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ABSTRACT
ON THE MECHANICS OF THE ROOT-SOIL SYSTEM
by Anivaldo Pedro Cobra

Several studies have been made to determine the up-

rooting force of crop plants. These studies do not,

however, contain any information related to the soil

characteristics and of the stress distribution and strength

of the root-soll composite.
A knowledge of the root-soil relationship would be

of 1importance for the crop scientist, the soil scientist,

and the agricultural engineer. It may become possible to

determine the best positioning of soil in relation to the

plants and to select strains to obtain better anchorage

of the crop plants. Also, by learning about the inter-

active behavior of the root-soil composite, the prediction
of fallures of vegetated slopes and the endurance of

vegetated linings of earth dams and canals can be further

improved.
The objective of this work is to obtain background

data for the study of root-soil relationships from an

engineering standpoint.
For this study, sorghum was planted in the field in

& loamy fine sand soll. When the plants had nearly reached

thelr full size they were subjected to an uprooting force
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Measurements of force and displace-

applied to the stems.
The dry welght

ment at the base of the plant were made.
of stem samples and the stem bundle diameter at the base

of the plant were measured. Soill moisture content, bulk

density, and penetration values were determined. The
weight, shape, and dimensions of the pulled out root-soil
bulb and the remaining undisturbed crater were recorded.

In order to determine the stress and strain distri-

bution and the strengthening effect of the root on the

soll, underground and top surface fallure patterns of the

fleld plants were filmed for some tests.
Studlies of the root system were made for plants

grown 1in boxes in a greenhouse. Root angle and root

length were determined by directly tracing the roots.

These roots were sampled and tested for tensile strength.

The measurements made at rupture were: force, strain,

diameter, the distance from the attaching point to the
fractured section and the position of the fracture with
respect to the clamplng Jaws.

From the field experiments it was found that the
maximum pulling force required to pull the plant was

considerably greater than the weight of the bulb or the

soll weight of the crater. The maximum pulling force was

reasonably well correlated with the respective displacement
at the base of the plant, the soll moisture content, the

weight of the root-soll bulb, the dry weight of a 2-inch
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sample of stems and the volume of the crater. Also a

reasonable correlation was found between the displace-

ment at the base of the plant and the depth of the

crater.
From the studies of the root system it was found

that the number and the length of roots varied with the

angle measured from the soil surface. The greater

number of roots and the longer roots were found at angles

of 60 to 80 degrees.
The tensile tests showed that the strength of short

roots was proportional to a linear dimension of the cross

section, while that of long roots exhibited an additional

proportionality to the square of the same dimension. In

general, the further away from the attaching point of the

root the tension specimens were taken, the weaker these

specimens were found to be. Finally, short roots exhibited
lower average strength than long roots. This difference

in strength is probably due to biological differences in

the two types of root.
The observations of fallure patterns showed that

the underground rupture of the root-soil composite started
at the centerline of the plant at the bottom of the future

crater, when the pulling force was close to its maximum

value. The failure surface developed from the centerline

laterally outward to a polar angle of about 60 degrees
Then it assumed the shape

and slightly concave upward.
The

of a typical Rankine pattern, up to the soil surface.
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soll surface fallure cracks indicated that the least
strength of the composite 1s 1in the direction perpen-

dicular to a plane containing the centerline of the

plant. The maximum strength of the root-soil composite

was found to be in the direction of the roots, or in a

polar~spherical direction.
An attempt was made to develop constitutive

equations which would enable the evaluation of the

strengthening effect of roots on the soil, in terms of

a strengthening factor.
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1. INTRODUCTION

During the growth of a crop it is ilmportant that the
stability of the aerial part of the plants be maintained
in order to secure a full development of the product and
to allow an efficient performance of the machinery
involved in the production process.

The stability of a plant in the field is affected
not only by the weight of the plant itself, but also by
such horizontal forces as wind load (or similar horizontal
loads). Under such loads, the plant sometimes becomes
unstable and lodging occurs. This lodging may be due
elther to failure of the anchoring system or to fallure
of the aerial part. There is no standard definition for
lodging; but it seems to be commonplace in works appearing
after Hall (1934) to consider as "lodged" any plant
leaning more than 45° from the vertical, including both
root lodging and stalk breakage.

