tinuing plastic deformations im which the voids ratio is constantly
being reduced, to continuing particle reorientation, and to plastic
deformg;iqns of individual particleégv |

Due to the dependence of the stress=strain relationship upon
stress path, it was appareﬁt that a general stress state for wheat en
masse cannot be seﬁarated into its deviatorié and hydrostatic com=
ponents for testing»purpo;esa Instead, any desired stress state Will
have to be applied to the samplé intact. o

The load history results lead to the conclusion that wheat en
masse behaves as an elasto-plastic material whiqh undergoes strain
hardening. Unloading of the wheat mass results in pseudo-elastic

recovery of deformation.



CHAPTER VII
THE EXPERIMENTAL DESIGN

The three dimensional stress=strain behavior of wheat en masse is
visualized as a necessary component in a rational solution for the
pressure distributions in storage systems for wheat. The complicated
nature of the deformation mechanism for wheat en masse precluded an
analytigal evaluation 6f the stress-strain behavior. An experimental
approach based on the theory of similitude was adopted to evaluate~the
vstress-stfain behavior of wheat en masse during'mondtonicallyvinn
creasing stresses. For unloading, an alternate ‘experimental procedure
basedlon the findings of the preliminary studies was adopted. 1In the
following chapters the term, loading function, refers to the strain
prediction function for loading. Similarly, the unloading function

refers to the strain predictibn function for uﬁloadingo
Functional Relationship for Loading

Similitude and the Buckingham'Pi Theorem

The number of required expériments can be signifigantly reduced by
apblication of thg Pi Theorem developed by Buékingham (8). Buckingham
noted that if a phenomenon is describable in equation form, then that
function can be expressed as a function of dimensionless combingtions
of the pertinent physical quantities. The theorem is written in

general equation form as:

100
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£ (‘I"[ly ﬂ'zg coo Tl'n) = 0 (32)

where f = an arbitrary function

!

n, = any dimensionless group

The only restriction imposed upon the dimensionless groups is that they
be independent. The number of dimensionless groups required to ade~
quately define a pﬁysical phenomencn is eﬁual to the number of physical
quantities required to define the system minus the ramnk of the dimen-

sional matrix.

Definition of the System

The physical system sketched in Figure 34 represents a cubical
element of wheat grains en masse. _Ihé pertinent quantities for evalua=-
" tion of the three dimensional statie stress~sﬁraiﬁ.behavi6r during
loading of the system are listed in Table XII.

The dependent quantity in the group isvéi. The variable subscript.
is used to demonstrate that there are three dependent quantities, each
of‘which is dependent upon the remaining L8 quantities.

The three stre;s levels, T9 are pertinent because the three
dimensionél stress-strain behavior of wheat is desired. It is assumed
that a Poisson effect exists; that is, a stress in the jth or kth
direction influences ﬁhe strain in the ith direction.

The quanti?y'oc is §ertinent because of the incremental nature of
- the deformation of whgat en masses To make the strain function unique
- it is requifed that the stress levels imposed)be»referred to a non=

zero datum. In the case of plastic deformation of solids, o, would be
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A Sketch of a Cubical Element of Wheat En Masse

Figure 34.



TABLE XII

LIST OF PERTINENT QUANTITIES FOR STRESS=-STRAIN

BEHAVIOR OF WHEAT EN MASSE

%,

No. Symbol Quantity Units
1 €; Principal strain in the ith direction in./in.
2 o1 Principal stress in the ledirection lbof/sq;in.'
3 o, Principal stress in the 2-direction lbef/sq.in.
4 o3 Principal stress in the 3-direction lb;f/sq.in.
5 o Characteristic stress level lb.f/sqoine
6 n® Number of load cycles -
-7 e. Initial voids ratio =
o - : .
8 Am Change in grain moisture content 5=
9 AT Change in grain temperature F
10 o Temperature coefficient of expansion in./OF
11 .¢ Angle of internal friction ' degrees
12 5.G. Specific gravity of kermels e
13 a Length of major axis of kernel ine
14 b Length of intermediate” axis of kernel ine
15 c Length of minor axis of kernel in.
16 E Modulus of elasticity of kernmels lb.f/sq.ing
17 L Effective Poisson's ratio of kermels =
18 Ti Characteristic time in the ith direction seconds
19 ra Load rate 1be./sqeine=sec.

Nt
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the stress level at which yielding occurs under an axial state of
stresss For granular noncohesive materials, the Mohr failure theory

predictsvyielding at o

;= 0 psi for an axial stress state. Further,

Mohr's failure thedry predicts a unique failﬁre stress for each level
of 01/02~1n=a triaxial stress state (o> o, = 03)° At Fhis time a
three dimensional failure'surface has not been defined for wheat en
masse. Thus, it does not- seem feasible to defiﬁe 6c in terms of
‘failure stresses. In the absence of a characpegistic*faiiure stress
level the maximum stress level expected in a stdrage system was used
“for R

The preliminary studies on load history dependence illustrated the
influence of the number of loading cycles upon the stres;=stfain be=~
havior. The quantity, n, reflects the load history dependence of the
strain.

Initial voids ratio dependence of the stress-strain behavior was
also illustrated in the preliminary studies. It was observed that the
larger the initial voids ratio, the larger was the associated strain
for a given stress states

Items 8 through f8 in the list are material properties of the
wheat grains which influence the deformation behayior of wheat eﬁﬁ 
masse. Changes in both the moisture and temperature leyels affect the
stress=strain behavior. The level of moisture content was observéd by
Brubaker and Pos (7) to influence the static coefficient of friction
of wheat on various surfaces, while Lorenzen (32) observed that mois=
ture changes altéfed the angle of internal fricq;on of wheat.

The angle of internal friétion is of importance éince it plays a

role in the sliding of one particle over another during particle
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reorientation. The value of the coefficient varieé with'granular
medium and with the temperature, moisture content, and maturity of the
granular medium,

The quantities, a, b and c, define ﬁhe size and shape of the
granular particles. The geometry of the particulates is of importance
in defining the packing arrays encoun;éred in a mass of particlesg‘
and in evaluating the magnitude of contact stresses and deformations
experienced by individual particles.

‘The contribution of -deformation of ihdivf&ual particles under
load is reflected by the modulus of elasticify and Poissbn“s ratio of
the particles. Particle deformation is one of the two primary modes
of deformation in a particulate mass.

The influence of time upon the load deformation behavior is
included in the quﬁntities Ty and ﬁl.» The quantity, Tys is the same

“characteristic time defined in the éection entitled "Creep Tests" in
Chapter VI. The subscript i denotes the directional dependence of

the characteristic time.
Pi Texrms

The rank of the dimensional matrix is 4. Thus, 15 dimensionless
groups are required to define the system. One set of independent

dimensionless quantities is listed below.

mp=ey - (dependent) Ty = e
T, :01103 T, =n
Ty =02/c3 T, = An

a( AT)/a

n4écl/cc LY
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Ty = ¢ M3 = 0/E
Tio = S:Ge My, =H

T =alb Mg =ac/r T
Ty = b/ec

In the introduétqry chapter the scope of the study was Limited‘to
the definit;on of the stre§s~st:ain béhavibr of one variety éf grain
at oneAtempe¥ature‘and moisturebcoﬂtente In so doings wheat at a given
level of moisture content and.teﬁperature is likemed to an alloy of
sfeele The engineering properties of each alloy of steel must be
" evaluated experimentally;, Similarly, it was proposed that the mecﬁaniw
cdl behavior be evaluated for one "alloy" of vheat in this study.
Generalizaéion of the functional behafior of wheat for varyihg
physical properties mayzbe attempted if and whén it is demonStrated
-that the methods employed in this study are adéquate.

Thus, the influence of many of the pi terms was neglected.
Specifically, T, Moy Mge M s Myys Mygs MWy and ¢, are all depen=
dent upon the physical properties of the granular medium andvtheir
influencé upon the functicnal behavior will not be cohsideredo

The éi term reflecting the influence of load rate,7115§ was‘also
excluded from the functional relationship for ei, It wasimnoted in the
preliminary investigations that the stresém§train behavior of wheat
.en masse was not highly time dependent and that static behavior is
achieved if the load rate is incremented at rates between 3 and 6 psi/
minute. The influence of T 5 Was held constant by applying all leads
at the rate of 3 psi/minute at the load cylinder.

URE the dependent m=term, is the principal strain in the ith
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directions This T-term will be measured in each of the principal
directions. To distinguish this term from a similar term for the
unloading portion of the stressestrain relationship, it has been given
the subscript L; i.ce, nl)L = €)1

T, and'rr3 are both ratios of principal stresses. The range of
these ratios have been established by the ranges expected in storage
structures containing wheat en masse., Based on éublished materials
concerning the ratio of 1atefa1 to vertical pressures in storage struce
tures for granuiar media and on the friction experienced between wheat
and the confining wall, it-is expected thathz«and1T3 woﬁld vary within
the range 0.375 to l. The lower iimit is the lowest published value
for the ratio of lateral to wvertical stress in a storage structure,1
whereag phe upper limit corresponds to the hydrostatic state of
stress. In the experimeptal design,112 and113 were varied from 0.326
to 2,590, The range was extended in order that the stress=strain be=
hévior could be defined on both sides of the hydrostatic stress state.

m, is an index of the ratio of the stress ievel in the ledirection
tovthé chéracteristic stress level. Based on Janssen's equation for
lateral pressures, the maximum stress level expected in a 30 x 100 feet
grain silo containing wheat is 12.8 psi. Allowing_for s;;ess"increases
qf two to three times those predicted by Janssen's equatipn,c:c has
been arbitrarily set at 40 psi. Usingo , = 40 psi, m, ﬁas varied from
0 to 1.0,

R ns,lthe initial voids ratio, was held constant in this study.-

Initial voids ratio has a marked effect upon the stress=-strain

1Mohsenln (36) has summarized the publlshed physical propertles
of small grains in the Appendlces of his text.
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behavior, but in the present study its-effect will not be evaluated.
mg will be held constant within the approximatq:fange of 0,750 and
0.780. Any variation in e, was assumed to be random.

A granular medium, such as wheat en masse, behaves as a npnlinear
elasto-plastic substance. Therefore, stress=strain behavior is depén-
dent upon load history. Load history is characterized by ms =n in
the list of ﬂ-tgfmé.m'This, however, is an oversimplication of the
elas;o»plastic behavior. Consider, as an example, the stress path
illustrated: in the strgss=$tréin diagram of Figure 35.

The stress=-strain curve is nonsingular whenever any stress path is
considefed other than a monotonically increasing stress. If unlecading
dccurs‘during~the,loading history?‘the'Stress~$train function is
dependent not oniy upon the load cycle encountered, but also upon the
maximum stress to which the material has beéen loaded ih the nth cycle
and all previous n=l cycles. _ -

As an example, if a stress path OAB in Eigurew35 is followed
dgfing'the first load cycle, then when n = 2 the StreSSusfrain curve
will follow the.path BGH. _However, if the first load cycle terminatgs
at point C and is unloaded, then the path followed during the second
load cycle is Bﬁfe

At. this point the problem would bgcome too wide in scope to con=-
sider the general nature of the stfess»strain function for all varia=-
tions with n greater than l. Therefore, it has been &ecided that a
thorough study of the first'cyc1e o§ loading and unloading is the most
logical course to follow. Thus m; = n = 1 throughout the study. This
decision is justified-becausé the_behavior‘of-the first cycle must be

establishéd'before subsequent cycles may be defined.
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Prediction Equations

The functional relationships for predicting strains are reduced
considerably by the aforementioned 1imitatibnse For loading the pre= ”

diction equations reduced to:

€1l = £1(Tp T3s T,) (33)
eZ)L = fz(nzs TT39 TT4) (34)
eB)L = f3(n29 Tys n4) (35)

The method of component equations discussed by Murphy (37) was
employed to obtain the-arbitrary functions fl, f2, and fse That is,
three expe:imental series were conducted. In each series the three
principal strains were measured, one.pi term was varied, ‘and two pi
terms were held cénstant at a specified value. The generalized experi=
mental design for obﬁéining the prediction equation for strain during
loading is summarized’in Table XIXI. it was assumed that there was no

interaction between the pi terms in this design.

