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The results of a 1-yrtesting program carried out on samples of ground ear, ground shelled and whole shelled high
moisture grain corn, all at a moisture content of 30% are summarized. The samples were tested using modified soil-
testing equipment under conditions of isotropic consolidation, anisotropic consolidation and axial compression. The
principal objectives were(1) to determine if triaxial testing is a suitabletechnique for obtainingthe engineering properties
of these materials and (2) to investigate whether the deformational behavior of high moisture corn could be adequately
described in termsofpseudo-elastic parameters. It appears fromthisstudythatthe testingtechniquesusedareappropriate,
provided precautions are takento deal withthe special problems associated with silages.The observed deformations are
time-dependent, but within the limitations of this time dependency an underlying pattern of behavior is identifiable.
Approximate material properties are provided.

INTRODUCTION

The growing of grain corn for livestock
feed has increased in Ontario by an aver
age of 9% per year in the last 5 yr, pri
marily because of its potential for pro
ducing high yields of digestible dry matter.
Due, in part, to the four- to fivefold in
crease in carbon fuel costs for drying, a
significant portion of the required grain
corn is stored in the form of high moisture
corn.

Very little research information is avail
able on the physical properties of high
moisture corn. A knowledge of the phys
ical properties of stored materials is nec
essary for a rational engineering analysis
of storage containers, and of the contained
materials. Properties such as Young's
modulus, or the bulk modulus, and Pois-
son's ratio are needed if an in-depth anal
ysis of the stored material is required (Jof
riet et al. 1977). Pressure-density
relationships, horizontal to vertical pres
sure ratios and friction coefficients are

needed for approximate structural load de
terminations in tower silos (Joftiet 1980).
If significant hydrostatic pressures occur,
it is essential to be able to estimate the lo

cation in the storage container below
which free silage juice exists.

Clower et al. (1973), Loewer et al.
(1977) and Ross et al. (1979) have re
ported pressure-density relationships and
values for the ratio ofhorizontal to vertical
pressure (k) for a variety of dried grains,
including ground shelled corn with mois
ture contents ranging from 8 to 24%. Re
cently, Jofriet and Daynard (1980) pre
sented results from density-pressure
experiments on whole and ground shelled
corn, with moisture contents ranging from
21 to 40% and on ground ear corn with

moisture contents form 22 to 43%. Their

tests were carried out using the simple test
ing arrangement developed earlier by
Arnold (1974) for whole-plant corn silage.

It is known that the engineering behav
ior of silages is nonlinear and time-
dependent. Analysis of problems involv
ing such materials usually requires that a
simplified model of the behavior be used
and the material properties are frequently
determined to suit the particular method of
analysis. For instance, Mahmoud (1975)
considered whole-plant corn silage as an
isotropic, stress-dependent, piecewise lin
ear viscoelastic material and determined

creep-compliance relationships experi
mentally for silage density in the order of
800 kg/m3.

The principal objective of the work de
scribed in this paper was to determine
whether the deformational behavior of

high moisture corn could be described suf
ficiently well in terms of pseudoelastic pa
rameters. Because of a number of similar

ities in the anticipated behavior of high
moisture corn and that of soil, the tests
were carried out using modified triaxial
soil-testing equipment. A secondary ob
jective of the work was to explore the use
of soil-testing equipment to ascertain its
suitability in determining the behavioral
properties of high moisture corn and pos
sibly, at a later date, whole-plant silage.
This paper reports the test procedures, the
results of the limited number of tests per
formed, the advantages and disadvantages
of the chosen testing equipment and some
of the difficulties experienced in testing
high moisture corn.

Due to space limitations, some experi
mental data have not been included in this
paper. Additional information is provided
in LeLievre et al. (1980).