A knowledge of the strength relationships between
root and soil is necessary in order to interpret the
factors affecting the underground fallure of the plant.
These relationships are very complex due to the nature of
the materials involved. Therefore, for an engineering
approach of the problem it was decided that a simple type

of loading, such as an uprooting force, would permit a



preliminary assessment of the important parameters for
plant anchoring.

The objective of this research 1is to find background
data to study the strength relationships between soil and

root using as an example sudangrass (Sorghum vulgare var.

Sudanense, Hitch.), subjected to an uprooting force. The
ultimate goal, however, is to detect the lmportant
parameters regulating the strength of the root-solil compos-
ite, so that they can be assessed and used to predict
fallure of the root-soil system of other crops of economi-
cal importance, such as sugar cane or corn,

The original intentlon was to study these relation-
ships for sugar cane., However, due to ecological diffi-
culties presented to the growth of sugar cane 1n this area,
it was decided that the work could be done with sorghum,
because of its similarity in the root system, and the size
of the plant which would facilitate the experiments.

To fulfill the objectives, sorghum plants were
planted in field conditions and subjected to a vertical
pull., A continuous record of force versus displacement
at the base of the plant were made. Soll and plant
characteristics were determined as a basis for
further correlations.

The establishment of the mechanical relationships
between root and soil may become important in the

ascertainment of factors which contribute to the full



development of a crop. Thls knowledge can be used in
many phases involved in the process of crop improvement
and production.

It will enable the breeder to select varietles whose
root configuration will be adequate to perform the desired
anchoring function, or a configuration that will offer a
high resistance to uprooting. This statement 1s also
applicable to the selection of grasses used to line canals,
slopes, etc.

It will indicate to the agronomist and soil scientist
how to position and shape the soll at the soil surface to
impart a better anchorage to the plant. This will allow a
more advantageous use of certain varieties. Resistance to
wind forces could be ascertained and crop lodging could
be prevented or minimized by providing better mechanical
anchorage.

In the design of harvesting equipment it will furnish
relations that will allow the determination of the magni-
tude and mode of the uprooting force. In the cases where
small plants are taken out of the ground to be re-planted,
critical force values can be determined as to least affect

the root system.



2. THE UPROOTING FORCE

2.1 Review of Literature

Holbert and Koehler (1924) working with corn found a
relationshlip between root anchorage and lodging, such that
when the mean pulling resistance of a group of plants de-
creased, the percentage of leaning plants increased (plants
leaning 30° or more). Also it was determined that for
plants of good strain (which exhibited greater pulling
resistance) the number of main and lateral roots was higher
than that presented by plants susceptible to disease.

Wilson (1930) reported that in the absence of brace
roots corn lodged badly. However, the secondary roots and
plant height were not related to lodging. In the field,
the diameter of the stem of the lowest internode showed
no relation with lodging.

Hall (1934), working with corn under natural rain-
fall conditions found that in most cases the force required
to pull the plant from the soil was negaftively correlated
fo lodging. A similar relationship was found for force
and disease., He also reported that no relationship existed
between lodging and ear height, cross section or ear weight.
Hall used a mechanical device for obtaining the force
required to pull the stalks over to an angle of U5°,

keeping the stalk rigid from the first internode to the



point of attachment of the load, by fastening the stalk

to a plece of wood.

Dillewijn (1952) reported that it is generally
recognized that lodging exerts a harmful effect on sugar

yield of sugar cane, but exact figures as to the losses

involved are scarce. For pot experiments made by Borden,

an average loss of sugar of 25 per cent was reported to

be due to poorer juice quality of lodged plants. He also

reported that according to Honig lodging is associated with
starch formation in the concave side of the stem.

