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Summary

The objective of this work is firstly to determine
experimentally the horizontal and vertical force compohents
of the operative forces during soil cutting. ‘éince previous
work in soil cutting had been empirical and involved curve
fitting technigues. therefore the second objective to predict
these horizontal and vertical force components. In order to
achieve these objectives a special apparatus was designed and
fabricated for experimentation. 1t comprises the soil bin,
the horizontal and vertical carriages, the proving rings,
cgrriage seat frame, soil hopper. manually operated jack,
and the blades. 1In order to reduce cost and weight of the
apparatus, and also because of the limited space available,
the carriages and the cutting blades were made of aluminium.

Tn order that this investigation can be applied to a
variety of soils, Ogun river sand and beach sand were chosen
because they are granular materials, but with different
angles of internal friction ¢. Black cotton soil was chosen
because it is a cohesive soil which possesses both cohesion
Cc and angle of internal friction ¢. All the soil samples
were air dried, in order to have a good control to obtain
repetative results. In order to predict accurately, the
horizontal and vertical éperétive forces in soil cutting
it is essential that some specific properties of the soil
be known. The soil properties chosen for this work are
cohesion, €, and angle of internal friction, ¢-. These soil
Also

properties were determined using triaxial apparatus.

the shear box apparatus, imposing directional horizontal



failure plane was used to determine the ¢ values of
cohesiénless soils.

The cutting blades inclination B® to the vertical was
varied from 0° to 75° in increments of 15°. The soil bin
was filled with soil by the soil hopper, whilst the blade
was inserted and pushed horizontally by manually operated
10 tonne (98.07 kN) jack, at a horizontél speed of about
0.11 cm/sec. The soil bin perspex glass enabled the tests
to be observed visually. The ﬁorizontal and vertical force
compongnts operating during soil cutting was measured by
standard Wykeham-Ferrance proving rings, with maximum load
" of 200 kgf (1962 N) and with E.L.E dial gauge of 0.001"/
division (0.0254 mm/divisionf.

It was found that the soil properties C and ¢ used by
Couiomb and Terzaghi in the expression, T = C + g' tan ¢
were found to be true. However the soil plasticity slip
line configurations in soil cutting show that whereas 100%

of the angle of internal friction, is mobilised for cohesive

-~
-

soil, typified by black cotton soil at failure, only about
80% of the angle of internal friction ¢, is mobilised for
cohesionless soils, Ogun river sand and beach sand, at
failure. The mobilised ¢ values of the soils were therefore
used to evaluate the horizontal and vertical components of
operative forces in soil cutting. Other soil parameters

1ike void ratio e, and a new soil particle size distribution

parameter index {SPI)
' 0.025
| (D —- D . )100 |
SpT = max ___min :
1ED x % dlstrlbutloq




derived from grading tests, are found to be true in evalua-

ting these horizontal and vertical components of operative

forces. From these findings, empirical formulaé were

derived, which will be of great benefit and advantage

to design engineers, who can quickly estimate the horizontal

and vertical components of the operative forces during soil

cutting. It was found that as blade inclination BO, and

width-to-depth of cut ratio %, increased, the horizontal

component of force in soil cutting, decreased. The hori -

zontal force decreased by 93%, when width-to-depth of cut

ratio % -~ 1, and blade inclination B°incréased from 0° to

759, The passive Rankine force is less than the horizontal

components of the forces in s0il cutting. These forces

1ike the Rankine forces are proportional to the square

of depth of cut. For vertical blades, that is, blades

with inclinatioﬁ'6== 0°, the horizontal components of

the forces can be evaluated by multiplying the Rankine

force by constant K, which is 7.25 for cohgsionléss solils

and 1.06 for cohesive soils. The presenérwork also shows

that the optimum performance of the blades occurred at an

angle of inclination B = 57° for cohesionless soils.

Whilst the optimum performance of the blade for cohesive

soils occurred at a blade inclination 8 = 45°.
A theoretical solution of the boundary energy theory

which considers the kinematics of the soil-blade system,

predicts most accurately the horizontal and vertical compo-

nents of operative forces in soil cutting, than any other



"

theory hitherto in use. The maximum and minimum errors in

horizontal components of forces for Ogun river sand, at

blade inclination g°® from zero up to the optimum performance

of the blade, were 10.6% and -5% respectively. similarly
the maximum and minimum errors in horizontal ;omponents of
forces at same blade jinclination, for beach sand and black
cotton soil, taken in pairs were (9.2%, ~23.2%) and (2.8%,
_0.47%) respectively. At a blade inclination of B = 300,
and & = %¢, the experimental and theoretical horizontal
components of forces, taken in pairs for Ogun river: sand
were (130N, 126N) an error of 3%. Whilst for beach sand
and black cotton soil, at the same blade inclination, the
values were (100N, 101N) an error of -1% and (135N, 135N)
an error of 0% respectively. similarly experimental and
theoretical vertical components of forces, taken in pairs,
at blade inclination g = 30° and 6 = 4%¢, for Ogun river
sand were (37N, 29N) . Whilst for beach sand and black

cotton soil, at same blade inclination, the values were

(40N, 278) and (58N, 55N) respectively.
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CHAPTER 1

1. INTRODUCTION

1.1 General Introduction

-

The significance of this study of soil cutting is
three-fold as regards the design of implements in civil
engineering, agricultural engineering and military tracted
vehicles, to suit our local soil conditions. In civil
engineering coﬁstruction where large volumes of soil are
cut and moved, it is necessary to know the influence of
angle of blade inclination B8° and depth of cut on the
horizontal and vertical components of operative forces
during soil cutting. The maximum blade inclination at
the draft with optimum performance can therefore be deter-
mined. The bulldozer cutting blades at inclinations, to
give optimum performance can be designed to suit local
soil conditions. The agricultural implements which use
blades or combinations of cutting edges with moleboard and
discs can better be designed for minimum soil resistance
to suit local soil conditions, and guard against breakages.
The larger area of contact of the tracts compensates for
many irregularities in the terrain that make wheeled
vehicles less desirable. The design parameters utilised
in tracks for armoured military vehicles are track width,
rrack length, grouser shape, grouser spacing, sinkage, and
slip. These military vehicles can be designed to suit local
conditions and terrain, for greater mobility of these

vehicles with high efficiency and performance.



This study will help in the design of shape and type
of material used for soil engaging implements, which will

also cope with the induced bending moments.

1.2 Earth Moving

There i$ a significant difference between the aims
when solving stability problems in soil mechanics, and
when predicting the horizontal and vertical components of
the operative forces during soil cutting. A soil engineer
when designing foundations, slopes, etc. must ensure that
failure does not occur. Though he analyses failure
conditions, he then imposes sufficiently large factor of
safety, to ensure that he is protected against any errors
in his assessment of the failure conditions. In soil
cutting problems, s0jl failure must occur and the whole
problem is to assess accurately the conditions at failure.
There are two basic methods for solving soil stability
problems. The first method entails kinematically admissible
solution, by presuming a number of sizes and shapes for
individual potential sliding surfaces. Each surface is then
considered in turn. The point of application of the load
applied by the wall, or foundation, on the soil is presumed
known, and its direction is assumed to be defined by an
angle of wall friction &. By considering the overall
equilibrum of the soil sector between the assumed failure
surface and tﬁe wall, it is then possible to determine the
magnitude of the applied load that will just cause failure
of the soil along this surface. This calculation is

repeated for all the assumed fallure surfaces, and the true



surface is taken to be that which corresponds to the
smallest value of the applied load. The second method
uses the limiting equilibrium and theory of plasticity
to assess forces acting on an interface of various
inclinations B°, for soils possessing internal friction

angle ¢, cohesion C and unit weight v .

1.3 Objective of this Study

The objective of this study is to formulate boundary
energy theory to predict the horizontal and vertical
components of the'operative forces during soil cutting.

The boundary energy theory takes into account the Kinematics
of the soil-blade system. In achieving this objective it

is essential to‘design aﬂd fabricate a special apparatus

for experimentation. The apparatus consists of soil bin,
horizontal carriage, vertical carriage, proving rings,
carriage seat frame, soil hopper, hydraulic jack and cutting
blades. A comparison will be made of test results with the
corresponding theoretical values, and also with the work

of other resedrchers.



CHAPTER 2

2. : LITERATURE REVIEW

2.1 Review,of Previous Work

ﬁést of the work by researchers, on previous investi-
gation on cutting of soil, had been empirical and involved
curve fitting techniques, 'Also limiting equilibrium had
been used to determine the passive soil resistance on
cutting blades. The methods of characteristics and
plasticity had also been used to determine the force
acting on the cutting blades, The soil was regarded as
rigid plastic material which obeys the Mohr-Coulomb yield
criteria. .

Coulomb (16 , 1776), derived the coefficient of
passive earth pressure for retaining walls of variable
inclinations to the horizontal. Coulomb assumed that the
failure surface is plane and that the soil interface
friction 8 is less than a third of the angle of soil
friction ¢{9 < %5. For 6 > % Coulomb's assumption
leads to large errors in the evaluation of the passive
forces on the retaining structures and is therefore
unsafe.

Rankine ( 50, 1857) considered the soil in a state
of plastic equilibrium and used essentially the same assump-
tions as Coulomb, except that he assumed no wall cohesion
or wall friction, which although simplifies calculations,

it gives lower values for the coefficient of passive pressure.
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This leads to underestimation of péssive forces acting
duripg soil cutting.

Kotter (36,1903) derived the equations of limiting
equilibrium giving the changes of stresses along the
characteristic lines for a material possessing unit weight
vy, angle of internal-friction $ , but without cohesion C.

A goodldeduction from his work is that the ratio of the
stresses along a radial fan charqcteristiqs and another 1is
eéual to the exponent of the product of twice the angle
between them and tan¢, the angle being the counterclock-
wise rotation of the characteristics. However Kotter's
work can only be applied to cohesionless materials.

Terzaghi (59, 1947) used limiting equilibrium to
derive bearing capacity of foundations for soil possessing
angle of internal friction ¢ , cohesion C and unit weight
¥ . The resistance of the soil to the movement of the plate,
acting normally to the plate thus results in bearing capa-
city of a shallow foundation with blade inclination g = — 90°.
At blade inclination B = + 90°, pull Qut,capacity of
vertically ;oaded horizpntal plate uplift ground anchors
occurs. Brinch Hansen (12, 1953), Meyerhof and Hanna
(40, 1978) made use of the geg?ral foundation configuration,
base conditions, shape and depth factors which include
inclined load effects in the bearing capacity equations.
Balla (9, 1961), estimated the bearing capacity of founda-
tions with uplift or tension forces. Byrne and Liam Finn
(13, 1978) used the bearing capaciﬁy equations to estimate
the pull out force on submerged structures buried in a
shallow depth, in which suction effect predominates. The

test conditions in soil cutting rule out suction effect.
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Kawamuwa (35, 1953) used plaétic equilibrium in develo-
ping the cutting resistance on blade in soil cufting.
Although Kawamura did not obtain analytical solution, he
summed the tangential stresses on the slip surface and equat-
ed the horizontal Eomponent of draft force. Kawamura soluti-
on is therefore approximate.

Payne and Tanner (48, 1959) investigated the relation-
ship between rake angles and cutting tool performance.
However the failufe surface is arbitrary and has to be further
subjected to trial computation of minimisation to obtain a
final value.

Siemens et al. (54, 1964) féund that failure geometry
was in accordance with the logarithmic spiral solution for
retaining walls. Osman (45, 1964) used the dimensional
analysis and presénted charts to predict the draft force
on cutting blades. This work was extended by Wismer and
Forth (64, 1969) for cohesionless soils énd Wismer and Luth
(65, 1970) for cohesive soil. They applied the curve fitting

technigue to their experimental data and;obtained a function-

?TP

al relationship of the draft force. Although the assumption
of angle of friction ¢ and soil metal friction y to be
constant simplied the empirical formula for the draft

force, errors occur in evaluating these draft forces

because for cohesionless soils the values of ¢ and u are
large. The empirical formula takes into account the in-
ertial effect in soil cutting. Since for the clays tested
the values of ¢ were small, and therefore the non explicit
inclusion of ¢ in the empirical formula would lead to small
errors. However for large values of ¢, errors occur in the

determination of the horizontal and vertical components of operative
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forces during soil cutting

0'Callaghan and Farrely (41,1964) and also 0'Callaghan
and McCullen (42,1965) derived a simplified expression for
the draft per unit width, on the basis that two distinct
regimes of deformation occur in vertical and horizontal
planes. This expression gave good correlation for cohesivce
soils, but bad correlation for cohesionless soils.