TABLE XIII

GENERALIZED EXPERIMENTAL DESIGN
FOR THE LOADING FUNCTION

-

Expériment - — = ' = .
Series 17 % My =91/ my = y/03 M, =9109,
1 Measure ' Vary | Constant Constant
2 Measure Constant Vary Constant

3 Measure Constant Constant Vary
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From each experiment series three component equations were ob-
tained; one for each principal stress difgction. Equafions 36, 37, and
38 are representations of the three~compoﬁent equations for el)L°ﬂ
Similar equations were obtgined for e,)p and e3)pe A bar over a pi

term indicated that_it was held constant.-

M= ey = 40Ty Ty M) 4 (36)
mp =€)y = £5(mys mye M) 7y
mp = e = f6(mpe mye my) (38)

Upon combination of the component equations in each of the three ortho=
gonal directions, the desired stress=~strain fgncﬁions were derivedﬁ

The complete experimentél design for the loading function along
with the specified pi term levels is outlined in Table XIV. Three
replica;ions of each experiment were run, and experiments were con=
ducted in random order so that the experimental errors would be

randomly distributed.
Validation

The accuracy of the experimental results was checked by two
separate procedures. The accuracy of the combination procedures for
developing the prediction equations was evaluated by plptting‘thevprew
dicted strains vefsus the obse¥ved strains used to develop the pre-
diction equations.

Two validation experiments were conducted on a four inch cubical

sample with the stress control device. A stress ratio, 01202303,’of



TABLE XIV

EXPERIMENTAL DESIGH FOR THE LOADING PUNCTION

Expt.

Expt. n oy ] o g.-

Series No. 61)1 €2); €3 SL - W= o3 ng = ;% = _0_1 -1 92 93 oc r ] P
3 c (psi) {psi) {(psi) (psi) (1in.) (deg.) (pe1)

1 0.326 26,40 26,40 2.5 56.8

16 0.436 18,40 18.40 2.0 44.8

2 0.557 16.40 14.40 -1.5 36.8

17 0.688 - 11.60 11.60 <10 31.2

1 3 - Measure 0.835 1.000 0.200 8,00 9,60 9.60 40.00 0.5 0 21.2
4 1.000 v - 8.00 8.00 0.0 26.0

18 1.184 6.75 6.75 0.5 21.5

5 1.392 5.75 5.75 1.0 19.5

6 1.901 421 4.21 1.5 16.4

7 2,590 3.09 3.09 2,0 14.2

8 0.326 2.61 -2.5 18.6

19 0.436 3.50 2.0 19.5

9 0.557 4.6 -1.5 20.5

20 0.688 5.50 : -1.0 21,5

- 10 Measure 1.00 0.835 0.200 8.00 6.70 8.00 40.00 0.5 120 22.7
. 1 1.000 8.00 0.0 26.0
21 1.186 9.46 0.5 25.5

12 1.392 11.10 1.0 271

13 1.901 15.20 1.5. 31.2

1% 2.590 20.70 2.0 36.7

0.00 0.00 0.00 0.00 0.0

0.05 2,00 2,00 2.00 6.0

0.10 4.00 4.00 4,00 12.0

0.20 8.00 8.00 8.00 26,0

0.30 12.00 12.00 12.00 36.0

. . 0.40 16.00 16.00 16.00 40,00 0. 0 28.0.

1 13 Heasure 1.00 1.00 0.50 20.00 20.00 20.00 o 60.0
0.60 26.00 26.00 24.00 72.0

0.70 28.00 28,00 28.00 84.0

0.80 32.00 32.00 32,00 96.0

0.90 36,00 36.00 36.00 108.0

. 1.00 40.00 40.00 40.00 120.0

=TT
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0.91:0.82:1.00 was randomly selected from those ratios within the range
of the pi terms. The load cylinde: pressure was varied from 0 to 60
psio The observed strains were plotted against the strains predicted
by Equations 33, 34; and 35. The standard deviation from~a straight
line of 45 degrees ang‘the correlation coefficient were used as
measures of the degree of agreement between the observed and prediCted

‘strains.

Functional Relationship for Unloading

Hzgothesis

The preliminary studies revealed that the unloading behavior is
exponential for selected loading paths. ‘Thisubehavior was observgd.
for both hydrostatic and deviatoric stfess staéeso It wasithereforeA;
hypothesized that the unloading path of wheat en masse is linear in
log stress=log strain séaceo 0 |

Prelimingry'stﬁdies also indicated that unloading from any point
on a given loading curve proceeded along parallel pathsa'_Ihat is,
the unloading path CD ‘in Figufe 35 is parallel to, an& thus ‘has the
same characteristicwshapé as, unloading path AB. The two paths are
merely shifted by anramount DB. | *

It is therefore hypothesized that unloading paths at- a particular
stressﬂratio,clzazscs,are paraliél for various levels 6f S ne :Omg the
stress level at which unloading commences, is defined graphically in

Figure 35, It is not known whether ‘the ﬁnloading paths between stress

ratios are:parallel.-
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_The Experimental Approach

1f the hypothesis.is valid, then the unloading path at any stress

state can be defined by the generalized form

— n
€0 = €140 1 (39

where ei)U = gtrain in the ith direction, in./in.

eim = strain in the ith=direct§pn“at which unloading
commenced, in./in.

O, = stress levei in the ith direction, psi.

g, = stress level in the ith direction at wﬂich unloading
commenced, psi. -

n, = slope of the unloading path in log-log space in the

ith directions

In Equation 39, €,q can either be the observed value of strain or the
value of strain predicted from'eithef Equation 33, 34, or 35. The
strg;s levgl, O imd is a known quantity-as is c&o Since €i)ﬁ-is the
quéntity to be predicted, only ni'is!unknowno

According to the hypothesis, the shape of the unloading path, and
therefore ngy is independént of the level of stré#s at which unloading
commences. for a given stress ratio. HoweQér, the véfiation,of n, with
stress ratio is not known. If the variation df n, with stress ratio ié
evaluated, then the general form of the hnloadingkpath will have been
determined.

The experiments uséd for obtaining the loading path were also used

for defining the variation of nje The slope of the unloading curves
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in log=log space was evaluated by the least squares linear regression
progedufe for each experiment included in Table XIV. The variation of
ni Qith stress ratio was obtained by plotting n, versus 01/03 and n;
versus 02/039 If n, varied with stress ratio, then the component‘
equations for n, would be‘combingé and substituted into Eqﬁation 39,

If, on the other hand, n, did»not vary with &1302303, then the unloading
path is defined by Equation 39,

It is noted that all the limitations imposed upcon the loading

function also apply to the unloading function.
Validation

Procedures similar to those described for the loading function
were employed., Only one variation was incorporated. In Equation 39

the quantity, ¢ could be either an observed or a predicted quantity.

im?
The observed and predicted strains were plotted both when €;m Was an

observed quantity and when it was predicted by ei)La



CHAPTER VIII
PRESENTATION OF DATA AND RESULTS
The Loading Functions

Component Equations

Barly in the experimen;al program it was observed that flow
conditions existed in the stress box at m, and 1, levels above 1.392
and below 0.557. That is, the deformation did not stabilize with time.
Instead, the deformation continued to vary with time uatil either the
capacity of the stress cylinders; L, was exceeded or the water supply
was depleted behind the membranes in cone of thé stress directions.
The initiation of the'flow condition was always associatedlwith_a
- reversal of the strains in‘one of the principal directions. The
strain changed éign during flow so that expansive deformations were
observedwduring’a compressive type loading condition.

Since wheat is a noncohesive substance, flow conditions are
expected at critical stress fatios. For example, when the stress
ratioc, 01/039 approaches 0 while holdipg 02/03 constant at any finite
non-zero level, flow conditions are established in the direction of
0, Since o, must equal 0 for o;/ o5 to be 0 in this case, ¢,
would be expansive and increase witheout limit. At ﬁhe other extreme,
as 01/03 increases withouﬁ-limit while 62103 is held constént5 it is

implied that cl>9>g3. Expansion would be experienced in the g4

116
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direction, and the expansion in that direction would increase without
bounds as cll ) increased without limit. Similar arguments may be
developed for the case of 0,/0ge
Singe‘flow conditipns commenced at m, and 7, levels above and
‘below 1,392 and 0,557, respectively, thése levels were considered to
be the limits bounding static stress-strain behavior of wheat en masses
The data for the static stress-strain behavior of wheat en masse within
these limits are.presented in Tables XV, XVI, and XVII. |
The component equations for'ei)L versus m, and ei)L versus f, were

linear in arithmetic space andhdid not include the -origin, whereas the
compqnant equations for ei)L versus m, were linear in log=log space.
Thé nine component equations, three for each principal direction, are
plotted in Figures 36 through 44.

~ The observed values.of strain are plotted in each figure. The
straight\iine plotted in each figure is the iinear regfession line
obtained by the method of least squares which is discﬁssed in detail
in the text by Natrella (39). The equation of the regression lines is
included in each figure as is the correlation coeffiéient, R, and the
standard deviation from regressiony; S. A summary of the component |
equations is-presgpted ig Table XVIIT, The lowest correlation coef-
ficient was 0,967, and the highes; standard deﬁiation from fegression
was 0.,0013 x 1072 in./in. in Equation 43. Thus, the‘largést observed»
standard de&iation from regrg§$ioﬁ was oniy 7g4’percent of the observed

range of variation of strain.



TABLE XV

UNIT STRAIN AS A FUNCTION OF THE

STRESS RATIO, 0,/0,, WITH

L
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5C 2,02

3
AND ﬂa"HELD CONSTANT
. Initial
Un;t Strazp Ty Voids Ratio
L ¢2)L e3)L oy/o3 I
Run 2
No. (ino/ino x 10 ) (") (“’)
24 =0,11 2.46 1.62 0,557 0.751
2B 0.07 2044 1.34 00557 0.755
2C 0,13 2.46 1.41 06557 0.780
174 0.30 2,18 1.41 0,688 0.764
11 0,62 2.11 1.22 0.688 - 0.801
~17¢C 0,47 2,09 1.22° "0.688 0,769
3a 0,92 1.60 0095 0,835 0.779
3B 0,98 1.57 - 0.94 0.835 0.784
3¢ 0,92 1.66 ~0,95 04835 0,772
4A 1.30 1.31 0.65 1.000 0,791
48 ~1.23 1.25 0,63 1,000 0.773
4C 1.33 1.35 0.63 1.000 0,770
184 1.73 0.88 0.53 1.184 0.768
183 1.80 1,06 0.54% 1.184 0,789
i8¢ 1.59 0.91 0.51 1.184 0.756
54 2,16 0.82 0,19 1.392 0.774
5B 2.23 0.69 0,28 1.392 " 0,778
0,70 0.36 1.392 0,771




TABLE XVI

UNIT STRAIN AS A FUNCTION OF THE
STRESS RATIO, 021033 WITH m,

AND ﬁ4 HELD CONSTANT

119

) " Initial
Unit Strain 3 Voids Ratio
€L €)1 €30 PR €
Run 2
No. (in./in. x 10%) (=) (=)
94 1,81 0.26 1,20 0.557 0,788
9B 1,81 0,22 1.11 0.557 0.766
9G 1,64 0.21 0,95 0,557 0.759
204 1.66 0.45 1,04 0.688 0,782
20B 1.66 0,40 0,97 0.688 0,760
206G 1,55 0.48 0,90 0.688 0.761
104 1,37 0.97 0.80 0.835 0,776
10B 1047 0.82 0.80 0.835 0,773
10C 1042 0,91 0,83 0,835 0,770
114 1,29 1.31 0,63 1,000 0.775
118 1,35 1.33 0.68 1,000 0,785
1i¢ 1.29 1.26 0.52 1.000 0,765
214 1,00 1.92 0,58 1,184 0,783
21B 0096 1,87 0,57 1,184 0,775
21¢ 0.95 1.93 0054 1,184 0,768
124 0,78 2,39 0,31 1,392 0,766
128 0,90 2053 0.33 1,392 0,788
12¢ 0.80 2,39 0034 1,392 0.752