Newman et al. (1952) reported that stalk breakage
caused more loss of corn and reduction of quality than root

lodging. It was reported that root lodging generally oc-

curred only before the corn is ripe and if the ground is

soft.
Nelson (1958), in his work with field corn reported

that

"significant relationships were shown between
lodging and the mechanical force needed to break
the standing stalk or the third internode, the
diameter of the third internode, the height of
the ear, and the yield of grain. The best single
measurement for determining the lodging potential
was the force needed to break the third interncde.
In combination, the best two measurements were
ear height and the force needed to break the

standing stalk."

Nelson also used mechanical devices to record the force
required to pull the stalks over to an angle of U5° and

the force to break the stalk at the third internode.



In the works reported here there has been no consid-
eration given to rooé distribution as affected by factors
such as soil bulk density, availability of nutrients and
water, and seasonal variations. When an uprooting force
was applied, no effect of soil moisture content was
specifically determined, no measure of soil strength

given, nor was root strength determined.

2.2 Field Procedure and Equipment

The field experiments were made in a plot of the
Soll Science experimental farm of Michigan State University,

on a loamy fine sand soil. Some of the major characteris-

tics of the soilil can be seen in Table 2.1.

TABLE 2.1--Major soil characteristics.

Soil: Spinks--loamy fine sand

Mechanical Analysis¥*¥
Density 2.62
fine gravel 1.36% Bulk density 1.51%
coarse sand 3.66% Total porosity 39.90%%
medium sand T.73% (air pyc)

Non-cap.porosity 10.00%*

fine sand 50.30% (air pyc.)
Upper plast.limit 19.909%

very fine sand 20.63%
Lower plast.limit -

silt and clay 16.32% Moisture equiv. 15.80%

M.C. at 60 cm tension 20.409%

¥Corresponding values.

¥%¥3S11t and clay content was calculated by subtraction.



On June 15, 1967, after the field had been plowed
and harrowed, three to five seeds of sorghum per hill were
manually planted in hills spaced five feet between rows
and four feet in the row. This spacing was expected to
avold major interferences of root systems.
A starting fertilization on the basis of 12.5 1b.
of nitrogen per acre was applied. After the plants reached
a height of 12-15 inches, a side dressing was applied with
100 1b. of nitrogen, 25 1lb. of P2O5 and 75 1lb. of K20 per
acre.
On July 5 the experimental plot was cultivated
between rows with a front-mounted cultivator and handhoed
in the rows. On August 5 a second cultivation was made
similar to the first. After September 15 a mower was
used whenever needed to control weeds and to minimize
disturbance to the soil. Nevertheless, it was noticed
during the experiments that weed roots were present, in
some cases interfering with the results, as was apparent
in one of the sectioned plants.
For the pulling experiments a pulling device was
built and instrumented. The pulling device consisted of a
12 V de compound electric motor (3800 rpm) with a worm-
gear box for speed reduction. A screw, attached to the gear
box output shaft drove a nut welded inside a square tube.
This vertically driven tube was prevented from rotating and

guided by a square opening in the outer housing tube. The
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displacement rate obtained was approximately 2 to 2.4
inches per minute, Teéspectively for loaded ang unloaded
conditions. The housing tube Supported the whole device
and was loosely bolteq to a tripod. Footings were provided
for the tripod to minimize sinkage of the System. Figures
2.2.1 and 2.2.2 show réspectively a general view of the
pulling device ang a closeup giving the typical placement
of load cell, traction Jaws and displacement par with the
linear variabile differential transformer (LVDT). The
pulling force was applied to the plant by two traction
Jaws made of L-shaped stee] bars with metal lath welded
to their inner faces. The addition of this metal 1lath
imparted no major injury to the stem. The pressure
against the stems was produced by equally tightening
the wihg nuts holding the two bars together. No slip
problem was experienced provided the wing nuts were
adequately tightened.