Reece (51,1965} postulated that the soill acting on a
plane loaded interface could be written in form of additive
equation of the bearing capacity to represent the gravita-
tional, cohesive, adhesive and surcharge components of the
soil reaction per unit width of interface respectively. He
called the bearing capacity factors "N = factors"” which are
pure numbers which describe the shape of the soil failure
surface and are thus functions of ¢ and § and the geometry
of the loaded surface. Reece employed a logarithmic spiral
solution for passive pressure, and by taking moments about
the pole of the logarithmic ﬁpiral, the "N ; factors”" can easilj
be determined. The determination of thesesfactors is time
consuming and also Reece additive equation applies to all
forms of soil failure where deformation takes place slowly,
so that inertia forces due to velocity effects can be neglec-
ted. Hettiaratchi et al. (25,1966), Hettiaratchi and Reece
(26,1967), assumed the soil as rigid plastic, and obtained
curves for "N - factors" which were of considerable advantage
for design purposes. Hettiaratchi and Reece (27, 1974)
introduced dimensionless scale numbers, and obtained
dimensionless passive coefficients which were substituted
into the additive equation. They obtained charts which were

very useful for design purposes. Hettiaratchi and Reece
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(28, 1975) analysed the effect of the boundary wedges
imposed by kinematics of the interface on the interface
stress. They found that influence of the wedge effect was
-notiCeable only in sharply raked cutting blades, but it can
be ignored in acute raked cutting blades. It should however
be noted that Sokolovski's (55, 1965) derived equations
using the method of characteristics and finite difference
should strictly be used for cohesionless soils and cohesive
soils respectively. Errors would therefore be introduced

in the values of the dimensionless soil resistance coeffici-
ents of llettiaratchi and Reece, when applied to C-¢ materials,
that is soil possessing both cohesion C and friction ¢
Karafiath (34, 1972) applied theory of. plasticity and Kotter's
(36, 1903) equation to bearing capacity problems. Rosenfarb
and Chen (52, 1973) developed a closed form solution using
plasticity theory which also solves the earth-pressure pro-
blem for active and passive pressure. They considered
several failure surfaces, and the cambination of a so=called
"log sandwich® mechanism gave results which compared
favourably with the Sokolovski solution. It should be noted
that maximisation of the expressions of the active and
passive pressure coefficients must be carried out to obtain
a final solution. This is labourious and in some cases
maximum values may not be found. Godwin and Spoor (22, 1977)
and also Spoor (57, 1969), (58, 1983) developed expressions
for draft force when crescent failure occurs in vertical
plane and lateral failure in horizontal plane, They were
able to estimate the position of the critical depth, that

is, the depth at which crescent failure terminates and
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lateral failure begins, for a wide raﬁge of blade aspect
ratios. Their work is similar to work by Hettiaratchi
and Reece (28, 1975}.

Yong et al. (68, 1969), (69, 1972) obtained solution
to the problems of blade moving horizontally in a soil
possessing both cohesion C, and angle of friction ¢, by
adopting Sokolovski method. They substituted Coulomb yield
conditions into Kotter's eguation and applied the method of
characteristics to solve for the stresses acting on the
blade interface, and hence calculate the horizontal and
vertical components of forces in soil cutting. Yong et ail.
assumed that the direction of the maximum principal stress
P along the blade interface is constant. Fan et al. (21,
1986), however assumed that in slope stability problems
the functibn deséribing direction of the interslice forces
is bell shaped, with the peak occurring approximately at
mid slope. In soil cutting, since the interface is rigid
and mgintains continuity when flexible, the direction of
the maximﬁm principal stress along the blade is taken as
constant. Yong et al. assumed the soil to be rigid plastic
material, but in nature soil is elasto-plastic material.
Errors will‘thefefore occur in their values of the hori-
zontal and vertical components of forces during soil cutting.

Yong and Hanna (70, 1977) used the finite element
method to determine the forces developed by the blade
during soil cutting. They used a combination of constant
strain triangular elements developed by Zienkiewicz (72,

1971), and joint elements developed by Goodman et al. (23,
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1968). The coefficients of the hyperbolic tangential

stfess versus displacement curves were determined experi-
mentally. The finite element method was formulated in terms
of these coefficients and not in terms of the material
properties, cohesion C and angle of friction ¢ . BHence
their results are peculiar to their soil type and test
conditions. Inertial effects were not considered only the
displacements at ﬁhe boundaries were specified. This
formulation cannot give the displacements at which the

maximum horizontal components of force occur.

2.2 Previous Researchers

The previous researchers in soil cutting used mostly
artificial soils and regarded soil as a rigid plastic
material, that obeys Mohr-Coulomb failure conditions.

This means that when the soil is deformed, it does not
undergo any strains, until suddenly it fails. This
restriction on the soil property, although simplified
analytical solutions, yet does not depict the actual
stress—-strain conditions of the soil. In order to predict
more accurately the forces acting on the blade during soil
cutting, inertial forces in soil cutting should be taken
into account. Hence the need for this research‘to develop
analytical solutions in soil cutting using local soils,

and considering inertial forces.
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CHAPTER 3

3. THEORETICAL ANALYSIS

3.1 Fundamental Basis for this Work

-

coulomb (16, 1776) assumed a straight failure plane
abc, as in Figure 3.1, at an angle (%-— %) to the horizon-
tal. Terzaghi (59, 1947) assumed ab as log-spiral curve
and bc as a straight plane, making angle (% - %) with
the horizontal. Coulomb and Terzaghi failure criterion
will be used in this work. Hill (30, 1950) and Kachanov
(32, 1974) confirmed the latter by the theory of plasticity.
Sokolovski (55,.1965) in polar coordinates derived that the
curﬁe ab is log-spiral. For this work, the slip lines
éeriveé from tﬁe theory of plasticity will be used, and the
geometry of.the analytical model in soil cutting is as in
Figures 3.1, 3.2 and 3.3 respectively, as regards soil
plasticity. The passive Rankine zone in Obc and the radial
shear zone is 0Oab, of which 0Oa is the blade interface.
vavorsky and Detlaf (67, 1980) energy.principle, that work
done by conservative forces along an arbitrary closed path
or boundary is zero, will alsc be used in this work for
cohesionless soils. For cohesive soils where hysterisis
predominates, {Wroth and Zytynski (56, 1977)] the work
done by forces along the closed boundary is not zero.
Therefore the work done by appliec forces is equated
to the work done by resisting forces along the failure

plane, neglecting work done by thermodynamic effects.



The failure criterion used is the Coulomp and Terzaghil
criterion. Theoretical equations in soil cutting are
developed in this work by energy principles.. The elastic
and plastic work due to volume change were derived using,
Terzaghi (59, 1947) theory of consolidation, Wroth -and
Zytynski (66, 1977) work hardening principle.

3.2 Boundary Energy Theory

The general eguation in soil cutting is éuch that
the horizontal components of operative forces are functions
of, blade geometry and velocity, initial and final soil
conditions. The failure plane ab (see Figure 3.4) is
assumed to be logarithmic spiral. The soils obey Mohr-
Coulomb yield criteria.

Terzaghi (59, 1947), gave the equation of the logari-

thmic spiral ab as follows:

g tan ¢
L€ (3.1)

.’U'

Haythornthwaite (24, 1961), gave the velocity V, along

the log-spiral as follows:

o ptan ¢
v = V,e© (3.2)

kBtter (36, 1903), gave the stress 0 on aradial slip

line as follows:

2 gtan ¢
g= g © (3.3)



17

The velocity diagram igs as shown in Figure 3.5. By
applying the sine rule, the velocity, Vb of the soil along
the blade, is expressed as follows:

v . sin (% - %)

b s cos B

(3.4)

Ssimilarly, the velocity of the soil, V_ along the slip line

is expressed as follows:

cos B {3.5)
v, = V
S ©  cos (% - (g + %))

since change in the velocity of the blade causes

acceleration of the soil, Newton's accelerating force,

Fa due to inertial effect is written as follows:

F, = ma (3.6)

where a, is the acceleration due to change of'velocity at
time t, along the slip line. Vs

The mass, m of the soil.accele;ated in time t, 1is

‘given fron the volume of soil disturbed in time t, SO

that

m = X bav_ t (3.7)
g o

Assuming that the soil mass, m 1is moved along the slip
1ine with velocity V_. and the blade initial velocity was 7zerx
the acceleration force F, is derived by substituting m, in

equation 8.7 into equation(B‘GL The acceleration force, Fa
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is expressed as follows:

2
” bdvo cos # (3.8)

g cos (% - (B + %))

Fa =

The work, W4 dissipated along the log-spiral ab is as

follows:

W =, {:chde (3.9)

d

Substitute r, in equation(3.1l)and V, in equation (3.2)
into equation 3.9, and integrate. After simplification,

the work, W4 is expressed as follows:

Wy o= c'roVocot¢("329tan¢- 1) (3.10)

The product of force and velocity on a boundary, gives
the rate of work on that boundary. By summing all work
done on boundaries ab, bc, Oa, including work done by inertial
effect within the closed boundary OabcO qu equating to zero,
the following expression of passive force le is obtained

for cohesionless soils as follows:

H . = (b(w, + "2 W) sin ¢ cos B
pl L7 -3 cos (L -+ %))

+ BW cos (L - g) tan ¢ cos B
2 42 5 cos (% - {B+ %ﬂ)
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' tan g sin (4 - 2
+ bw3 cos (% - %) _ 4 2
cos (& - (B+ £))
bYrDV§ cos38 cos (% - (B+ %))
g c052 (% - (B+ %)) sin g sin (% - %)

(3.11)

work done by forces causing blade horizontal displace-
ment is the product of the horizontal component of the
force and the blade velocity, V- By equating the work
done by forces causing deformation to work resisting
deformation including work wd dissipated along log-spiral
ab, the following expression of passive force, sz is

obtained for cohesive soil as follows:

20tang
— {1
sz = (érobc cot ¢ (e -1)
+ bW, + Eg W.) sin¢ cosB
17 2 T 73

cos (% -+ %))

v

) tangcosg
2" 2cos(% - (B )

T _
+ bwzcos(4

r bc cosBeetan¢
+ o
cos (@ - (8 + %)

tan§sin{y - by

L

T
+ bw3cos(z - 2)

CcOS (% - (B 54



20

e b
brocasm(4 2)

+ . —
cos(f - (g + %))

br YV cosSB
s } sec (B - §) (3.12)
2, ¢ -

gcos™ (7 - (B'+ 5))

2
o

The horizontal force component HH, is expressed as

follows:

= ' -4
Hy Hp cos (B ) (3.13)
The vertical force component HV’ is expressed as

follows:

H, = Hy tan (g - &) (3.14)

The first term. in equation (3.115'is the force compo-
nent -due to friction on ab (see Figure 3.4. Similarly
the second term is thelforce component o; be. Whilst the
third term is the force component on Da. The fourth term
is the farce component due to intertial effect in 0a bc.
The first term in equation (3.12) is the force component
on ab dué to cohesion. The second term is the force
componént on ab due to friction. Similarly the third
term is the force component on bcC and the fifth term
is the force component on Oa. The fourth term is the
force component on bc due to cohesion. Whilst the sixth

term is the force component due to adhesion. The soils
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used in this theéis do not have adhesive properties, ana
hence the adhesion S is zero. The seventh term is the
force componént due to inéftial effect.

since work is required tc change the volume of a
medium in compression, the boundary energy equation
derived by summation of work done along the boundary will
be less tﬁan the summatiéﬁ of work done along the boundary
and the internal work done due to volume change. The work
.done along the boundary is regarded as the least work,
whilst the total work done on the system is regarded as

the greatest work.

3.2.1 Boundary Energy Theory {(Upper bound)

The work done is the product of the stress increment

dp, and volume change of the system.

