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A MODEL FOR PREDICTING NARROW TOOL BEHAVIOR
UNDER DYNAMIC CONDITIONS
by

W. Christopher Swick
(ABSTRACT)

Most models available today for predicting the forces
enccuntered‘by tillage téols apply to slow moving tools and
do not take into account speed effects. Howevef, most
tillage operations are performed at speeds in the range of
2-8 km/h, and experimental>stUdies‘show thét tool forces
increase signifiéantly with tool speed.

This effort of developing a model for prediéting the
forces on narrow tools under dynamic conditions was carried
out in\threé steps. First, a series of laboratory tests was
conducted,kto "determine the effect‘ of shear rate on soil
shear strength and soil-metal friction parameters. Second,
a model was developed to include dynamic effects. Third,
the model was‘ verified experimentally under laboratory
conditions.

Direct shear tests using a conventional shear box were
conducted on an artificial soil at shear rates between 0.5

and 127 cm/min. Experimental results showed that for the



soil tested, the angle of internal friction, soil-metal
friction angle; cohesion, and adhesion are independent of
shear rate.

A soil-tillage tool interaction model developed for
quasi-static soil failure was modified to include shear rate
effects and accelerational force effects. |

Experimental verification tests for the model were
conducted under controlled conditions using an indoor soil
bin facility. Tests were conducted with flat tines at
speeds from 5.4 to 120 cm/s. The overall trend was for the
model to underpredict the observed total tool force by 16 ¥%.
However, the model demonstrated that terms including
accelerational force effects can account for a large portion
of the increase in tool force observed to occur with an

increase in tool speed.
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Chapter I

INTRODUCTION

The cultivation of fields by equipmenf is one of the old-
est practices in égriculture. A relatively high level of
development had been reached severai hundred years ago, as
the knife cbulter, plowshare, and a crude form of the mold-
board plow were in use as early as the eleventh century.
Historically, however, advancements in tillage egquipment and
practices were by trial-and-error methods.

More recently, attempts have been made to describe the
mechanicsrof the complex interaction between soil and til-
lage tools, with the ultimate goal of designing more effi-
cient tillage tools. The first attempts in this connection
were empirical in nature. Later, many employed semi-emperi-
cal or theoretical procedures for developing Inathematical
models to describe soil-tool interaction.

Most mathematical models  available today are for tools
moving aﬁ very low speeds. However, most tillage operations
are performed at speeds in the range of 2-8 km/h, and exper-
imental studies show that the forces encountered by tillage
toolé increase with tool speed. A better understanding of
the effects of speed and other pertinent parameters on
soil—tiliage tool interaction is desirable for the design of

more efficient tillage tools.



The objectives of this study were:

1.

To determine the effect of shear rate on soil
strength and soil-metal friction parameters.

To modify a quasi-static model to include speed ef-
fects.

To experimentally verify the dyhamic model through

laboratory tests.



Chapter II

LITERATURE REVIEW

Soil dynamics, as described by Gill and Vanden Berg
(1968), is a phase ofvsoil science and‘mechanicsvconcerned
with soil'ih motion, éﬁd may’be defined as the relation be-
tween forces applied to soil and the resultant soil reac-
tion. Soil dynamics associated with soil-tillage tool in-
teraction, as‘a rule, involves soil loaded to the point of
failure with masses of soil being diéplaced by the tool.
Except where stated otherwise( the investigations mentioned
here assume that soil fails along a surface éccordingbto the

Mohr-Coulomb failure criterion:
T = cCc + (g)tan(¢) ...t i ittt e (1)

and the reaction at soil-metal interfaces follows a similar

criterion:

' = Ag ¥ (o'")tan(8) ... . e P (2)

.where: T shear stress at the failure plane, N/cm

. : . ‘ 2
soil cohesion, N/cm

(8}
1l

2

Q
I

normal stress at the failure plane, N/cm
¢ = angle of internal friction, degrees
t' = shear stress at the soil-metal

interface, N/cm2



Ay = soil-metal adhesion, N/cm2

normal stress at the soil-metal
2

Qa
]

interface, N/cm

§ = soil-metal friction angle, degrees

2.1 TWO-DIMENSIONAL MODELS.

Soehne (1956) studied the action of simple inclined‘tools
operating in damp sand and developed four behavioral eqﬁaw
tions to describe the tillage tool acfion. Thesé equations
accounted for soil-metal friction, soil shear failure, cut-
ting resistance, and'the accelerational force for each block
of soil. Adhesional forces were neglécted.- The mechanics
Soehne developed was two-dimensional and did not consider
the forces on the sides of the soil block. Thus, as with
other two-dimensional models, the analysis was theoretically
correct only for very wide tools.

Experimental verification by Soehne showed marginal
agreement between observed and calculated draft force.b Pos-
sible reasons for disagreement were that frictiohal forces
on the sides of the tool and forces created by soii contact-
ing the standards supporting the tool were not eliminated.

Rdwe and Barnes (1961) refined the model by Soehne to in-

clude the effect of adhesion. They assumed that soil-metal



friction is independent of speed while soil shear strength
varies with speed. Series of tests were conducted to deter-
mine the soil strength at several shear rates. Comparison
of measured and calculated draft using the varying shear
"strength showed reasonable agreement} From the study, Rowe
and Barnes concluded that the accelerational effect on the
draft force 1is relatively small. The increase 1in draft
force from increase in tool speed was attributed to higher
shearing strength of the soil at higher shear rate.

Osman (1964) developed a model based on Passive Earth
Pressure Theory to describe the mechanics of séil cutting by
wide tools. This model was based on the graphical method
developed by Ohde (1938) and described by Terzaghi (1943).
Ohde proposed that the failure surface be a combination of a
logarithmic spiral and a straight line inclined at (45-¢/2)
degrees to the horizontal, and he used a trial and error
procedure to select the actual failure wedge. Osman also
used a trial and error procedure, but he developed a numeri-
cél method_ to replace Ohde's more complex graphical ap-
proach.

-Tests were conducted for a variety of rake angles and
tool surface finishes in dry sand, wet sand, and clay. The
model solution gave reasonable agreement with measured forc-

es for all experiments. Osman also found that soil-metal



friction angle héd an important effect on draft, particular-
ly for near-vertical tools.

O'Callaghan and Farrelly (1964) used classical soil me-
chanics theories in their investigation of soil failure in
front of loaded vertical tines. Two distinct modes of soil
rupture were identified and models for each mode were sug-
gested. Tines with a depth-width ratio less than 0.6 were
classified as "shallow" tools and were considered to act as
retaining walls. Tines with a ratio greater than 0.6 were
classified as "deep" tééls and were considered to act as a
footing. Rupture by shallow tines was considered two-dimen-
sional in a vertical plane, and_the failure surface was as-
éumed to be similar to the one used by Osman (1964). Rup-
ture by deep tines was considered two-dimensional ih a
horizontal plane and was modeled as failure caused by a ver-
tical foqting in the manner presented by Pradtl (1920) and
discussed'by Terzaghi (1943). Tines with widths of 51 to
122 mm were tésted at depths between 25 and 178 mm in sandy
loams and clay loams. Agreement between measured and calcu-
lated draft was reasonable. The observed critical depth-
width ratio separating the vertical and horizontal failure
regimes was found to vary between 0.5 and 1.

Siemens et al. (1965) investigated the mechanics of

soil-tool interaction. Included in the study were measure-



‘ments of failure_wedgesvand férces acting on plane tines.
One of the assumptioﬁs of this study was that the failure
wedge for rake angles betwéen 90 and 70 degreés had a curved
faiiure surface, similar to the one in front of a retaining
wallvwith a rough surface. Fof tool angles less than 70 de-
grees, the failure surface was assumed to be a plane at an
angle of (45-¢/2) degrees to the horizontal.

Tools with widths of 51 to 122 mm and rake angles from 15
to 90_degrées were tested, all at a depth of 51 mm invan ar-
tificial soil. Tool speeds ranged from 22.4 to 89.4 cm/s.
Draft force was found to increase with tool speed, however,
the calculated force due to acceleration, as predicted by
the equétion derived by Soehne (1956), was not nearly large
enough to explain the difference in‘draft betweén the tests
at 22.4 and 89.4>cm/s., Comparison of measured and calculat-
ed draft force showed that the model tended to underpredict
tool fqrces. A build-up of soil was noticed to form near
the bottom of the tools, and the location of the resultant
force waé found to be much lower on the tools than predicted
by theory, suggesting that higher levels of soil compression
took place near the bottom of the tools.

Hettiaratchi et al. (1966)7developed a procedure for cal-
culatiﬁg the tool fofce encountered in two-dimehsional soil
failure; The equatioﬁ developed was similar to the one

originally propdsed by Reece (1965) and can be expressed as:



P = XDZN' + CDNc + A

¥

gDNg + QDN oo (3)

3

where: ¥ unit weight of soil, N/cm

B
D

angle tool makes with the horizontal, degrees

depth of tool, cm
qg = surcharge pressure at soil surface, N/cm2

N.,, N_, N_, N_  are dimensionless coefficients.
¥ c a q

The four terms represented the gravitational, cohesive, ad-
hesive, and surcharge components of the soil reaction per
unit width of tool. The dimensionless coefficients associ-
ated with each of the four components were functions of ¢,
6, and the geometry of the loaded‘interface, A set of 8
charte was developed to obtain values of the four coeffi-
‘cients in the egquation. Inertial effects were neglected and
hence the equation was valid only for slow moving tools. A
curved failure surface wae assumed. Tool angles considered
ranged between (45-¢/2) and (180-¢) degrees. Tool forces
predicted by the model showed close agreement with those
calculated by Ohde's (1938) graphical method, however no ex-
perimental verification was given.

A basic limitation of the model was that for generating

the dimensionless coefficients, it was assumed that:

.¢c/¥D = Ad/XD = qgq/¥D = 1



Hettiaratchi et al. noted that for values of c/¥D and Ad/XD
less than one, the errbr induced by using the graphs>was
never more than 5 7. However, for values of the same terms
greater than-one, in conjunction with large values of ¢, the
‘error could be as high as 20 7. |

Hettiaratchi and Reece (1974) repdfted, refinements to
vtheir two-dimenéional model to overcome some of its previous
limitations.' The new model considered tool angles from 5 to
170 degrees and treated adhesional effects differently. To
relax the assumption that c/XD=Ad/XD=1, the following terms

were used:

Sc T o .50 e (5)
T .5 P 6
qq/ (6)
S = Sc + Sq ............................................. (7)
where: Sc’ Sq are dimensionless numbers.