The tripod was located over the plant with the
telescoping tube aligned with the center of the plant,
A load cell was connected between the traction Jaws and
the telescoping tube including a universal joint to elim-
lnate side pull. The force was measured using a Day-

tronic 250 1b. load cell with a 300 c/61 transducer-plug-

in amplirier combination,
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inch linear range), located at midpoint of the bar. The
output was demodulated and amplifieq by a Daytronic 300 ¢C
transducer amplifier with g modified type 60 plug-in unit,

A 750 watt, 60 Hz generator was used to provide
power for the €quipment in the fileld. Adequate grounding
was provided to minimize noise,

A force versus displacement curve was recorded from
the two transducer amplifier outputs on a Moseley Autograr
X=y recorder, model 135. Figures 2.3.4 ang 2.3.5 1in Section
2.3.4 show typical force vs, displacement graphs for inte-
gral and sectioned pullings, respectively.

The diameter of the plant stem bundle in its natural
state was measured at its base before pulling. Then the
stems were cut at 20 inches above the soil surface and a
stem Sample two inches long was collected for later drying
and weighing. The traction jaws were then attached to the
stems in such a way to cause minimum disturbance to the
plant,

Soil moisture content, bulk density and penetrometer
readings were determined for most of the pullings. One

undisturbed soil sample and two or three penetrometer

readings were taken for each test, at a radius of about

20 inches from the plant.,



readings in some stony spots. 4 plow sole was detected
at a depth or approximately 8 inches whose effects will
be commented on later,

Observations as to shape andg dimensions of the root-
S01l bulbs were made after they had been pulled, with the
intention of using their shape as representative of the
failure surface and their dimensions 88 possible parameters
to be compared with the pulling force. Average values of
the dimensions are given in Figure 2.3.1.

When pulling the plant, observations were made as
to the development of surface cracks. This was facilitated
by "powdering" the area around the plant with industrial
plaster. The development of these cracks was filmed during
Some tests., A series of photographs from the film are
shown in Section 4.3, where the cracks are described as
they took place.

The development of the failure surface below the soil

Surface was also observed and filmed for some experiments

(called sectioned tests). For these tests two
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sectors of 90° each, meeting at the center of the plant
were opened symmetrically in the soil. The sides of the
sectors were first cut with a trowel and then carefully
the rest of the soil was removed. The depth of these
sectioned walls at plant center was always greater than
10 inches to avoid a possible effect of the bottom of the
section upon the failure surface. Following a smoothing-
up of the sectioned wall, a grid pattern was applied to it
by powdering industrial plaster through a grid with 0.75
inch mesh. To allow filming of the trace of the failure
surface, a shallow trench was made perpendicular to the
sectioned wall to be filmed. The failure surface develop-
ment could then be observed and filmed. A series of photo-
graphs showing the shape and location of the failure surface
with respect to the plant are given in Section 4.3. Some of
the filming was done with the x-y recorder in the field of
view to allow a comparison between development of cracks
and the magnitude of the pulling force. Thus, two types
of pulling tests were made, namely: sectioned, which has
just been described, and integral where no sectors had
been cut in the ground. Table 2.2 shows the data obtained
in the field for all integral and sectioned tests.

As the experiment developed it was noticed that if
no extraneous roots or other materials were present, a

distinct undisturbed crater surface could be found by

carefully removing the disturbed soil of the crater after

the bulb had been removed. Thils was done and the crater
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profile, volume, diameter at soil surface and depth at
the center were measured using the following order and
procedure:

A.--Crater profile and depth at center: the
disturbed soil was removed and a pantograph was used to
reproduce (trace) the crater profile (N-S, E-W). A
diagram with height and dimensions are given in Figure
2.3.3;

B.--Crater diameter: three measurements were made
(N-S, E-W, NW-SE) for each of nine experiments, and the
average used as a representative value of crater diameter;

C.--Crater volume: the crater was lined with a thin
sheet of plastic. The weight of water required to fill
the volume displaced by the root-socil mass was determined.

The values for crater volume, average diameter and
depth are given in Table 2.2.

An attempt was made to estimate the amount of roots
remaining in the soil below the crater, but all the methods
which were considered seemed unreliable.