S ‘
The elastic work done in soil cutting is as follows:

| bav_ K
WE = -—14-_?- dp ¥ (3.15)

similarly the plastic work done is as follows:

deO (r - x)

W, = e dp (3.16)

The force on 0a is Hp and acts at an angle (B - §}° to the
horizontal. During plastic work, Hp is assumed to act
hérizontally in y direction. The average stress perpendicular
surface 0ac ig %Komd. The stress on oc is Pq. The mean

stress increment dp is one third the sum of the stresses on

Oé, 0ac and Oc, The stress increment dp can be substituted



‘99

in equations {3.15} and (3.16). By combining elastic work
given by equation (3.15)and plastic¢ work given by equation
(3.16), with the passive force le of the boundary work in
equation (3.11) the following expression of the total passive

force Hp3 is obtained for cohesionless soils 3s follows:

sin¢cosB
a i}
cos(4 - (g + 2)}

T
1

(=

S
+
|
1
=

p3 1 2 3

tandcosf

2cos(% - (g + %T)

¢
5)

T ¢
COS(Z - (B + 'E))

tanﬁsin(% -

n_ ¢
+ bw3cos(4 2)

2 3
byrovocos B

+
g cos? (3 - (B + %))

KybricoszaKo

6(1 + e)
(A - x) Ybr200523K
N o) o]
6(1 + e)
wbr cosp P
+ o a
3 (1 + )
(A - x)br_cosBP
+ °__ 9,/

3 (1 + e)
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i@ _ b |
singsin(y - %) ¢ cos(B - 8)

Ao— K
o owgosl ol oty GH17)

( e
cos (& - (8 + §))

The first four terms of equation {3.17) of the force
components and their planes of action are as previously
defined in section 3.2. The fifth term is the force
component due to elastic work done in 0abc0 in figure
3.4, 'The sixth term is the force component due to plastic
work done in 0abcO. The seventh term 1s the force compo-
nent due to elastic work done by a stress Pq applied on
poundary Oc in 0abcO. Similarly the eight term 1s the
force component due to plastic work done by stress Pq
applied on boundary Oc in 0abc0. In this experiment of
soil cutting, no boundary stress Pq was applied, and hence
Pq is equal to zero. In the denominator of equation(3.17),
the first term 1is a factor of passive force Hp3, of work
done along the boundary O0a- The second and third terms are
factors of the passive force Hp3, of internal work done
in soil cutting.

similarly by combining the elastic and plastic work
in equations (3.15 and (3.16) respectively, with the passive
force of the houndary work in equation 3.12) the following ’

expression of the total passive force Hp4 is obtained for

cohesive soils as follows:

_ 20 tand
de = (5robc cotdle - 1)

W

2 sind cosB

s o)
cos (7 - (g + 2))




24

tun $ecos B

(S o

bW, cos (L - %)

2 4 T ¢
2ccs(4 - (B + 2))

g tang

T ¢
cos(E - (B 4 5))

robc cospe

T o tanésin(% - %)
bW3COS (“I - ‘2') ™ )
cos(z - {8 + 3))

v oein(t _ ¢
broca s:.n(4 - 2)

cos(% - (B + %))

3
broyv cos B

gcos ? (

NNER s JR S

_ (B+%))

Kybr; cos?p K
6(1+e)

2 2
(A - )Y brocos BKO
6(1+e)

xbr cosB P
O qd
3(1+e)

{(x» - K)brOCQSB ?g) ,
3(1+e)
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Kcos (B - 96)

(cos (B - &) - T(ire) . %Th%ﬁ (3.78)

The first seven terms of equation (3.18) of the force
components and their planes of action are as previously
defined in section 3.2. The eighth term is the force
component due to elastic work done in QabcO in figure
3.4. The ninth term is the force component due to the
plastic work done in OabcOD. The tenth term is the force
component due to elastic work done by stress Pq applied
on boundafy 0c in OabcO. similarly the eleventh term is
the force component due to plastic work done by stress
Pq applied on boundary 0Oc¢ in OabcO. In this experiment
of soil cuttingf the boundary stress Pq is zero. In the
denominator of eqﬁation (3.18), the first term is a factor
of the passive force Hp4, of work done along the boundary Oa.
The second and third terms are the factors of the passive

force Hp4, of internal work done in soil cutting.

3.3 Analytical Solution of Blade Cuttiné'of Soil

The boundary energy theory will be used to evaluate
the horizontal and vertical components of forces in soil
cutting. Experimental data, theory and work by other

researchers will be compared.
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Figure. 36

Failure plane

Schematic  Diagram ot soil
Failure plane.

cutting blade

and



e
=

CHAPTER 4

4. THE APPARATUS

4.1 General Description of the Apparatus

The general arrangement of the soil cutting apparatus
(SCA) is as in Figure 4.1. It comprises the soil gin,
horizontal and vertical carriages, proving rings, carriage
seat frame, soil hopper, hydraulic jack, and the blades.

The longitudinal and transverse sectional details of
the apparatus SCA, showing line of application of operative
horizontal and vertical forces are as in figures 4.6 and

4.7 respectively.

4,2 Soil Bin
The soil bin is made of an aluminium alloy of 50mm X

50mm x 4mm thick angles, 865mm in length and also 50mm X
50mm x 4mm thick angles, 595mm in length, These were made
into rectangular frames 865mm long, 595mm high and stayed
by aluminium angle brackets 50mm x 50mm x 4mm. The inner
flanges of the angle frames were chamfered at 45°. The angle
brackets were riveted to the ﬁain‘angle frame by Kling Klik
T 80 riveter. The soil bin has aluminium frame on either
side. The two frames were spaced by 100mm X 50mm x 4mm thick
§ aluminium channels, 595mm in length, blaced vertically

and a 100mm x 50mm x 4mm thick aluminium channel,

765mm length, placed horizontally at the bottom. The

vertical channels were stayed to the horizontal channels

by 100mm x 50mm x 4mm thick, angle brackets and riveted.

A perspex glass 865mm long x 595mm high x 6mm thick was

placed on either face of the soil bin, between the angle

frames and channel frames. These components were bolted




together to form a rigid soil bin, by 100mm diameter steel
bolts with hexagonal nuts. Two bolts were on the left
side and two bolfs were on the righé side of the soil bin
respectively.

In order to reduce cost and weight of the qpparatus,
and also because of'the limited sﬁace available, the
carriages and the cutting blades were made of aluminium.
By using visual perspex glass, the boundary conditions at
the sides can be assumed to be frictionless. The perspex
glass also allowed the deformation of the soil to be

monitored visually.

4.3 Horizontal Carriage

The carriage is 385mm long by 313mm wide on four rollers
with two rollers on either side. The carriage is made of
50mm x 50mm x 4mm thick, aluminium box sections, joined by
100mm x 50mm x S5mm thick plates and riveted. The vertical
sleeve in which the vertical carriage traverses was made
of 50mm x 25mm x 4mm thick aluminium channel 150mm long. The
back column is made of 50mm x 50mm X 4mm aluminium box sections,
joined by 100mm x 50mm x Smm thick plates and riveted. The
vertical sleeve in which the vertical carriage traverses was
made of 50mm x 25mm x 4mm thick aluminium channel 150mm long.
The back column is made of 50mm x 50mm X 4mm aluminium box,
305mm long, with an overhang 50mm x 50mm x 4mm thick
aluminium box, 129mm long. This was riveted by 100mm x 50mm
X 5mm ;luminium flats to the back column. The lower end of

the back colum has a 10 mm diameter hole with 4mm deep recess by

which the load from the hydraulic jack can be applied on the
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proving ring. The overhang 1s connected by 50mm x 25mm

x 4mm aluminium channel, 200mm long with 100mm x 50mm X
4mm thick flats and riveted. A 10mm diameter hole was
drilled through the channel to allow for connection of the
proving ring for measuring the vertical force;.

The design considerations for the horizontal carriage
are that, it could travel horizontally with very little
friction resistance and also rigid enough as not to
introduce errors in the measured horizontal and vertical
components of the operative forces during soil cutting.
Assuming the Young's modulus of the aluminium alloy is
I o= 70kN/mm2, the maximum deflection of the channel on
which the horizontal carriage seats is calculated to be
47 x 10 3mm. This is eguivalent to 1.86 divisions of the
dial gauge. The deflection of the vertical overhangd of
the carriage, of 22 X 10_3mm, is equivalent to 0.86

divisions of the dial gauge. Frrors due to deflections

are therefore negligible.

4.4 Vertical Carriage

The vertical carriage is as in Figure 4.2. It is made
of two 50mm x 25mm X Amm thick aluminium box sections,
100mm long, and spaced by 100mm wide x 150mm long X 4
thick aluminium flat, joined together Dby 30mm x 20mm x 4mm
angle brackets and riveted. A roller 10mm in diameter is
centrally placed on either side of the aluminimum box.

Two 6mm diameter holes were drilled on the 100mm X 150mm

x 4mm thick, aluminium flat for connection to the cutting

blades.
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The vertical carriage was designed such that little
or no friction existed between the rollers and the vertical
sleeve of the horizontal carriag;. The vertical carriage
was allowed to move freely vertically. In order to reduce
frictional resistance on the rollers, thero%}ers and the
tracks were well greased by silicone grease. The maximum
deflection of the vertical overhang of the carriage was
22 x 10 °mm. This is equivalent to 0.86 divisions of the

dial gauge. Errors due to the vertical deflection are

therefore negligible.

4.5 Carriage Seat Frame

The carriage seat frame is as in Figure 4.1. It
comprises two 80mm x 40mm X 4mm aluminium channel joists,
1620mm long. These seat centrally on four 100mm x 50mm x
4mm thick aluminium boxes, 770mm long, spaced longitudina-
1ly at 1225mm centres and transversely at 350mm centres.
They are braced transversely at top and bottom by 45mm x
45mm x 4mm aluminium box sections 305mm long. The 80mm
x 40mm x 4mm thick vertical boxes individually seat on
200mm ¥ 100mm x émm aluminium flat plates, connected by
5Oomm X 50mm x 4mm angle brackets to the boxes and riveted.
Thg channel flange seats for the carriages are connected
to the four vertical boxes by 160mm x 100m x 6mm aluminium
flats and riveted. The carriage rollers roll between the
flange of 80mm x 40mm x 4mm thick channels, and 30mm dia-
meter, qalvaniéed iron pipe, 690mm long 3mm thick. The
pipes are connected to the flanges of the channels by 20mm

diameter x 3mm thick and 20mm long bushing, by Smm diameter

bolts, with nuts.
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4.6 Proving Rings

The proving rings are as in Figure 4.2. They are stan-
dard Wykeham - Ferrance proving rings with maximum load of
200 kgf (1962 N), and with E.L.E dial gauge of 0.001"/divi-
sion (0.0254mm/division). These were used to_measure the
horizontal and vertical components of the operative forces

on the blade. .

4.7 Hydraulic Jack

The hydraulic jack is as in Figure 4.1. The jack was
of 10 tonne-capacity (98.07 kN), with patent number 8103 and
manually operated so as to give an average speed of 0.11 cr/

sec.

4.8 Soil Hopper

The soil hopper is as in Figure 4.3. It was designed
to produce uniform density within the soil mass in the soil
bin. It was designed like an inverted regular pyramid,
with top, 410mm square and bottom 135mm square and height
of 395mm. The slanting corners are 30mm x 30mm x 4mm
aluminium angles, which form the edges of the hopper on
which 6émm thick perspex glasses seat, and were riveted.
The hopper centrally ceats on 100mm wide x 390mm long x 4mm
aluminium plate, which was securely riveted to the base of
the hopper. There were 9mm diameter perforations at the
bottom of the hopper, for dischérge of the soil. The soil

hopper was manually traversed across the length of the bin
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forward and backward, until the soil bin reached the
predetermined marked height of 85mm from the top of the
soil bin. Black cotton soil was placed in dry form. This 1is
a limitation since black cotton soil is a plastic material

when it is wet.

4.9 Cutting Blades

 The blades are as in Figure 4.4. The blades were
made of aluminium flats of widths 50mm, 75mm and 100mm
respectively. The overall length and thickness of the
blades were 250mm and 8mm respectively. The cutting length
was 100mm. Each blade had two 9mm diameter holes for
connection to the vertical carriage. The inclination 8°

to the vertical, of blades vary from 0° to 75°, in increment

of 15°. The depth of cut to lift ratio is made unity.

z
fcosB
See Figure 4.5.- The maximum deflection of the cutting
tip of the blade was 0.24mm. This is equivalent to an

1 ™
error of 0° 8 15 in measuring the actual inclination of
the blade angle either to the hor;zontalw&° or to the

vertical B8°.

4.10 Mechanism of Application of the Horizontal and

Vertical Forces

The longitudinal and transverse sections of the scil
cutting apparatus (SCA), showing the fébrication details
and the mechanism of application of the horizontal and
vertical forces are as in Figures 4.6 and 4.7
respectively. The schematic diagram of soil cuttting

blade and failure plane is as in Figure 3.6. The
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horizontal force is applied on the horizontal carriage
by the hydraulic jack which moves the blade horizontally.
The induced vertical force during soil cutting, lifts
the blade, through the vertical carriage. The vertical

thrust is measured by the gauge.
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IFIGURE 4.1: General Arrangement.of soll cutting Apparatus

' (sCa).
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s

Vertical Carriage

FTGURE 4.2: Gauges and vertical carriage.




FIGURE 4..3. ‘@p rI tlhon of'be’ﬁir
| hopp% |




FIGURE 4.4: goil cutting blades.
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CHAPTER 5

5. Experimental Tests, Procedure, Objectives and Scope

The objective of the experimental part of this study,
is to measure the horizontal and vertical components of
the operative forces required to cut Ogun river sand,
beach sand and black cdtton soil respectively. In achiev-
ing this experimental objective, the proving rings Wykeham
- Ferrance, (1962 N} load capacity gauges were calibrated,
to measure these components of force during soil cutting.
The soil properties cohesion C, and angle of friction % ,
were determined by triaxial ahd direct shear tests. Grain

size tests were also carried out on these soils.
_ | .

5.1 Calibration of Gauges

The proving ring gauges used were standard Wykeham =
Ferrance 200 kgf (1962 N) load capacity, with dial gauge of

0.0254mm/division. The gauges were standard calibrated.

5.2 Atterberg Limits, and Grain Size Tests

The Atterberg limits tests were performed on black
cotton soil as specified in B.S 1377 (1975). The grain
size ;nd specific gravity tests were carried out according
to the same specification, on Ogun river sand, beach sand
and black cotton goil respectively. Also density index

tests were carried out on Ogun river sand and beach sand

respectively.