S is a dimensionless soill scale index.

The final form of the resuiting soil resistance equation

was:
P = - -
I ¥D KX + cDKCa + qDKq (XDKSexp( S)) e e (8)
where: K, , K _, K_, K_ are dimensionless coefficients.
_ 0 ca g S ‘
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Again a set of 8 charts was given for determining the dimen-
sionless coefficients. The model was not experimentally

verified.

2.2 THREE-DIMENSIONAL MODELS.

Payne (1956) made a detailed analysis of the relationship
between the mechanical properties of soil and the mechanics
of soil failure around vertical tines. In this laboratory
and field study, different soils ranging from sand to clay
were considered. The investigation primarily dealt with the
three-dimensional failure around "narrow" tines with depth-
width ratios greater then'l:l. The maximum raiio considered
was 25:1. Payne ignored accelefational effects and rate ef-
fects on soil strength and soil-metal friction, considering
them to be small.

Payne used Passive Earth Pressure Theory to describe the
soil failure in front of the vertical tines. He observed
that e wedge of triangular cross-section in the horizontal
plane formed on the face of all tines. The wedge moved
slowly up the tool face due to the vertical component of the
‘forceS'acting on the logarithmically-curved failure surface
aesumed ﬁo develop fofward from the base of the tool. Payne
considered this vertical soil wedge to act as a retaining

‘wall, pushing crescents_of soill up and to the sides, ahead
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of the tool. Thus, soil forces were analyzed assuming that
the soil crescents were formed to the sides ﬁnder passive
earth pressure, being displaced by a wedge-shaped retaining
wall with friction angle and adhesion equal to the soil in-
ternal friction angle and . soil cohesion, respectively.
braft force on the tool was determined by summing the re-
sulting forces on the triangular soil wedge in the vértical
and horizontal directions. The major limitation of the me-
chanics developed 1is that the solution proposed for the
forces under the assumed failure pattern is not presented in
a readily usable form.

Payne and Tanner (1959) investigated the relationship be-
tween the rake angle and the performance of flat tines.
Four tine widths ranging from 21 to 101 mm were used at a
constant depth of 152 mm with rake angle varying from 20 to
160 degrees with the horizontal. During field tests in a
variety of soils, wvertical and horizontal forces and failure
patterns were determined. The crescent-shaped failure pat-
tern observed by Payne (1956) for vertical tines was found
to be elongated for rake angles less than 90 degrees and
shortened for angles greater than 90 degrees. The triangu-
lar soil wedge found by Payne (1956) was observed to move up
the face of tools with rake angles of 20 to 104 degrees, and

" to form in a stationary position at the bottom of tools with
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rake angles greater thaﬁ this. Draft was relatively insen-
sitive to rake angle betweem 20 and 50 degrees, but in-
creased rapidly for greater angles.

Hettiaratchi and Reece (1967) modified their two-dimen-
sional model (Hettiaratchi et al., 1966) to include three-
dimensional soil failure for tool angles in the range of O
to 90 degress. The assumed shape of the soil»wedge in front
of the tool depended on the tool depth. Two failure regimes
were used to develop the model and were considered to be the
two orthogonal planar components of the three-dimensional
solution. The vertical failure regime was envisioned to
cause "forward failure" ahead of the tool analogous to that
in the two-dimensional model. Thus equation (3) was used to
determine this component of the total soil reaction. The
horizontal failure regime was envisioned to produce "side-

ways failure" around the tool, creating the force component:

P = {X(D+q/3’)2sz

FCWDN TR o e e e e e (9)
s - sc'a

¥

where: NsX’ Nsc’ Ka are dimensionless coefficients.

Two charts were developed for determining the three coeffi-
cients. Comparison of model predictions with test results
showed that the model overpredicted draft for near-vertical

tools With small depth-width ratios.
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Godwin and Spoor (1977) developed a model to predict
draft force on tines with a wide range of depth to width
ratios. The model was based on the size and shape‘of the
failure wedge in front of the tools. Tests were conducted
in a glass—sided box to observe soil faiiure ahead of moving
tines of various widths and rake angles. A compacted soil
'wedgé was found to form on the face of éll tines. Ahead of
this wedge two modes bf failure were observed. With tines
of small depth-width ratio, soil moved forward and upward
along the entire depth of‘the tine with a definite shear
plaﬁe developing forward from the base of the tine (crescent
failure). As the depth-width ratio increased, soil below a
certain depth, called the critical depth, appeared to mbve
forward with no definite“shéar plane being formed (lateral
failure);

The three-dimensional crescent failurevaﬁead of tools for
depths less than or equal to‘the'critical depth, was consid-
- ered to have three sectipns.' The first section directly in
front of the tool, was assumed to have the same width as the
tool. The passive forcé on this wedge was calculated using
the two-dimensional model developed by Hettiaratchi et al.
(1966). Side crescents were envisioned to occur on both:
sides of the center wedge. The top view of each side cres-

cent was circular in shape. The passive force on each side



14

crescent was calculated by applying the Hettiaratchi et al.
(1966) model to a differential element and integrating over
the entire crescent. AFor tools operating at depths greater
than the critical depth, two-dimensional lateral failure in
a horizontal plane was assumed for the portion of the soil"
below the critical depth. The passive earth pressure devel-
oped by the lateral failure was determined using the method
developed for footings by Meyerhof (1951). Verification
tests were conducted at a constant speed of 56 cm/s. Com-
parison of calculated and measured forces showed reasonable
agreement.

McKyes and Ali (1977) developed a three-dimensional model
for predicting the horizontal draft force on simple tines
~and the volume of soil disturbed around the tines. The
shape of the failure wedge considered was similar to the‘one
considered by Godwin and Spoor  (1977) with one exception.
McKyesland Ali assumed a straight line failure surface in-
stead of a logarithmic spiral surface. Included in the mod-
el were effects of soil density, soil internal friction an-
gle, soil-metal friction angle, soil cohesion, and surface
surcharge preséure, but not the effect of adhesion at the
- so0oil-tool interface. The forces created by these effects
were considered to create a condition of equilibrium. Forc-

es were summed in the horizontal and vertical directions and
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solved for the draft fofce. The final equationrcpntained
- two unknowns, the draft force and the angle'that the rupture
‘plane made with thé horizontal.» Thé draft force»was mini-
mized with reépect to therupttirélan'gle°

McKyes and Ali (1977) and McKyes'(1978)_compared the mod-
el prediétibns with fest results and concluded thét the mod-
el gave reasonable predictions of draft force and volume of

soil disturbed.

2.3 INERTIAL EFFECTS AND DYNAMIC‘SOIL PROPERTIES.

Wismer and Luth (1972) investigated rate effects in soil
cutting and presented their findings on inertial effects and
shear strength. In their analysis of inertial effects for
two-dimensional flow of soil over an inclined tool, they
used the equation derived by Soehne (1956) to predict the
inertial force. Laboratory tests were conducted with a seg-
mented blade inclined at an angle of 30 degrees such that
only the forces due to a 126 mm wide center section were
measured. Results from blade tests in air dry sand showed
that the inertial force prediction accounted for the in-
crease invhorizontal and vertical for;es at speeds'up to 255
cm/s. However, tests in a Decatur silty clay loam showed
thét calculated inertial force accounted for only about 40 ¥%

of the force increase over the same speed range.



16

fhe shear strength studies by Wismer and Luth involved
moving cone penetrometers of two diameters horizontally
through saturated clay soils at various speeds. They used a
dimensional analysis scheme similar to that of Turnage and
Frietag (1970) to relate actual cone size and velocity to
thosg-of the standard cone penetrometer and standard pene-
- tration rate. Plots of cone index vs. penetration rate were
found to have the same shape as draft vs. tool speed for
saturated clays, that of a decaying eXponential curve.

Stafford (1979) evaluated the performance of tinés in
terms of soil forces and soil failure over a wideAfange of

soil moisture contents and a thousand-fold range of speed in

two soils. One soil contained 60 j clay, while the other
contained 60 % sand. The tools tested were 4 cm wide and

operatéd at a depth of 15 cm with rake angles of 45 and 90,
degrees. Test speeds rahged from 5 mm/s to 5.5 m/s. Staf-
ford found that the performance fell into onevof two regimes
determined by the soil moisture content. The transition be-
tween the two regimes occured slightly below the plastic
limit of the soil. -

At low moisture content, draft vs. speed data was fitted
with polynomial curves, and at high moisture content the
data was fitted with deéaying exppntial curves for both thé
clay and sandy soils. The fit of all curves was statisti-

cally significant at the 5 % level.
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The two-dimensional model of Hettiaratchi et al. (1966)
and the three-dimensional model of Hettiaratchi and Reece
(1967)'wefe used by Stafford in a comparison of calculated
4 and measured draft at near-zero speed. The predictions from
the three-dimensional model were a£ ieast an order of‘magni—
tude too high. However, the two-dimensional modelngavé good
prediction, espeCiaily at the lower moisfuré contents. It
was concluded thét the overpredintions of the three-dimen-
sional model were due ﬁoutoo large a contribution from the
side failure zone.

| Aref et al. (1975) used the method of deformation energy
partition to‘_Qain .inéight into‘ the vvariation of éoil
strength propertiesvwith changes in speed of loading or de-
fdrmation. They conducted confined and unconfined compres-
- sion tesfs on a clay loam soil at axial étrain rates of
0.018 min-1 and 0.254 min-l. ‘They found that the energy
needed to compress the soil wés not affected by strain rate,
but the peak stress was affected. |

Flenniken et al. (1977) studied the unconfined compres-
sive strength of soils at compression rates up to 480 cm/s.
Most of the observed increase in sheér strength occured be-
low a deformation speed of 90 cm/s (axial strain of 10 snl).
The increase in 'strength with increase in strain rate of

five soils tested seemed dependent on the clay content, den-
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sity, and structure or conditiqn of the soil. Investiga-.
tions on two of the soils showed that.the increase in peak
stress was effective in accounting for additional draft
force observed with iﬁcreasing ﬁool speed. Aléo it was
found that the energy to peak stress was linearly related to
strain rate.