TABLE XVI1

UNIT STRAIN AS A FUNGTION OF THE
 STRESS RATIO, 0 & , WITHT,

. .AND.W, HELD CONSTANT

Expt. No. 154

1

Unit Strain

2

3

Expt. No?'ISB Expt. No. 15C T,
€1 €2 €3 €1 €2 €3 €1 €2 €3 o4 lo,
(in./in. x 102) (in./in. x 102) (in.fin. x 102) (=)
0.00 0,00 0,00 0.00 0.00 0.00 0,00 0.00 0.00 0.00
0.77 0.77 0.30 0.68 0.67 0,29 0.69 0.69 0.33 0.05
- 0,97 0.98 0.45 0.98 0,97 0.41 0.94. 0.95 0.46 0.10
1.11 1.11 V.54 C1.14 1.15 0,49 113~ 1.14 0.56 0,15
1.28 1.29 0.64 1.29 1.32 0055 1.26 1.30 0.65 0.20
. 1.38 1.39 0.72 1.42 1.45 0.60 37 le4l Q.71 0.25
-1.45 . 1,47 0.78 1.53 1.57 0.65 1.46 1.50 0.76 0.30
1.55 1:59 - 0,85 1.61 1.64 0.68 1.50 1.58 0.81 0.35
1.66 1.68 0,92 1.69 1.73 0.72 1.61 1.67 0,86 0.40
1.75 1.77 0.99 1,79 1.84 0.77 171 1.76 0,92 0.45
1.81 1:85 1.04 1,87 1.93 0.82 1,78 1.84 0.97 0.50
1,90 1,93 _ 1.10 1.95 2,02 0.87 " 1.87 1,93 1.04 0.55
2000 2003 ,,1918 : 210_0.5-..‘__ 2011 0092 1&95 2001 1008" . 0@60
2,07 2.12 123 . 2,13 2.20 0.97 2.03 2.10 1.14 0.65
2.15 2,20 1.29 2,22 T 2,29 1.01 2,10 2-19 1,21 0.70
2,24 2,28  1.36 229 . 238, 1.06 2,18 2,26 " Te26 0.75
2.31 2,36 - 1.43- _2.38 2.46 1.12 2,26 2.33 1.32 0.80
2.48 2,43 149 2,46 2053 1.18 2.33 2.41 1.38 ‘0,85
2,46 250 1.53 2,54 2,60 1.23 2,39 2.48 1.45 6.90
2:53 2.56 1.58 2.60 269 1.28 2046 2.54 1,50 0,65
2.59 2.62 1.64 2.65 2.73 1,32 _2.51 2.61 1,54 1.06
eq = 0,783 2. =0.782 e =2 Qo780

n-T
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TABLE XVIII

SUMMARY OF THE COMPONENT EQUATIONS
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Standard

Cdfrelation
'Coefficient Deviation Equation
~ Component Equation (=) o (infin x 102) No;

) = 20,0125 + 0.0249 m, 0,987 0,0012 (40)
€ ) = 0.0240 = 0.0115 0,982 0.0007 (41)
&), = 0.0255 m, Or448 0.996 0.0006 (42)
6, = 0.0351 = 0.0210 m, 0,979 0.0013 (43)
¢,), = =0.0137 + 0,0272 0.996" 0.0007 (44)
&)y = 0.0263 m,0"43% 0.997 0.0005 (45)
€3), = 0.0221 = 0,0144 m, 0,971 0,0011 (46)
€y), = 0.0157 = 00089 m, 0.967 0,0007 (47)
e), = o0.0141 0% 0.982 0.0010 (48)
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Prediction Equations

Murphy (37) noted that, if the component equations were linear in
log=log space, the component equations could be combined by multipli-

cation into the general form.

- # a b [
m= 1M 3 Ty (49)

where $ = a dimensionless coefficient

ag by c. = dimensionless exponents

Since the component equations for ei)L consisted of two linear equations
in arithmetic space and one'linear equation in log=log space; the
equations had to be tféngformed as shown in Equatién 50 before they
could be combined.

Component Equations 40 and 41 were transformed to linear functions
in log=log space in the following manner. First, the observed strains
were plotted against those predicted by Equation 40 and the observed
strains were plottgd against those predicted by Equation 4l. The
resulting lines were linear with a slope of 45 degfees and an inter-

cept of 0.0 and were deseribed in équation form as

- _ 1, a1
m =€)y = (=0,0125 + 0.0249 m,) = (m)); (50)
and
= e), = (0.0240 = 0.0115 )t = ()} (51)
"1 e]_ L == ° o "3 TT3 1
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Equations 50 and 51 have the basic form y = AxB, which is a linear
function in log~log space. Substituting "é and ﬂg into the Equation

49 yielded the basic prediction equation for strain in the l-direction.

o= b (M} (] (w0448 (52)
Similarly, the general prediction equations in the»other principal
directions were

&)= 4, (n) 3);1: (“4)004'54 (53)

ey = b5 (75 ()3 (n, 0320 (54)

The prediction equation for strain in the ith direction was ccmplete
upon evaluation of +in
Generally, the coefficient in each of Equatioms 32, 33, and 54

were defined by Equation 55.

ei)Lwobse:ved

(55)

i

(m); (), (m)%

Utilizing Equation 55, a value of ¢i was evaluated for each data point
used to develop the prediction equation. The mean values of the

dimensionless coefficient were found to be:
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$; = 1644 (56)
;72 = 145,1 (57)
1o = 290.6 (58)

$3

The standard deviation of the means were 1.4, 2.,0; and 5.0,
respectively.
Substitution of the walues for ¢i” (ﬂg)ig and (ng)i into Equations

52, 533, and 54 yielded the final form of the prediction equations,

. “'2 00448
SI)L L] (=‘4092 -+ 9081 TTZ -+ 2036 WB ol 4@71 TTZ ‘IT3)(10 )(TT4)
(59)
— > =’2 00454
€,0p = (=6.97 + 4,18 m, + 13.85 my = 8.23 m, my)(10 “){m,)
(60)
. =2 0.520
€30y, = (10200 = 6.55 m) = 5.71 my + 3271 my m3)€10” N,
(61)

Owing to the orthotropic nature of the stress-strain behavior of
wheat en masse, Equations 59 and 60 may be written in an alternate
form by interchanging subscripts on the ﬁwterms and by substituting
O, /0, form,.

_ =2 0.454
€0 = (=4:92 + 2.36 ), + 9.8 mg = 4o7lm, m3)(10 “Noy/o.)

(62)

and
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| .2 0,454
el)L = (=6.97 + 13.85 m, + 4,18 ™o 8,23 wl Wz)(lo )(Gzﬁsc)

(63)

Observed versus predicted strains have been plotted for each of
the pfigcipal stress directions in Figures 45 through 48. The observed
strains were those used to develop the prediction equations. Thus,
these plots served only to indicate how well the component equations
were coﬁbined. In Figures 45, 46, and 48 the standard éfediction
equations were used to evaluate the predicted st}ains9 whereas the
predicted strains in Figure 47 were evaluated by the alternate form of
the prediction equation for ez)Lo The ﬁagnitudg of the slope; inter-
cept, and standard deviation of the regression line are given in each
figure. |

The largest observed intercept of the regression lines was 0.0002
and the loweét slope of the regression lines was 009280‘ The nearness
of these statistics to the slope and intercept of a 45 degree line
indicated that the component equations were satisfactorily combined.
The high correlation coefficients (the lowest was 0.953) coupled with
standagd deviations from regression less than 8 percent of the rénge
of ei)L in all cases also indicated that the component equatioms wéfew
satisfactorily combined.

By using gﬁe_élternate form for predicting eZ)L (See Equation‘63)9
the observed and predicted values of eZ)L agreed ﬁore_cloéaly than when
the original prediction equation, Equation 60, was used to predict
ez)Lo More favorable agreement was reflected in—~the intercept, slope,
and standard deviation from regression of the eZ)L=observed versus

ez)anredicted regression lines. Since isotropy was established
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b
independent of the experimental design, and since strains in the Zw?
direction computed by the alternate prediction equation for QZ)L Wé%¢ ‘
in closer agreement with observed strains than were those'predicted:py t

Equation 60, it was concluded that Equation 63 should be used to pre-

dict eZ)Lo

The Unloading Functions

Slope of the Unloading Curves

The slopes of the unloading curves in log=log space for each
experiment in series I and 11 were cbtained by the 1east squéres linear
regression method. The results of these regressions are presented in
Tables XIX and XX. The data for experiments 24, 2B, and 2C in thé 1
dﬁregtion were lost and are not in;iﬁded in the results.

All n, versus g1/o3 and n; VerSUSIOZIGB curves plotted as horiw
zontalwlines in arithmetic space. Any variation in n, with stress
ratio was, therefore; assumed t§ be random and attributable to experi-
mental- errors.

Studentized "t=-tests" at the 0.05 level révealed that the mean
slopes, ;19 Eég and ;59 did not vary between the experiménts where
51/53 was wvaried and>the experiments where 02/03 was varied. This
equality determined9 the means for ;19 Hzg and ;s were pooled across
the two experiment series, and another studentized “t-test' was con=-
ducted at the 0.05 level to determine whether the slopes varied between
principal stress directions.

The results of these tests were that: (1) The slopes of the un~
loading curQés in log=log space were equal in the two horizontal stress

directions and (2) The slope of the unloading curves in log=log space



TABLE XIX

SLOPE OF THE UNLOADING CU
IR LOG-LOG SPACE WITH
UZﬁUB GCONSTANT

RVES
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Expte Slope1 -
Noo.
(5] 1/0'2 nl nz n3
(=) (=) ' (=)
24 0.557 - 0.0437 0.0604
2B 0557 e 0.0507 0.0851
20 0557 s 0.0447 -0,0588
174 0,688 0,0385 0.0416 - 0.0667
178 0,688 0,0246 0.0460 0.0890
17¢ 0.688 - 0,0399 0.0431 0.0718
34 0,835 . 0.0306 0.0465 0.0756
3B 0.835+ 0,0342 0,0512 00,0886
3¢ 0.835 - 0,0399 0.0408 0.0724
44 1.000 0.0928 0.0294 0.2305
4B 1.000 0,0850 0.,0886 0.2039
4G 1.000 0.0634 0,1019 0.,2505
iga . 1.184 0.0171 0,0183 0.0633
18B 1.184 0.,0368 - 0.0289 06,0905
18G 1.184 0.0312 0.0452 0.0639
54 1.392 0.0362 - 0,0526 0.3518
5B 1.392 0.,0360 0.0541 0,1035
3¢ _ 1.392 0.0322 0,0487 0.0904
Mean (ni) L 000426 000525 001177

;Subscripts refer to the principal stress directione



TABLE XX

SLOPE OF THE UNLOADING CURVES
IN LOG=-LOG SPACE WITH

01/03 CONSTANT
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Expts Sl@pe1
No. 02103 ny L N,
(=) (=) (=)
%A 0:557 0.0435 0,0694 0,0724
2 0.557 00369 0,0581 0:1457
G 0,557 0.0249 0.0096 0.0426
204 0.688 0.0447 0.0519 000643
208 0688 0.0430 0.0432 00,0706
20¢ - 0.688 0.0324 0,0388 0.1392
104 0,835 0.0448 0,0224 0,0749
108 0,835 0,0359 0.0424 0.0847
i0c 0,835 . 0.,0291 - 0,0197 0.0697
114 1.000 0.1118 0.1109 0.2046
LiB 1.000 00995 0,1001 0,2495
11¢c 1.000 0,1095 0.1166 0,2396
21A 1.184 0,0459 0.0279 0.0618
21B 1,184 0,0369 0.0379 0.0795
216 1.184 0.0422 0,0428 0,1242
124 1,392 0.0455 0,0385 00,0635
128 1.392 0.0507 0,0236 0.2756
12¢ 1.392 0,0299 0.0235 00,0631
Mean (n,) 0.0504 0.0487 0.1182

1Subscripts refer to the principal stress direction.

A
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in the vertical direction differed from the slopes in the horizontal

direections. Thus,

{

=
i
j=

1 9 # ny (64)

The mean slopes emcountered and the associated 95 percent confidence
. , S

intervals were

- = _= _ +
n; —-‘n2 n, 0,0486 0,0067 . {65)
n, =@ = +

ny = n, 0.1180 * 0.,0264 {66)

The Prediction Equations

The generalized unloading function, Equation 39, was presented in
Chapter VII. BSubstitution of the values for Ei into the pgeneralized

equation yielded the prediction equations for unloading.