5.3 Triaxial Tests

standard triaxial tests were performed on black cotton
soil samples at a density of 1.64 Mg/m3. Consclidated
drained triaxial tests were carried out on Ogun river sand
at densities of 1.50 Mg/m3, 1.94 Mg/m® and 1.99Mg/m>
respectively. Also consolidated drained triaxial tests
were carried out on beach sand at densities of l.Gl.Mg/ma,

1.91 Mg/m3 and 2.05 Mg/m3respectively.

5.4 Shear Box Test

Direct shear tests using shear box apparatus were
carried out on Ogun river sand and beach sand. These
tests were carried out on the soil samples with same

densities as in the triaxial tests.

-

5.5 Soil Cutting Tests:

The factors considered pertinent in soil cutting

experiments relate to,

{a) Soil type: Density, and shear resistance

parameters.

(b} Cutting tool: Geometry, depth of cut, speed of
travel and interfacial

characteristics
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’,
' (c) Forces: Developed forces which are classified

as horizontal and vertical components.

In general the variations with regards to the above

for a given soil, are concerned with the specification of

the desired conditions, that is;

(1) Specifié constant speed and constant depth of

cut. This will yield developed operative forces

L
on fhe tool, which may be resolved into
horizontal and vertical components.

(2) Specified constant horizontal force component
and constant depth of cut. The measured
variables in this instance are speed and
developed vertical force component.

(3) Specified constant horizontal and vertical force

f‘ components. In this particular case both speed
and depth of cut are the measured variables.

To allow for a rational approach in the analysis of
results in soil cutting, the experiments performed 1in this
study are 1imited to the first condition, of measuring the

) horizontal and vertical components of operative forces, in
soil cutting. The blade inclination R° to the vertical
- vary between 0° and 769 in increment of 15°. The soil bin

was filled by soil dropping from the hopper by gravity.

The blades pushed by manually operated, 98.07kN jack
travelled horizontally at an average speed of 0.llcm/sec, in
a soil bin bed of Ogun river sand, beach sand and black

cotton soil respectively. The horizontal and vertical

components of the operative forces were then measured.
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CHAPTER 6

6 Results

The results of experiments carried out in this work
are given in relation to, calibration of proving rings,
determination of engineering soil properties, and soil

cuttiny characteristics.,

6.1 Proving Ring Constant

The results of the calibration of gauges are as shown 1in
Figures 6.la and 6.1b respectively. The gauge constants

are the same, and have a value of 393,70 N per mmn deflection.

6.2 Soil Properties

The particle grading curves for Cgun river sand,
beach sand and black cotton soil @#re as shown in Figure
6.2. The plots of angle of internal friction ¢ Ve€rsus
porosity n% are as shown in Figure 6.3, Test results of
Ogun river sand are as shown in Table 6.1. Similar test
results of beach sand and black cotton soil are as shown

-

in Tables 6.2 and 6.3 respectively.

6.3 Soil Cutting

Graphs of horizontal force and vertical force versus

blade displacement are as shown in Figures 6.4 and 6.5
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respectively for Ogun river sands. Whilst for beach sand
the horizontal force and vertical force versus blade
displacement are as shown in Figures 6.6 and 6.7 respecti-
fully. The black cotton soil horizontal force and
vertical force versus blade displacement are as shown in
Figures 6.8 and 6.9 respectively. The graphs of maximum
horizontal force versus blade inclination B8°%, for various
blade widths are as shown in Figure 6.10 for Ogun river
sand. Whilst graphs of maximum horizontal force versus
angle of blade inclination B89, for various blade widths
for beach sand and black cotton soil are as shown in
Figures 6.11 and 6.12 respectively. The graph of maximum
horizontal force versus blade width for Ogun river sand is
as shown in Figure 6.13. Whilst the graphs of maximum
horizontal force versus blade width for beach sand and
black cotton soil are as shown in Figures 6.14 and 6.15
respectively. The graphs of maximum horizontal force
versus blade inclination 89 for Ogun river sand, beach
sand, and black cotton soil are as sanown in Figure 6.16.
The graphs of maximum vertical force versus angle of blade
inclination B89, for various widths of blade, and soil
types, are as shown in Figure 6.17. Results of soil
cutting tests fér Ogun river sand are as shown in Table
6.4. Whilst the results for beach sand and black cotton
soil are as shown in Tables 6.5 and 6.6 respectively.
Graphs of horizontal force versus blade inclination
g0, with varying soil-blade friction §°, for Ogun river
sand are as shown in Figure 6.18. Similarly graphs of
norizontal force versus blade inclination 'ﬁo, for varying

aoil-blade friction 50, for beach sand and black cotton
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soil are as shown in Figures 6.19 and 6.20 respectively.
Graphs of vertical force versus blade inclination g°, for
varying soil-blade “riction 6°, for Ogun river sand are as
shown in Figure 6.21. Whilst the graphs of vertical force
versus blade inclination g% with varying soil-blade
friction 50, for beach sand and black cotton soil are in
Figures 6.22 and 6.23 respectively. Graphs of experimental
and theoretical forces versus angle of blade inclination
for Ogun river sand are as shown in Figure 6.24. Whilst
graphs of experimental and the theoretical horizontal forces
versus ahgle of blade inclination BO, for beach sand and
black cotton soil, are as shown in Figures 6.25 and 6.26
respectively. Graphs of experimental and theoretical forces
versus angle of blade inclination 30, for Ogun river sand
and beach sand are as shown in Figures 6.27 and 6.28
respectively. Whilst graph of experimental and theoretical
vertical forces versus angle oﬁ blade inclination BO, for
black cotton soil, is as shown‘in Figure 6.29. Theoretical
horizontal and vertical componénts for forces and measured
values are as shown 1in Tables 6.7 to 6.12. The graph of
horizontal force versus squarelof depth of cut is as shown
in Figure 6.30. Graph of maximum horizontal force versus
ratio of blade width and depth of cut, for Ogun river sand
is as shown in Figure 6.31. Whilst graphs of maximum
horizortal force versus rati6 of blade width and depth-of
cut, for beach sand and black cotton soil are as shown 1in

| Figures 6.32 and 6.33 respectively. Gradients of maximum
horizontal force vérsus ratio of blade width to depth of

cut are as shown in Table 6.13, Graph of horizontal force



increment per blade width to depth of cut ratio, versus

inverse of depth of cut is as shown in Figure 6.34. Graph

(D - D ,._) 100
max min

H versué - i
of loge (loge f) loge YD x % distribution 1s as

shown in Figure 6.35. Graph of In Hf versus In b for Ogun
river sand, is as shown in Figure 6.36. Whilst graphs of
ln He versus in b, for beach sand and plack cotton soil
are as shown in Figures 6.37 and 6.38 respectively.

Graph of loge Hf versus log, q for different soil types

is as shown in Figure 6.39. Graph of maximum horizontal

force versus soil cutting index (SCI),

0.025

(D - D . 100
max min)

= oz - e}
SCI Y ba exP{lZD X % distributioj

is as shown in Figure 6.40. Graph of maximum vertical
force versus maximum horizontal force for 100mn width blade
is as shown in Figure 6.41. Graph of maximum vertical
force versus maximum horizontal force for 75mm width blade
is as shown in Figure 6.42. Graph of maximum vertical
force Vérsus maximum horizontal force for 50mm width blade
is as shown in Figure 6&.43. Graphs of energy per unit
volume_appiied to cut soil versus depth of cut, of 100mm
width blade is as shown in Figure €.44. Graphs of energy
per unit volume applied to cut soil versus depth of cut of
7 5mm width plade is as shown in Figure 6.45. Graph of
energy per unit volume applied to cut soil, versus depth

of 50mm width blade is as shown in Figure 6.46.
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6.4 Characteristics of the Failure Plane

The observed failure boundary for 100mm width vertical
blade in Ogun river sand is as shown in Figure 6.47. The
rupturéd boundaries for beach sand and black cotton soil

are as shown in Figures 6.48 and 6.49 respectivé&y.

6.5 Active and Passive Rankine Pressure and Displacement

The Mohr diagram of active and passive pressures for
cohesionless soils are as shown in Figure 6.50. The
graphs of passive Rankine forces and maximum horizontal
forces versus blade horizontal displacement, are as shown
in Figure 6.52 for Ogun fiver sand, whilst the graphs of
passive Rankine fofces and maximum horizontal displacement
‘versus blade horizontal disPlacement for beach sand and
black cotton soil are as shown in Figures 6.53 and 6.54

respectively. The graph of void ratio e versus

( Dmax - Dmin)100

$D x & distribution is as shown in Figure 6.51

Blade horizontal displacement to develop passive Rankine

zone, for 100mm width blade is as shown in Table 6.14.

Similar graphs for 75mm width blade and 50mm width blade are
4 shown in Tables 6.15 and 6.16 respectively. The mobilised

angle of friction §, areas shown in Table 6.17
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6.6 Effect of Angic of Soil-metal Friction &O on

Operative Horizontal and Vertical Forces

The graphs of horizontal force versus blade
inclination go, with varying soil-blade friction 5°,
for Cgun river sand is as shown in Figure 6.55. Whilst
similar graphs for beach sand and black cotton soil are as
shown in Figures 6.56 amd 6.57 respectively. The graphs
of vertical force versus blade inclination BO, with
varying soil-blade friction 60, for Ogun river sand are as
shown in Figure 6;58. whilst similar graphs for beach sand
and black cotton soil are as shown in Figures 6.59 and 6.60
respectiyely. The horizontal operative forces in soil
cuttinghfor varying soil metal friction 60, for Ogun river
sand are as shown in Table 6.18. Whilst the horizontal
operative forces for varying friction g, and varying soil
metal friction 50, for beach sand and black cotton soil are
as shown in Tables 6.20 and 6.22 respectively. The vertical
operative forces in soil cutting, for varying angle of
friction ff, and varying aoil metal friction bo for Ogun river
gand is as shown in Table 6.19. Whilst the vertical operative
forces for varying angle of friction @ and varying soil

metal friction 69: for beach sand and black cotton soil

are as shown in Tables 6.21 and 6.23 respectively.
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rable 6.1: Soil Properties for Oyun river sand
Specific gravity, S5.G. = 2.52
. , . 3
Maximum density. 0 .. = 1.9? Mg/m
s : 3
Minimum density, P, = 1.51 Mg/m
Test density., 0 = 1.94 Mg/m
. Moisture content., w = 0.5%
coefficient of Uniformity = 2.40
Coefficient of Curvature = 1.22
Density Index, ID = 0.92
angle of friction:
o
Triaxial test, ¢ 4 = 42
o]
Shearbox test, ¢d = 40
Classification = A -1 (0)




‘ Table 6.2: Soil properties for beach sand
Specific gravity, 5.G. = 2.65

Maximum density. p .. = 2.05 Mg/m3

= 1.61 Mg/m>

Minimum density., p.in
Test density. op = 1.91 Mg/m°
Moisture content, W = 0.5%

.k coefficient of Uniformity = 3.15
coefficient of Curvature = 1.33
Density Index, I, | = 0.73

angle of friction

Triaxial test, ¢ g = 400
Shear Box test, ¢d . = 40O
Classification =a - 3 (0)




Table 6.3:

50il properties for plack cotton soil

Ligquid limit, W

plastic limit, wp

Plasticity index, Ip

Free swell

Shrinkage limit

Linear Shrinkage

Specific gravity, 5.G.

