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INTRODUCTION

The mechanical and rheological
properties of a material may be re
garded as those properties which
control the behaviour of the material
under conditions of external loading. A
knowledge of these properties in terms
of engineering parameters for agricul
tural products is essential for rational
design of storage units, handling
equipment, and apparatus for deter
mining these properties in relation to
texture or other behaviour of the
product.

For the most part, previous investi
gators havestudied the textural proper
ties of the products and the results are
not directly applicable to the funda
mental behaviour of the material.

This study deals with the mechanical
and rheological properties of the
Netted Gem potato and considers the
fundamental behaviour of this product
in terms of engineering parameters.

REVIEW OF LITERATURE
Mohsenin (5,6) has developed test

ing equipment for the study of the
mechanical properties of agricultural
products. Mohsenin reports tests on
several agricultural products but has
studied apple fruit more intensively.
Mohsenin shows a force-deformation
curve for potatoes which indicates a
probable yield value which might be
present at any point below the rupture
point (6). However, this low yield
point was not found by Finney (1,2)
or Timbers (9) who state that the yield
point closely matches the failure point
for the potato.

Finney (1) discusses the behaviour
of the potato under quasistatic loading
conditions. The properties of the potato
were found to vary with the duration
of storage and the digging date and
that the modulus of elasticity for the
potato tuber was 543 ± 43 psi. A
decrease in this parameter was noted
as the rate of strain is increased from
20 to 40 inches per minute. The modu
lus of elasticity was found to remain
fairly constant for temperatures be
tween 40°F and 105 °F and to decrease
at temperatures greater than 105°F. A
value for Poisson's ratio for the potato
is reported as 0.492 ± 0.0013 and the
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bulk modulus for the potato as 11,300
± 1680 psi.

Lampe (4) states that the mechani
cal strength of the potato tuber will
vary under the influence of: climate,
weather, soil, cultural practice, fertili
zation, variety and maturity.

Finney (2) notes that the properties
of the potato will vary with the dig
ging date and the duration of storage.

The physical properties of the potato
may also be expected to vary with the
chemical composition of the individual
tuber, however, little work has been
done on this aspect.

TEST EQUIPMENT AND

PROCEDURES

As this study was of a fundamental
nature and concerned with the me
chanical and rheological behaviour
patterns of the potato, the variables
were controlled by using only one
variety, one digging date and one stor
age condition.

Potato tubers were subjected to four
types of loading. These were: constant
stress or static load, constant strain,
hysteresis loading or cyclical loading
and compression to failure. The type
of loads used determines the necessary
characteristics of the test equipment.

Static Tests

For the static tests a constant load
or stress is applied for a relatively long
period, during which the deformation
is measured. The static test apparatus
shown in figure 1, was used to apply

Figure I. Samples undergoing static test.
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the load through a hinged lever and the
deformation of the sample is measured
under the free end of the lever.

Five replications were used with five
load values ranging in 1.5 pound
increments from 1.5 to 7.5 pounds.
Two loading areas of 0.049 and 0.098
square inches were also used to obtain
ten stress values. The half tuber

samples, with the cut side imbedded in
a thin film of wax, were loaded for
twelve hours and then unloaded for the
subsequent twelve hours. Deformation
measurements were taken over the total
period to observe deformation and re
covery in the sample.

Compression Tests

Two units were used for the com

pression test procedures, the first a
mechanically driven unit, the second a
Bellows-Valvair unit as described by
Mohsenin (5). The mechanical unit is
powered by a Servo-Tec variable speed
motor driving the load crosshead
through an 800:1 gear reduction and
machined screw equipped with recir
culating ball sleeves. The controlled
loading rates were respectively 0.1-65
inches per minute, and 0-0.6 inches
per minute for the pneumatic and
mechanical units. The loads applied to
the tuber samples were measured with
a strain gauge load cell made from four
cantilever beams. Eight active foil type
strain gauges bonded to the beams are
connected in a Wheatstone bridge cir
cuit. The signal from the load cell is
recorded on one channel of either an
X-Y recorder or on a dual beam

oscilloscope.