_ 00486

el)U - elm(cllolm) (67)
_ 0.0486

)y = €0yl ony) (68)
_ (041180

€30y = €35(%3/%,,) (69)

The values of €;m Were either the predicted strains or the obe
served strains at which unloading commenced. In the event that pre-
dicted strains were desired for a complete loadiné cyecle, then the
€im value had to be predicted from the»appropriate loading function,

The observed versus predicted unlcading strdins are plotted in
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Figures 49, 50, and 51. 1In these figures the predicted strains were

éomputed using observed values for ¢, . The data plotted were the

im
same data used to obtain the average slopes of the unleading curves.

The results plotted in Figures 49 through 51 indicated that the
techniques employed to derive prediction Equations 67, 68, and 69 were
satisfactory. In this series of curves the lowest correlation coef-
ficient was 0.990, the largest s;andard deviation from regression was
only 3,1 percent of the range of observed strains, the slopes of the
régression curves were essentially 1.0, and the intercept of the re=
gression lines were all within 0,03 x 10"2 in./ino.of the origin.-

The data pldtted‘in Figures 52 throﬁgh 54 differ from those in
Figures 49 through 51 in that the strain levels, € m2 Were predicted
from the prediction equation for ei)L' The standard deviation from
regression was less than 8 percent of ﬁhe range of observed strains
in ;11 cases; and the correlation coefficient ranged from 0;954 to
0.980. The slope and intéréept'of the regression 1inesvfor the two
horizontal stress direéfions were essentially equal to unity and zero,
respectively.

In the vertical stress direction, the intercept of the regression
line was zero, but the slope of the regression-line was equai to 19236¢
Noting that the slope of the regression line in Figure 51, in which
€3, Was an observed value, was only 1,064 and close to the equal value
line, the divergence of the regression line in Figure 54 must bé due to
an accumulative type of error. That is, differences between the ob-
served and predicted strains in Figure 54 are the sum of differences

in the observed and predicted values for ¢ and the error introduced

im

by the prediction equation for strain during unloading.
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Validation Results

The results of the validation tests, in which<31= Tyt Oy =
0.91:0,82:1.00, are presented in Figures 55 through 63. A stress-
strain curve, a plot of‘the observed versus predicted strains during
loadidg, and a plot of the observed ;ersus predicted strains during
unloading are presented for each principal direction.

In the l~direction the observedmend“predicted srrains during
loading were in close agreement. At the maximum stress levelrepooun-
tered in the l«directiong the‘difference between the obserQed and pre=~
dicted strains was 6«3 percent. The observed versus predicred strains
plotted in Figures 56 and 57 for loading and unloading,frespectively,
both approximate’e 45 degreelline with intercept 0.0. The divergence
of the intercept and slope of the‘regression line in Figure 56 is due
primarily to differences in the observed éndﬂpredicted strains at
stresses below 4 psi. Tﬁese differences were dutho errors in srrain
measurement at small srress levels. |

The results in the 2~direction are plotted in Figures 58, 59, and
60. .The'stress~strain curve indicated very good agreement between
observed and predicted straios as- the maximum difference between
observed and predicted strain was 0,00l in./in. .The slope and inter=
cept of the observedlversus predicted regression line for loading were
«0,0010 ine./in. and 1.078, respectively; whereas for the unloading
function en'intercept‘add slope of 0,0 in./in. and 1,022, respectively,
were observed. Again the strains experienced at stress levels below
4 psr diverged considerably from Fhe regression lines. Exclusion of
"those poinrs below 4 psi would result'in even better agreement between

the observed and predicted strains during loading.

T,
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The observed strains in the 3-direction during loading are con-
sistently 0.1 x 10™2 in./in. lower thanvthe predicted strains at any
given stress levél. At stréss levels above 8 psiy, the difference
between ébserved and predictéd»strain was 1e§s than iO peréenta The
linear regresé&on line in Figure 62 for observed versus predicted
strains during loading had a 510pe of 1.045 énd an intercept of
-0.0014 ine./in. These statistics approximated those of a 45 degree
line with an intercept 6f =00,0014. The observed versus predicted
strains during unloading arefplotted in Figure 63+ .The least squares
regression line forced thréﬁgh;thefbrigin'had‘a glope of 0.995. |

;Ekcept_for a few instances at stress levels between Q»aﬁd 4 psi,
the observed gnduﬁredicted strains differed by less than 10 percent.
Furthermore, the 95 percent confidence interval for the regression
lines included the equal value line in eﬁery instance. Thus; itbwas
concludéd that within the limitations imposed by the/experiﬁental
design, prediction Equations 59, 61, 62, 67, 68, and 69 were wvalid and
could be used to predict the strains in wheat en masse subjgcted té

three dimensional states of stress.



CHAPTER IX
DISCUSSION OF THE RESULTS
Theoretical Considerations

Total Strain

In aﬁ attempt to substantiate the réﬁults of the previous qhapter,
the upper and lower bounds of the strain in the vertical direction
dﬁring-loading, GB)L’ were evaluated analytically for the case of
hydrostatic compression. The lower limit of thezstréin was obtained
by coﬁsideration of Hertzian contact‘deformations, whereas the ubper
bound was obtained by superimposing the strains due to particle re~
" orientation upon the Herﬁzian deformations., In éeneral, the strain in

the vertiqal direction during loading was written as
eB)T"= 63)H +'63)R (70)

where €3), = total strain in the vertical direction, in./in.
e3)H = strain due to Hertzian contact stresses, in./in.

e3)R.= strain due to particle reoriéhtation,»in./in.

Contact Strain

Contact strains may be computed by the Hertz theory of contact

stresses. The Hertz solution assumes that: (1) Thé’contactipg bodies
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are homogeneous; (2) The loads are static; (3) Hooke's Law holds;
(4) The radii of curvature of the contacting ppdies are ;Prger than:
_ the radius of the surface of contact; and (5) The particles are smoo;h
such that tangential forces are negligible.
According to Hertz (19), :the centeré of two bodies in contact

approach each other by an amount D along the line of action of the load

2.2

~kr9paA” 1 1 1 .1 ,41/3
D—ZEnZ'(R1+Rf+R2+R2')J (L

where D = deformation of the centers of two contacting bodies, in.

P = contact load, lbsc. -

2 2
1l - Hz

E

1l =g
A= E 1 +
1

2

k=f (cos T)
M = Poisson's ratio for body 1
My = Poisson's ratio for body 2
El = modulus of elasticity for body 1, psi
E, = modulus of elasticity for bedy 2, psi
1? R{ = principal radii of body 1l, in.
@
2

= principal radii of body 2, in.

1/2

1 1 .2 L - 1.2 1 1,1 1
[(= =6 )+ (5= "5 + 2(=F « S2)(F = S2)cos 2 7]
et Ry T Ry R, RJ R, R{"R, R, i
(§L+§%+§L+§L;)
1 i 2 2

(72)
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The value of k has been tabulated by Kosma and Cunningham (29) for all
levels of cos T The~aﬁgle T is the angle between the normal planes
containing ﬁhe principal curvatures éf thebcontacting bodies.

A typical wheat grain is illustrated in Figure 64.' it has been
observed by Shelef and Mohsenin (47} and it was demonstrated in Chapter
V‘that.the longitudinai axis of a kernel of wheat is apéroximately

twice as long as the height. That is,

Ly
]

2H (73)

_ In Chapter V, it was shown that the length and heighp of the wheat

grains used in this study were 0,196 and 0.098 inches, respectively.
Arnold Qnd Roberts (2, 3) have observed the following relation=

ships between the axial dimensions of wheat grains and thei%:principal

radii of curvature.

R, = H/2 ' (74)

2 12
Ri="=g ~*H (75)
R, =Ry/2 = H/4 (76) -
Ry = 2Rf = 2H (77)

.....

It has been asserted in Chapter VI that the wheat grains will
orient themselves with their longitudinal axes perpendicular to the

gravity field. Howéver, the orientation of the longitudinél axis in



Figure 64. Sketch of a Typical Wheat Grain

261
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the horizontal plane is random.

Because.of the random orientation of the longiﬁudinal axis in the
horizontal plane; many combinations Qf contacting surface radii are
possible within an array of wheat grains. For example, in the vertical
direction of an array of wheaﬁ grains contacts could be visualized in
which the following combinations of principal radii would be involved: -
(1) A surface with principal radii oé kl and Ri in contact with a sur-
face with principal radii‘of Rl and'Ri; (2) A surface with principal
radii of R, and Ri in contact with a surface with principal radii of
R, and R;; or (3) A surface with principal radii of R, and R) in con-

2 2

radii referred to are those illustrated in Figure 64.) Furthermore,

tact with a surface with principal radii of R, and R;. (Note that the

the angle between the planes of principal radii, T s of two contacting
bodies may vary. - -
Since~anj of these combinations of con;acting can, and probably
doy, occur and since the limitiﬁg bounds of contact deformation Qere
sc:_ught:_9 the approacﬁ of two wheat kefnels under»léad was evaluated for
all the combinations of principal radii and_angle,‘ﬁ .
Hertzian.strains were evaluated for two particulate packing arrays:
A simple rectangular array és shown in Figure 65, and.én ortho=
parallélepipedal array as shown in Figuré 66, The arrays sketched
assume that the wheat grains approximate circular ellipsoids with
major and minor axes of L'and'H, respectively. The first of these
~arrays represented the 1ooses£ possible packing arfgngement of uniform
‘ellipsoids, whereas the‘second.array is the densest array of ellipspids
.which one would expect to find in nature. Orr (40) noted that tbgL |

orthorhombic arrangement of uniform spherical particles was the most
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Figure 65. An Element of a Simple Rectangular Arrangement
of Wheat Grains :



5

v 300

Figure 66, An Element of an Orthoeparallelepipedal
: Arrangement of Wheat Grainms
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dense array found in practice. This observation was extended to the
case of ellipsoidal pafticulate‘afrays.i

In the case of the simple rectangular array (SRA), the unit verti-
cel contact strain was c?mputed by Equation,?é;"

=

=2
In the case of the ortho=parallelepipedal array (OPA), the unit
vertical contact strain was evaluated by Equation 79. |
(79)

)., = 4D
€3'H AE;II

Hertzian strains were evaluated for_ a11 the comblnations by

5 psi [Shelef and Mohsenln (47)] and

assuming that E; = = 4 12 x 10
by assuming that‘pll =u, = 0,30 [Arnold and Roberts (3)]. Of all the
combinations, the maximum vertical Hertzian strain was‘obtained;for a
simple rectangular arrangemeht of particles. = The principal radii of

. the contact points for body 1 were R; = 0.148 inch and K1 = 0,074 ihch,
whereas the principal radii of the contact points for body 2 were

2

the maximum Hertzian strain was 0 degrees. -

2 0 296 inch and R, = 0. 037 incho The angle, N , associated with

The minimum contact strain wasveValpated for an ortho~pata11e1=
epipedal arrangement of particles. The.principal radii of cohtact
for body 1 wereva1 = 0,148 inch and Ri’= 0,074 ineh,rwhereas the
principai radii of the secomnd contacting grain were R2 = 0.296 inch
and O. 037 inche. The angle,ﬂ p Was. equal to O degrees. The computed

-upper and lower bounds for Hertziam strains in the vertical d1rection

4
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are plotted in Figure 67.

Particle Reorientation

The voids ratio for the simple rectanguiar“array df particles was
0.910, whereas thewvbids ratic of the_ortho-parallelepipedai,érréy of
particles was 04655, The unit strain encountered, assuming the initial
di§tance between particle centers.to be Hvand assuming no particle
deformation when transforming the particles from an SR to an OP
arrangement, was 0.134 in¢/in. That is,

6 )y = 0134 in./in. (80)

Hoﬁever, the observed initial voids ratios of the wheat samples,
egs had an average value of 0,750, If-a linear rélationship is assumed -
between the difference in voids ratio and thé‘gnithtraihs due to
rearrangemeng,.thenzthe“unitbstrain expected due to rearrangement from
a voids ratio of 0.750 to the OP array ﬁith e = 0,655 is

e = 6.655
‘93)3‘=L0.810 = 0.655 ‘*R)max.