Activity

Cohesion, C

Moisture content, Ww

angle of friction:
Triaxial, ¢d

Test density, p

Classification:

63%
23% .
40%
715%
21%

10%

16°

1.64 Mg/m3

A-7-6 (20)
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Table 6.4:

Soil Cutting test results, for Qgun river sand

' -
Soil Blade 1 Blade Maximum Failure Maximum Blade Force at wvariable
Material angle width Horizontal Plane Vertical Horizontal displacement, width blade
(30) {cm) Force Distance Force At maximum .
() £ {N) Force at 100mm
(cm) Horizontal Vertical width ‘blace
Force (cm) Force (cm) "”///
{cm) {cm) Horizontal Vertical
% %
10.0 250 17.5 Not 3.4 Not
measured measured
) Not
0 7.5 195 17.5 " 3.4 " 78.0 measured
5.0 150 17 " 3,2 " 60.0 "
10.0 180 21.5 " 3.4 n
g
11 n n
g 15 7.5 150 20.5 4.0 83.5 4
§ 5.0 100 20.5 " 3.7 . 55.5 "
el
= 10.0 130 20.5 37.5 2.75 - - |- 118
: .
8‘ 30 7.5 100 20.5 32.5 2.4 1.75 76.9 86.6
! v
5.0 75 20.0 25.5 2.2 . X.50 57.6 68.0
l 10.0 75 19.5 47.5 1.75% 1.1
45 7.5 65 19.5 40.0 2.2 1.75 86.6 84.2
L
5.0 45 18.0 30.90 2.2 3.0 60.0 68.8
rens/2
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Table 6.4

Soil Blade Blade © Maximum ' Failure [ Maximum Blade Fofce at variable
Material Angle Width Horizontal Plane Vertical Horizontal displacement, width blade
(BO) (cm) Force Distance Force At maximum
ST . (W) f (N) - Force at 100mm
{cm) Horizontal Vertical width bplade
' - Force- Force
{cm) {cm) Horizontal Vertical
% %
10.0 50 15.0 35.0 1.75 1.1

60 7.5 40 15.0 30.0 1.5 1.1 80.0 83.3
o .
i 5.0 30 14.5 25.0 1.5 1.75 60.0 71.4
o
-3 10.0 35 15.5 30.0 1.75 1.1
m -
g 75 7.5 30 15.5 25.5 1.75 1.75% 85,7 B3.3
o
(@]

5.0 25 15.5 15.5 1.5 1.2 71.4 51.6
A

Y ' an
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Table 6.5:

Soil cutting test results, for beach sand

3lade Elade | iaxirun Failure raximun Blace Force &t variable
scil : oL o em ] Plane Vertical torizontal displacexent width blade
raterial angle width) Horizontal Jistance force Lt maxioun : el
i o {ct) force i (i) - ) - =" Fgrece at 100mm
(B™) (3) {em) ) / . widch blade
‘sorizontal Verticel Horizontal Vertical
rorce ' Forcs % %
(cm) {cm)
10.0 205 17.5 ot 2.8 Lot
neasured measured
o 7.5 130 170 " 2.5 " 92.6 0%
neasured
5.0 125 17.0 " 3.5 " 60.9 Yot
ceasured
o 10.0 125 20,0 " 1.5 "
15 7.5 110 12.0 " 3.5 " BB.O "
E 5.0 85 1.0 " 2.5 " 68.0 "
n —
m
o 10.0 100 17.0 40 2.5 2,2
[&] -
g 20 7.5 90 17.0 35.0 3.5 1.75 90.0 £7.5
P —_
5.0 60 13.3 25.0 1.75 1.75 60.0 £2.5
X - J—
10.0 75 18.0 50.0 2.2 2.2
45 7.5 60 16.0 40.0 2.75 2.2 80.0 80.0
5.0 45 15.0 30.0 1.75 1.75% 60.0 60.0
ceel/2
y . -t




Table 6.5 -2 -

Seoil F Blade Blade Maximum Failure [ Maximum Blade Force at variable
Material Angle Width Horizontal Plane Vertical Horizontal displacement width blade
5 {cm} Force Distance Force At maximum Force at 100mm
(87) (M) £ (M) width blade .
(cm) Horizontal Vertical
Force Force Horizontal Vertical
(cm) (cm) % %
10.0 50 17.5 40.0 1.7 1.6 v I !
60 7.5 40 15.5 35.0 2.1 2.5 80.0 87.5
2 5.0 30 15.5 22.5 1.4 1.5 60.0 56.2
P
el .
o 16.0 35 17.5 25.0 1.7 1.2
8 75 7.5 25 15.0 20.0 2.1 1.1 71.1 g80.0
5.0 20 15.0 15.0 1.1 1.1 57.1 . 60.0
L1
e 4
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Table 6.6:

Soil Cutting Test Results, for Black Cotton Soil

soil Blade Blade Maximum Failure Maximum Blade Force at variable
Material Angle wWidth Horizontal Plane Vertical Horizontal displacement, width blade
( o (cm) Force Distance Force At maximum ‘ '
8") {N) f (W) - Force at 1l00mm
(cm} Horizontal Vertical width blade
Force Force Horizontal Vertical
7 (cm) {cm) % %
10.0 210 21.5 Not 3.4~ Not
measured measured
o 7.5 190 18.0 " 4.5 " 90.4 Not
. — measured
5.0 150 17.0 " 3.5 " 71.4 "
—
-8 A
2 10.0 175 16.0 25 4.0 3.2
g
3 15 7.5 150 13.5 30 3.7 3.7 85.7 85.7
o .
8 5.0 100 12.0 22 3.5 3.5 57.1 62.8
- o
s 16.0 135 13.0 57.5 a4, 2.7
3 X
30 7.5 105 16.5 50.0 . 3.2 7.7 86.°
5.0 70 15.0 33.7 2.5 2.7 51.8 58.6
10.0 105 16.0 71.5 2.4 2.4 .
45 7.5 BO 15,0 55.0 . 2.7 76.1 76.9
5.0 55 15.0 47.5 2.4 2.7 52.3 66.4
cees/2
1 -+




Table 6.6 -2 -
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Soilf, Slade Blade Maximum Failure Maximum Blade Force at variable
Material aAngle Width Horizontal Plane Vertical Horizontal displacement, width blade
(EC) {cm) Force Distance Force At maximum
(M) £ (N) Force at 100mm
(cm) Horizontal Vertical width blade
Force Force Horizontal Vertical
(cm) (cm) % %
' }
) 10.0 75 13.5 76 .5 3.5 3.5

~ 60 7.5 57.5 12.5 65.0 2.5 2.0 76.6 84.9
O
a 5.0 40.0 13.5 46.0 2.0 2.7 53.3 60.1
§
Fy]
i
8 10.0 45 15.0 77.5 4.0 2.7 .
™
-4 75 7.5 35 15.0 59.0 2.2 2.2 77.7 76.1
r—~
@

5.0 30 14.5 47.5 1.6 1.1 €6.6 61.2




Taple &.7: Theoretical horizontal and vertical components of forces and measured values for Ogun river sand
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]
Soil Blade HORIZONTAL FORCE - VERTICAL FORCE
Material Theory angle
o Theore- Mea-- Error Avg. Std. Theore- Mea- Error Avg. Std.
{B7) tical sured % error Devia- tical sured % error Devia-
{N) (M) % tion {N} {N) % tion
% 3
(=] .
. 0 228 . 250 8.8 -66.0
& i o i
3 15 189 is0 -5 -5.0
“; 30° 126 130 3 29.1 37.5 22.4
[»] . o . . . . - .
;a > 45 67 75 10.6 _ 35.4 47.5 25.4
Q
. g § 60 26 50 48 25 35.0 28.6
sl = Q
E 75 6 35 82 24.5 | 30.6 8 30.0 73.3 37.4 20.8
3 o° 210.10 250 13.6 -64.0
> -
o Tts:| 15° 153.8 180 14.5 ‘ -4.1
- 5| 30° 99.7 130 23.3 23.5 37.5 37.3
hn 4] .
g N 45° 51.1 75 31.8 27.8 47.5 41.4
Q . .
& 60° 20.2 50 59.6 19.5 35.0 44.2
-
= 75° 4.2 35 88 38.4 29.5 6.8 30-.0 77.3 50 18.3
o° 110.0 250 | 56 .- -~32.5
e 15° 82.1 180 54.3 -2.2
3 Q
% "é 30 60.0 130 53.8 14.4 37.5 qLl.6
o5 45° 39.0 75 48.0 21.0 47.5 55.7
S 5 60° 21.2 s¢ | s7.6 : _
3 & o ) ) 53,9 3.6 20.1 35.0 42.5 53.2 9.7
o ox 75
* g Eiror7= Measured value =~ Theoretical value - .
VEasured vare x 100 % Blade width = 100mm
F-




Table &.8:

Theoretical heorizontal and ver

tical components of forces and measured values,

for Ogun river sand
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Soil Blade HORIZONTAL FORCE VERTICAL FORCE
Material Theory angle
o Theore- Mea- prror | Avg. std. Theore - Mea- Error Avg. std.
(87} tical sured % error Devia- tical sured % error Devia-
(N) (N) % tion (N) (N) tion
% S
™ .
i 0 195.2 250 21.9 =100
{
15° 120.1 180 33.2 -40
g gl o e |
o . 30 75.0 130 42.3 -10.0 37.5
M w‘ o
_g g 45 45.5 75 39.3 4.9 47.5 89.6
- S o
o &0 25.0 50 50 RN I 8.0-+ --35- 77.1
5
o
& 75 17.5 35 50 39.4 10.7 11.8 30.0 60.6 75.7 14.5
* % Error = Measured value - Theoretical value . 100 g - Blade width = 100
Measured Value
1
{ 4



Table 6.9: Theoretical horizontal and vertical components of forces and measured values, for beach sand.
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Soil Blade HORIZONTAL FORCE VERTICAL FORCE
Material Theory angle ;
(BO) Theore- Mea- Error Avg, Std. Theore~ Mea- Error Avg, std.
tical sured % Exrror Devia- |. tical sured % error Devia-
(N} (N) % tion (N) % tion
\ % %
O
0 186 205 9,2 - -48,5
- &) T )
e 15 154 125 -23,2 0
Q O .
Z‘ﬁ 30o Lol 100 21 26.5 | 40 33.8
';; §§ 450 " 75 28 29 50,0 39.6
§§§ 600 21 50 58 o 20 -40.0 47.5 _
75 : 20 85.7 26,1 36.5 g8 25.0 67.2 48 .6 11.2
0° 173.0 205 15.6 -43.6
o 15° 121.8 12 | 2.5 ] . 2.1
=
3 ”i 30° 76.5 100 23.5 22.4 | .40 44
5 ¥ 45° 38.8 75 48.2 24.8 | 50.0 50.4
4] .
g g 60° 16.0 50 60 ) 17.0 | 40.0 57.5
25 | 7s° 3.3 20 86.8 39.4 | 31.3 6.1 | 25.0 75.6 56.7 13.564
a
0 85.7 205 58.1 -21.4
- 15° 65.2 125 47.8 1.14
g 2 30° 47.2 100 52.5 13.5 | 10 66.3
& 45° 12.8 75 56.2 19.1 | 50.0 60.6
g5 60° 18.0 50 64. 55.7 6.1 18.7 | 40.0 53.2 60 5.4
& T 75° _
+ % Error = - @easured value - Theoretical value _ ;.4 Blade width = 100mm

Measured value
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Table 6.10: Theoretical horizontal and vertical components of forces and measured values for beach sand.
Material Theory angle
(BO) Theore- | Mea- Error | AvVg. std. Theore- Mea- Error Avg. std.
tical sured % | Error Devia- tical sured | % error | Devia-
(W) (N) % tion (N) % tion
% %
o° 125.0 205 39.0 -90.5
15° 82.5 125 34.0 ~35.0
30° 50.5 100 49.5 -10.0 40
g " "0
g - 45 26.5 75 64.6 5.0 50.0 g0
o @ o
% g 50 20.0 50 60.0 7.5 40.0 8l.2
a 5] o
- A SO 75 10.0 20 71.4 53.1 14.7 6.5 25.0 74 81.7 8.0

* % Error = Measured value - Theoretical value . 150%

Blade width = 100mm
Measured value
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Table 6.11:

Theoretical horizontal and vertical components of forces and

measured

values, for black cotton soil

Material -| Theory angle : . .
o Theore- Mea- Error Avyg. std. Theore- Mea- Error Avg. sta.
(87) tical sured % Error Devia=- tical sured % error Devia-
(N) (N) % tion (N) % tion
% % -
(o]
0 211,0 210 -.47 -29.6
- 15 170.0 175 2.8 - 21.00 25.0 16.0
o
2 30° 135.0 135 0 55.00 | 57.5 4.3
=3
.8 45° 105.0 105 0 75,00 | 71.5 -10.5
4O
8 o 60° 76.0 75 -1.3 97.00 |. 76.5 26.8
e 0 .
3 ¢ 75° 46.0 45 -2,2 ~0.19 1.5 109.00 |} 77.5 ~40.6 | -11.52 | 20.4
:: m e .
2 o° 203.1 210 3.2 ~51.1
o & 15° 166.7 175 4.7 70.5 25.0 -182
Q D .
8 Y 30° 134.2 135 0 113.9 57.5 -o8
o] Q
o N 45° 104.3 105 0 110.0 71.5 -53.8
Al o
0 E 60° 74.8 75 0 88.3 76.5 -15.4
el el
= = 75° 42.5 45 5.5 2.2 2.5 60.2 77.5 22.3 | -65.38| 79.03
0° 196.1 210 6.6 -12.0
- 15° 140.7 175 19.6 28.6 25.0 -14.4
o
< 8 30° 105.9 135 21.5 52.8 57.5 8.1
o % .
G N 45 67.0 105 . 36.1 20.9| 12.0 59.3 71.5 17.1 3.6 16.2
[ o
o 5 60 -
g 2 75° -
* & Prror = Measured value - Theoretical value . 10038 Blade Width = 100mm
Measured Value
i ~+ .