Rowe and ;B'arnes_ (1961) investigated the effect of shear
rate on shear strength for four aifferent soils in develop- -
ing their soil-tool interaction model. Shearing resistance
was measured with a torsional deVice, with-shear rates vary—
ing from 1.9 to 69 cm/s. The change in shear strength was
vsﬁall for sand but became progressively larger for soils of
higher ciay'content. The increase in draft force they ob-
served with increaéing tool speed, was attributed to the in-
crease in shearing strength of the soil due to the higher
shear rate;>

Stafford and Tanner (1983a,1983b) studied the effect of
-shear réte on soii‘strength and soil-metal friction. The
soils studied were the same " as thoée used by Stafford
(1979). A torsional shear device was built for the tests,
able to shear soil in the range eqﬁivalent to 0.15 to 500
cm/s. The rotational speed could be continually varied from
0.1 to 40.revolutions per second. Soil coheéion and éoil—

metal friction angle were found to vary logarithmically with
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shear rate for a widevranée of moisture content invbOth
soils. Soil internal frictional angle was found independent
of shear rate while ng general relationship was found be-
tween adhesion and shear rate. Residual shear strength did
not vary in a consistent manner.

. From the litetature reviewed,in this chapter, it appears
that the forces encountered by tillage tools moving et very -
low speeds can be predicted with reasonable accuracy. How-
ever, there are few models available for predicting the
forces eneountered by tools Qperating at field Speeds (2-8
km/h). Those  investigators that are deVeloping models for
predicting soil-tool interaction under dynamic conditions
appear to be concentrating their efforts on inclnding'the
effects ef accelerational forces and dynamicieoil strength

properties. The present study was begun with this in mind.



Chapter III

PROCEDURES

Experimental studies have shown that the forces encoun-
tered by tillage tools increase in magnitude as a function
of ﬁool speed. Ths,model developed in this study for pre-
dicting the forces on tools under dynamic conditions is
based on a hypothésis that a large portion of the_increase
in tool forces can bevattributed’to the following two phe-
nomena: |

1. soil shear strength and soil-metal friction .increase

| with increasing shear rate, and

2. thé force required to accelerate the soil from a

state of rest to a certain velocity depends on tool
speed and soil failure geometry.

The absve hypothesis was tested in three steps for tines
workingvin an artificial soil. First, a series of laborato-
ry tests was conducted‘to detérmine the effect of shear rate
on soil shear strength and soil-metal friction parameters.
Second; a soil—tillage tool interaction model developed for
quasi—ststic soil failure was modified to include the shear
"rate effects and accelerational forse effects. Third, the
model was verified experimentally wunder laboratory condi-
tions. ‘The procedure involved in each step is discussed in

this chapter.

20
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3.1 .SHEAR RATE EFFECTS ON SOIL STRENGTH AND FRICTION
PARAMETERS.

3.1.1 Laboratory test facility.

A square shear box used for coﬁventional direct shear
tests‘was used to determine the effect of shear rate on soil
strength and soil-metal friction parameters; An overall
view of the test facility ié shown in Figure 1. It includes
an Instroﬁ tést machine, the shear box on a stand, and in-
strumentation for recofding the-ekperimental data.

An'Ihstron test machine, Model TM-S + 3111, was used to
displacé the upper half of the shear box at different rates
while recording force and displacement data. The Instron
machiné was'capable'§f providing test speeds in-ﬁhe range of
0.5-127.0 cm/min. A stand which could be fixed rigidly’to
the base of the Instron was constructed and mounted to hold
the shear box in place. A cable and pulley system was used
to translate the verticalvdisplacement of the Instron cross-
head to horizontal diéplacement at the shear box. The cable
was selected carefully so that elongation under the loads
encountered in this study was negligible.

The chart speed and crosshead speed on fhe Instron ma-
chine were synchronized so that the strip chart‘recorder
provided»plotsvof horizontal pull as.a function of crosshead
displacement. Since some movement of the crosshead was ex-

pected to fully tighten the cable prior to displacing the



Figure 1

22

!
I

An overall view of the experimental set up used to determine

the effect of shear rate on soil strength and soil-metal
friction parameters.
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shear box, a Daytronic Model DS500 Linear Variance Displace-
ment Tranducer (LVDT) was mounted on the stand to monitor
the actual displacement of the shear box. A Sanborn Model
592-300 convefter' was used to provide excitation to the
transducer and a Géuld Model 220 strip chart recorder was
used to record the transducer output. The‘LVDT output was
used to determine the shear box displacemeﬁt at maximum
shear resistance and to check whether or not shear box dis-
placement was at a constaﬁt rate. The ultimate strengths of
the soil and the soil-metal interface occurred at shear box
displacements of 7.5 to 10.0 mm. At the same time, the top
"half of the shear box reached a constant rate of displace-
ment within 1.2 mm. Thus it was concluded that the portion
of the shear box displacement for which displacement rate
was not constant was insignificant, and that any force nec-
-essary to ac&eierate thevmass of the shear box with the sam-
ple up to the desired constant rate, occured well before the

peak shear resistance.

3.1.2 Test procedures.

For determining the effects of shear rate on soil
strength parameters, soil samples were prepared in the shear
box. The samples were prepared by placing layers of 0.4 cm

loose soil in the box and compacting them to a density equal
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to that selected for the soil bin tests. A normal load was
then placed on the soil sample through a plate by hanging
dead weights on a vertical hanger. The top crossbar of the
hanger rested on the center of the plate. The test was then
conducted by disaplacing the upper half of the shear box at
a predetermined rate thle holding the bottom half station-
ary. During each test, displacement and horizontal pull
were recorded continuously.

Tests for determining the rate effects on soil-metal
friction parameters were the same with one exception. For
these tests, instead of soil, a square steel plate con-
structed of the same stock used for construction of the
tines was placed in the bottom half of the shear box. The
top half of the box contained the soil sample. As in the
direct shear tests, a ndrmal load was applied and half of
the shear box was displaced, recording the pull and the dis-
placement simultaneously.

Three shear rates were used during testing to observe the
effects of shear rate on strength and soil-metal friction.
They were 0.5, 50.8, and 127.0 cm/min, spanning the total
range available on the Instron machine. Results of prelimi-
nary soil bin tests were used to estimate the average normal
pressures which occured at the soil rupture surfaces and

soil-tool interface. The normal pressures thus selected for
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the shear strength tests were 0.77, 1.41, and 1.97 N/cmz.
‘The normal pressures used -for determining the soil-metal
friction were 2.70, 7.46, and 11.8 N/cmZ.

Force-displacement data collected during tests was used
to determ?ne the méximum force encountered during tests.
Uéing this data, maximum shear stress vs. normal stress
plots were made for each shear rate tested.

Least squares regression equations in the form of equa-
tion (1) were fitted to the reéults of the soil shear
strength tests to determine estimates of soil cohesion and
angle of internal friction. Similarly, equation (2) was
fitted to‘thé sdil-metal friction test results to ébtain the
sbil—metal adhesion and soil-metal friction angle. The re-
sults which will bé discussed later in more detail showed
that for the artificial soil, thé soil cohesion factor, soil
internal friction angle, soil-metal adhesion,‘and soil-metal

friction angle were independent of shear rate.

3.2 DEVELOPMENT OF DYNAMIC MODEL.

| A soil-tool interaction model developed earlier (Grisso,
1980; Perumprai et al., 1983) was chosen to provide the ba-
sis for the dynamié soil-tool interaction model. This qua-
si-static model was chosen because of its simplicity as weil

as its predictibn capabilties under quasi-static conditions.
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A brief description of the quasi-static model and altera-
tions made to include the dynamic effect are discussed in

this section.

3.2.1 Quasi-static soil-tool model.

The quasi-static model developed to predict narrow til-
lage tool behavior in soils took into consideration a
three-dimensional failure wedge (Figure 2) in front of a
moving narrow tool. The model developedbis based on several
assumptions which are not repeated here since they are list-
ed in Grisso (1980) and Perumpral et al. (1983). However,
the most important of all the assumptions is that the wedge
shown in Figure 2 could be idealized by replacing the side
wedgés wiﬁh a set of forces on either side of the center
wedge. The dimensions of the idealized wedge and the forces
‘aCting on the wedge are shown in Figures 3 and 4 respective-
ly. Anéther simplifying assumption involved in the ideali-
zation included considefing the curved rupture suffacevas a
straight plane surface (face bcfe in Figure 4).

The three forces acting on either side of the idealized
wedge, on planes abc and def, represented the contribution
of the side wedges. On each plane, this included one force
vector normal to the plane and the other two on the plane.

An expression for the normal force is:
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Figure 2 A typical wedge in front of a narrow flat
tool (after Grisso, 1980).
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Figure 3 Geometric boundaries of an idealized failure wedge considered for the quasi-static

model (after Grisso, 1980).
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Figure 4 Idealized failure wedge with forces at failure (after Grisso, 1980).

6¢



where: R =

¥ =

N
il

z =

A =

In terms of

30.

force acting normal to surfaces abc and def, N
unit weight of soil, N/Cm3

l-sin(¢)

coefficient of earth pressure at rest
(D+H) /3

depth to centroid of the failure wedge, cm

area of each of the surfaces abc and def, cm2

the dimensions in Figure 3:

A = (1/2)D?(1+H/D) [ (1+H/D)cot(B)+Cot(p)] wrrremmnrnnennn. (11)

where: ‘D =

Expressions

planes are:

tool depth, cm

height of soil heave in front of the tool, cm
angle the tool makes with the horizontal, cm
angle the rupture plane makes with the

horizontal, degrees

for  the other two forces acting on the side

SF2 e o= B o (1 T P (12)
CF = CA ettt et e e (13)
A .
where: ¢ = angle of internal friction of the soil, degrees
¢ = soll cohesion factor, N/cm2
SF2 = the frictional force on the side planes, N
CE, = the cohesional force on the side planes, N
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Thréeranalogous force vectors (Q, CFl, and SFl)'existed
on the rupture surface bcfe (Figure 4). Vectof Q 1is a nor-
mal force on the rupture‘surface and drops out of the final
‘equation for the tool force. Expressions for the magnitudes

of the other two. force vectors are:

CEl = CBD/SIn(p) vttt ettt e e (14)

SF1 = Qtan(¢) ...... e A e e (15)

where: SFl = the frictional force on the rupture surface, N
CE'1 = the cohesional force on the rupture surface, N

Two forces acting‘on‘the soil-tool interface (face abed) .
include an adhesibnal force along the interface, resisting
mo?emeﬁt of the wedge on the tool, and the tool force (P)
actingvat an angle (6) with the normal to the tool surface.
‘This angle is the same as,the soil-metal fridtién angle.