= 5,0 x 1072 in./in. (81)

The preliminary results of Chapter VI indicated that particle re-
brigntétidn was the predominant mode of deformation in a_hydrostatic
cbmp:eSEion test uf to a stress level of -8 psi. Above strésses of 8
.Rsi individual particle deformation was observed to be the predominant
deformation méchaniSm. Assuming—that all the particle reorientation
strain, eB)R’ has been achieved at a stress lgvel of 8 psi, the maximum

'

‘total strainm at 8 psi is obtained by adding€=3)R from Equation 81 to
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the maximum contact strain at 8 psi. Thus, the location offpoint%}iin
Figure 67“£s established. h
Now, if it is assﬁﬁed that at some value of stress near 0 psi,-
say 0.01 psi, the maximqm contact str#iniand the tot;1 strain are es=
sentjally equal, the location of pqint‘z on tﬁe upper limit of total
strain curve is defined. Narayam and Bilanski (38) noted that the
total vertiéai'&eformation of wheat eﬁ masse under axial loéd varied
logarithmically with stress when particle reorientation wﬁs the pre=~
dominant mode.of deformation.. Thﬁs, an approximation of the upper
bound of ﬁotal strain between stréss levels of 0.0l and 8.psi is a
straight line in log-log space joining points 1 and 2 in Figure 67.
Above a stress level of 8'psi, the upper bound of total strain is
plotted by simply adding a constant strain of 5.0 x 10.'2 in./in. to

the maximum contact straine.

Comparison of Experimental and Analytical Results

The upper and lower bounds for strain were developed independently
of any experimental rgsulﬁs except that the experimentally observed
initial voids ratib was used in the development of Gé)R and a stress_
level of‘8.psi was experimentally,observed as the stress level at
which particle reorientation ceased to be the major mgchaﬁism of
deformation. | |

The predigted vértical strains, which are computed by Equation 61
in Chapter VIII and—are;plotged in Figure 67.for the case of hydro=-
static compressive stress;s,"fell within the upper and‘l?wer bounds of
strain for sﬁress'levels between 0.3 and.lOOO péic fhe slope‘;f the |

predicted stress=strain function was 0,520, whereas the slope of the
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Hertzian stress=-strain function was 0.6620 Thus, as the stress level
incredsed, the predicted and Hertzian strains cbnvergedo

The accuracy of the strains measured by the methods proposed in
this study is not proved conclﬁsively by this inégpendent analytical
approach. However, the results of this study can be used with a
~ greater degree of confidence with the knowledgé that the predicted
strains do fall within‘thé limiting bounds. Conclusive proof of the
accuracy of the -method will'be»pbtained onlyrwhen the stress=strain
functions are successfully applied to the”solution of the pressure

distribution in a physical systems
Nature of the Stress~Strain Behavior

Probably the most ouﬁstanding feature of the stress-strain behavior
of wheat en masse was the directional dependence of the strainso.bln
hydrostatic compression tests the stréin in_the‘vertical direction with
respect to gravity filling wasTaiways observed to be nearly 50-percent
smaller than the strains encountered in the horizontal direction;
Similarly,lin deviatoric stress tests, anisotropic behavior was also
observed;_ For example, the strain iﬁ the l-direction under a stress
state of 0)30,:04 =,£;m:m was always observed to be greaﬁer than the
strains experienced in the 3=direction under a stress. state inAwhicﬁ
01562303 equaled m:m;ke Whereas the vertical‘and horizontal étrains
differed in hydrostatic compression tests, the strains in the hori=-
zontal planes were i&enticalf

The anisotropic béhavidr of wheat en masse has been discussed.in
Chapter VI in the-sections on "Isotropy" and “Gravity Effects." In .

summary, the anisotropy was attributed to the asymmetric configuration
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of wheat grains. Because of their asymmetric shapey; a horizontal
orientation of their longitudinal axis is the only stable one in a
gravity field. ﬁoﬁever,»the oriéﬁtation of ﬁhe longitudinal axis
within the horizontal plané;is fanddmo Thus, dué-to differences in
geometry between the vertical and horizontal directions, the.;trains
in these directions differ under~identica1.stress states; and due to
the macroscopic similarity of the particulate‘packing arrangement in
any horizontal direétion, the strains in all hqrizental»planes are
identical when subjected to identical stress states.

- Another characteristic.of the mechanical behavior of wheat en

masse is the presence_pf large residual strains upon removal of the

loads. The typical StféESmstrainidfagram for wheat en masse in-
Figure 68 illustrates the residual sﬁrainso The total strain at the
beglnning of unloading is denoted by ei) and may be separated into two
componentss (1) The elasti@ com.ponent,7 ei) » and (2) The plastlc com=
- ponent, ei)p. The elastic strain is that portion of the total strain
which is recoverable. Previously, itphas been noted that the recoferw
able strain encountered in wheat en masse is associated ﬁith reéoverh
able individual particle deformations. The‘plastic strain is the

: irrecoverable portionAbf the toéal strain and has been attributed
prlmarlly to irreversible friction losses and irrecoverable work
accomplished in the reorientation of individual particles from one
packing arrangement. to another. A minor pqrtion of the plastic strain
is a result of irrecoverable strains encountered durxng loadlng and
unloading of individual grains. Arncld and Roberts (3), Zoerb (55),
and Shelef and Mohsenin (47) also.observed irrecoverable deﬁormations

when individual grains were_ loaded and unioadéd} while Narayan and
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Bilanski (38) observed large irrecoverable strains in wheat en masse
loaded and unloaded axially in a confiﬁiﬁg éylindero

A larger portioh of the total strain is recovered in the wvertical
stress direction than in the horizontal stress directions. For
example, in the validation experiment§ in-which<713025§3"= 0.9130,82:1,y
the strain recovered in the vertical direction was 4l percent of the
total strain, whéreas only 17 and 20_peréent of the totai strain ‘was
recovered in the two horizontal diréctionén The anisotropic nature of
wheat en masse due to particleforientationnwi;h respeé;_;o‘gravity was
responsible for this effect. - -

The mgchan&cal behavior of wheat en masse has been found to be
very -complex., It ié‘classified as an;ani&otropic élastic=p1astic

material. The preiiminary‘tests indicated that whéaﬁ en masse exhibits

’stfaiﬁ‘hardening tendencies with repeated loading cyélese

Loading Function

1

Thg_preéiction equations for the static strain duting thé first
cycle of loading for cases where 120,303 does not vary*dpring loading
were presented:in Eqﬁations 59, 61, -and 62 in Chapter VIII. ‘ThéSe
equations have been verified by the results ofiﬁhe validatioﬁ experi~ ,
ments‘énd(the analyticaliresulps of this chapter. Al}rthree predibﬁ{on

-equations for strain were of the form

a

where Ai( Tys ﬂ3) = dimensionless function of g, and pg

a8, = a dimensionless exponent
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If ¢ i)L were plotted versus ﬂ2 and Ty in arithmetic space with T4
as a parameter, a family of parallel planes would be described. The‘
spacing between the planes would decrease logarithmically as LA
increased.

The anisotropic nature of the deformational behavior is manifested
in the prediction equatidns; For example, a1 and azkwefebboth<equal
to 0.454, but ay was equ;l to 0.520. The coeffi;ients, Ay also
demonstrated the directional dependence of the strains. Ai’( LPY n3)
.and A, ( ﬂz,An3) differed only in that the coefficients of g, and 4
terms were interchanged. Howeverg the_coefficient, AB ( oo n3),
was completely different from Ay and Ag. For example, for the case of
hydrostatic compfessive stresses, the magnitudes of Ay and Az_were
identical; whereas the magnitude of Ag was approximately one-half as

great as Al or A2.

Unloading Function

Unloading strains in the ith direction are predicted by Equations
67, 68, and 69 in Chapter VIIi. The hypothesis that these equations
were of the form

Jo. )i (83)

€100 = Cim ©1/%4n

has been verifiedo

Unloading behavior is of the exponential forme. The coefficient
in Equation 83 must be predicted from the loading function, ei)L’ at
the stress level at which unloadingkéommencedo The slope parameter

was shown to be dependent only upon the direction, i, of the, principal
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strain. Fu:ther, elastic symmetry and observed results dictated that
n, was equal to 0.0486 iﬁ both horizontal directions. In the wvertical
direction thev.slope-,_n3 = 0,1180, was apbroxim&£e1y tﬁice as large as
both ny and Ry Thus, a 1a;ger percentage<of the strain in‘the verti-
~cal -direction ﬁas recoverediduring uhloading than in either of the
horizontal directions. Because of the independence of n, upon both

stress ratio and the value of €4m? all the log=log unloading curves in

the ith direction were parallel straight lines with slope o



CHAPTER X
SUMMARY AND GONCLUSIONS
Summary

The primary objective of this study was to functionally define
the static stress=strain behavior of wheat en masse. Uée was made of
the hydraulic-mechanical analog stress control device and the cubical
stress béx developed by Ko and Scott (25) for the studi of‘the stresse
strain behaviof of granular soils.

Preliminary studies were conducted with wheat en masse to évaluate
the effect of sample size, gravity, time, and 1oad #istory upon its
mechanical behavior and to determine its degree of mechanical isotropye.
It was found that a four inch cubical sample was adequate for studying
the stress=strain behavior §f wheat en masse. Gravity affected the be-
havior in thap the wheat grains oriented themselves with respect to -
gravity during sample preparation. Wheat en masse was found to be ani=-
sotropic since strains were observed to be greater in any horizontal
stress direction than in the vertical stress direction dur&ng‘hydro-
static compression tests. (Horizéﬁtal is.defined §§_being pefpendicular
to the gravity filling axis.) 1In the first minute after application of
a sustained load, the deformation of wheat en masse was observed to be
highly dependent upon time. -However, nearly 80 percent of the final
strain,eeni, was Attainedﬂduring the first minute of.}oadingo After

one minute the rate of increase in strain was extremely low. Variation

166
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of load rate from 3 to 6 psi per minute did not cause any variation in

the observed strains in either hydrostatic or deviatoric tests. The

‘stress-strain behavior was observedto be very dependent upon load his=

tory, thus indicating that the stress-strain behavior was incremental

in nature and, therefore, closely bound to the stress path followed.

An experimental design based upon~the‘theorywof similitude and

the preliminary findings was developed to define the functional nature

of the static stress=strain behavior of wheat en masse. The following

limitations were imposed by the design.

1.
26
3.

4o

Se

6.

The physicalmprope;ties of the wheat were held constant.
The loading rate was held constant at 3 psi/minute.

Only one éycle of loading and unloading was studied.

The stress ratio, Ulasésos, was held constant throughout a

test while 01 + 02 + g3 was varied.

Stress ratios expected in grain storage structures were

-spanned.

All loads were below failure loads.

The six prediction equations for strain, excluding those terms

held constant, for loading and unloading were of the form

!

31>L = £ (61/03, .02/03, o,/0.) (84) »
ez)L ; £, (01/03, 02/03, 02/00) ' (85)
€3)y, = £5 (0,/03, 0,/03s 01/0) (86)
)y Sim CHLAE 2, 3 (87)

The ranges of the variables considered were
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0.557 & 0,/04 £ 1392
0.557 & 0/a3 & 14392
0.000 £ g,/g, & 1.000
0.000 < g, /0, < 1.000

0,000 < ci/cimé 1.000

Component equations were developed,'traﬁsformed to linear
functions, and combined by analysis of the‘funétionS'to obtain the

following prediction equations for strain.

-2 0.454
el)L‘H ("4a92 + 9»81 n2+ 2036 WB ".41371 TT2 113)(10 )(cl/oc) ‘
_ L (88)
_ -2 0,454
€y)y, = (=4.92 + 2.36 m, + 9.8l my = 4271 gy ) (10 | ICNER
R (89)
_ : -2 0,520
€3)p = (10.00 = 6,551, = 5.71 1y + 3,71 m, m3) (10" )0, ko )
' (90)
_ 0.0486 -
el_)U =€1m (cl/ °1m) . (91)
_ 0,0486
€)U = €2n (f’z/"zfn) | (92)
N ,0+1180
‘33)U = €3 (03/03m)) (93)

At any stress ratio, 01105303 large irrecoverable strains are
predicted upon unloading the grain éince the exponents in the expres=-
sions for ei)U are much less than those’for ei)La Based upon the
resuiéé of the preliminary studies and the form of the prediction
equations .for strain, whezt en masse has been classified as an aniso=

tropic elastic-plastic material.
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Two tests, in which 01:02:03 = 0.91:0.82:1.00, were,éonducted in
' order to validate the prediction equations. Thg predicted and observed
strains were in agreement. Also, an analytical solution of the upper
and lower bounds of the vertical strain of wheat en masse during Hydro-
static compression indicated chat the predicted strains fell within

the limiting bounds.
Conclusions

The following conclusions were drawn from the experimental results,

l. The strains in .a four inch stress box are more homogeneous
than those in a six inch stress box. The smaller the sample
size, the more homogeneous are the observed strainse.