Deformation of the sample under
going compression is measured using a
Brush "Metresite" linear variable dif
ferential transducer (L.V.D.T.). The
signal from the L.V.D.T. is recorded
on the second channel of the recording
apparatus, thus providing an X-Y plot
of both load and deformation.

The compression tests formed the
majority of the tests conducted. Four
loading areas (0.049, 0.110, 0.196
and 0.786 square inches) were used
with rates of strain from 0.126 to 65.2
inches per minute. Stress-strain curves
were calculated from the force-
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deformation curves recorded for all the
compression samples tested.

Stress Relaxation

Whole potato tubers were com
pressed between flat plates with load
values ranging from 20 to 60 pounds.
The deformation at this point was held
constant and the change in force re
corded for a period of ten minutes.

Hysteresis Tests

To study the energy absorbed by the
potato during cyclical loading and un
loading a series of whole tuber samples
were cyclically loaded to maximum
loads ranging from 20 to 120 pounds
and each sample was loaded through
three cycles. Rates of strain were
varied from 0.126 to 0.596 inches per
minute.

RESULTS AND DISCUSSION

Static Tests

The potato tuber was found to
exhibit the property of creep when held
under constant stress (figure 2). The

100

1

,——
—-"-"'

Symbol
Applied

BO

~i 60
o

w__

6.0lb

4.51b

.1 01b

1.51b.

| 40
=--

20
~ --

9 12 13 14 15 18 2! 24
TIME (hours)

Figure 2. Static test. Loading area 0.049 square inches.

rate of creep or deformation was found
to be related to the stress applied. The
total deformation which occurred was
dependent on the stress applied and on
the duration of the loading. The potato
shows the ability to recover a large
proportion of the deformation when
the load is removed and some perma
nent set remains in all cases. The shape
of the deformation and recovery curve
is of the same form as that described

by Pao and Marin (8).

Stress or Force Relaxation

The values for the relaxation time

constants were calculated using a gra
phical approximation method (11).
With this method three relaxation
constants could be readily obtained.

The rate of stress dissipation in a
material held under constant strain is

one of the important viscoelastic
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TABLE I. HYSTERESIS LOSS COMPARISON

Mean values for 3 replications for loads of 60 pounds
First loop

%
Second loop

%
Third loop

%
Permanent Set

inches

Whole tuber

1" core

62.8

79.7

46.3

49.1

37.7

46.3

0.045

0.089

properties of the material. The potato
was found to possess this property of
stress relaxation. It was found that for
a period up to ten minutes the force
relaxation curve for the whole potato
tuber could be represented by a three-
term expotential equation of the
form:—

F(t) = A,e-VT, + A2e-VT2 +
A3e-VT3 (1)

F(t) = force at any time

t = time in seconds

A = a constant

T = relaxation time constant

An adequate representation for the
force relaxation in the whole tubers
could be obtained using the mean
value for T calculated from five initial
force values. Equation (1) then be
comes:

F(t) = A,e-V22.74°+ A2e-V84-4-(-
A3e-V"4

Where: A, =0.81 F(0) + 1.0

A2 = 0.04 F(0) + 0.3

A3 = 0.13 F(0) — 0.8

Where F(0) = initial force or load in
pounds.

Hysteresis Tests

The hysteresis loop obtained when a
specimen is loaded and then unloaded
is a measure of the energy absorbed
by the material during the loading
cycle. The energy absorbed by the
material is not recovered upon the un
loading of the sample.

The hysteresis loss for the whole
potato tubers was measured and cal
culated as a percentage of the total
energy required to deform the speci
men.

The hysteresis loss shown in figure
3 indicates a definite increase with the
load applied to the specimen for the
first loop. The second and third loops
show only a slight increase with the
load applied. For the first loop at a 30
pound load the energy loss was 49.3%
while at a 120 pound load the loss was
71.8%.

The permanent set in the potato
tuber was also found to increase with
the load applied. A permanent set of
0.017 inches resulted from a load of
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Figure 3. Hysteresis loss vs. load applied for three
loading cycles.

20 pounds while a value of 0.127
inches resulted from a load of 120
pounds.