The relationship for the adhesional force is:
ADF =‘AdBD(1+H/D)/sin(B) e e S (16)

where: Ad = soil-metal adhesion factor, N/cm

The last force véctor considered included the the weight of

the soil wedge (Ww) and it is expressed as:
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Summing the forces in the horizontal and wvertical direc-

tions yielded the following equations:

Psin(B+§) = -ADFcos(B) + Qsin(p)
‘ | . (28F2+SF1+ZCF2+CF1)cos(p) .............. (18)
p&os(s+6) = ww + ADFsin(B) - Qcos(p) |
+ (ZSF2+SF1+ZCF2+CF1)sin(é) .......... .. (19)

An equation for the total tool force (P) was then obtained

‘by combining equations (18) and (19):

P = [-ADFcos(B+¢+p) + stin(¢+p)

+ (2SF

2+2CE2+CF1)cos(¢)]/[sin(B+¢+p+6)] ........ - (20)

Equation (20) contains two unknowns, the tool force (P)
and the rupture anglé (p). All terms on the right hand
side of equation (20) could be computed if the rupture angle
(p) and  the height of soil heave (H) weré known. During
preliminary tests for development of the quasi-static model,
very little soil accumulation was observed in froﬁt of the
tool; and hence the variable (H) was assumed to be zero dur-
‘ing the study. Since tool movement in the soil created a

passive condition, Passive‘Eartthressure Theory was used to
determihe the rutpure angle. According; to Passive Earth

~ Pressure Theory (Terzaghi, 1943), passive failure takes
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place when the resistance by the soil wedge is minimum. The
wedge Which created the minimum resistance was found by min-
imizing the tool force (P) with respect to the rupture angle
(p)- Since differentiation of equation (20) was impracti-
cal, a numerical procedure was employed to minimize this
fﬁnction. Force predictions using the model showed good
agreement with forces measured during soil bin tests with an
artificial soil. The tests were conducted at very low tool
speeds, using a hand-crank mechanism to move the tool (Gris-

so, 1980).

3.2.2 Model for predicting narrow tine behavior under
dynamic conditions.

The major step involved in converting the quasi-static
model to a dynamic model for narrow tines was to include
terms which accounted for the accelerationél force. A modi-
fication of the éccelerational force eguation devéloped by
Soehne (1956) was used for this purpose. Since the acceler-
ational force depended on the total mass of soil moved by
the tool, a more accurate estimation of the size of the
wedge was important, and hence the idealized soil wedge of
Figure 3 could not be used for the dynamic model. Instead,
a full failure wedge similar to the one in Figure 2 was uti-
lized. The center and side sections of the wedge were con-

sidered seperately. For this analysis also, the rupture
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surface was assumed to be a straight surface inclined at an
-angle, p, with the horizontal.
The force vectors acting on the center wedge are shown in

vFigure 5. The accelerational force F is represented as a

1
body force resisting acceleration of the wedge and 1is con-
sidered to act parallel to the rupture surface. An expres-

sion for the magnitude of this force is:

Fal = (¥/g)BDVZsin(8)/sin(B+p) e .(21)

where: g the gravitational constant, 980 cm/sZ‘

v

tool speed, cm/s

A uniform‘surcharge-pressure, g, 1is assumed on the surface
of thé wedge. The}load from‘the soil heaved in front of the
tool (H used iﬁ the quasi-static model) could be considered
as a part of this surcharge. An expreésion for the total

force contributed by the surcharge pressure is:

- An expression for the rupture distaﬁée,vr, is:
r = (1/2)D2[cot(6)+cot(p)] S S NI R (23)

Three force vectors act on the soil rupture surface of the
center wedge (surface bcfe in Figure 5). These force vec-

tors are equivalent to those acting on the rupture surface



Figure 5

Center portion of the typical failure wedge considered for the dynamic model
with forces at failure.

13
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of the wedge considered in the quasi-static model. Vector
Q1 is the normal force on the-surface and drops from the
equations when,sdlvingvfor the tool. force. Expressions for

the magnitudes of the other two forces are:

CFE

1 cBD/sin(p) ....... [P P (24)

SFy = Qqtan(d) «........... e SRR . (25)

The tool force due to the center portion of the failure

wedge 1is designated as P, and acts at an angle § to the nor-

1
mal to the tool surface.. The relationship for the adhesion-

al force ADF., resisting movement of the wedge on the tool

1

is:

ADE‘1 = AdBD/sin(B) ..... T SERRERERATRE AR (26)

_Ohe remaining force vector ‘is the Weight welght vedtor, and

it is expressed as:-

W, = (1/2)¥BDr R P A (27)
Summing forces in the horizontal and vertical directions,
the expressions for the horizontal and vertical forces re-

- spectively are:

P sin(B+8) = -ADFcos(B) + Q sin(p)

+'(SF1fCFl+Fal)cos(p) .................... (28)
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Plcos(B+6) = W1 + Fql + ADFsin(B) - Qlcos(p)

+ (SEq#+CE{+F_1)SinS(p) «ovnrnerrenennn.. (29)

1

Combining equations (28) and (29), P1 can be expressed as:

P1 = [-ADFcos(B+¢+p) + (W1+Fql)sin(¢+p)

+ (CE{+F_;)cos(4)]/[sin(B+e+p+8)] ......... (30)

The dynamic model also included terms to account for the
tool forcevdué to the side sections of the wedge (Figure 2).
The center and side wedges were considered to move together
as a bulb, and hence no tangential forces were considered on
the planes between the two. A top view of the failure wedge
is shown in Figure 6. At the soil surface the side wedges
appeared to be two circular sectors of radius equal to the
ruptufe distance, r.

The extreme outer points of the side wedges were initial-
ly assumed to lie in a vertical plane passing through the
forward tip of the tool, as can be seen in Figure 2. This
‘created the angle 8' at the soil surface (Figure 6). How-
ever, it was found that this caused overpredictions of the
size of the side wedges and the total tool force. Based‘on
this observation, a series of tests was conducted in the
soil bin to determine the size of the failure wedge more ac-

curately. To measure the soil disturbance, tines were
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Figure 6 Top view of soil failure wedge considered for dynamic model.
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pulled through the soil at extremely low speeds, until a
failure wedge was fully formed. The general shape of the
top of the failure wedge was similar to that in Figure 6.
During each test, the rupture distancé (r) and the maximum
width of the side wedge (s) as illustrated in Figure 6 were
measufed.‘ Tests were conducted for different combinations
of tool width, angle, and depth. Soil conditions were kept
constant. Experimental data thus collected is presented in
Table A-1. Using this data and least squares regression,
the following relation was developed which could be used to

predict s if the tool angle and rupture distance were Kknown:
s = =-6.03 cm + 0.460(xr) + 0.0904(B) .. iimeeieennenns (31)

where: s = maximum width of the side wedge, cm
B = tool angle, degrees

r = rupture distance, cm

The results presentéd in Figure 7 show high correlation be-
tween observations and prediction lines.

Equation (31) was used to modify the side wedges used
initially. The side wedges as viewed from the top (Figure
6) were still assumed to be circular sectors of radiﬁs r,
but the internal angle 8' was changed. Considering the ge-

ometry of the side wedges:

B! = AarcsSin(S/r) .. (32)
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s = =6.03 + 0.460%(r) + 0.0904%(B)
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Figure 7 Side wedge width as a function of rupture distance
and tool angle.
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Using the regression relationship of equation (31):

8' = arcsin{[-6.03 + 0.460(r) + 0.0904(B)1/r} veeue.... (33)

To determine>the component of the tool force_contributed
by one of the side wedges, a differential element of angle
d(8), shown in Figure 8 with the force vectdrs acting on it,v
was considered. Since the side wedges had no contact with
the tool face, thefe were no adhesional fbrces. The accel-

erational force, F contributed by the differeéntial ele-

a2’
ment acted parallel to the rupture surface, resisting move-
ment  of the wedge. .An expression for the differential

accelerational force is:

dF 5 = £ 2d6 ........................................... (34)
where
fa2 = (1/2)(X/g)Dersin(B)/sin(B+p) .................... (35)

An expression for the differential force contributed by the

surcharge pressure is:

= R 3
dF o qudB ........................................... (36)
where
= (1/2)ar” (37)

g2



Figure 8 A side portion of the typical failure wedge considered for the dynamic model
with forces at failure.

v
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Three forces (dCFz, dSFz, dQZ) acting on "the rupture
surface (face bcd) are analogous to those on the center
wedge. The  normal force dQ2 is eliminated from the equa-

"~ tions when solving for the tool force. Expressions for the

other two forces are:

ASF, = dQ,TAN($) . etvtntnntt i (38)
ACE, = CEpd0 it e (39)
where:

'cfz = (1/2)CDE/SIN(P) « v ee e e (40)

'An expression for the weight of the differential element is:

| dW2 = wzde e e et e et et ettt it e e (41)
where:
— 2 :
W, = (10 ) D i e e e e et e e e e e e e e (42)

The incremental force d82 acts at the same angle with the

horizontal as did the center wedge force P Summing the

1-
forces in the horizontal and vertical directions, the rela-

tionships for the horizontal and vertical forces resulting

from each differential element can be written as:

dS,sin(B+§) = dQ,sin(p) + (ASE,+dCE,+dF_,)cos(p) ....... (43)

2 2 2
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2 2
+dCF

dS,cos(B+§) = dW, + qu - dQ2cos(p)

+ (dSF +AF_5)COS(P) vrenin e (44)

2 2

Combining equations (43) and (44):

dSZ = [(dW2+qu2)sin(¢+p)dS

+ (dCF2+dFa2)¢os(¢)]/[sin(B+¢+p+5)] ........... (45)

The incremental force dS2 acts 1in a vertical plane that
makes an angle 8 with the path of the tool. The component
of the incremental force acting in a vertical plane contain-

ing the path of tool is thus:

dP, = dS,cos(8) ........ e R S (46)

Due to the symmetry of the failure geometry, the forces from
the two side wedges acting perpendicular to the direction of
travel cancelled each other.