CANADIAN AGRICULTURAL ENGINEERING, VOL. 24, NO. 1, SUMMER 1982

TEST PROCEDURES

Three types of high moisture corn were
tested, namely whole shelled corn (WSC),
ground shelled corn (GSC) and ground ear
corn (GEC). Grain samples were har
vested with a conventional combine op
erated at the minimum cylinder speed and
maximum concave clearance. To produce
ground shelled corn, combine-harvested
grain was passed through a "Kools"
grinder-blower equipped with a 29-mm
recutter screen. For ground ear corn, ears
(minus husks) were collected from the
field and passed through the same grinder-
blower. The materials were then ensiled

at the Elora experimental farm. Samples
of the ensiled materials were transported
to the University of Waterloo, treated with
a 50% solution of propionic acid (1.5 mL/
100 g) and stored at 4°C until tested. The
moisture content ranged from 27 to 29%
for the WSC, from 28 to 30% for the GSC
and from 29 to 32% for the GEC.

Samples, 100 mm in diameter and ap
proximately 200 mm high, were prepared
as required, inside a 0.40-mm-thick rub
ber membrane which was, in turn, held in
place by a rigid plastic former mounted on
the base of a standard triaxial apparatus
cell. A rigid top cap was placed on the top
of the sample and the rubber membrane
was then sealed against the top cap and
base pedestal by two rubber o rings.

The samples were made up as closely
as possible to a constant initial density.
The average initial density of all the pre
pared samples, together with the approx
imate minimum possible density for each
silage variety, is shown in Table I. The
initial sample density was the lowest prac
tical value at which the samples could be
handled and placed in the triaxial cell with
out damage or collapse. The initial density
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TABLE I. SAMPLE DENSITIES

Approx. Avg density
minimum at start

Silage density of test
vareity (kg/m3) (kg/m3)

Whole kernel 650 765
Ground shelled 610 856
Ground ear 520 713

was difficult to control because the sam
ples tended to deform with time under their
own weight while the testing apparatus
was being assembled.

Most samples were prepared to the di
mensions noted above; however, the sam
ples used for strength testing were 50 mm
in diameter and approximately 125 mm
high so that other triaxial cells could be
used to expedite the program. The test
methods generally followed standard prac
tice for the triaxial testing of soils (Bishop
and Henkel 1957). The basic approach in
such testing is to surround the membrane-
protected sample with water under a con
trolled pressure (o-3). An additional stress,
q, can be applied to the top of the sample
through a loading piston. Thus, the verti
cal stress o"i is equal to <r3 + q.

After a sample was prepared with the
top cap and o rings in place the sample for
mer was removed, the triaxial cell was
placed over the sample and then screwed
to the base. The triaxial cell was fitted with

a rotating bushing for the loading piston
to minimize friction to ensure that the pis
ton was always free to follow the sample
deformation, and that any external loading
applied to the piston was transmitted with
out reduction to the sample. Longer pis
tons had to be fabricated to accommodate

the large displacements of the silage
samples.

Each triaxial cell was calibrated for

change in volume due to increases in the
cell water pressure. The water volume en
tering the triaxial cell was measured,
either by the Wykeham-Farrance kero
sene-filled apparatus shown in Fig. 1, or
by a Wykeham-Farrance electronic vol
ume change recorder.

The volume change of the sample was
computed by subtracting the cell volume
expansion plus oil leakage from the meas
ured water flow into the triaxial cell. A

small correction was also made to allow

for the volume of the piston displacement
into the cell.

Leakage from valves, couplings, etc. is
always a significant problem in the meas
urement of volume changes over long pe
riods of time. Consequently, extensive
precautions were taken and checks were
made at the beginning of the program to

5*

ensure that volume changes were meas
ured accurately. In addition, the dimen
sions of the samples after testing were
compared to the computed values based on
the measured volume andheight changes.
However, thismethod of checking wasnot
always particularly useful because of the
excessive bulgingof many samples due to
the large radial strains involved.

Provision was made for air to be ex
pelled fromthe samples, usuallyfromboth

ends. The expelled air volume was ini
tially measured with a volume change re
corder, which, conveniently, did not re
quire manual adjustment during testing.
However, this device proved to be influ
enced by atmospheric changes in a rela
tively complex manner so that a simple
twin-tube manometer was subsequently
used, even though this apparatus required
manual adjustment to maintain atmos
pheric pressure within the sample. The

Figure 1. Typical anisotropic consolidation testsetup. A, volume change measuring apparatus;
B, air pressure regulator; C, switch and balance unit; D, air volume change re
corder; E, vertical displacement dial gauge; F, piston load cell; G, loading yoke;
H, triaxial cell; I, loading bucket.
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rates ofvolume change of thecornsamples
were frequently so high that the mercury
pot pressure regulating system, which is
common in many soil-testing laboratories,
could not maintain a constant pressure.
This problem was alleviated by using an
air-water pressure system with larger di
ameter tubing. In addition, the first pres
sure increment used to consolidate the
samples was restricted to about 7 kPa.