"2+ Wheat en masse is not isotropic with respect to principal
strains. Meghanical symmetry exists in all ﬁqrizontal planes
with respect to gravity, but is absent with respect to verti-
cél_normal strains. . The lack of complete symmetry is a result
of particle orientation with respect to gravity.

3, The stress—strainvbéhavior of wheat en masse is time dependent.
However, 85 percent of the maximum strain is attained during

- the first minute after application of loads. Approxim;tely

24 hours were required to attain the maximum strain level in
hydrostatic compression tests.

4, The stress-strain behgvior of wheat en masse is incremental.

5. The component equations for Ei)L versus 01/03 and Ei)L versus
0,/ 05 during the first loading cycle were linea:"in arithmetic
spacee. |

6. The component equations for Ei)L versus 01/0c were linear in
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8.
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log-log space. This is in agreement with the experimen;al
résults of other investiga;ions‘forAindividual particles of
wheat.

The equations which predict the normal strains for wheat en

masse during the first cycle of loading are:

. . 2
el)L ='(-4.92 + 9481 0;/04 + 2.36 0,/05 = 4.71 019,/937)

-2 0.454
(10 )(°1/°c)

(94)
= 2
€y = (=4.92 + 2,36 0,/0; + 9.81 0,/0; = 4.71 0,0,/9,%)

) 0,454
(10 )(02/00)

(95)
' : : , 2
- - L e oo /o
€3);, = (10.00 6455 0,/95 = 5.71 02/05 + 3.71 21°2/ 3)

(1672)(gy /6,)°*520

(96)
In the ith direction the stress-strain behavior of wheat en

masse during unloading proceeds along straight line paths in

log-log space. The prediction equations fer strain during

~the first unload cycle are

- 0.0486
Vo= Sm )T (97)
- 00486 |
€00 = m (%/ %) (98)
_ 0.1180 »
€3y = Sy (%3/%,) (99)

The exponents do not vary with stress ratio or with eim°
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9. At stress ratios of &1ﬁ03 and 0,/c4 above 1,392 and below
0.557 in wheat en ma#sé,static behavior'ceases and flow
~conditions commence. Thus, the prediction equations should
not be extfépolated beyond the'limiﬁs imposed in the study.
10.. The magnitude of the strains measurgd.bybthevﬁgthods and
apparatus. described herein fallfwithin the limitingvtheofetical
bounds for strain.
11. Wﬁqat en masse behavgs as an éhisotfopic elastic=p1asti;
material.
12. The methods and procedurgsfdescnibédfin'this report are:ade=
quate for defining thg static stresgvstraiﬁ,behaviOr of
‘particuléte materials en masse found in agricultural enter-

prises.
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APPENDIX AeI

STRESSES IN THE ORTHCGONAL FLANES
FOR SELECTED LOCATIONS ON
THE STRESS PLATE FOR

UNIT LOAD
Angle Diste. Stres_sesl Stress Ratips
2] r 9, o, 04 01103 v 02103
(deg.) (in.) | (psi) (=) (=)
0.00 0033 0,33 0.33 1.00
0.50 0,37 0.31 0.31 1.18
1.00 0441 0.30 0,30 1.39 ..
0 1.50 0645 0,28 0,28 1,63 1,00
o 2,00 0449 0026 0.26 1.90 :
2,50 0.53 0,24 0.24 2.22
3.00 0,56 0,22 0,22 2,59
0050 0,37 . 0,30 1,22 1.11
1.00 0.40 0.27 1.50 1.25
1.50 0,43 0,23 1.86 1.43
30 2400 0,47 0033 0,20 2.33 1.67
2.50 0,50 0417 3,00 2,00
-3,00 0,53 0.13 4,00 . 2.50 -
0,50 - 0,35 0,35 0,30 1.20 1,20
1.00 0.37 0.37 = . 0.26 1.45 145
60 1.50 0.39 0439 0622 1.80 1.80
2,00 0041 0.41 0,18 2.29 2629
2.50 0.43 0.43 0014 3.05 3,05
3,00 0445 045 0,10 4,38 4,38
0.50 0,37 0430 1,00 - 1,22
1.00 0,40 0027 1.11 1,50
1,50 0,43 0,23 1.43 1.86
90 2.00 0,33 0047 0020 1067 2.33
2,50 0,50 0.17 2,00 3,00
3,00 0,53 0,13

2.50 4,00

1Top cylinder stress ='01 +0, +o0g = 1.0 psic °
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APPENDIX B

DATA AND CORREGCTION CURVE FOR
THE VOLUMETIRIC DEFORMATIONS
DUE TO MEMBRANE INDENTATION

"AND COMPRESSION -

Data are presented and the least squares best fit curve for those
data is presenteds The volumetric correction is for‘the‘indentation
of the latex rubber membrane into the void spaces of a single layer
of wheat grains. The correction term is equally valid in any of the
three stress directions of a cubical element and is given in units of
. Cle cm,.per‘sq' in. ‘Thus, to apply thefforrectioﬁ curve 6f Appendix

B=II, the values must be multipliedfby'éhe,aréa of the membrane.
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APPENDIX B=1

REDUCED DATA FOR THE CORRECTION CURVE
FOR MEMBRANE INDENTATION
WITH WHEAT GRAINS

| . '“Volumetric Correctidﬁ_‘ -
Stress : AV /sqein.

o eorr
i (cuo cmo/sqe in.) L —
(psi) Rep. 1 Repa 2 Reps 3. ”1R§§} 4“' f;gep§_5W
0 0000 .' 0,000 ;go,boo 0,000 © 0.000
5 0,132 0,123 0,121 0.125 05128
10 0,167 0,164 0,167 04169 0,169
15 0,192 0,192 0189 0.194 '6.196
20 0,212 0.198 0,209 0,209 0,214
25 0,226 . 0,226 0.225 04225 0,226
30 0,227 0,227 0.227 0,227 0;228
35  0.227  0.227 0,228 0.228 0.229

40 0a228 00228 00229 . 00229 0a229

45% 04229 0.229 0230 0,230 0,230




030

o
o

A Veory, / S4- In. (cu. cm./ sq. in.)

o
o
x

- 0.25-

o

N

o
|

o
[T
|

Volumetric Correction / Sg.In. of Membrane

o RegreSSion.’ Equation :

A Vg, / S9.In.=0.015506 + 0.020132 T -0.0006!5 O;%+0.000006 O

R=0.987
$=0.0l1

[T D U R NN D T R R W O A M RN |

30 100 150 200 250 300 350 400

Stress O; (Psi)

'Appendixrﬁulio Corréction Curve for Volumetric Deformation Due to

Membrane Indentatien
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DATA FOR EVALUATION OF THE PHYSICAL
PROPERTIES OF THE WHEAT GRAINS
USED IN THE TESTING PROGRAM
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TABLE C-I

AXTAL DIMENSIONS OF TWENTY~FIVE RANDOMLY
SELECTED WHEAT GRAINS

Grain : Maximum Intermediate Minimum
‘ ~ Dimension Dimension Dimension
Identification - (m x 40) (mm x 40) - (mm x 40)

A=l 315 170 150

A=2 310 150 a 135

A=3 290 - 150 - 130

A=b 315 155 140

A=5 - 305 150 145

B-1 300 140 | 135

Be2. 320 & . 165 145

B=3 305 145 125

Beds 295 155 140

B=5 310 150 - 140

=1 305 150 , ' 140

=2 320 155 . 145

C=3 - 290 " 145 . 130

G4 | 305 145 130

C=5 : 315 145 140

D-1 260 110 105

D-2 310 160 145

D=3 295 145 135

D=4 295 145 130

D5 300 150 135

E-=1 295 160 150

E=2 305 150 145

E=3 305 160 145

E=4 285 145 © 130

| E=5 290 155 135

Mean . a = 301,40 b = 150,00 T = 139,00
Std. deviation 13.05 : 10,96 9,56

Std. deviation of
. the mean 2e61. 2013 v 1091




TABLE C~II1

SELECTED PHYSICAL PROPERTIES OF
 WHEAT GRAINS USED IN THE
TESTING PROGRAM

Coef. of Static Friction

Specific Angle of Iéoisture WhEskdsen Wheat on.
Sample Gravity Internal Friction Content Latex Rubber Aluminum
(=) . (= (%) (- (=)
A . 1,400 24.8 10.85 0.480 0.260
B 1.388 25.4 12.00 0.478 0.253
c 1.398 25.0 12.15 0.462 0.247
D 1.355 24,6 10.90 0.500 0.260
E 1.441 25.2 11.00 0464 0.245
Mean 1.396 25.0 11.38 0.477 0.253
Std. Dev. 0.030 0.3 0.64 0.015 0.007

Stdu ée:v.,
) of Mean 0.013 0.1 0.28 0.0G7 0,003

2 M
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I.
I1.
111,
V.
Ve
Vis
ViI.
VIII.
IX.

X.

XI.

XII.

APPENDIX D
REDUCED STRAINS FOR THE FRELIMINARY

Size Effects (Four Inch Stress Box)e

Size Effects (Six Inch Stress Box).
Gravity Effects.

Isotropy Studiess

Load Rate Study. Hydrostatic Compressiono
Load Rate Study. Deviatoric Stress Statea
Creevaest.'

Cyciic Hydrostatic Compression.

Cyclic Deviatoric Stress.

Stress Statees
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TESTS

»Superp051t10n of a Dev1atoric Stress State Upon a Hydrostatic

Superp051t10n of a Hydrostatic Stress State Upon a Deviatorlc

Stress State.

Cyclic Radial Stress State in which the Stress Ratio Varied

During the Teste



TABLE D-I1

STRESS-STRAIN DATA FOR THE SIZE EFFECT TESTS.

_ HYDROSTATIC COMPRESSION TEST WITH

. THE FOUR INCH STRESS BOX

Stress _ Strain
Rep 1 "~ Rep 2 Rep 3
31 82 €3 ) 61‘ @2 €3 €1 €2 €3

(psi) , (iﬁo/inoFEQIOZ) (in./in. x 102) (in./in. xu102)

0 0.0 0.0 0.0 0,0 0.0 0.0 0,0 0.0 0.0

1 0,286 0.286 0.206 0.753 0.715 ~0.618 0.543 0.477 0.445

2 0.496 0,496 - 0.282 0.868 0.820  0.553 0.810 0.829 0,597

3 0.601 0,591  0.304 0.934  0.877 0.705 0,944 0,963 0.662

5 0,677  0.658 0,250 1,001 0.944 0.716 0.972 1,011 0.640

8 0,915 0.877 0,358 1.278 1.211 0.911 1.249 1.278 0.814
11 1.163  _1.106 0.477 1.430 1.364 1.030 1.402 1.449 0.987
14 1,297 1,203 0.553 1.630 1.554 1.161 1.592 1.678 1.074
17 1.468 1.487 0.629 1.754 1.688 1,258 1.754 i.812 1,161
20 1.592 1.545 0,716 1.888 1.821 1.367 1.897 1.916 1.226
17 1.592 1.506 0,640 1.869 1.783 1.302 1.878 1.878 1.150
14 1.564 1.468 0.618 1.821 1,735 1.248 1.821 1.850 1.117
11 1.478 1.402 0,532 1.754 1.669 1.161 1.774 1.792 1.041

8 1.449 1.364 0.477 1.688 1.602 1.063 1.659 1.688 0.922

3 1.306 1.211 0.314 1.583 1.506 0,965 1.545 1.564 0.792

3 1.344 1,259 0.358 1.621 1.535 0.987 1.592 1.621 0,846

2 1.249 1.163 0.293 1.392  1.373 0.879 1.364 1.487 0.748

1 “1.106" 1,011 0,217 1.287 1.182 0.781 1.421 1.449 0.748

0 0.753 0,753 0.087 0,915 0.705 0.648

0,744

s



TABLE D-II

STRESS-STRAIN DATA FOR THE SIZE EFFECT TESTS.