For one side wedge, the total‘tool force in the direction

of movement was then:

After integrating:

P2 = [(W2+€q2)§in(¢+9)5in(e')

+ fazcos(¢)(e'/2 + sin(26')/4)

+ (cfycos(¢)sin(0')]/[sin(B+é+p+8)] ..ovrn.. .. (48)
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The total tool force with contributions from Vthe center

wedge and the two side wedges was expressed aé:

Equation (49) contains two unknowns, the total force P and
the rupture angle p, as did equation (20). As in the quasi-
static model, a numerical procedure was used to minimize P
and to identify a wedge of least resistance. The draft
force, lift force, and the normal force acting on the tool
could then be determined from the total force. The expres-

sions for each are as follows:

Px = = o N (B T (50)
Pz = =Pcos(B+8) ... e (51)
Pn = PX/[sin(B)+cos(6)tan(6)] .......................... (52)

where: PX = the predicted draft force
Py = the predicted 1lift force

P
n

the predicted force normal to the tool face
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3.3 LABORATORY TESTS FOR MODEL VERIFICATION.

| Experimental verification tests were conducted under con-
trolled conditions using an indoor soil bin facility (Du-
rant, 1979; Durant et al., 1980). This section provides a
brief descripﬁion of the soii bin facility, soil type used,

and the procedure employed for the verification tests.

3.3.1 Soil bin facility.

The soil bin facility at Virginia Polytechnic Institute
and State Uni&ersity (Figure 9) is comprised of the follow-
ing functional components: a soil bin, soil processing car-
riage, tool carriage, drive system, contrbls and data acqui-
sition systemn. The bin, which holds the test section, is
approximately 10 m long, 0.9 m wide, and 0.4 m deep. Solid
"steel beams on each side of the bin support the soil pro-
cessing and tool carriages.

The soil processing carriage is used to prepare the test
section before each test. It includes a conventional tiller
éssembly powered by an electric motor for loosening and mix-
ing the soil, an adjuétable strike off blade for leveling
the soil surface, and a teflon coated roller for compacting
the soil. The entire assembly, the soil processing unit, is
supported by four sets of wheels and can move back and forth

on the steel beams when pulled by the tool carriage.



Figure 9 An overall

view of the soil bin facility used

verification tests.

LY
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The tool carriage supports a dynamométef with six load
ﬁells.positioned to sense forces in the x,vy,'and z direc-
tioné as well as moments ébout-the three axes (Figure 10).
A tool plate with provisiohs-to vary the tool angle is at-
tached to the dynamometéf; The tool carriage 1s supported
by four sets}of wheels and is connected-fo‘the drive system.
A solénOid-aéﬁivated latchvsystem is provided on the tool
carriage to pull the soil processing unit when needed.

The driVe system'consists of an electronically controlled
hydrostatic transmission driven by an électric motor. This
in turn drives a cable and sheave system to move the tool
carriage.

The controls include a main contfol panel for a;tivating
the various soil bin components and a servo control panel
for‘controlling the speed and ' acceleration and deceleration‘
of the tool'carriége.

The data acguisition System (Cline and Perumprai, 1982)
utilizes an ADAC Corporation 1000 system with the. capability
to aigitize low-level analog signals, such as those produced .
by strain gages, from 16 Channels; Also, it can perform
precise time méasurements and detect 16 switch contact clo-
surés.b The system‘provides exicitation to the dynamometer

load cells and performs operations on the output signals.
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Figure 10 Load cell locations on the dynamometer used for
recording tool forces and moments.
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3.3.2 Soil description.

An artificial soil was used for testg. It ﬁonsisted of
equal weights bf Florida Zircon sand and 50-mesh fire clay.
This was mixed’with 10 percent by weight of SAE 5 weight
mineral oil to simulate moisture cohtent. ”The artificiaL
'so0il was dsed torminimize variations within the test section

between tests.

3,3.3 Verification tests.

Prior to each test[ thé soil was tilled and the surface
was leveled. The soill was ¢ompacted with four passes of the
rcompaCtion rolIer. -This resulted‘in‘an average soil density
of 1.87 é/cc 6Ver the upper 20 cm of soil.

The toolé used in the tests were flat tines constructed
from cold-rolled stéel-stock 13 mm thick. The edges of the
tools were beveled to avoid friction on theitool‘sides. _The
tool of désired width was mounted on the tool pléte, and the
depth and tool angle weré then set.

Desired tool speed and ,ac&eleration and deceleration
fates wére set on the control panel. The tést was then con-
‘ducted byrpulling the tool‘thrbugh the soil at é predéter—
mined speed. 'The first 1.5 m travel distance was utilized
to allow the“tdol darriage to feach. a steady speed, and

" hence no data was recorded. Transducer outputs were record-
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- ed during the next 1 m of tool travel. Microswitches locat-
ed at either end of the 1 m test section activated and deac-
tivated the data acquisition system. The sample rate varied
from one reading every 0.034 s for the fastest tool speed,
to one every 0.30 s for the slowest tool speed. Each set of
transducer signals was then converted to force and moment
‘readings using a matrix procedﬁre (Perumpral et al., 1980)
~and displayed or stored. Aftef completing the tests, wvalues
of the forces in each direction and the moments about each
axis were averaged over each test.

Due to the symmetry of the tools, the forces in the y di-
rection and the moments about the x énd Z axes (Figure'lO)
were approxiﬁately zero, and hence were not considered for
further analysis. The forcés in the x and z directions were
inVestigated‘and used for model verification.

The forces in the x and z directions along with the mo-
ment abouf the y axis were used to locate the depth at which
the total resultant tool force occurred. The major assump-
tion in calculating this depth was that the soil could not
impose a moment on the tool other than that created by the
total force. According to Passive Earth Pressure,6 Theory
(Terzaghi, 1943) the resultant would be at a depth between

one-half and two-thirds of the tool depth.
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Also fqr model verification, the values of the forward
rﬁpture distance (r) and the width of the side wedge (s)
predicted by the modél were compared to the measured values.
- The measurements-of r and s were taken during the series of
tests described previously in the model development section
for investigating the size and shape of the total failuré
wedge. These measurements were averaged over each combina-
tion of tool angle, tool depth, and tool width for compari-

son with the predicted values.

3.3.4 Variables considered during verification tests.

The soil bin tests for model verification were conducted
using four tool widths, three tool depths, three tool an-
gles, and four tool speeds. This resulted in 144 possible
combinations of these four independent variables. A subset
of 27 cpmbinations was chosen for testing, with two tésts
conducted for each combination. This subset was systemati-
cally chosen using’a partiél replication scheme designed for
analysis of variance procedures (Cochran and Cox, 1§57).
‘The theory behind the scheme is to use a minimal number. of
mutually orthogonal contrasts to adequately cover the four-
dimensiohal space of these independent Variables. All pa-
rameters other than width, depth, angle, and speed remained
constant, and the valueé used for each variable are as fol-

lows:
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Tool width (B) 2.5, 5.1, 7.6, and 10.2 cm

Tool depth (D) 5.1, 10.2, and 15.2 cm-

Tool angle (B) 60, 75, and 90 degrees

Tool speed (V) 5.4, 33.1, 67.1, and 120. cm/sec
Surcharge (g) assumed zero

Soil cohesion factor (c)  0.219 N/cm2

Soil internal friction angle (¢) 36.3 degrees
Soil weight density (¥) 0.0182 N/cm3 (1.86 g/cc)

2

Soil—metal adhesion factor (A 0.193 N/cm

q)
Soil-metal friction angle (8§) 50.5 degrees - 0.45(B)
The soil strength parameters ¢ and ¢ and the soil-metal ad-

~hesion factor Ad were those obtained from the direct shear
and friction tests described earlier. The soil-metal fric-
tion angle (8) values were based on the relationship devel-

oped by Grisso (1980).



Chapter IV

RESULTS AND DISCUSSION

4.1  SOIL SHEAR STRENGTH AND SOIL-METAL FRICTION.

4.1.1 Shear rate effect on soil shear stfength.

The results of the soil shear strength tests are presént~
ed in Figure 11, by plotting shear stress vs. normal stress
for all shear rate considered. The raw experimental data is
given in Table A-2. Least squares regression equations were
fitted to the data for each shear rate and the coefficients
of determinétion for these regressions are 0.990 or higher.
The hicgh coefficient of determination valﬁes indicate that
the assumption that the soil. fails aé?ording to the Mohr-
Coulomb critérion is wvalid. The angle of internal friction
(¢) and the cbhesion factor (c¢) were obtained from the slope
énd‘the vertical axis intercept of the regression lines re-
spectively. Pairwise teéﬁs of equality were conducted on
the slopes and on the intercepts of the regression equations
(Koopmans, 1981). No significant differenées were found be-
tween any of the slopes or interéepts at the 5 % level.

The‘observatidn that the strength parameters are indepen-
dent of shear rate contradicts observations from previous
studies. Rowe ‘and Barnes (1961) and Stafford and Tanner

(1983a) found that shear strength increased with‘increasing
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Figure 11 Shear stress vs, normal stress relationship from
direct shear tests on artificial soil.

— ] T T T O
¢ 0.5 em/min: 7 = 0.233 + 0.713(0), r2= 0.993
4 50.8 cm/min: T =0.209 + 0.735(0), r2= 0.990
L x 127 em/min: 7= 0.216 + 0.754(c), r’= 0.999
All rates: 7= 0.219 + 0.734(c), r’= 0.991 X
| ! L 1 | | |
5 0.8 1.1 1.4 1.7 2.0
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shear rate. vBoth studies used torsional shearing devices.
Results of tests conducted by Stafford and Tanner at differ-
ent normal stress and shear rates showed an increase in co-
hesion as a function of shear rate, but showed that the an-
gle of internal friction to be independent of shear rate.
The shear rates used in the present study were comparatively
lower. However, Stafford and Tanner found maximum influence
at low shear rates.