In order to ascertain the performance of the pulling
device and the instrumentation, several trial tests were made
in the field. These tests are numbered from 1 thru 9 in
Table 2.2. The first preliminary experiments on integral
plants were carried out on October 7, in order to observe
what other variables should be measured besides pulling

force, displacement at base of plant, soll moisture content
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and bulk density, weight of dry stem and weight of the bulb.
Experiments number 7 and 8 were performed with sectioned
plants on October 8, to verify the symmetry response of
the root-soil system with respect to pulling force. Ex-
periments number 10 to 20 were performed on October 14,
and other variables such as diameter of stem bundle at
base of plant, penetrometer reading and shape and dimen-
sions of the pulled bulb were collected., For these exper-
iments a series of randomly located integral and sectioned
plants were pulled in order to further ascertain the
symmetry response. During these experiments the importance
of the crater parameters was noticed and some preliminary
observations were made. On October 25, experiments 21 to
26 were made in order to observe and determine parameters
of the crater. On October 27, the first snowfall took
place in the region, resulting in stem breakage, thus

preventing further tests.

2.3 Results and Discussion

2.3.1 Root-Soil Bulb

From the observations made of the conformation and
dimensions of the root-soil bulbs that were pulled up with
the plants, 1t was possible to reproduce a diagram that
ls shown in Figure 2.3.1. 7he values in the diagram
represent averages of three measurements for each dimen-

sion for five bulbs of integral plants. In Figure 2.3.1,
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the line ch indicates a circular conical band consistently
showing the greatest number of roots projecting out of

the root-soil bulb. Though the angle < cah could not be
determined accurately, its value as calculated varied
from 18 to 32 degrees with an average of 28 degrees.
However, the shape and dimensions of the pulled out root-
soll bulb was considerably altered during the detachment
from the soil. This was chiefly due to the tension
cracks developed 1in the soill surface and the falling-off
of the soll sustained by the root mesh during the pulling

action. This matter will be elaborated on in Section 4,3,

ab = 6.5 in.
ch = 3.5 in.
dg = 3.5 in.
ah = 7.3 in,
ad = 7.3 in.
cg = 10.3 in.
ef = 12.9 in.

i G = 28°

. g = 38°

Figure 2.3.1--Typical shape and dimensions of a pulled
out' root-soil bulb. (load centrally applied).



18

In some cases it was found that the bulb was un-
symmetrical. The main source of this seemed to be a
misalignment of the pulling force on the plant caused
by the positioning of the tripod. After this was first
observed the operation was more carefully performed.
Nevertheless, in some plants it was noticed that the stems
for some reason did not grow perpendicularly to the soil
surface. Whenever a misalignment took place, some diffi-
culties were experienced in measuring the displacement at
the base of the plant. This was due to a bending moment
introduced at that point, which caused a slight movement
lengthwise of the aluminum bar used to sense the displace-
ment. The movement of the bar affected the positioning
of the LVDT thus somewhat affecting the measurement. The
effect of this bending moment was noticeable in the final
shape of the bulb. A diagram based on these observations
is given in Figure 2.3.2. If the dlagram of Figure 2.3.2

is compared with that of Figure 2.3.1, this effect is quite

|
|

\

Figure 2.3.2--The effect of force misalignment or non-
verticality of stems as affecting the final shape of the
root-soil bulb.
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evident. As it might be expected, the shape of the crater
also became altered. This was quite evident as observed
for experiments 26 and 23 where the effect can be seen

through the profiles given in Figure 2.3.3.

2.3.2 The Crater

As earlier mentioned the crater was defined as the
hole in the ground after all disturbed soil had been removed.
Observations of crater profile and depth were graphically
made for experiments 21 to 26. These can be seen in the
diagrams of Figures 2.3.3 (A), (B), and (C). The center
of the crater, as shown in these figures corresponds
to the vertical line through the center of the plant, as
it was located prior to pulling. The depth of the crater
was measured to the line representing the surrounding
surface of the soil. The difference in height that two
profiles of the same crater might present, is mainly due
to the unevenness of the soll surface close to the crater.
In these figures 1t can be noticed that at least one of
the profiles of each crater presents a similar configura-
tion with the others. Despite careful finger-tracing
of the bottom of the crater when removing the disturbed
soil, difficulties were encountered in some cases in
distinguishing clearly the undisturbed surface. Ac-