1

- J@%.?‘A
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Table 6.12:

Theoretical horizontal and vertical components of forces and measurd values, for black cotton soil

coil Blade HORIZONTAL .FORCE VERTICAL FORCE
:0; ial h angle F
rateria eory (BO) Theore- Mea- Error Avg. std. Theore- Mea- Error hvg, Sqd.
tical sured % Error Devia- tical sured % error Devia-
{N) (N) ; % ticon {N) % tion
% %
o
0 120.0 210 42 .8 -97.5%
- o
‘g 15 82.5 175 52.8 -40.5 25.0
4
& . 30° 52.5 135 61.1 -10.0 | 57.5
: 3l BN Wi i
3 51 45° 42.5 105 59,5 5.5 71.5 92.3
®
2 . . A
5 =y 60° 27.5 75 63.3 7.5 76.5 90.1
—~
e s .
75 25.0 45 44 .4 53.9 8.7 - 8.5 77.5 g89.0 90.8 2.2
*+ % Error = Measured value - Theoretical value x 100% ~Blade Width = 100mm

Measured value
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Table 6.13: Gradients of maximum horizontal force H, versus ratio

of blade width to depth of cut, gu

by
{ Blade Gradient of maximum H versus g—
Soil Inclination (Degrees)
Material (8%) El
i 0 61
o
4]
15 &0
v
0
2 30 50
£
+
o 45 24
3
E? 60 12
75 4
0 60
15 39
2
= 30 30
[4p]
- 45 23
U
- o
. o 60 10
75 5
0 44
i/ 15 43
5]
0]
o 30 43
o)
p
5 45 36
Q
g | eo 20
o
—
- £Q 75 5
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Table 6.14: Blade horizontal displacement to develop passive
Rankine zone, for 10mm width plade.
Soil | Blade | passive | Blade Retain- K- Maximum | Blade
Material | Incli- rRankine | horizon- | ing wall |Factor | horizon- horizon-
nation | force | tal dis- displa- tal tal dis-
{N) placement | cement force placement
RO {cm) at (M) {an)
passive
failure
(Terzaghi,
1947)
{cm)
0 33.6 0.9 0.02 7.5 250 3.4
he]
£ 15 24 1.2 0.019 7.52 180 3.4
]
" 30 17 0.6 0.0173 7.73 130 2.75
0]
.E 45 11.2 0.1 0.014 6.7 75 1.75
g 60 6.6 0.1 0.01 7.56 50 1.75
o
o 75 2.9 C 0.1 0.005 12.0 35 1.75
0 29.5 0.6 0.02 7.0 205 2.8
15 21.5 1.4 0.019 5.82 125 3.5
to]
5 30 16 0.4 0.0173 | 6.4 100 2.5
[1)] —
£ 45 11 0.5 0.014 7.1 75 2.2
o
o 60 6.5 0.15 0.01 7.9 50 1.7
75 2.8 0.1 0.005 12.47 35 1.7
. 0 197.29 3.3 0.3 1.06 210 3.4
-
o 15 142.4 2.4 0.29 1.22 175 4,0
5 30 | 102.2 2.6 0.26 1.32 135 4.0
H
%} -
o 45 70.4 1.7 0.21 1.49 105 2.4
S 60 39.9 1.9 0.15 1.87 75 3.5
o
a 75 13.52 0.9 0.08 2.43 45 4.0
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Table 6.15: Blade heorizontal displacement to develop passive
Rankine zone, for 75mm width blade.
Soil Blade | Passive| Blade Retain- K- Maxirum | Blade
Material | Incli- | Rankine| horizon- | ing wall | Factor| horizon-| horizon-
nation{ force | tal dis- | displa- tal tal dis-
o {N} placement | cement force placement
g {(cm) at (N) {am)
passive
failure
(Terzaghi.,
1947)
()
0 25.2 1.4 0.02 7.74 195 3.4
T
5 15 18 1.2 0.019 | 6.38 150 4.0
1]
b 30 12.75| - 0.2 0.0173 | 8.7 100 2.4
oy
o 45 8.4 0.3 0.614 8.67 65 2.2
g 60 4.95 0.2 0.01 8.8 - 40 1.5
o
© 75 2.18 0.05 0.005 |15.78 30 1.75
0 22.1 0.4 0.02 8.60 190 2.5
15 16.13 0.7 0.019 7.64 110 3.5
e’
§ 30 12 0.9 0.0173 | 8.18 90 3.5
< 45 8.25 0.2 0.014 8.0 60 2.75
m
> 60 4.88 0.1 0.01 8.89 40 2.1
75 2.1 0.05 0.005 (13.16 25 2.1
. 0 147.97 3.0 0.03 1.28 190 4.5
-
3 15 106.8 3.3 0.29 1.4 150 3.7
§ 30 76.65 4.0 0.26 1.37 105 4.1
3
9 45 52.8 1.6 0.21 1.52 80 2.7
) 60 29.93 1.0 0.15 1.92 57.5 2.5
fJ
@ 75 13.89] 0.8 0.08 2.52 35 2.2




Foam,

1
—h

‘w1

ontal displacement to develop passive

Table 6.16: Blade horiz
rRankine zone, for 50mm width blade.
Soil Blade | Passive Blade Retain- K- Maximum { Blade
Material | Incli-| Rankine horizon- | ing wall Factor | horizon-| horizon-
nation| force | tal dis- displa- - tal tal dis-
5 {N) placerent | cement force placement
£ (cm) at (N) {am)
passive
failure
(Terzaghi,
947)
anl
0 16.8 0.9 0.02 8.92 150 3.2
o 7 :
& 15 12 0.5 0.019 8.33 100 3.7
13}
" 30 8.5 0.2 0.0173 8.82 75 2.2
Q
> .
o 45 5.6 0.2 0.014 8.04 45 2.2
g 60 3.5 0.1 0.01 8.57 30 1.5
o)l
© 75 1.5 0.05 0.005 16.67 25 1.5
0 14.8 1.8 0.02 8.45 125 3.5
15 11 0.2 0.019 7.73 85 2.5
Lo}
E 30 8 0.3 0.0173 7.5 60 1.75
< 45 5.5 0.2 0.014 8.18 A5 1.75
1}
5 60 3.7 0.1 0.01 8.1 30 1.4
75 1.4 0.05 0.005 14.28 20 1.1
. 0 98.65 2.9 0.3 1.52 150 3.5
-
o 15 71.2 3.4 0.29 1.4 100 3.5
§ 30 51.1 2.4 0.26 1.37 70 2.5
Fu
9 45 35.2 2.0 0.21 1.56 55 2.4
5 60 | 19.9 0.9 0.15 2.0 40 2.0
m
= 75 | 9.26 0.5 0.08 3.24 30 1.6
|
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Table 6.17: Mobilised angle of friction @, as derived
by plasticity theory, from ruptured

boundary for vertical 100mm width blade in
Figures 6.47 - 6.49.

-

Soil Ruptured boundary Calculated mobilised
Material l|inclination to the angles of friction
horizontal
(45° - 9/2)
2
S 28° 34°
0n
o)
)
, >

e
“
e
]
%)
O

-
e
5 L0 o)
0 29% 31
£
0
3
]
m
—
-
o)
w
o 37° 16°
0
R

- 6
3]
K.
6]
o
—
m




Table 6.18: Horizontal Operative Forces in Soil Cutting for varying angles of

73

friction @ and varying soil metal friction 6~ (Ogun river sand)
Scil Blade Horizontal Force (V)
Material | Theory Inclination
t o)
8 g = 34° g = 34° g = 34°
6= 17° & = 20° & = 23°
% 0 228,04 183,74 160.06
i; 15 189.42 158.08 141.22
- EESE 30 125.96 108,89 99.71
f,‘g ‘8:% 45 66.49 59,83 56 .30
o o
E ,g % 60 26,25 24,87 24.21
2 = B
: 2 75 66.12 6.27 6.42
3‘ @ 0 233.4 186.01 161.77
é 15 193.12 160.66 143.26
E % 30 128.4 110.72 101.24
[1}} R
=38 45 67.51 60.65 57.03
5 :
Egg 60 26.5 25.1 24.43
é = 75 .15 6.3 6.45 °

Blade Width

= 100mm
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Table 6.19: Vertical Operative Forces in Soil Cuttina, for varying angle of
friction @ and varying soil metal friction § . Ogun river sand.

Soil Blade Vertical force (N)
Material| Theory Inclination
g° g = 34° g = 34° g = 34°
& = 17° & = 20° 5 = 23°
> 0 -69.72 -68.33 67,22
(o]
g 15 - 6.61 -14.94 -11.29
r% §j 2 30 29,08 18,42 12.63
[
@ A g g. 45 35,35 27.39 23,00
. Q % 60 24.48 20.57 18.39
2 g - :
) 2 75 9.79 8.83 8,28
%‘ 0 -71.36 -69,17 -67.94
= 5 ~ - 6.74 -15.,19 -19.58
gr @ . 30 29,64 18.73 12.63 |
md_\
5%% 45 35.89 27.77 23.30
E“”‘g 60 24,72 20.76 18.55 |
E S 75 9.84 8.87 -, 8.32

Blade Width = 100mm
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Table 6.20: Horizontal Operative Forces
friction @, and varying soi

in Soil Cutting, for varying angles of
1 metal friction

{Beach Sand)
. )
: Soil Blade Horizontal force (M)
Material| Theory Inclination
o HE '
B \ g = 31 g = 31° g = 31°
\ § = 15% § = 18° & = 20%°
> 0 \185.64 150. 46 131.61
g 15 \153.42 128.44 115.07
B 30 \101.55 87.89 80.58
g =
Eﬂ’%§ 45 \ 53.42 48,04 45.21
Ev“ 60 21.02 19.87 19.33
2§ .
E g = 75 4.84 4.94 5.05
*‘80 o 0 191,48 154,26 134,56
& ti% 15 159.61 132.79 118.56
B 30 105.55 90.92 83.13
Q o]
ﬁ§§ 45 l 55,11 49.4 46.42
/,gvgz 60 \ 21.44 20.24 19.68
g 'S 75 \ 4.85 4.99 5.10
/ Blade Width = 100mm
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Table 6.21: Vertical Operative Forces
friction @, and varying soi

in Soil Cutting,

1 metal friction 50.

for varying angles of
(Beach Sand)

Soil Blade vertical force (N)
Material| Theory Inclination
BO g = 3100 g = n° g = 319
5 = 15% 5= 18° 6 = 20%°
Py 0 { ~-51.48 -50.63 -49.95
g 15 | - 1.3 - 8.08 -11.63
B2 30 | 26.26 17.72 13.10
53 % |
f o 45 30.22 23.85 20,35
‘-’% y
9 % g 60 | 20.66 17.52 15.78
[is}
% g 75 8.22 7.44 7.01
..
: oy 0 | -53.10 -51.92 ~51.05
B 8 ;
o £ 15 | - 1.39 - 8.35 ~i1.,98
o —
gﬁ% 30 | 27.: 18,33 13.51 B
o]
5@ . 45 | 3118 24,52 20,89
%“'E 60 | 21.07 17.85 16.06 i
3 75 | 8.30 7.51 7.07 |

Blade Width = 100mm
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Table 6.22: Horizontal Operative forces in soil cutting f8r Varying angles of
friction ¢, and Varying Soil metal friction & . (Black Cotton Soil) .

|
Soil Blade Horizontal Force (N}
Material | Thory Inclination S S S
(Bo) g = 16 g = 16 g = 16
, L 6 = 8° 5 = 10° = 11°
%' 0 210,93 210,87 210.81
& 15 170.08 170.15 170.19
B 2
E,ag 30 135.25 135.86 135.91
1 —
Eg_g; 45 105.16 105.27 105.34
i Q
'ﬁ ‘ 'E’ﬂ- = 60 76.20 76.27 76.32
§ A 75 46,28 46,30 46.32
8 .
S 9 o . - 243,07 249,22 253,74
E é —~ 15 193,11 197,12 200.01
@ E.a% 30 154,55 157.63 159.83
=~ -
%ﬁg 45 122.49 125,18 127.08
E =) 60 94,47 97.15 99.02
g 75 70. 35 73.69 75.91

Blade width = 100mm




Table 6.23: Vertical Operative Forces in Soil Cutting for Varying Angles of
friction @, and varying soil metal friction & . (Black Cotton Soil).
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Soil Theory Blade vertical Force (N)
Material Inclination .
8]
b g = 16° g = 16° g = 16°
& = 8° 5 = 10° & - 11°
> o -29.64 -35.67 -39.91
g 15 20.88 16.08 12.74
B 30 54,85 50.53 47.55
e 9%
:1 rﬁgg 45 79,25 74.81 71.81
3
. Ev?‘é 60 97.53 92,19 88.66
D 5 9
B g = 75 109.02 101.14 96.17
C
¥ 0 -34.16 1-42.15 -48.04
L 2
m E 15 23,71 18.63 14.97
T 30 62.44 58.62 55.91
tj L
5 @g 45 92,30 88.96 86.62
) 60 120,91 117.44 115.04
g 5
g 2 75 165,73 160.95 157.72
-~ Elade width = 100mm
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(a)

Gauge No 5634

'y i

0 20 30 4 SO 60 770 80 90 100 10

Divisions (0-0254mm /dw.)