Provision was also made to measure the
volume of juice squeezed out of the sam
ple. This was accomplished either by
mounting a juice trap immediately below
the base pedestal and allowing the air to
escape from the sample only from the top
end, orby installing a juice trap in theair-
volume-measuring lines.

Three types of triaxial tests were per
formed: (1) isotropic consolidation tests;
(2) anisotropic consolidation tests; and (3)
axial compression tests.

In the isotropic consolidation tests, the
cell pressure was increased incrementally
to approximately 7, 21, 48, 138 and 276
kPa. Each pressure increment was main
tained for 2-3 days, but sometimes up to
10 days, asthetestschedule permitted. No
vertical load was applied to the piston so
that the axial stress, o-u and the radial
stress, <r3, were equal.

Some of the samples were loaded cycl
ically, i.e., they were unloaded and re
loaded duringthecourseof the test in order
to obtain some indication of the relative
magnitudes of the recoverable and irre
coverable deformations. Each test re
quired about 1 mo.

The anisotropic consolidation tests were
performed in a similar manner to the iso
tropicconsolidation tests, except that ver
tical load was applied to the loading piston
in order to maintain a constant value of
a-Ja3.

The value of at for a particular load in
crement tended to change slightly with
time, due to changes in the sample diam
eter with time. In some tests an attempt
was made to maintain a constant value of
o-j by making minor adjustments to the
vertical load to compensate for the diam
eter change. Only one such test was com
pleted for each silage variety, since each
test required about 6 wk for completion.

In the axial compression tests, three
samples of each silage type were first con
solidated isotropically to cell pressures of
approximately 14, 48 and 103 kPa, re
spectively. After consolidation, the value
of the cell pressure, cr3, was maintained at
a constant value, while the magnitude of
the axial stress, o-lt was increased by com
pressing the samples at a constant rate of
deformation of 0.36 mm/h.

1+*.
(6)BASIC CONCEPTS

A brief review of basic concepts rele
vant to the work to be discussed is pro
vided in this section.

The constitutive relationship for a ho
mogeneous, elastic material is usually ex
pressed in the form

deu = Cuk|do-ki (1)

The particular stress conditions of the
triaxial test are ov, o-2 = o-3, so that for a
completely isotropic material, Eq. 1 can
be expressed as,

It is customary to perform axial
compression tests by increasing crlt and
keeping a3 constant. In this event, the
modulus of elasticity and Poisson's ratio
can be obtained from,

ddi

~d7T
(7)

and

v =
de3

det
(8)

de, = 4r y°"i - 2vd<r3]

dt3 = _1 [do-j - lidcr, +do-3)] (2)
E

For isotropic consolidation test condi
tions in which a1 = cr3, the volumetric
strains can be related to the bulk modulus
K as,

da, + d<r2 + dcr3 = da, = dcr3 (3)
Kdty = 5

where/ST = E/3(1-2i>).
During anisotropic consolidation tests

in which the stress ratio k = 0-3/ o-^ is main
tained at a constant value, the volumetric
strain can be related to the axial stress as,

Due to the large displacements in
volved, all strain increments are defined
with respect to the currentstate, i.e.

(1 + ^(1-2,)^
(4)

and the corresponding bulk modulus can
be obtained from either Eq. 5a or Eq. 5b

a: =
1 + 2* do-!

3

dp

d«v

dev
(5a)

(5b)

Ae,=
Aft

and Ae3 =
Ad

dc

(9)

where M andhcrepresent the incremental
change in sample height and current sam
ple height for that particular increment,
respectively. Similar definitions apply to
the change in diameter, M, and current
diameter, dc.