The reason for this disagreement between results is not
known fully. The procedure used for shear tests in this
‘study appearsvte be valid. As can be observed in Figure 11,
the results were quite repeatable. The coefficients. of de-
'termination for the 1linear regression equations are very
high. Also, the c and ¢ values obtained agree well with
those obtained from triaxial tests (Sture et al., 1980).

To determine whether or not the disagreement was caused
by the mineral oil present in the artificial soil, direct
shear tests were conducted on samples of the dry artificial
soil. As would be expected, the cohesion was lower for the:
dry soil, and the internal friction angle was basically un-
changed. Additional statistical analysis conducted on the
dry soil sho&ed that the shear rate had no effect on the

soil strength parameters.
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'Cénsidering the results of all direct shear tests con-
ducted during this study, it appears that the discrepancy in
shear rate effect on shear strength may be the result of the
difference in test procedures between torsional and direct
shear tests. Further investigation into this discrepancy is
needed, with the same soil being tested using both proce-
dures. |

Since the strength parameters for the artificial soil 
wefe found to be independént of shear rate for the ranges
tested, the results presented in Figure 11 were pooled to
obtain the c and ¢ values. The regression equation for the
same is given in Figure 11, and the ¢ and ¢ values are 0.219

‘N/cmZ and 36.3 degrees respectively.

4.1.2 Shear rate effect on soil-metal friction.

. The results of the soil-metal friction tests are preSentf
ed in Figure 12; The raw data 1s presented in Table A-3.
Regression equations of shear sfress vs. normal stress were
fitted to the daté for each shear rate, with the lowesﬁ coe-
ficient of determination being 0.997. Pairwise comparisons
on the slopes and on the intercepts showed no significant
differences at the 5 % level, indicating that the soil-metal
‘adhesion.factor and sqil-metal friction angle are indeben—

- dent of shear rate'fof the soil-metal combination consid-
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o 0.5 ecm/min: ™ = 0.163 + 0.435(c’), r>= 0.997 .
& 50.8 cm/min: 7' = 0.224 + 0.434(c’), = 0.999
—  x 127 cm/min: 7 = 0.202 + 0.438(c’), r°= 0.997 -

%= 0.997

All rates: T = 0.193 + 0.438(c’), r

| _1 1 (I o

’ 4 6 8 10 12
Normal Stress (N/cmz) '

Figure 12 Shear stress vs. normal stress relationship from
soil-metal friction tests with the artificial soil.
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ered. Therefore, pooling the data from all tests, the wval-

ues of A, and § were found to be 0.193 N/cm2 and 23.6 de-

d
grees respectively. The regression eguation in terms of Ad
and § is given in Figure 12.

The observation that Ad and 6 are independent of shear
rate contradicts the results of tests by Stafford and Tanner
(1983b). Tests conducted using a torsional device at dif-
ferent normal stress.and shear rates showed soil-metal fric-
tion angle to vary as a function of shear rate. No relation
was found between adhesion and shear rate. Again, this dis-

crepancy is believed to be a result of the difference in the

procedures used.

4.2 LABORATORY TESTS FOR MODEL VERIFICATION.

Results of the 54 soil bin tests conducted are summarized
in Table 1. For each test, the average values of draft
force (FX), lift force (FZ), and moment about the tranverse
axis (MY) are included. Also presented in the same Table
are the predicted values of the two forces using the dynamic

soil-tool interaction model developed during this study.
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Table 1. Predicted and experimentally observed forces and
moments from 54 soil bin tests.

Test : Observed - Predicted
Condition ' ' Values. - Values
B B D \% FX EZ MY PX Pz
(cm) (deg) (cm) (cm/s) (N) (N) (N-m) - (N) (N)
2.5 60 5.1 5.7 36.7 -2.5 -11.0 33.7 -3.8
2.5 60 5.1 5.7 - 37.2 -3.2 =-11.1 33.7 -3.8
2.5 60 10.2 '126.8 192.3 =-34.7 =42.2 176.7 =20.1
2.5 60 10.2 127.2 185.0 -33.5 -41.3 176.9 =20.2
2.5 60 15.2 68.8 340.1 -56.7 =73.8 320.4 -36.5
2.5 60 15.2 68.7 371.3 -63.6 =-81.1 320.3 =36.5
2.5 75 5.1 33.3 66.2 7.4 -18.5 52.9 1.6
2.5 75 5.1 ..33.3 66.4 7.5 =20.5 52.9 1.6
2.5 75 10.:2 5.4 139.7 8.7 =40.8 172.5 5.3
2.5 75 10.2 5.3 116.9 9.9 -35.2 172.5 5.3
2.5 75 15.2 121.3 471.0 -11.4 -112.1 534.1 16.3
2.5 75 15.2 121.0 462.1- -10.2 -112.3 533.3 16.3
2.5 90 5.1 122.6 150.5 32.1 -47.2 116.3 20.5
2.5 90 5.1 122.4 152.3 30.6 =46.6 116.2 20.5
2.5 90 10.2 68.8 263.5 37.8 -78.9 295.8 52.2"
2.5 90 10.2 68.8 271.9 36.6 -80.0 295.9 52.2
2.5 90 15.2 5.4 417.6 36.5 -123.9 558.9 98.5
2.5 90 15.2 5.4 466.2 39.0 ~-134.9 558.8  98.5
5.1 60 5.1 68.9 '92.9 -9.4 =-22.0 55.2 -6.3
5.1 60 S.1 68.8 g3.0 -15.3 =-=20.9 55.2 -6.3
5.1 60 15.2 125.3 6l14.4 -74.4 -118.9 479.1 -54.6
5.1 60 15.2 125.4 573.2 -73.8 -111.1 479.3 =54.6
5.1 75 5.1 122.4 147.4 11.2 -37.5 . 99.8 3.1
5.1 75 5.1 122.3 153.2 12.0 -38.7 99.8 3.0
5.1 90 5.1 5.4 118.3 39.9 -40.6 107.8 19.0
5.1 90 5.1 5.4  101.¢9 33.6 -34.7 107.8 19.0
5.1 90 10.2 121.6 500.3 90.8 -141.6 447 . 4 78.9
5.1 90 10.2 121.2 470.1 89.1 -134.2 446.9 . 78.8



Table 1.

Test
Condition

(continued)

(cm) deg

7.6 60 10.
7.6 60 10.
7.6 75 10.
7.6 75 10.
7.6 75 15.
7.6 75 15.
7.6 90 15.
7.6 90 15.
10.2 60 5.
10.2 60 5.
10.2 60 10.
10.2 60 10.
10.2 60 15,
10.2 60 15.
10.2 75 5.
10.2 75 5.
10.2 75 - 10.
10.2 75 10.
10.2 75 15.
10.2 75 15.
10.2 90 5.
10.2 90 5.
10.2 90 10.
10.2 90 10.
10.2 S0 15.
10.2 90  15.
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5.
5.
68.
68.
5.
5.
33.
33,
125.
126.
33.
33.

118.
117.

(cm) (cm/s)
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Observed
Values

FZ MY
(N)  (N-m)
-26.4 -56.6
-32.1 -55.3
14.2 -95.7
18.4 -102.2
38.3 -154.4
31.3 -150.9
181.9 -247.3
159.2 -230.9
-102.3 =-91.4
-92.6 -=79.9
-63.1 =-67.8
-58.9 -68.3
-94.0 -107.6
-101.5 -115.4
17.6 -40.3
17.5 -=38.0
26.5 -168.1
20.2 -138.6
36.3 -209.9
39.5 -199.4
116.6 -156.1
125.1 -166.8
115.4 -142.9
113.8 -146.7
246.4 -306.6
240.1 -305.1

NN OUVTOOINUNPROPNWIPDPOTOWOWOUVIO DL UIO WL

Predicted

Values

PX ‘P2

(N) (N)
197.7 . =-22.5
197.7 =22.5
297.9 9.1
297.9 9.1
544.9 16.7
544 .9 16.7
790.5 139.4
790.4 139.4
108.5  -12.4
108.7 -12.4
239.2 =-27.2
239.2  -27.3
479.8 =54.7
479.8 -54.7
109.6 3.3
109.6 3.3
418.6 12.8
419.9 12.8
690.0 21.1
689.8 21.1
163.6 28.8
163.5 28.8
443 .2 78.2
443 .2 78.2
1150.5 202.9
1149.8 202.8
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4.2.1 Draft force comparison.

The predicted and experimentally observed draft forces
are presented in Figure 13 for comparison. If the magni-
tudes of both‘were equal, all points would lie on a line
with a slope of one, passing through the origin. In gener-
al, the predicted values tend to be lower than the observed
with an average prédiction error (difference between pre-
dicted and experimental values) of =-66.8 N. The least
squares regression shown in Figure 13 indicates that the
vertical intercept of the fitted line is very close to zero,
but the slope is significantly different froﬁ one.

Figure 13 also shows that for a few cases the model over-
predicts the draft force while for a few other cases it
greatly‘underpredicts the draft. In an attempt to determine
the reason for the discrepancies, the prediction error was
plotted against the independent variables and combinations
of the variables. One such plot (Figure 14) of prediction
error ahd the ratio between tool depth and tool width (D/B)
shows the underpredictions and overpredictions are maximum
at low and high depth-width ratios respectively. At ihter-
mediate depth-width ratios, the predictions agree better
with the experimental observations. The correlation coeffi-
cent between the prediction error and the depth-width ratio

is 0.57 ,'and it is significantly different from zero at the
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Figure 13 Comparison of predicted and experimentally observed

draft force.
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Figure 14 Effect of tool depth-width ratio on draft force
prediction error.
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1 % levél. This shows a strong linear relationship between
the two. The large underpredictions and overpredictions in
the draft appear to be due at least partially to underpred-
ictions and overpredictions of the size of the failure
wedge. This is discussed more fully'in Section 4.2.3.

A plot of the draft force prediction error vs. tool speed
is shown in Figure 15. A definite relation between the er-
ror and tool speed is not observed. The correlation coeffi-
cientvbetween the two is -0.22, and it is not significantly
different from zero. In the soil-tool interaction model,
the terms containing tool speed are the accelerational force
terms. Due to the fact that a large increase in draft force
is observed to occur over the speed range used, while the
prediction error does not vary as a function of tool speed,
it appears that the accelerational force terms used in the
model do account for a large portion of increase in tool
force as originally hypothesized.