{b)

Gauge No 5697

1020331005060708090100110
Divisions (0:02S4mmidiv )

FIG 6:1 CALIBRATION OF GAUGES.
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LEGEND
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FIG 6-3 PLOTS OF ANGLE OF INTERNAL FRICTION ¢

VERSUS POROSITY n®
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OGUN RIVER SAND fa.lure dslance

- 300 100mm w.dth blode b P
-~ Biade
z {a)
o ' .
s Wor p=1s
=]
s g = 30"
2 10 L
8 = P>= 0
E - = 75.
ﬁ 1 4
° 1 2 3 B 5 6
dlode horizontal displacement, cm
B= o*
F
E W00 t+ 75mm w:idth blade
g (b) P - 15°
S .
t 100 - = 30
P E" p = 45°
2 p - 60°
% 1 |
Blade horizontal displacement, cm
— idth blode .
= 200} O™ ¥ $:=0
£ (c) ;
2
~ - 15°
% 100 }+
5 g5
g i 1 i
& 0 3 4 S 6

1
s

Blade horizontal displacement, cm

PLOTS OF HORIZONTAL FORCE Vs BLADE HORIZONTAL
DISPLACEMENT

FIGURE 6 .4.
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OGUN RIVER SAND

100mm width blode

{a}

1

L

max  vertenl force( N )

6lode horizontal

5

6

displacement, ¢m.

g 100 7Smm width btade
S
2 {b)
8
h =
o
>
E 1 i i
4 5 6
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CHAPTER 7

7. . Discussion of Results

In order-to predict accurately the horizontal and
vertical components of the operative forces iﬁ soil
cutting, it is essential that some specific properties of
the soil be known. The shear parameters cohesion C, and
mobilised angle of friction ¢, were substituted into
eéuations derived by all the theories, and the resulting
equations were numerically solved. The boundary energy
theory is the most accurate of all the theories in predi-
cting the horizontal and vertical components of forces in
soil cutting. At a blade inclination of g = 30, the
theoretical and experimental horizontal components of
forces taken in pairs for Ogun river sand were (126 N,
130 N). Whilst for' beach sand and black cotton sopil, at
the same blade inclination, the values were (101 N, 100
N} and (135 N, 135 N) respectively. The theoretical
and|experimental yertical components of forces taken in
pairs at blade inclination 8= 30°, for Ogun river sand
were (29 N, 37 N). Whilst for heach sand and blach
cotton soil, at the same Llade inclination, these values
wére (27 N, 40 N) and (55 N, 58 N) respectively. {See
Tables 6.7 - 6£.12). After some practice and timing it
was able to achieve +he rate of application of 0.11 cm/
sec, with smaoth smovement of the hydraulic jack plunger.
This movement gave consistent results. Edge effects
were neglected, since the corners of the soil bin are

not within the area of influence of the failure plane
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and are therefore neglected by other researchers and in
this work.

A simple practicability of the test, is its usefulness
in the design of hoes, for farmers, with blade inclinations
é = 57° and 45° to give optimal performance in cohesionless
and cohesive soils respectively. The result of the tests
will also help in the design of soil cutting implements
iike ploughs, harrows and cultivating eguipments to cope
with cohesioness soils and cohesive soils. It will also
help in the design of the shape and type of material used
for the soil engaging implements. The soil properties
like cohesion C and angle of internal friction ¢, and void
ratio e, affect the design of soil implements, by resisting
more force. Knowing the range'of resistance, the implements
can be designed to cope with the induced bending moments .
This work can also be applied to design of shear studs for
heavy duty tyres of tractors, graders, and bulldozers by
reducing slips and hence increase the performance of
these vehicles. A military application of this work
is in the design of grouser tracks for armoured vehicles

and military tanks, for greater mobility of these vehicles

in difficult tercrain.

7.1. Vertical Blade Movement into Soil

The stress of soil with cohesion and angle of
internal friction, in a state of incipient failure

according to Coulomb's criterion gives
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2¢c tan (450 + %) + Oi tan2 {45 + %)

Q
1§

2¢ JN¢ + 0y N¢ (7.1)

1

From the Mohr diagram in Figure 6.49, the passive Rankine

stress is therefore expressed as follows:

op = 2¢ /N, Yan, (7.2)

The passive force Hp 15 written as follows:

Hp = %dez Ttan(45° + E%E) + tanPl’cos B + cgd COS_¢
cos (45+9§ﬁ)
(Tsytovich, 1987) {(7.3)
For blade at inclination B = 00, the maximum horizontal

force in soil cutting is expressed in terms of. the product

of K factors and passive force acting on the blade as

follows:

b = Kb(sva’tan?(45° + %) + 2catan(45° + g)) (7.4)

For Ogun river sand, for a plade width of 100mm, blade
inclination B = Oo,'angle of internal friction ¢ = 249,
and ;aximum horizontal force of 250 N, the value of K was
found to 7.5. similarly the value of K for beach sand and
black cotton soi%, at same blade width and blade inclina-
tion were found to be 7.0 and 1.06 respectively. There

was no appreciabledifferencehetween the K values for
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the cohesionless soils. The significance of K is that a design
engineer can quickly estimate the maximum horizontal component
of force-acting on a vertical blade during soil cutting, by
mult%plying the passive Rankine force by the K value of the soil.
The K factors at various blade inclinations g%, are as shown in
Tables 6.14 — 6.16. The K factors at blade inclination B = 75°,
for Ogun river sand, beach sand and black cotton soil, were higher
than those at blade inclinations B <75°. This was due to fric-

o

tion in the vertical carriage at blade inclination B = 75".

The vertical carriage was greased by silicon grease.

7.1.1 1Inclined Blade Movement into Soil

There is an almost a linear relationship between maximum
horizontal force and the aguare of depth of cut {see Figure
6.30). The maximum horizontal force acting on the blade can

then be written as follows:

WO~ H = syd® (7.5)

-

The coefficient of force transmission S can be derived from
the maximum horizontal force versus square of depth of cut
relationship of the particular soil as follows:

Grad(é%)
Y

(7.6)

S =

The coefficient of force transmission S for"Ogunxgizfr sand,
beach sand and black cotton soil were 65.68cm, 55.42cm, and
86.26cm ;espectively. The horizontal component of force
during soil cutting is therefore derived by substituting

the appropriate value of S in equation (7.5)
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7.1.2 Effect of keeping Blade Width Constant a.d Varying

the Blade Inclination g°, on Tool Performance

The maximum horizontal forces decreased rapidly from
g = 0° to.40°, and that the rate of decrease reduced

o

considerably such that at about B = 757 the curve tends

to flatten out (see Figure 6.16). This indicates that at

o

large blade inclination B = 75° the cutting performance

of the blade is low. This trend was observed by Yong and
Hanna (70, 1977). The passive force in equation (7.3) varies
with blade inclination B?. This shows that the passive

force decreases with increase in blade inclination B°.

7.1.3 Effect of Constant Tool Angle g8°, and Vvariable

Tool Width, on Tool Performance -

The maximum horizontal force for the same blade
inclination B° varies with the blade width, that is, the

greater the blade width, the higher the horizontal force

(see Figures 6.10 - 6.12), For example at a blade incli-
nation of g = 450, the ratio of the maximum horizontal

force of a blade width of 75mm to the maximum horizontal
force of a blade width of 100mm was 86.6% for Ogun river
sand. The ratio of maximum horizontal force of the blade
width of 50mm to maximum ho;izontal force for a blade
width of 100mm for same material and blade inclination
was 60%. Similarly the force ratios of 75mm and 50mm
width blades fo;beachsand and black cotton soil, taken

in pairs were (80%, 60%) and (75.1%, 52.3%) respectively.



The graphs as shown in Figures 6.31 to 6.33 did not pass
through the origin due to edge effect.

At a constant blade inclination g°, the maximum hori-
zontal force varieq almost linearly with the ratio of
blade width and degpth of cut (see Figures 6.31 - 6.33).
At a blade inclination 8 = 00, the slope wasmaximum. AS
the blade iﬁclination increased, the slope decreased until
at B = 75° the slope became small. For example the slope
at a blade inclination of B = 0° was 610, and at a blade

inclination g8 = 75°, was 5° for Ogun river sand. Similarly

for beach sand and black cotton soil the slopes-taken 1in

O O)

pairs for 8 = 0° and B = 759 yere (60°, 5°) and (44°, 5
respectively (see Table 6.13). The significance of these
results is that for small blade inclinations, the ratio

of width of blade to depth of cut influences appreciably-
the haximum horizontal force acting on the cutting blade.
The influence of the ratio of width of blade to depth of
cut decreases as the blade inclination g% increases. A
design engineer can choose the slope of the width of 51ade

to depth of cut ratio, and estimate the blade inclination

to suit the maximum horizontal component force required to

be developed.

. . A Hd 1
The graphical relationshp of 100w versus g (see

Figure 6.34), is valid for both cohesionless soils and

cohesive soils, used in this study. At-ag 0.1 the curve
1

was almost linear with an obtuse slope, T was closer
1 1 .
3> 0.1 the curve

to the ordinate axis as %‘decreased. At

decreased rapidly with increase in é, and at % cqual to



143

aboout 2.9cm the curﬁe reacheq,a minimum. At this depth of
cut, the inclination of the blade g?° was.about 73°. This angle
can be regarded as the maximum ;nclinayion of the blade to
produce a cutting effect since the blade 1is within the passive
Rankine zone, The paésive Rankine zoﬁe inclination (45O + ¢/2)
to the vertical for Ogun river sand was 62°. The passive
Bankine zone inclinations to the vertical, for peach sand and
black cotton soil were 60%0 and 53° respectively. It can be
seen from Table 6.14 that for a 100mm width blade, the maximum
horizontal component of férce acting on the blade with B = 30°
for Ogun river sand occurred at a horizontal blade displacement
of 2.75cm. Whereas the passive Rankine force was mobilised
at.a horizontal blade displacement of 0.6cm. Wall displacement
at passive failure was 0.017cm (Terzaghi, 1947). Similarly

at same blade inclination, the maximum horizontal component of
force and passive rRankine force for peach sand and black

cotton soil occurred at horizontal blade displacements taken

in pairs of (2.5cm, 0.4cm), (4cm, 2.6cm) respectively. Wall
displacements at passive failure for beach sand and black
cotton soil were 0.017cm and 0.26cm respectively (Terzaghi,
1947) . Passive failure was fully mobilised in soil cutting.

At a blade width of 100mm and inclination of #= 730, the
calculatea horizontal force components for Ogun river sand,
beaéh sand, and black cotton soil were 47.6N, A47.6N and

60.1N respectively.

7.1.4 Effect of Soil Type on Maximum Horizontal Force

The shear stréﬁgth at failure is expressed as follows:

T = k exp(?%) + o' tan ¢ (Hvorslev, 1922)
(7.7a)
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where
e

- e
k o= kg exp (- X ) (7.7b)

From the mathematics of averages applied to sieve analysis

n
y D.p, = p (D_ - D) (Sokolnikoff and
“o 1 n o
Redheffer, 1982)
(7.8)

Applying this to sieve analysis' test (see Figure 6.2), equa-

tion (78) can be written -as follows:

0

D.p. = (D - D . )p (7.9)

n
“ ii max min

1

The stresé T acts along the slip line and the reaction
R acts at an angle ¢ to the perpendicular to the slip
plane. The stréés along the passive Rankine interface
is g, e28tan¢ (K8tter, 1903), Resclving the forces in the
passive Rankine zone in a direction perpendicular to R, the

I

following expression is derived as follows:

-(L + g)tang
co = gec (45 - %)e 4 ¢ {x exp(—%) cos ¢ + o' sin ¢)

(7.10)

Since the void ratio e decreases as

(D - D . ) 100
max min

B x % distribution increases (see Figure 6.51; then

combining this relationship with equations (7.9) and {7.10)

noting that the stress Uo acts on effective area %2, the
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following expression is derived as follows:

(Dmax - Dmin) 100

o il

4w Z o ¢, _-{5+¢)tand

H = phg sec (45 -2)e 2, TD x % distribution
x (k exp (%@ cos$ + O sin¢ ) (7.11)

The term g' sin ¢ can be neglected when ¢ 15 2€ro oOr small.
The stress g 1is difficult to measure and can be neglected
(Hvorslev 1922).

An empirical relationship between horizontal component
of force, voids ratio, blade width, depth of cut, and

particle size distribution is therefore written as follows:

(7.12)

(D - D . } 100
max min

D % % distribution

H = Ky p"a" exp(-e)exp \

The. value of a is + 0.025 for all the soil types (see
Figure 6.35). A value of 1 is assigned to m, since the
values of m, for Cgun river sand, beach sand, are close
to 1 (see Figures 6.36 and 6.37). The value of m, for
black cotton soil is 0.6 (see Figure 6.38). The value of
n is 2, for all the soil types {see Figure 6.39%9). The
value of K is 5.5, for all the soil types (See Figure
6.40),_put there is an horizontal force intercept of 18N,
far black cotton soil, and zero intercept for Ogun river
sand and beach sand respectively. The empirical relation-
ship for the horizantal component of force at failure for

Ogun river sand and beach sand is written as follows:
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‘ 0.025
2 (Dmax - Dmin) 100'
Hy = 5.5y ba’ exp {FD % % distributioq v

(7.13a)

Similarly the empirical relationship for the horizontal

component of force at failure for black cotton soil 1is

written as follows: | 0.025

(D - D ._) 100
max min

D x % distribution

- e}+ 18N

H, = 5.5vbd’ exp {F

(7.13b)

This empirical relationship is advantageous to the design
engineer, who can quickly estimate the horizontal component

of force at failure during soil cutting.