cording to the observations, the factors causing these
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Figure 2.3.3--(A), (B), and (C)--Crater profiles
from tests 21-26, Broken lines indicate the soil
surface and the vertical axis of the plant.
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difficulties were: mesh of extraneous roots (weeds);

in some tests, the high moisture of the soil which inter-
fered with the feel of the undisturbed surface; the effect
of secondary failure surfaces which remained adhered to

the bottom of the crater strongly enough to be felt as a
This latter effect will be better understood

part of 1it.

when the failure patterns are described in Section

}4030
In general, the non-homogeneity of the root-soil

system affected the tracing of the crater bottom, and con-

sequently that of the faillure surface.

2.3.3 Effect of Sectioning

In Table 2.2 the experiment numbers followed by a -S

indicate tests with sectioned plants. For the cases of

experiments 7 and 8, they were the first trials with
sectioned plants and since the sides of the sectors were
not cut as to meet at the center of the plant, their
results should be considered with reservations.

A statistical analysis was made to find out whether

the mean value of maximum force for sectioned plants was

equal to one-half that of the integral plants. For this

analysis the maximum force values from the following

experiments, reduced by the weight of the jaws (6.7 1b),

were used: 11, 12, 14, 16, 18 and 20 for sectioned plants

(X;) and 10, 13, 15, 17, 19 and 21 for integral (X;).

The number of observations per group was : s 1
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The basic hypothesis Wy T %pi was to be tested at a sig-

nificance level of 0.05.
An F-test was used to compare the variances of the
samples under the hypothesis oy = of. The value of F

was:

n
no

14.53

o5}
|
0
He ojlm
[}

A comparison to F (.025, 5, 5) = 7.15 implied that one

could be 95% confident that the variances were different.
(A more appropriate hypothesis had probably been o5 =

%oi.) Therefore the approximate t-test to be used to

compare the sample means was

X - X
s 1 = 1.592

£ =

2 2
v//rSS + (.25) Si

n

The critical value t (.05, 5) = 2.571 indicated that there
was little evidence that the mean value of the maximum
force for sectloned plants was not equal to one-half the
mean value of the maximum force for integral plants. This
Justified our assumption of undisturbed response of the
root-soil system with respect to the value of the maximum

pulling force for sectioned plants.

A similar analysis was made for the weight of the

root-soil bulb of sectioned plants, as compared to
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one-half of that of the integral plants. Since in this

case the variances of the sample means were regarded

equal by an F test, an exact t test was used, considering:

X _ — —
v (Xs - i) =V (Xs) + %V(Xi) and
\% (XS) = V (Xi), then
vV (X, - %%,) = 1.25 o2
s 1 ) X
where 0% is a variance common to both means. Thus,
X, - %X SS_ + SS
t = S 1 and 82 = S 1
n +n, -2
S i
/(2)(1.25)52
n
t = 0.0567 and t (.05, 10) = 2.228

which indicates that there is little evidence that the
mean value of the welght of the root-soil bulb for

sectioned plants differs from one-half that of the

integral plants.
An analysis of the displacement at maximum pulling

force showed that there was no evidence of a difference

between sectioned and integral plants.

2.3.4 Force and Displacement

The graph of force versus displacement in Figure

2.3.4 shows that for integral plants a fairly linear
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relationship applies up to a point close to the maximum
force. Beyond this assumed straight line, the system
begins to yleld with an increase in the rate of dis-
placement, resulting in a curved shape of the graph.
Around the point of the maximum force the curved path