In terms of the triaxial stress condition,
a small change in volumetric strain Aev
can be expressed as

A«v = Ae, + 2Ae3 (10)

The current density yc of a sample up to
the point of juice expulsion can be ex
pressed as,

where y0 is the initial density.

EXPERIMENTAL RESULTS

Isotropic Consolidation Tests
Four isotropic consolidation tests were

carried out: two of GSC, and one each of
GEC and WSC. The deformations ob
tained in the isotropic consolidation tests
were found to be time dependent, and the

where the mean normal stress/? = (o-j +
2o-3>/3.

Forthespecial caseof zerolateral strain
for which k = k0, then,
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Isotropic consolidation ofground shelled corn. Volumetric strain, o\, vs. log cr3Figure 2.
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change of strain for each pressure incre
ment proved tobequite linear with thelog
arithmof time. The volumetric strain also
varies linearly with the logarithm of the
cell pressure cr3, except at very low pres
sures. Figure 2 shows this relationship for
the two GSC tests. The test results can be
expressed as:

o

o.

300

250

o GS -1
a gs -2

AIR VOLUME
(% CURRENT VOL.)

(6.5)

*<"(%) (12)

b"

LU

r>
w
CO
UJ

oc
Q.

200
APPROX. START OF
JUICE DISCHARGE

150-

-J 100

in which ay and b{ are material parameters
(see Table II). Substitution of Eq. 12 into
Eq. 11 gives:

Vc' = 7o'(o-3/bi)a..

The subscripts and superscripts, i, refer to
isotropic consolidation. Values of y<j are
also provided in Table II. The solid line in
Fig. 3shows the pressure-density relation
ship of Eq. 13 for GSC, together with the
two sets of experimental results.

The nonlinearity of the volumetric
strain-pressure relationships in Fig. 2 near
the origin is possibly influenced by the
method of sample preparation, i.e. the
samples have probably been preloaded to
the equivalent ofabout b{ kPa by the prep
aration technique. Had the samples been
prepared to a lower initial density, the re
sulting volumetric strains would, ofcourse,
have been larger. A useful approximation
would be to assume that, had it been pos
sible to test samples prepared at lower
densities, the density relationship shown
in Fig. 2 would be linear from a stress level
of o-3 = 1.0 kPa. The resulting modified
density model is:

o

MEASURED
AND Eq. 13

: 7o'o-3a (14)

Again, values for yj for GEC, GSC and
WSC are provided in Table II. The pres
sure-density relationship in Eq. 14 is also
shownin Fig. 3 with a dashed line, as well
as the air volumes (in brackets) expressed
as a percentage of the total current volume.
These values were computed using a
measured mass density of 1550kg/m3for
the solid plant material.

The expulsion of juice occurred only

50

0

APPROX. MM
DENSITY

400 600 800

DENSITY (kg/m3)

Figure 3. Isotropic consolidation of ground shelled corn. Density vs. cell pressure.

1000 1200 1400

pulsion appeared to coincide with an air
volume of 7.5%.

If a pseudoelastic fit to the total strains
is used, the value of the bulk modulus, K,
may beobtained from Eq. 5 and Eq. 12 as

K' = c'a3 (15)

Values of cf are provided in Table II.

Anisotropic Consolidation Tests
The major objective forperforming an

isotropic consolidation tests is to deter
mine the stress ratio, k0, which will pro
duce consolidation of the material with
zero lateral strain, a condition which will
exist generally in a tower silo. One such
test was carried out for each of the three
materials. Some preliminary testing with
different stress ratios was carried out to
determine the stress ratio to be used in each
of the three final tests. For GEC, a value
of 0-3/0-, = 0.37 was used; GSC was tested

with the GSC tests. The start of juice ex- at a stress ratio of 0.5 and WSC at 0.51.

TABLEII. MATERIAL PARAMETERS FOR GSC, GEC AND WSC

Due to equipment limitations and the
high compressibility of the materials, the
GSC was preconsolidated isotropically to
0-1 = 0-3 = 7 kPa and WSC to 14kPa. With
the GEC, the test procedures had been im
proved sufficiently to permit anisotropic
consolidation for the entire test.