HYDROSTATIC COMPRESSION TESTS WITH

_THE SIX INCH STRESS BOX

Stress Strain
Rep 1 Rep 2 Rep 3
€1 €2 €3 €1 €2 €3 €1 €2 €3

(psi) (in./in. x 102) (ino/in. x 102) (in./in. x 102) 7

0 0.0 0,0" 0.0 0.0 0.0 0.0 0.0 0.0 0.0

i 0.458 0.443 0,231 0,508 0.545 0.440 0.305 0.314 0.298

2 0.698 0.684 0.381 0.613 0.624 0.504 0.604 0.616 0.437

3 0.805 0.794 0.458 0.664 0.675 0.523 0.653 0.667 0.455

5 0.825 0.814 0,529 0.763 0.763 0.553 0.723 0.740 0.461

8 1.054 1,037 0.689 1.006 1.006 0.701 0.975 0.992 0.600
11 1.234 1.223 0.833 1.144 1.144 0.790 1.138 1.161 0.713
14 1.384 1.367 0.969 1.325 1.322 0.907 1.288 1.311 0.753
17 1.494 1.472 1,107 1.455 1.446 0.984 1.418 1.444 0.895
20 1.633 1.602 1.175 1.556 1.554 1.061 1.534 1.556 0.969
17 1.619 1.596 1.107 1.562 1.548 1.018 1.548 1.559 0.938
14 1.571. .1.548 1.027 1.528 1.520 0.981 1.523 1.526 0.898
11 1.514 1,523 0.935 1.466 1.455 0.904 1.452 1.452 0.858

8 l.444 1.424 0.824 1.418 1.412 0.858 1.412 1.415 0.830

5 1.356 1.339 0,716 1,294 1.288 0.750 1.305 1.314 0.689

3 1.364 1.348 0.726 1,266 1.266 0.753 1.297 1.308 0.704

2 1,308 1.291 0.673 1.172 1.181 0,720 1.243 1.249 0.673

1 1.113 1.088 0.566 1.031 1.048 0.695 1.141 1.147 0.649

0 0.774 0.443 0.667 0.698 0.673 0.729 0.746 0.600

0.743

FoYo '
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APPENDIX D=-11L

REDUCED UNIT STRAINS FOR PRELIMINARY EXPERIMENT 3.
' GRAVITY EFFECT TESTS

Unit Strain

Reps 1 - Repo 2
Hydrostatic p e e . . T .
Stress Level t 2 > ! . 2 ’
(PSi) ' (ino/inu X 102)
0 0,00 0,00 0,00 - 0.00 0.00 0,00
1 0.77 0,70 0:58 0.58 0.62 0.47 .
2 1,02 0.91 0.64 0.84 0.90 0.67
3 ,1018 - '1007 0069 0095 1901 0073
L% 1,32 1.18 0:75 1,07 1,12 0.81
‘5 1.42 1,27 0478 1,20 1,25 0088
‘6 1.59 1,36 0.88  -1.28  1.32 = 0,92
9 175 1.57  0.94 1,46 ~ L.51  1.04"
12 1.90 1.72 1.05 1.64 1.68 1,13
15 2603 1.82 1,19 - 1.78 1.79: 1.23
18 2,19 1.96 1.28 1.91 1,92  1.33
21 2,32 2,08 1,28 s e SPRN
18 2029' 20.06 1927 == bl . ‘=' =’ .
15 2.28 2.05 1.27 '1.90 1.91 1.30
12 2624 2,03 1.29 1,89 1.90 . 1.28
9 02,21 2,00 1,31 1.86 1,91  1.24
6 1 2616 1.98 v 1026 1082 ' 1087_ ;10,1;6
5 2,10 1,92 1,27 1.78  1.83 . 1.13
4 2,05 1.89 - 1025 1.74 1.78 1,07
3 1.98 1.84 1.24 1.68 1.74 1,01
2 -1.81 1.73  1.24 1.61 1.67 0.96
L 1,70 - 1053 1.07 1.43 1.49 " 0.81
-0 1,08

0.87 0,64 0,94 1,02 0,40




APPENDIX D-IV

REDUCED UNIT STRAINS FOR PRELIMINARY
EXPERIMENTS 3 AND 4. TSOTROPY
AND LOAD RATE. (030,30, =
20338106731000)

120

Unit Strain

Repo‘l' . o ;RepA‘2
Cylinder o . eT } " o p,
Loadl €1 2 | 3 1 2 3
(psi) (inefin. x 10%) ~
Experiment 3 (9 is a horizomtal stress)
0 0.00 000 0.00 0,00 0,00 0,00
3 032 0,08 0,06 0.22 - 011 0.03
g'v 1032 0@&7 0026 1a31 0038 0@06
i8’ 2.35 0.68 0629 2017 057 0.03
27 39?6 - 0090 0@13 3q14 ' 0989 =0e33
36 4400 0.96 (0L 3.71 0.98 =s49-
45 4060 1002 “0017 4031 1009 “9069.
36 4463 LaC7 «0421 4,32 1.14 =0,69
v-30 4n63 1009 90424 4036  1016 “0070
20 4.63 “1.07 . =0.44 b4o40 L.17 =0,70
9 4,55 1.04 0,52 4435 1.17 =071
3 4,31 0,99 ={) s 56 4oll 1.16 «0466
0 4,02 0.88 =0,56 3.73 i1.11 =0061
Experiment & (01 is a vertical stress)
0 0,00 0.00 0.00 0,00 0.00 .00
3 0,35 = 0,36 0.03 0.14 0.24 .09
9 1.10 0,77 0.06 0.75 0.72 0.14
i8 1.80 1.24 0,08 1,37 1.10 0,20
27 247 1.57 =0,18 " 2,01 1l.44 0,01
36 2.85 1.75 =019 2,39 1.61 =0,09
45 3.21 1.89 «0:27 2,73 1.78 «0.21
36 3.25 1.91 =0,27 2.77 1.82 =022
30 3.25 1,93 =0,27 2,80 1.81 =022
20 3.28 1.94 «fgy26 2.81 1.80C =0.21
9 3.22 1.91 =026 2.76 1,79 =023
3 3.13 1.82 =0,20 2.62 1.69 =0,21
=0,21

0 2.97 1.71 =0, 26 204 1.61




APPENDIX D=V

REDUCED UNIT STRAINS FOR PRELIMINARY
EXPERIMENTS 5, 6, AND 7.
HYDROSTATIC LOAD RATE

191

INVESTIGATIONS.
Unit Strain Unit. Strain
€ € € € € - €
Stres.s1 . 2 3 L 2 3
(psi) (in./in. x 102) (in./in. x 102)
Load rate = 6 psi/min Load rate = 3 psi/min
0 0,00 0,00 0.00 0,00 0,00 0,00
2 0.31 0.33 0029 0,33 0,33 0.29
4 0.66 0.69 0.66 0.75 0,73 0:66
8 1.12 1.16 0.92 1,10 1,13 0.84
16 1.62 1.64 1.13 1.60 1.62 1.08
24 1,99. 2,01 1.31 2,01 2.03 10,27
32 2.35 2.37 1.53 2.30 2:.33 1.47
40 2,62 2,66 1.72 2061 2.63 1,66
32 2054 2558 1.67 2:56 2.58 1.61
24 2,48 2650 1.54 _ 2048 2049 L.51
16 2,38 2.41 1,45 2040 2,41 .44
-8 2,32 2.35 1,37 2033 2,35 1.39
4. 2.21 2,25 1.33 2,27 2:28 1.40
2 2.11 2.15 1.28 2,09 2,11 1,27 .. .
0 1.92 1.96 1.19 1.94 1.96 1,19
Load rate = 4,5 psifmin
0 0.00 0.00 0.00
2 0.35 0.33 0,20
4 0.71 0.71 0.54
8 1.14 1.13 0,75
16 1,59 1.58 0.98
24 2,05 2,06 1.18
32 2.29 20,26 1.37
40 2.61° 2,58 1.59
32 2,55 2053 1.54
24 2.44 2042 1,43
16 2.35 2,33 1.34
8 - 2630 2.27 1,26
4 2.18 2.17 1,20
2 2.06 2,07 1.16
0 1.84 1.88 1.08

1Hydrpstatic stress level |

!



APPENDIX D=V1

REDUCED UNIT STRAINS FOR PRELIMINARY EXPERIMENTS 89
DEVIATORIC STRESS LOAD

9, AND 10.

RATE INVESTIGATIONSo (01.02°c3
= 2.33:1.67:1, 00)

Unit Strain

192

Cylinder - , .
Loadl i €2 €3 €] 2 €3
(psi) (in./ino x 102) (ino.fin. x 102)
Load rate = 3 psi/min Load rate = 6 psi/min
0 0,00 0.00 0,00 0,00 0,00 0,00
3 . 0.22 0,11 0.03 Oul4 0.09 =0,01
‘9 1.31 0.38 0.06 1.14 - 0451 =0,03
18 2017 0057 0005 1n83 0980 “’0006
27 3.14 0.89 =0,33 2:39 0.99 =00 14
36 3071 : 0098 “‘0049 3035 1018 "*0058‘1
45 4633 1409 «=0,.69 3,96 1.26 = =0.85
36 . 4432 l.14 =0,69 4,06 1,30 =0.87
27 4,40 1.16 =0,70 4,04 1.32 =086
18 4.40 1.17 =0,71 4,02 1.32 «=0,87
9 4,33 1.18 «0,71 © 3,91 de32 =0,87
-3 4,11 1.16 =0,.66 3.71 1.28 =0.87
0 3.73 1,11 =0.61 3o47 1.17 =0,88
Load rate = 4,5 psi/min
0 0.00 0,00 0,00
3 0.07 0,12 0.01
9 0,79 0.58 =02
18 1.87 0,93 0,01
27 2,51 1,05 =0,09
36 3.48 1.19 =0,50
45 4,09 1.24 =0.74
36 4,15 1.29 «0.76
27 4,15 1.30 =0,76
18 4513 1,30  <0,76
9 3097 1028 “’0076
3 3078 1022 m0074
0 3054 1013 “0073
2L

Load = p =g + o, t oy
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APPENDIX D=VII

REDUCED UNIT STRAINS FOR PRELIMINARY EXPERIMENT 11l.
'CREEP INVESTIGATIONS.

O’ » » o o o
( 1002063 10191)
Unit Strain
Elapsed .
€1 €9 A €3
Time
(mine) (ino/in. x 10%)
o =
o 20 psi
0 0.00 0,00 0,00
1 2047 2'139 1@79
2 : 2049 . 2039 R ’ 1080
4 2,53 2.41 1,81
6 2,56 2:44 - 1.82
8 2057 2,46 1.83
10 2,57 2,47 1.83
12 2.58 2,49 1.84
312 2.89 2.72 2.05
1080 3.13 2.97 225

1620 3.15 2.98 2.31

1Gonstant hydrostatic stress level = °'°
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APPENDIX D-VIII

REDUCED UNIT STRAINS FOR PRELIMINARY EXPERIMENT 12.
CYCLIC HYDROSTATIC COMPRESSION TEST.