of the graph 1s characterized by sudden Jjumps of the
recording pen, which suggest the successive breaking of
roots. During the tests this jerk of the recording pen
would take place accompanied by an audlible breaking sound
coming from the ground. The successive, instead of
simultaneous breaking, of roots will be explalned later
in Section 4.3 with reference to the effective root length.
In some cases these sudden Jumps are more noticeable as
can be seen 1n Figure 2.3.5 for a sectioned plant. As to
the initilal section of this curve, 1t 1s also seen that
the curved shape became more evident with sectioned
plants. Also, by comparing the stralight line portions
with the values of the maximum forces of the two typical
curves, 1t 1s seen that the proportional 1imit is smaller
for sectioned plants. A reasonable explanation of this
effect may be found by considering the viscoelastic nature
of the soil and that of the roots. The interaction be-
tween soil and root under the natural geometry seems to
lead the behavior of the composite to a "quasi-elastic"
response and to a closer value of the maximum force, which

can be seen from the curve of the integral plants. It
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seems that by cutting the sectors this "quasi-elastic"
behavior of the composite 1s considerably reduced.

At the end of the test the curves indicate only
the welght of the bulb plus that of the jaws. Typical
values are shown in Figures 2.3.4 and 2.3.5.

Simple correlation and regression analysis were
made using Michigan Agricultural Experiment Station
(1967) Stat Serles Routines. The correlated variables
whlch presented a significant partial correlation co-
efficient, were plotted. The pertinent partial corre-
lation coefficlent and regression equation obtained are
given at respective graphs. In addition, certain
variables were plotted despite a rather low partial
correlation coefficient, to give an 1dea of the varia-
tions experienced.

Two sets of tests from the data given in Table 2.2
were analyzed separately as follows: experiments number
10, 13, 15, 17, 19, and 21 to 26, were used for the
analysis of all the variables listed, except crater
values; the analysis of the data of experiments 21 to
26 included also the crater parameters, and these results
and discussion will be presented later in this section.
As mentioned earlier tests 1 thru 9 were preliminary

tests. Thelir values were not statistically analyzed.
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A plot of force* versus soil moisture content is
shown in Figure 2.3.6. A large variation is apparent and
no specific conclusion can be drawn from the plot. It 1is
noticed, however, there is a tendency to a decrease in the
value of the force with increasing soil moisture content.

Very low partial correlation coefficients were
found for force or displacement with respect ot pene-
trometer reading. The same was true for displacement
or penetration value versus soil moisture content.

The force was found to be positively related to
displacement, weight of bulb, dry weight of a 2-inch
sample of stems and diameter of stem bundle at the
base of the plant.

The maximum force versus corresponding displace-
ment are shown in Figure 2.3.7. This behavior was
expected, 1f the root system size is taken into
account. However, the partial correlation coefficient
was rather low for this relationship.

Figure 2.3.8 shows a plot of force versus weight
of root-soil bulb. During the experiments it was

noticed that the shape and the dimensions of the bulb

*Further use of the terms force and displacement
(in this chapter) will mean the maximum pulling force
and the respective displacement at the base of the
plant, unless otherwise stated.
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Figure 2.3.6--Maximum pulling force versus soil moisture
content.
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Figure 2.3.7--Maximum pulling force versus displace-
ment at base of plant. Regresslon equation:
Y = 291 + 36 X; pcec = .450.
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Flgure 2.3.8--Maximum pulling force versus weight of root-
soll bulb plus weight of jaws. Regression equation:
Y = 293 + .52 X; pcc = .611.
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did not represent that of the underground failure
surface as was assumed in the beginning of this section.
However, the analysis of the data shows that the force
is reasonably correlated with the weight of the bulb.
This suggests that the weight of the root-soil bulb is
to some extent representative of the root development,
desplte the detachment of soll which takes place
during the pulling process. The large constant term
and the low ratio indicate that the pulling force is
mainly determined by other factors than the bulb
welght.

A positive relationship was found for the force
as compared with the diameter of the stem bundle at the
base of the plant. A plot of this relationship, the
regression equation and partial correlation coeffici-
ent are given in Figure 2.3.9. Again the large constant
term indicates only a partial influence of plant
size or a nonlinear relationship. The dilameter of the
stem bundle and the dry weight of a 2-inch sample of
stems were expected to indicate the size of the plant.
A plot and the partial correlation coefficient of

force versus dry weight of 2-inch of stems are shown

in Figure 2.3.10.
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