A set of hysteresis tests were also
conducted using cores of potato tuber
flesh one inch diameter by one inch
thick. These samples were loaded to a
value of 60 pounds through three cycles
at four rates of loading. The rate of
loading was from 0.126 to 0.596 in
ches per minute. The hysteresis loss on
the core samples was much higher than
that found with the whole tuber
samples as shown in Table I. The
values for the one inch cores are higher
than that for the whole tubers due to
the amount of energy expended in
extruding water from the cores.

Compression Tests

The compression tests on the one
inch tuber cores resulted in a value of
the modulus of elasticity of 579 ± 76
psi. In cases where plungers or rigid
dies smaller than the sample under a
compression test are used complex
stress distributions are established. The
complexity of this type of loading has
also been pointed out in several investi
gations (1,7,10). Timoshenko (10)
discusses the problem of loading a
semi-infinite elastic solid by means of
rigid, cylindrical dies. In order to cal
culate the modulus of elasticity for
these situations a number of tests were
carried out using the correction formu
la reported by Timoshenko. These
plunger tests are summarized and com
pared in Table II to one inch diameter
core samples loaded between flat
plates.
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For a rigid die the deflection of the
material is constant at any point under
the die and the load intensity at any
point under the die is given by the
equation:

(2)
27rav/a-—r-

Where: —

P = load in lbs.

a = load intensity lb/in2

a = radius of the loading die in
inches

r = distance from the centre of the
die to the point under considera
tion in inches

This pressure distribution is not
uniform and is a minimum at the
centre of the die (r = 0) and becomes
infinite at the boundary of the loading
die.

The modulus of elasticity for the
material may be calculated for the
material using the equation:

E =
P(l—v2)
2 ae

•(3)

Where: —

P = load in lbs.

E = modulus of elasticity lb/in-

a = radius of the loading die inches

v = Poisson's ratio for the material

e = deformation in inches
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Figure 4. Sample force - deformation curves from
dual beam oscilloscops.

Using this method of calculation it
was found that a reasonable approxi
mation of the modulus of elasticity
could be calculated from the plunger
loading data when a value of Poissons'
ratio of 0.492 was used (1). Table II
compares the values of the modulus of
elasticity obtained by the two methods
of calculation for the various plunger
sizes. These results are derived from

load deformation curves. Typical
curves are shown in figure 4.

haviour of the potato. This finding
does not agree with those of Finney
(1,3) who shows a decline in the value
of the modulus of elasticity at rates of
strain greater than 20 inches per
minute. An increase in the modulus
of elasticity is anticipated from con
sideration of the static tests which
show that the potato has the property
of creep deformation when maintained
under a constant stress. The fact that
the potato will dissipate some of the
applied stress over a period of time, as

TABLE II. COMPARISON OF TWO METHODS OF CALCULATING THE MODULUS
OF ELASTICITY FOR POTATOES

Plunger Dia.
inches

Va

Va

Va

Va

%

%

%

Vi

Vi

j ***

i ***

i *##

I

1

I

I

Core Dia.
inches

Vi

I

I

2

'/2

2

2

2

2

tuber

tuber

Total

Tota

Total

Total

No. of Mean Ea* Mean E'a*
Samples Psi Psi

16 3260 481

2X 3300 483

16 3071 457

18 3521 527

78 Average 3296 Average 488

18 2217 49?

IX 2393 533

18 2300 512

54 Average 2303 Average 513

16 1885 567

18 1808 538

34 Average 1846 Average 552

32 604

24 634

22 652

20 465

20 528

20 MY.

18 561

156 Average 579

*Apparent Modulus of Elasticity calculated from the slope of the force-deformation
curve. Strain rates vary from 8 to 32 in/in/min.
** Modulus of Elasticity calculated from the method of Timoshenko (10) assuming
a Poisson's ratio of 0.492.

*** Tests conducted during the Spring of 1963, all others were conducted during the
Fall of 1963.

The mean value for the modulus of elasticity for the 1 inch cores tested in the Fall of
1963 was found to be 533 psi.

Effect of Rate of Strain

The effect of the rate of strain on
the modulus of elasticity is shown in
figure 5. Increasing the rate of strain
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Figure 5. Influence of the rate of strain on the
modulus of elasticity (Mean of 20 samples at each

point).

from 0.126 to 65 inches per minute
was found to increase the value of the
apparent modulus of elasticity of the
potato flesh.