The data show that for GEC only very
small radial strains were produced; thus,
for k„ a value of 0.37 is appropriate. The
GSC had small compressive radial strains
so that the value of the stress ratio kQ that
would produce zero lateral strain is prob
ably slightly less than 0.5, say 0.48. The
radial strains for WSC were such that the
sample diameter continued to increase
with the applied stress ratio of 0.51. A
value of about 0.56would probably bere
quired to maintain zero lateral strain.

The variation of volumetric strain with
the axial stress cr, was similar to that ex
hibited in Fig. 2 for all three materials. As
for the isotropic consolidation tests, a lin
ear relationship was obtained between vol
umetric strain and the logarithm of stress
except at low stresslevels. Consequently,
ev can be expressed as

a,inEq. 12
bt in Eq. f2(*Fa/
yi in Eq. 13(kg/m3)
y„'inEq. 14(kg/m3)
c' in Eq. 15
aainEq. 16
b3 in Eq. 16 (kPa)
y„a in Eq. 17(kg/m3)
y0ainEq. 18 (kg/m3)

ca in Eq. 19

60

GEC

o.n

4.0

640

550

9.1

0.11

6.0

720

590

9.1

GSC

0.080

2.5

870

820

12.5

0.087

2.5

850

770

11.5

WSC

0.082

4.0

720

640

12.0

0.061

2.5

760

720

16.3

ev = a a In (0-,/bJ (16)

where aa and ba are material parameters
appropriate to anisotropic consolidation
(see Table II). The corresponding density
relationship becomes:

7ca = 7<A<r.A>a)a (17)
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The anisotropic consolidation test re
sults have also been used to determine val
ues for the bulk modulus which, for this
case, can be expressed in terms of the
mean normal stress as

MEASURED AND

EQ.I7
o
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Figure 4. Anisotropic consolidation of ground earcorn. Density vs. axial stress.

If the origin of the pressure-density rela- Figure 4 shows a comparison of the
tionship isshifted as discussed previously, densities predicted by Eq. 17 (solid line)
the density relationship becomes: and Eq. 18 (dashed line) for GEC with the

-,_-., f]~ experimental values. There is excellent
To - yo <r,. agreement for both cases. Figures 5 and 6

Values for y0a and y0a are provided in show similar comparisons for GSC and
Table II for all three materials. WSC.

300

250

Q.

200

CO 150
CO

UJ
QC
y-
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Figure 5. Anisotropic consolidation of ground shelled corn. Density vs. axial stress.
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K *• = caP (19)

Values for the material constant ca may be
found in Table II.

Axial Compression Tests
The purpose of the axial compression

tests was to investigate the material's be
havior at a variety of stress ratios o-1/o-3
and to determine strength parameters.
Three tests were performed with each of
the three materials. Typical relationships
between axial and radial strain and stress
ratios are provided for GEC in Fig. 7. The
limited test data so far obtained suggest
that the strains are a function of stress ra
tio, rather than of stress only. Conse
quently, any shear moduli inferred from
this data would have to reflect this de
pendence on stress ratio. Similar curves
for the other materials are provided in
LeLievre et al. (1980). It should be em
phasized, however, that further tests are
required to examine the influence of such
factors as rate of deformation or duration
of loading on the peak strength.

For each material, the maximum exper
imental stresses were plotted in three Mohr
circles. An example showing the three
Mohr circles for GEC is shown in Fig. 8.
The tests carried out thus far indicate that
all three materials exhibit little or no cohe

sion. This may be seen from the tangent
to the three circles in Fig. 8. The failure
line passes through the origin and makes
an angle of 39° with the horizontal. Thus,
the angle of internal friction was found to
be approximately 39° for GEC. The shear
strength of the GEC samples tested at a
constant deformation rate decreased with

increasing axial strain, once the peak shear
strength had been attained. Some tests
were performed under controlled-load
conditions to check if the samples could
sustain the measured peak shear strength
for a reasonable period of time without
failure. These tests indicated that the shear
strength was probably sensitive to rate of
loading, and that the actual shear strength
of GEC would probably correspond to a
lower value of the angle of internal friction
of about 35°. Similar results were obtained

for GSC and WSC with angles of friction
of 34° and 24°, respectively. Further test
ing is required, however^ to examine the
effect ofctttp at stress ratios near the fail
ure condition.
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Figure 6. Anisotropic consolidation ofwhole shelled com. Density vs. axial stress.
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DISCUSSION OF RESULTS
The data obtained from the testing pro

gram show that the overall behavior of the
three materials is quite similar. The defor
mations produced by a load increment are
time-dependent; but, within the limita
tions imposed by this time dependency, a
consistent underlying pattern of behavior
is identifiable.