(01302303 = 1lsl:1)
Unit Strain - Unit Strain
€ € €3 € € ,
Stress1 1 2 3 , Stresst o 2 €3

(psi) (ine/in. x 102) (psi) (ine/ine x 102)
0 0.00 0.00 0.00 40 2,90 - 2.82 - 1.71
4 0.95 0.94 0,57 32 2.82 2575 1.63
8 1.29 1029 0071 24 ’2072 2064 1053
16 1.65 1.67 0.92 20 2.68 2.59 l.44
24 1.99 2.00 1.12 24 2,71 2.63 - 1e49
32 2.30 232 1l.34 32 2.83 2.74 " 1.62
40 2058 2,61 1l.54 40 2.97 2.88 1.74
32 2652 2.53 1.47 32 - 2690 2.80 1.67
24 2,42 2,42 1.34 24 2,80 2,70 1.54
16 - 2.32 ' 2.32 1.23 16_ 2.70 2,60 l.44
8 2.23 2.21 l1.11 12 2069 2,58 1.40
0 1.39 1.35 0,60 16 2.68 2,56 1.40
8 2.04 1,98 1.06 20 2,73 2,61 T 1e46
16 2.18 2.11 1.18 16 2,68 2,56 1l.41
24 2.36 2.30 1.31 8 2,66 2.54 1.36
.32 2457 2.53 1.49 6 20,62 2.49 1.31
40 2.78 2,75 1.64 8 2.62 2,49 1.34
32 2.70 2,67 1.56 12 2.62 20,50 1.35
24 2,59 2055 l.44 8 2:62 2.49 1.34
16 2650 2.45 1.33 4 2657 2.41 1.27
8 243 2035 1.23 0 1.88 1.77 0.87
0 1.61 1.55 0.72 2 2,28 2.15 1.17
8 2.23 2,24 1.17 4 2.39 2625 1.24
16 2.35 2027 1.27 6 2,43 2029 1.25
24 2,51 2,43 1.39 2 2635 12622 1.17
0 1.86 1,75 0,86

32 2,70 2,63 1,55

lﬂydrostatic stress level
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APPENDIX D~IX

REDUCED UNIT STRAINS FOR PRELIMINARY EXPERIMENT 13.
CYCLIC DEVIATORIC STRESS TEST. '
' (01262:03 = 2,33:1,67:1)

Unit Strain - Unit Strain

Cylinder

Oylinder € €  €q € € €
Load1 : 2 3 Load1 1 2 3
(psi) (in./ine x 102) (psi) (ine/in. x 102)

0 0000 0.00 OnOO 36 5;64 1042 ?1068

3 0.11 0.07 0,03 27 - 5.65 1lo4l  =1.68
6v 0051 0925 0004 "-18 5065 1945 "1066

9 0092 0043 0.03 ’ 9 5.55 1045 "'1‘066
18 2,03 0.69 =0.04 0 5.10 1.39 1,64
27 2,92 0,93 =044 9 5.05 1,38 =1.64
36 3,56 1,05  =0.67 18 . 5e25 l.41 -w1.69
45 4,217 l.11 <1.02. 27 5045 1.40  «1.75°
36 - 4034 1.17 ~1.,05 36 5.66 1,42 =1.78
.27 4,37 1.18 =1,06 45 5:94 1.42 = =1.84
' 18 435 1,21 =1,04 36 5595 1.47 =1.82
9. 4,25 1.21 -1,09 30 5.96 1,48  =1.81
0 3&81 1014 “1004 36 5;96 '1.46» “1;84

9 3.59 1.17 «1.09 45 6,08 1,45 ~=1.88
18 3.91 1.21 =1,13 36 © 6,07 1.50  =1.84
27 4,25 1.23 =1.23 27 6.08 -1.50  =1.84
36 4,53 1.27 =1,30 18 6.06 1.54 =1,81
45 : ‘ 4089. lj29. -1;41 c 15 '6004 1.54 “1081
36 4,93 1.34 =1.43 18 6,03 1.54 «1,83
27 5.02 1.34 =leb4 27 6.01 1.48 =1.88
18 4.95 ° 1.38 «1.43 .30 6.04 1.49 -1.88
9 4.85 1,38  =l.44 27 6.04 1.51 =1.87

0 4,50 1.32 =1,45 18 6.07 1.54 =1.82

9 4,59 1.28 =1,47 9 5,97 1,55  =1,80
18 4,81 1,31 - ~1,50 0 5047 1.47  =1.77
27 5.05 1.31 «1,57 9 5446 1,51 =1.80
36 5029 1035 -1062 15 5962 ‘1§53 ”;680
45 5.62 1.37 «1.67 9 50,67 1,55  =1.78

. . 0 50,48

.1,51 "1077

;Loadv= p=9,+09,+0,
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APPENDIX D-X

REDUCED UNIT STRAINS FOR PRELIMINARY EXPERIMENT 1su
’ DEVIATORIC STRESS STATE (¢ 130,305 =
2.33:1.67:1.00) SUPERIMPOSED ON A-
HYDROSTATIC STRESS STATE
(01:02:03 = 1s1:1)

L Unit Strain
Cylinder . p : p
Loadl | 1 | 2 3
(psi) (in./in. x 102)
Hydrostatic Component
.0 0,00 ' 4 0.00 0,00
9 0.38 0.64 0.32
18 0.73 0,95 0.66
27 0.97 1.17 . 0.75
2 * . Deviatoric Component Superimposed-
27 + .3 1.03 1.19 0.79
27 % 6 1.11 1,22 0.79
27 + 12 1.41 1.33 0.79
27 + 18 1.67 1.38 0.78
27 + 24 1.88 1.47 0.76
27 + 18 1.95 1.51 0.78
27 + 12 1.97 1.53 0.79
27 + 6 1.95 1.55 0.80
Unload Hydrostatic
27 1.94 ' 1.56 0.81
18 1.94 1.56 0.81
9 1.87 1.50 0.80
0 1.72 1.17 0.64
Hydrostatlc Component (2nd cycle) ,
9 1.68 1,23 : 0.59
18 1.75 1.34 0.63
33 1.85 1.48 0.71
. ‘ Deviatoric Component Superimposed (2nd cycle)
33+ 6 1.91 1.52 0.70
33 + 12 2,06 1.58 0.69
33 + 18 2,21 1.62 , 0.68
33 + 24 2,37 1,70 0,67
33 + 18 2.40 1.72 0.68
33 + 12 2.41 1.74 0,69 .
33+ 6 2,40 1.75 0.70
Unload Hydrostatic (2nd cycle)
33 2,38 - 1l.74 0,71
18 2,39 1.74 0.72
9 2,33 1.71 0,70
0 2,17 L4 ‘ 0.60

lioad = p = o1 + 02 + O3

2First number_is the hydrostatic stress level; the second is the
deviatoric stress level.



197

APPENDIX D=-XI

REDUCED UNIT STRAINS FOR PRELIMINARY EXPERIMENT 16.
HYDROSTATIC STRESS STATE (© 902003 = lg¢ 1 1)

SUPERIMPOSED ON A DEVIATORIG STRESS
STATE (al o 03 = 2.33:1.67:1.00)

Unit Strain

Cylinder . i , e "
‘ € 3
Loadl 1 2 i | 3
(psi) (in./in. x 102)
Deviatoric Compenent
0+ 02 0.00 0.00 10,00
0+ 3 0.16 ’ 0,10 0,05
0+ 6 0.69 0,22 0.05
0+ 12 1.69 0.45 " 0,08
0+ 18 2,23 0.52 0.06
0+ 24 2,91 0,61 -0,06
Hydrostatic Component Superimposed
9 4+ 24 3.33 0.67 -0.16
18 + 24 3.51 0,80 =0,17
27 + 24 3.65 ' : 0.95 «0,16
18 + 24 3.72 0,99 =0.12
9+ 24 3.75 : 1.02 =0.11
Unload Deviatoric GComponent .
0+ 24 3.78 1.00 =012
0+ 18 3.82 1.00 =014
0+ 12 3.77 1.01 «0s15
0O+ 6 3.63 0.94 : =0.17
0+ O 3,50 0.73 =0,18
Load Deviatoric Component (2nd cycle)
0+ 6 3,40 0.66 -0.19
0+ 12 3,50 - 0.72 : -0,19
0+ 18 3.65 0.75- ~=0321
0+ 24 3.81 ' 0.77 : - =0623
Hydrostatic Component Superimposed (2nd cycle)
9+ 24 3.90 0.84 =0,28
18 + 24 4,01 0.91 =0,27
27 + 24 4,10 ' 1.00 «0,25
30 + 24 4,15 1.05 =0.23
.27 + 24 4,17 1.06 «0,22
18 + 24 4,21 1.09 =0,18
9 + 24 4023' _ 1009 "0017
‘ Unload Deviatoric Component
0 + 24 4026 . 1008 "‘0019
0+ 18 4,31 1,08 =0,20
0 + 12 4»28 ‘ 1910 "POoZO
0+ 6 4021 1,02 «0,22
0+ O 3.89 0.85 =022

lLoad = p = 1 + 02 +g3 ;
The first number is the hydrostatic component, the second number
is the deviatorlc component.
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APPENDIX D-XII

REDUCED UNIT STRAINS FOR PRELIMINARY EXPERIMENT 17.
RADIAL STRESS PATH WITH 6 = 30 DEGREES.
R VARIED FROM 0O TO 3 INCHES.

Unit Strain .

Cylinder o p .
Load1 Distance2 . 2 3
(psi) (in.) (in./in. x 10%)

0 0,00 0.00 0,00
9 0 0.38 0.32 0.40
18 0.86 0.66 0.71
30 1.05 0.99 0.82
0.5 1.15 1,01 0.85

1.0 1,35 1.03 0.8L

1.5 l.62 1.04 0475

2.0 2.12 1.04 0,70

2.5 3.21 1,05 0,40

3.0 3,50 1,02 =0,30

2,0 3.63 1.08 «=0,41

1.0 3.64 -1410 -0.63

000 3064 1012 -0,;60

0.5 3.63 1,12 0,56

1.0 3066 1.13 » “0’53

105 3066 1014 “0;52

30 200 3971 1@14 -0049
. ~205 3087 1014 '0054
300 4047 1015 '1»16

2.0 4,64 l.14 =1.26

1.0 4065 1.17 =1,25

0.0 4065 1018 -1013

0.5 4.61 1.20 -1,09

1.0 4,71 1.20 -1.08

1.5 4.76 1,20 «1,08

2,0 4,83 1,19 «lo12

205 4,96 1.18 1,17

300 5043 1017 l"].o6].

2.0 5.52 1.17 -1.68

1.0 5,56 1.18 =1.68

30 5049 1.19 i =150
18 5.46 1.26 «1.43
9 - 5035 1.25 w1440
0 0.0 5.08 © 1.06 =1l.41
9 5.05 1,07 =1.39
18 5.09 1.12 %1633
30 5.10 1.17 =124
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APPENDIX D-XII (Continued)

Unit Strain

Cylinder ' S : T <
€y €y - C 3% 0
Loadl Distance? 1= ‘ 2 ~ =3
(psi) (in.) v (ine/in. x‘1o?)
0,5 5.13 1.18 w1521
1.0” 5018 1018 "1020
105‘ 5527‘ 1018 '1023
260 5037. 1018 “1029
295 5056 1917, ’“1544
3.0 5,84 1.17 =167
30 2,0 5.90 1.16 ~1o74
190 5093 1017 “1075
0.0 5088 1018 ”1064
0.5 5087 1.18 =1.61
190 5086 1017 “1059
1.5 5,89 1.18 -1.58
2.0 5.91 1.17 =1.50
100 5.94 1018‘ ""‘1064
30 5091 1¢19 ’ ’1060‘
18 0.0 5,90 1.24 =1,53
9 ¢ 5081 1026 N1349
0 5.46 1.02

"1050

1Load=p=°1+02+03
2Distance the load cylinder is located f;qm”the cen;roid of the

stress plate.
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DATA FOR THE VALIDATION TESTS
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APPENDIX E~I

~ REDUCED UNIT STRAINS FOR THE VALIDATION EXPERIMENTS
IN WHICH 0)30,109 = 0.91:0.82:1.00

Unit Strain

Reps 1 ] " Rep. 2
Cylinder . : . p : " : z P
Load1 1 ‘ 2 ‘ 3 1 2 3
(psi) (ine./in. x 102) (in./im x 102}-
0 0.00 0.00 . 0,00 0.00 0.00 0.00
3 0.19 0.12 0.10 0.18 0.15 0.11
6 0.48 0.31 0.25 0.44 0,33 0,27
12 0.87 0.57 0.52 0.83 0.60 0.55
18 1.10 0,73 0.68 1.06 0.73 0.73
24 . 1a25 0.81- 0.82 1.24 0,84 0,89
30 1.40 0.88 0.92 1,38 0.91 1.00
36 1.51 0.94 1.03 1.49 0.98 1.10
42 1.62 0.98" 1.11 1.58 1.06 1.19
48 ' 1,72 1.04 1,20 1.69 1,10 1.27
54 1,81 1.10 1.27 1.78 1.16 -1.36
60 1.90 1.15 1.36 1.87 1.20 1.44
54 1.91 "1.,18 1.36 1.89 1,23 1,45
48 1.91 - 1.19 1.34 1.89 1.24 . 1l.44
42 1.91 "1.19 1.33 1.88 1:25 - 1.43
36 - 1.91 l.21 1.34 1,89 le24 1.42
30 1.91 1,20 1.32 1.89 1.25 l:41
24 1,90 1.21 1.29 1.88 1.25 1.39
18 1.89 1.20 1,27 1.86 1.25 1.35
12 ) 1.86 1.19 - 1#23 1084» ‘10_23 1031
6 1.80 l.14 1.17 1.76 1.16 1.23
3 1.74 1.11 l.12 1.71 1.13 1.17
0 1.59 ~1.01 0.97 1,57 1.03 1.04
1

_Load =p=0 +-02 +-o3
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