This observation contradicts the findings of others (Rowe
and Barnes, 1961; Siemens et al., 1965; Wismer and Luth,
1972) who used Soehne's (1956) equation to predict accelera-
tional forces. It is believed, however, that these investi-
gators used the equation alone to predict the accelerational
force component, and then added the component to their stat-

ic predictions. In this model, the accelerational forces
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Figure 15 Effect of tool speed on draft force prediction error.
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were included when summing all forces on the failure wedge.
Summing the forces in Figures 5 and 8 (including the accel-
erational forces) and setting the sums equal to zero,. 1is
equivélent to. summing all forces other than the accelera-
tional forces and equating these to the product of mass and
acceleration of the wedge as stated by Newton's Second Law
of motion. The result 1is that the terms included in
Soehne's equation are modified by including variables de-
scribing the failure geometry (internal angle of friction,
soil-metal frictional angle, tool angle, and rupture angle)
as shown in equations (20) and (48).

It should also be noted that for tillage tools, the mag-
nitude of the draft force is generally much larger than the
lift force. This was the case for the soil bin tests also,
and hence the total tool force relationships were very simi-
lar to those of the draft force. Thus; the above discussion

on the draft force  applies to the total tool force also.

4.2.2 Lift force comparison.

A plot of predicted and experimentally observéd values of
lift force is presented in Figure 16. The agreement between
the two is comparatively poor. In‘the least squares regres-
sion equation for fhe relationship (Figure 16), the}inter-

cept and slope are significantly different from zero and one
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respectively’at the Se%‘level° The mean prediction error is
3.27 N. |
The tool angle.(B) was found to be the independent vari-
able most significently correlated with the lift force pre-
dictiqn error. The error is plotted against the tool angle
in Figure 17. It can be seen that there is a definite neg-
ative correlation between the prediction efror and tool an-
gle. The correlation coefficient between the two is -0.53
which is significaﬁtly different from zero at the 1 7 level.
A possible reasonvfor this tendency is that there may be
some error in the relationship assumed between the tool an-
gle and soil metal friction angle. |
:'Figure 18 showe the prediction error for the vertical
force plotted againét tool speed.  As with the draft forceL
no definite relationship is observed, with the cerrelation

coefficient between the two being 0.14.

4.2.3 Dimensionslgg the failure wedge.

The predicted and measured values of rupture distance (r)
and side wedge‘width (s) are presented in Table 2. The pre-
dicted values . are those obtained from the soil-tool model
for fhe wedge producing minimum resistance in each of the
caees considered. The measured values are aVerages of the

measurements taken for each combination of tocl width, an-
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- Table 2.
tests.
Test

Condition

B D
(cm) (deg) (cm)
2.5 60 5.1
2.5 60 5.1
2.5 60 10.2
2.5 60 10.2
2.5 60 15.2
2.5 60 15.2
5.1 60 5.1
5.1 60 5.1
5.1 60 15.2
5.1 60 15.2.
7.6 60 - 10.2
7.6 60 10.2
10.2 60 5.1
10.2 60 5.1
10.2 60 10.2
10.2 60 10.2
10.2 60 15.2
10.2 60 15.2
2.5 90 5.1
2.5 S0 5.1
2.5 S0 10.2
2.5 90 10.2
2.5 90 15.2
2.5 90 15.2
5.1 90 5.1
5.1 90 5.1
5.1 Q0 10.2
5.1 90 10.2
7.6 90 15.2
7.6 90 15.2
10.2 S0 5.1
10.2 - 90 5.1
10.2 90 10.2
10.2 S0 10.2
10.2 90 15.2
10.2 90 15.2
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Predicted and experimentally observed rupture
distance and side wedge width for 36 soil bin

125.
125.

125.
126.
33.
33.
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117.
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Observed
Values
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Predicted
Values

r s
(cm) (cm)
10.4 4.1
10.4 4.1
20.9 8.7
20.9 8.7
29.7 12.6
29.7 12.6
11.3 4.5
11.3 4.5
31.9 13.5
31.9 13.5
21.7 9.1
21.7 9.1
12.6 5.1
12.6 5.1
22.4 9.4
22.4 9.4
32.1 13.6
32.1 13.6
11.7 7.7
11.7 7.7
20.7 11.7
20.7 11.7
29:.1 15.3
29.1 15.3
11.4 7.6
11.4 7.6
22.9 12.6
22.9 12.6
31.5 16.4
31.5 16.4
12.2 7.9
12.2 7.9
22.4 12.4
22.4 12.4
34.6 17.8
34.6 17.8
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gle, and depth. Figures 19 and 20 show the predicted values
plotted against the observed values for r and s respective-
ly. Regression equations for each plot are shown in the
.figures.

The prediction errors for r and s were.found to be very
highly correlated. This was expeeted, since s and r are
highly correlated. Therefore, any observations made on the
prediction error for r apply as well to the error for s.

In general, the model has a tendency to overpredict the
rupture distances. The mean error on r is 4.5 cm and that
on e is 1.9 cm. A possible reason for this tendency is the
replacment of the actual curved rupture surface with a
~straight plane in the model. Figure 21 shows that the pre-
dicted failure surface creates a greater rupture distance.

Further analysis showed significant correlation between
rupture distance prediction error and the depth-width ratio.
Figure 22 shows the error'plotted against the D/B ratio.
The correlation coefficient between the two is 0.71 which is
signifigant et the 1 Y% level. The maximum underprediction
and overprediction are at the low and high depth-width rat-
ios respectively. The draft force prediction error shows
the same trend; Thus, as stated previously, it is likely
that the maximum underpredictions and overpredictions in
draft force are at least partially due to the similar pre-

diction errors in the size of the wedge.
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The inability of the model to adequately predict the size
of the failure wedge at the low and high depth-width ratios,
may be a resuit the failure wedge changing form at the -two
‘extremes. The tool operating at the low depth ratio of 0.5
is considered "shallow" according to O'Calléghan and Farrel-
ly (1964) and "wide" by Payne (1956). O'Callaghan and Far-
relly chsistently 6bserVedva change in soil-tool interac-
tion at a critical depth-width ratio between 0.5 and 1.

-,The'large'oVerpredictions of rupture distance at the high
depth—ratio of 6 may be alresult of the phenomenon observed
by Godwin and Spoor . (1977). For a deep-working tine, they
observed a critical depth élbng the tbol ffom which point a
rupture -surface developed forward and upward to the soil
surface. Ahead of ﬁhe tool below the critical depth, soil
appeared to move forward with no definite shear plane being
- formed. ' The modelrdevéloped in the present study considers
that for all tool de?ths,'the rupture surface develops from:
the lower tip bf the tool and not from some intermediate
depth along the tool. Thus, if the mbdel considers the rup-
ture surface to be initiated at a point lower than actual,
the rupture distance at the soil surface will be overpred-
icted.

’Figufe 23 shows no definite relationship between the rup-

ture distance prediction error and tool speed. The same is
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true for the side wedge width. This suggests that inclusion
‘in the model of the relationship between s, r, and B devel-

oped at low tool speeds is wvalid.

4.2.4 Location of resultant force.

The depth from the undisturbedrsoil surface to the point
of inﬁerséction between the total resulténﬁ force and thé
tool (D,) was calculated from FX, FZ, and MY for each soil
bin test. The values determined for Dt’ as wel; as values
- for the ratio betweén the resultant force depth and the toolv
depth (Dt/D)’ afe presented in Table A-4. Passive Earth
Pressure Theory predicts’théth/Dvratio to be between one-
half and two-thirds. The average fatio calculated is 0.50,
 and there is considerable scatter in the calculated values,
with some negativevand‘some greater than one.‘ However, the
majority of the depthy ratios < lie between one-fourth and
three-fourths, which would be reasonable values.

A strong cofrelation was found between the Dt/D rétio and
tool speed (Figure 24). The cbrrelation coefficient between
the two is 40.55‘which is significant at the 1 Y level. >It
is possible thatrthe high Dt/D ratios 'at the lpw tool speed
are 'a result of higher soil compression taking ﬁlace near
the bottom of the ﬁool. At the same time, this soil com-
pressién by_the tool may‘not be significant aﬁ the high

speed and a different type of soil failure may take place.
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Figure 24 Effect of tool speed on resultant
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It is interesting to note that the D,/D ratio was foupd
to be highly'corrélated with tool speed, while the forces
and wedge dimensions were found to be independent of speed.
These types of observations clearly show how complex the

speed effect is on soil-tillage tool interaction.



Chapter V

CONCLUSIONS

The angle of ihternal friétion, soil-metal friction
angle, cohesion andbadhesion were found to be inde-
pendent of shear rate for an artificial soil tested.
A soil—tillage‘tool interaction model developed for
quasi-static soil failure was modified to include dy-
namic effects. The model gave reasonable predictions
of tool forces encountered by narrow flat tools.

The model demohstratedvthat terms including accelera-
tionalvforCe effects can accouﬁt,for a large portion
of the increase in tool force observed to ocbur‘with

an increase in tool speed.
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Table A-1. Rupture distance (r) and maximum side wedge
width (s) values measured at different
combinations of tool width, angle, and depth.