The bulk modulusfrom Eq. 15 is linear
with o-3, or from Eq. 19 with/?, the mean
normal stress. Since tr3 in the isotropic
consolidation test is equal top, the values
for c' and ca can be compared directly.
Fromthe values in Table II, it may beseen
that the agreement is excellent for GEC,
goodfor GSC, but ratherdisappointing in
the case of WSC. When triaxial tests are
performed on coarse-grained material,
such asWSC, therecorded volume changes
have tobecorrected forthe volume change
caused by the rubber membrane being
squeezed by the cell water pressure into
the void spaces between the solid parti
cles. Various methods were tried to meas
ure accurately the error caused by this
membrane penetration experienced with
WSC, but no reliable method has been
found thus far. The test results for WSC
must, therefore, be treated as veryprelim
inary.

Jofriet and Daynard (1980) obtained
density-vertical pressure relationships by
consolidation tests carried out in rigid
PVC tubes. Those results can, therefore,
be compared with the anisotropic consol
idation test results of this research; in both
cases the radial strain was zero, or ap
proximately so. Table III shows a com
parison of mass densities for GEC and
GSC from Eq. 18with those by Jofriet and
Daynard. ThedensitiesfromEq. 18are for
GEC up to 12% greater, and for GSC up
to 17% greater than thosepredictedby the
density-pressure models proposed by Jof
riet and Daynard.

The density expressions of Eqs. 17 and
18 have been derived from volumetric
strain-pressure relationships which exhib
itednonlinearity at lowvalues ofpressures
(see Fig. 2). It is possible that the correc
tive approximation discussed earlier is the
cause of the seemingly high density esti
mates. Further tests are needed to deter
mine a method for dealing with the diffi
culty of preparing and handling specimens
for testing. It is also possiblethat the pres
sure-density relationship for these mate
rials might be somewhat dependent on
loading history, but this variable has not
yet been investigated.
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TABLE 111

GEC
GSC

Vertical pressure,

al (kPa)
Eq. 18

Jofriet and
Daynardt Eq. 18

Jofriet and
Daynardt

10

20

40

760

820

885

955

680

740

810

860

940

1000

1060

1130

820

900

970

1010

tJofriet and Daynard 1980.

SUMMARY AND CONCLUSIONS
Anumber oftests have been earned out

on ground shelled corn, ground ear corn
and whole shelled corn with aview to de
veloping suitable methods for evaluating
the mechanical properties of these mate
rials Modified triaxial soil-testing equip
ment has been used for a limited number
of isotropic and anisotropic consolidation
tests and axial compression tests. The ma
jor difficulty arises from the compressi
bility of the material before consolidation
making it difficult to prepare, handle and
install specimens in the equipment without
preconsolidation. After exploring several
alternatives, techniques were developed
for dealing with this difficulty. It may be
concluded that the triaxial soil-testing
equipment and the soil-testing techniques
are appropriate, providing precautions are
taken to deal with the special problems
associated with silages.

The emphasis of the research project
was to develop testing techniques, and the
results should be viewed as preliminary.
In many cases, they are based on asingle
test The results from the isotropic con
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to forces in bulk storage structures. Trans.
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solidation tests are provided in Eqs. 12,
13 14 and 15, and in Table II; the results
from the anisotropic consolidation tests
may be obtained from Eqs. 16, 17, 18 and
19 in conjunction with Table II. The den
sity-pressure relationships resulting from
this work were compared with those by
Jofriet and Daynard; these results are
shown in Table III.

The shear strength ofthe three materials
displayed little or no cohesion. The angles
of internal friction determined from the
axial compression tests were aPPr°xl"
mately 34°-35° for the ground shelled and
ground ear corns, and about 24° for the
whole shelled corn.
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