The fact that the rate of strain has
an effect on the modulus of elesticity

is of importance in the selection of a
rheological model to illustrate the be-
indicated by the stress relaxation
studies, also supports the fact that the
modulus of elasticity will be lower with
the low rates of strain. At the low
rates of strain the potato dissipates
some of the applied stress during the
loading period.

CONCLUSIONS

1. The potato behaves as a visco-
elastic material and theoretical studies
on the behaviour of the potato may
be performed using the mathematics
for viscoelastic materials.

2. The potato tuber exhibits the
property of creep deformation when
maintained under a constant stress.

The form of creep and recovery curve
is similar to those predicted by Pao for
a theoretical or idealized material.
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3. The potato will dissipate the
applied stress when held at a constant
strain. For periods up to ten minutes
the relaxation curve may be adequate
ly represented by a three-term expo
nential equation. For periods greater
than ten minutes it would be necessary
to use a four-term equation.

4. Although testing the material in
compression with small diameter load
ing plungers leads to a complex stress
distribution, a reasonable approxima
tion of the modulus of elasticity may
be obtained by considering the potato
sample as an infinite elastic solid being
loaded under a perfectly rigid loading
plunger.

5. The potato shows an increase in
the modulus of elasticity with an in
crease in the rate of compression strain.
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. . . SMALL PRAIRIE STREAMS

continued from page 3

From the preceding discussions it
should not be construed that large
values of the peak ratio connotate large
discharges. Generally, the opposite is
true since large discharges tend to be
more sustained which cause lower
values of qp /q2. Yet, the discharge per
unit area will be lower on larger basins
than on smaller areas.

Langbein's Approach

In accordance with the approach
suggested by Langbein (5) a graph
was constructed using the following
flow data; (a) the average daily flow
for the day preceding the peak rate,
qi, (b) the average daily flow on the
day following the peak, q3, and (c) the
peak instantaneous discharge, qP and

O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

RATIO OF DISCHARGES ON DAY FOLLOWING: MAX DAY -^i

Figure 6. Peak ratio contours in terms of day before,
day of, and day following maximum discharge.

the average daily flow on the day of
occurrence of the peak, q2. These
data, plotted as dimensionless ratios
are shown in figure 6.

The most significant feature of the
figure is that it shows that the discharge
characteristics of the streams analyzed
bear a close resemblance to those of
the more amenable streams studied by
Langbein (figure 1). In general, be
cause of scarcity and limitations of the
original data, it was impossible to
locate contours for values of qP/q2
greater than 2.5. Other areas of fewest
points, and thus least reliability are
delineated on the figure. The practical
use of figure 6 is as an aid for de
termining qp when qu q2 and q3 are
known.

SUMMARY

Discharge records collected from 22
watersheds located within the central
region of Canada were analyzed to
establish relationships between the
peak instantaneous discharge, qp, and
and the average daily discharge, q2,
for Prairie streams. From analysis of
the data it was found that the variation
in the average peak ratio, qp/q2, of
summer storm events for watersheds
within selected regional groupings
could be related to the effective size of
the drainage basin. Differences in the
relationships for watersheds in different
physiographic areas could be attributed
to such factors as topography, climate
and vegetation as they affect the dis
charge characteristics of streams. In
addition, it was found that the peak
ratios from rainfall and snowmelt
events on watersheds within a given
regional grouping were not of the same
magnitude and could not be considered
from a homogenous population. This
necessitates that a separate relation
ship be established for the different
events.

A graph is presented which can be
used to estimate the peak instantaneous
discharge for Prairie streams using
published average daily flows for; (a)
the day preceding the occurrence of
the peak rate, (b) the day of occur
rence of the peakrate, and (c) the day
following the occurrence of the peak
rate.

LITERATURE CITED

1. Durrant, E. F. and S. R. Black-
well. The Magnitude and Fre
quency of Floods in the Canadian
Prairies. Proc. of Symposium No.
1, Spillway Design Floods. Sub
committee on Hydrology, NRC

continued on page 25

CANADIAN AGRICULTURAL ENGINEERING, FEB. 1966