: Side
Tool Tool Tool Rupture Wedge
Width Angle Depth Distance Width

B B D r s

(cm) (deg) (cm) (cm) (cm)
2.5 60 5.1 8.3 4.0
2.5 60 5.1 12.1 4.4
2.5 60 5.1 10.5 4.1
2.5 60 5.1 10.2 4.4
2.5 60 5.1 10.8 4.0
2.5 60 10.2 15.2 6.5
2.5 60 10.2 16.5 6.4
2.5 60 10.2 16.5 7.0
2.5 60 10.2 15.9 6.3
2.5 60 10.2 15.2 7.0
2.5 60 15.2 20.3 8.9
2.5 60 15.2 21.6 9.2
2.5 60 15.2 21.0 9.2
2.5 60 15.2 18.4 8.9
2.5 60 15.2 21.6 9.5
5.1 60 5.1 10.2 4.6
5.1 60 5.1 10.5 4.9
5.1 60 5.1 11.1 4.6
5.1 60 5.1 10.2 4.4
5.1 60 5.1 10.8 3.8
5.1 60 10.2 17.1 5.7
5.1 60 10.2 17.8 6.4
5.1 60 10.2 18.1 6.7
5.1 60 10.2 17.1 6.5
5.1 60 10.2 17.5 6.5
5.1 60 15.2 21.6 9.7
5.1 60 15.2 22.9 9.8
5.1 60 15.2 23.2 9.5
5.1 60 15.2 22.9 10.2
5.1 - 60 15.2 21.9 10.2
7.6 60 5.1 11.4 4.4
7.6 60 5.1 11.4 4.1
7.6 60 5.1 11.4 4.4
7.6 60 5.1 10.8 4.4
7.6 60 5.1 11.1 4.3
7.6 60 10.2 17.8 8.3
7.6 60 10.2 18.4 8.1
7.6 60 - 10.2 18.4 7.9
7.6 60 10.2 18.1 8.6
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Table A-1. (continued)

Side
Tool Tool Tool Rupture Wedge
Width Angle Depth Distance Width

B B D r S
(cm) (deg) (cm) (cm) (cm)
7.6 60 10.2 19.7 7.6
7.6 60 15.2 26.0 10.5
7.6 60 15.2 27.9 10.2
7.6 60 15.2 26.4 10.2
7.6 60 15.2 26.0 10.0
7.6 60 15.2 26.0 10.2
10.2 60 5.1 10.2 4.4
10.2 60 5.1 10.5 3.8
10.2 60 5.1 10.8 3.8
10.2 60 5.1 10.8 4.1
10.2 60 5.1 10.8 4.1
10.2 60 10.2 17.8 . 7.0
10.2 60 10.2 18.4 6.7
10.2 60 10.2 18.4 7.1
10.2 60 10.2 18.7 7.5
10.2 60 10.2 18.4 7.3
10.2 60 15.2 22.9 10.5
10.2 60 15.2 24.1 10.2
10.2 60 15.2 22.5 9.2
10.2 60 15.2 23.5 10.5
10.2 60 15.2 23.5 10.8
2.5 90 5.1 8.9 5.7
2.5 S0 5.1 7.9 5.0
2.5 Q0 5.1 8.3 5.6
2.5 S0 5.1 7.6 6.4
2.5 90 5.1 8.6 5.4
2.5 90 10.2 14.6 7.1
2.5 90 10.2 14.9 9.0
2.5 S0 10.2 14.6 8.9
2.5 S0 10.2 14.0 8.3
2.5 90 10.2 15.9 8.4
2.5 30 15.2 16.5 9.2
2.5 90 15.2 16.5 10.2
2.5 90 15.2 16.5 9.0
2.5 S0 15.2 16.2 9.2
2.5 S0 15.2 16.2 g.4
5.1 90 5.1 11.4 7.5
5.1 90 5.1 11.4 7.5
5.1 S0 5.1 11.4 7.6
5.1 S0 5.1 11.7 8.1
5.1 S0 5.1 12.1 7.6
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Table A-1. (continued)

Side
Tool Tool Tool Rupture Wedge
Width Angle Depth Distance Width

B B D r s

(cm) (deg) (cm) (cm) (cm)
5.1 90 10.2 16.5 10.3
5.1 90 10.2 17.5 11.1
5.1 90 10.2 17.8 11.1
5.1 90 10.2 17.8 10.2
5.1 90 10.2 18.4 12.1
5.1 90 15.2 20.0 12.1
5.1 90 15.2 22.2 12.4
5.1 90 15.2 21.3 12.4
5.1 90 15.2 19.4 12.4
5.1 90 15.2 22.2 12.2
7.6 90 5.1 14.0 8.7
7.6 90 5.1 14.0 8.9
7.6 90 5.1 14.0 8.9
7.6 90 5.1 13.7 8.9
7.6 90 5.1 13.7 8.6
7.6 90 10.2 20.3 11.1
7.6 90 10.2 21.3 11.7
7.6 90 10.2 21.3 12.1
7.6 90 10.2 21.6 12.1
7.6 90 10.2 21.0 12.2
7.6 90 15.2 24.1 13.7
7.6 90 15.2 25.4 13.8
7.6 90 15.2 25.4 13.3
7.6 90 15.2 26.0 14.6
7.6 90 15.2 26.0 14.6
10.2 90 5.1 15.2 9.2
10.2 90 . 5.1 14.9 9.7
10.2 90 5.1 14.9 9.7
10.2 90 5.1 15.2 9.4
10.2 90 5.1 15.6 9.7
10.2 90 10.2 21.6 12.4
10.2 90 10.2 22.2 12.7
10.2 90 10.2 23.4 12.0
10.2 90 10.2 23.5 12.9
10.2 90 10.2 22.5 12.9
10.2 90 15.2 28.6 13.8
10.2 90 15.2 27.6 14.8
10.2 90 15.2 27.9 14.9
10.2 90 15.2 28.6 14.9
10.2 90 15.2 30.5 15.4
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Table A-2. Normal stress and shear stress values from
’ direct shear test on the artificial soil at
three shear rates.

Shear Normal Shear

Rate Stress Stress
o T

. 2 : 2
(cm/min) (N/cm™) (N/cm™)
0.5 C.77 0.81
0.5 0.77 0.76
0.5 1.41 1.19
0.5 1.41 1.25
0.5 1.97 1.67
0.5 1.97 1.62
50.8 0.77 0.76
50.8 0.77 0.75
50.8 1.41 1.28
50.8 1.41 1.29
50.8 1.97 1.60
50.8 1.97 1.67
127.0 0.77 0.78
127.0 0.77 0.7¢
127.0 1.41 1.30
127.0 1.41 1.29
127.0 1.97 1.69
127.0 1.97 1.70
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Table A-3. Normal stress and shear stress values from
soil-metal friction tests on the artificial
soil at three shear rates.

Shear Normal Shear

Rate Stress Stress
o' !

. 2 2
(cm/min) (N/cm™) (N/cm™)
0.5 2.70 1.37
0.5 2.70 1.37
0.5 2.70 1.29
0.5 7.46 3.26
0.5 7.46 3.54
0.5 7.46 3.41
0.5 11.77 5.41
0.5 11.77 5.25
0.5 11.77 5.19
50.8 2.70 1.38
50.8 2.70 1.40
50.8 7.46 3.45
50.8 7.46 3.51
50.8 11.77 5.34
50.8 11.77 5.30
12.70 2.70 1.39
12.70 . - 2.70 1.42
12.70 7.46 3.66
12.70 7.46 3.40
12.70 11.77 5.52
12.70 11.77 5.38
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Table A-4. Depth of the total resultant tool force, and
: the ratio of this depth to the tool depth,
for 54 soil bin tests.

: ’ Total
Tool Tool Tool " Tool Force Depth
Width Angle Depth Speed Depth Ratio
B ) D v Dt Dt/D
(cm) (deg) (cm) (cm/s) (cm)
2.5 60 5.1 5.7 8.0 1.58.
2.5 60 5.1 5.7 7.5 1.48
2.5 75 10.2 5.4 8.7 0.86
2.5 75 10.2 5.3 9.8 0.96
2.5 90 15.2 5.4 10.6 0.70
2.5 - 90 15.2 5.4 9.9 0.65
5.1 90 5.1 5.4 5.1 1.00
5.1 .90 5.1 5.4 4.9 0.96
7.6 60 10.2 5.6 6.9 0.67
7.6 60 10.2 5.6 6.4 0.63
7.6 75 15.2 5.3 8.8 0.58
7.6 75 15.2 5.3 8.8 0.58
10.2 60 15.2 5.3 8.9 0.58
10.2 60 15.2 5.2 8.5 0.56
10.2 75 5.1 5.3 3.8 0.75
10.2 75 5.1 5.3 4.7 0.93
10.2 90 10.2 5.5 2.7 0.26
10.2 90 10.2 5.4 5.2 0.52
2.5 75 . 5.1 33.2 2.7 0.53
2.5 75 5.1 33.3 5.7 1.12
7.6 90 15.2 33.2 7.4 0.49
7.6 90 15.2 33.1 8.4 0.55
10.2 60 10.2 33.2 4.8 0.47
10.2 60 10.2 33.3 5.2 0.51
10.2 90 5.1 -33.4 -0.3 -0.06
10.2 90 5.1 33.3 -0.4 -0.08
2.5 60 15.2 68.8 9.1 0.60
2.5 60 15.2 68.7 9.2 0.61
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Table A-4. (continued)

Total
Tool Tool Tool Tool Force Depth
Width Angle Depth Speed Depth Ratio
B B D v Dt Dt/D
(cm) (deg) (cm) (cm/s) (cm)
2.5 90 10.2 68.8 5.8 0.57
2.5 90 10.2 68.8 5.3 0.52
5.1 60 5.1 68.9 1.5 0.30
5.1 60 5.1 68.8 -0.3 -0.05
7.6 75 10.2 68.8 4.4 0.43
7.6 75 10.2 68.8 4.2 0.41
10.2 75 15.2 68.5 7.1 0.47
10.2 75 15.2 68.7 6.9 0.45
2.5 60 10.2 126.8 4.1 0.41
2.5 60 10.2 127.2 4.5 0.44
2.5 75 15.2 121.3 7.7 0.51
2.5 75 15.2 121.0 8.2 0.54
2.5 90 5.1 122.6 2.2 0.42
2.5 90 5.1 122.4 1.4 0.27
5.1 60 15.2 125.3 - 7.4 0.49
5.1 60 15.2 125.4 7.4 0.49
5.1 75 5.1 122 .4 -0.1 -0.02
5.1 75 5.1 122.3 -0.3 -0.06
5.1 90 10.2 121.5 4.2 0.41
5.1 90 10.2 121.2 4.4 0.44
10.2 60 5.1 125.9 -2.3 -0.45
10.2 60 5.1 126.2 -2.8 -0.55
10.2 75 10.2 120.2 3.6 0.35
10.2 75 10.2 121.0 3.4 0.34
10.2 90 15.2 118.0 5.6 0.37
10.2 S0 15.2 117.9 5.6 0.37
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