7.1.5 Effect of Constant Bladez Width and variable Blade

, . 0 . .
Inclination ", on Maximum vVertical Forces

The vertical components of force attained peak values
after small horizontal displacement of the blade {(see
Figures 6.5, 6.7 and 6.9). The maximum vertical force for
a blade width of 100mm and B = 45° was 47.5N at a blade
displacement of i.lcm, for Ogun river sand. Similarly
for the same blade width and blade inclination, the maximum
vertical components of force were 50N at a blade displacement
of 2.2cm for beach sand, and 71.5N at a blade displacement of
2.4cm.for black cotton soil. Substituting equation (3.14)1in
equation(7,13a)noting that‘H1= HH gives the following rela-

tionships for vertical force Hvl for OQgun river sand and

d.
beach san 0.025

(D —D.)loo‘
max min
D X % distributioj

H = (5.5ybd expi - el)

vl

x tan (B - &) (7.14a)
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Similarly sustituting equation (3.14) in equation{(7.13b).
gives the following relationships Hv2 for black cotton

soil.

0.025
I (D - D ) 100

H = (5.5ybd* exp 1 X min

v2 D X % distribution‘ - el

+ 18N) tan (B - g§) (7.14b)

The vertical force for Ogun river sand for blade
width 100mm and B = 45° was 45.2N. The vertical forces for
beach sand and black cotton soil were 45.3N and 79.1N res-

pectively. The empirical formula predicted vertical

forces close to the measured vertical forces.

7.1.6 Effect of Blade Width on Maximum Vertical Force

At a given angle of blade inclination g% horizontal
and vertical components of force increased with increase
in the width of blade. The ratio of the maximum vertical

components of force of 75mm width blade at inclination

Py

-

B = 45°, and 100mm width blade at same inclination was
84.2%. Similarly the ratio of the maximum vertical
component of force of 50mm and 100mm width blade at same
inclination was 68.8%, At same blade inclination, the
ratio of the maximum vertical components of force of
75mm width blade, and also of 50mm width blade tco 100mm
width blade, £aken in pairs for beach sand and black cotton
soil were (80%, 60%) and (76.9%, 66.4%) respectively.
When m = 0.91 is substituted in equation (7.14a),the ratio

of the maximum vertical component of force of 75mm width
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O

blade at inclination R = 45 and 100mm width blade at

came inclination was 77%. Similarly the ratio of the

maximum vertical component of force of 50mm and 100mm
width blade at same blade inclination was 53%1 At same
blade inclination ﬁhe ratio of the maximum vertical
components of force of 75mm width blade, and also of 50mm
width blade to 100mm width blade, taken in pairs for beach
sand (m = 0.9) and black cotton soil {m = 0.6} were {77.1%,
53.0%) and (83.9%, 65.5%) respectively. This followed a

similar trend by the maximum horizontal component of

forces.

7.1.7 Effect of Soil Type on vertical Component on Force

For black cotten soil, the maximum vertical force
decreased gradually with increase in the maximum horizon-
tal force, until at a blade inclination B= 45° , it
decreased more steeply as the blade inclination Be
decreased (see Figure £.41) . The mgximum vertical
force fér a blade width of 100mm and blade inclination
g = TSO‘Pnd B = 450, were 77.5N and 71.5N respectively.
Howevertfhe value decreased to 25N for a blade inclination

o

B = 15 . For Ogun river sand and beach sand, the maximum

vertical force increased with increase in maximum horizon-
o)

-

tal force, for the blade inclination g = 75° toc g = 45
Thereafter as the pblade inclination decreased , the maximum
vertical force decreased (see Figure 6.41). This followed

the same trend as predicted by equation(B.l@. The maximum
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vertical force for a blade inclination B = 750 and B = 450 were
30N and 47.S5H respectively. However the value decreased to 37.5N

for a blade inclination B = 300. For beach sand the maximum

vertlcal force for blade 1nc11naf;on g = 75° and B = 45° were

25N and SON\respectlvely. Whllst the value for a blade inclina-
tion 8 = 30° was 40N. Simi{ar.trehds were observed in the
relationships between the maximum vertical and the maximum
horizontal forces, for\blades widths of 75mm and 50mm respecti-
vely (see Figures-6.42 aﬁd 6.43) .Y At a maximum horizontal force
of 135N, black cotton soil and Ogun river sand developed maximum
vertical forces of 58N and 37.5N respectively at a blade inclina-
tiqn of about B = 30o (see Figure 6.41). This was due to the
fact that the soil blade friction §® of black cotton soil 1is

less than that of Ogun river sand, and therefore it developed
higher vertical force (see Equation (3.14)). This shows that the

model of boundary energy theory is close to the behaviour of

soils in soil cutting.

7.1.8 Optimum Performance of Soil Cutting Blade

For a blade width of 100mm, the energy per unit volume for
Ogun river sand initially decreased as the deﬁth of cut increased,
until a maximum. value of O 065N cm/cm3 was reached at a depth of
cut 5.4cm. Beyond this point the energy per unit volume increa-
sed with depth of cut (see Figure 6.44). Similarly a minimum
energy per unitlvolume for beach sand was 0.105N cm/cm” at a
depth of zut of 5.4cm. The minimum éenergy per unit volume for
black cotton soil was 0.281N cm/cmB, at a depth of cut of 7.lcm.
At these depths of cut associéted with minimum soil cutting ener-
gies per unit volume,.the optimum performance of the blades
occurred at blade inclinaticon g = 45° for black cotton soil, and

at a Dblade inclination g = 57° for Ogun river
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sand and beach sand. It was also observed from Figures 6..
and 6.7, that B = 45° defines the inclination of maximun
vertical force for Cgun river sand and beach sand. From
Figure 6.9, B= 60° defines the inclination of maximum

vertical force for black cotton soil for acute go.

7.2 Comparison of Different Theories with Experimental

Results

Horizontal férces were evaluated using boundary energy
method, for soil-blade friction §° varying from %¢ to %¢
(values generally used in soil mechanics). The horizontal
coﬁponent of force depended on the soil-blade friction 50,
for Ogun river sand (see Figure 6.18). Similar trend was
observed for beach sand (see Figure 6.19). However there
was a negligible variation of horizontal component of force
with soil-blade friction 6° for black cotton soil (see

Figure 6.20). Similar trends were observed for vertical

forces for Ogun river sand, beach sand and black cotton

o

soil (see Figures 6.21 to 6.23). The soil parameters and
blade gedmetry were substituted in the different theories

to obtain the curves of horizontal component of force versus
blade inclination 30 (see Figures 6.24 to 6.26), and also
curves of vertical component of forces versus blade inclina-
tion BO (see Figures 6.27 to 6.29). It is assumed that the
soil-blade friction 50 mobilised is %¢.' It can be seen from
Figure 6.55 that’ for friction angle § = 17°, which is

¢/ 2, the horizontal forces as derived from the boundary energy

theory {least work) are closest to the experimental values.



An accurate prediction of both the horizpntal and
vgrtical components of forces is important for safety and
economy and also in the design of mechanical linkages and
connections of soil engaging implements.to cater for the

induced bending moments.

7-2.1 Maximum Horizontal Component of Force

The theoretical curves are drawn in order of improve-
ment of the theories. It is observed that Boundary Energy
theory gives the closest values to experimental curves for

all the soil types.

4
7.2.2 Maximum Vertical Component of Forces

The theories developed by varigus researchers were
again drawn in order of improvement. The Boundary Energy
theory appears to have the closest values to experimental
results. The Boundary Energy theory therefore appears
to be the most appropriate theory in predicting both the
maximum horizontal and the vertical components of forces

in soil cutting.

7.3 Pull Out Capacity of Vertically Loaded Horizontal

Plate Uplift Ground Anchors and Soil Cutting

-

The resistance of the soil to movement of the plate,

acting normally to the plate could result in the following:

(o]

(1y B = "-90 bearing capacity of shallow

foundation.



(2} ‘900<B<00 : plough blade in reverse, or
grain silo discharging its

contents through gate.

(3y B = 0® . passive pressure on retaining
wall or horizontally loaded
vertical plate ground anchors.

(4) 0°<B <90° . problem of plough, blade cutting
through soil.

(5y B = +90° pullout capacity of vertically

loaded horizontal plate uplift

ground anchors.

By substituting B = +90°, into the boundary enerqgy
theory the vertical force was zero for Ogun- river sand
and beach sand, but it was 73.6N, for black cotton soil.
This comparés with the value of 30N ohtained from Ballas
equation, (1961), and much less than 520N obtained from
Byrne (1978), which has suction effect at the base of the
plate. The boundary‘energy equation can therefore be
used to predict pullout capacity of horizontal plate
where suction effect is absent.

-

7.3.1 Bearing Capacity of Shallow Foundations

The boundary energy theory can pbe used to predict
the bearing capacity of shallow foundations. For soils
with cohesion ¢ and angle of internal friction ¢, the

bearing capacity is the value of the vertical force at



. blade inclination B = ~90°.  The bearing;capécity of shallow
foundatlons for cohe51onless soils and céﬁesive soils can
generally be predicted by the boundary energy theory by
considering the equ111brium of the wedge under the founda-
tion, with wedge angles of 45° + % to the horizontal, in
accordance with the theory of plasticity. The bearing
capacity, according to Terzaghi, for Ogun river sand was
calculated to be 288N, whilst the boundary enérgy theory
gave 300N, Similarly the bearing capacities for beach
sand and black cotton soils were 200N and 1391N respecti-
vely. Whilst the boundary energy ‘theory gave“the bearing

capacities for beach sand and black cotton soil as 240N

and 1473N respectively.

7.4 Comparison of this Work on Soil cutting with Work by

previous Researchers

This work is similar to work by other resear;hers in
the use of straight blades in the experiments. This is
necessary to verify the theory by other researchers and
to cross check that it is applicable under different soil
types. It is also necessary to check the accuracy of the
fabricated soil cutting apparatus, SCA. Applicability of
the work to soil engaging implements like tines, regquires
?he'hse of straight blades with different angles of rake.

This work differs from work by other researchers in
the choice of soil type. Artificial soil was used by most
researchers. Péyne'and Tanner (1959) used granite dust
mixed with motor oil, to simulate angle of friction ¢,

and cohesion C of the soil. Yong et al. (1969) used
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plastercine and blended Ottawa sand. The soils used in
this work are Ogun river sand, peach sand and black cotton
soil. Ogun river sand and beach sand are cohesionless soils,
but with different angles of internal friction. These
solls were chosen to study the influence of angle of

soil friction ¢, on the horizontal and vertical components
of operative forces in soil cutting. Ogun river sand, with
soil classification A - 1 (0), coefficient of uniformity
2.40, and coefficient of curvature 1.22, has a mobilised
angle of friction of 340. Beach sand, with classification
A - 3 (0), coefficient of uniformity 3.15, coefficient of
curvature 1.33, has a mobilised angle of friction of 31°.
Black cotteon soil, with soil classification A- 7 - 6 {20)
was chosen to study the influence of angle of soil

friction ¢ and cohesion C on horizontal and vertical
components of operative forces in soil cutting. Black
cotton soil has a cohesion of 6.9 kN/m2 and angle of |
friction of 16°.,

This work is to scrutinise theory and experiments by
other researchers, 1in order to formulate a new theory in
soil cutting. It is found by this work that the optimum
per formance of the blades occur at blade inclination g =
57° for cohesionless soils typified by Ogun river sand
and beach sand and at B = 45° for cohesive soil, typified
ty black cotton goil. This finding is applicable in the
design of soil engaging implements and shallow foundations.
The boundary energy theory was formulated to prodict
accurately the hcrizontal gn@ vertical components of

operative forces during soil cutting.
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The length of the soil bin allowed the failﬁre plane
to be developed further from the edge of the soil bin, thus
making side effects negligible. Apart from the work done
by other researchers, of which references were made, in the
fundamental basis for this work, the boundary energy theory
was synthesiZed and logidally applied to soil cutting. The
boundary energy theory was able to predict the operative
horizontal and vertical forces in‘soil cutting. Although
energy methods had been applied in engineering analysis, this
study shows that bOundary>energy theory is applicable to soil
cuﬁting, and gives good resulté. Most of the work in soil
cutting was on artificial soils and soils in wet conditions.
Although there are limitations inlthe use of air dry Ogun
river‘sand, peach sand, and black cotton solil, as compared
with actual field conditions, this work is a pilot study using
local materials in soil cutting. Empirical formulae in soil
cutting were derived to predict the horizontal and vertical
forces in soil cutting. Aluminium blades, Qevelop angle

R

of friction 8 = % ¢, at the blade soil interface in soil

cutting for cohesionless and cohesive soils typified by Ogun

river sand, beach and black cotton soil respectively.
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CHAPTER 8

8. Conclusion.

1+ has been found from this study that the. soil
parameters of cohesion C, and angle of internal friction
¢ , used by Coulomb and Terzaghi are found to be true.

The rupture configuration in soil cutting showed that
whereas 100% angle of internal friction ¢ ,is mobilised

at failure for cohesive soils, about 80% angle of internal
friction ¢ , is mobilised at failure for cohesionless soils.
The parameters, cohesion, and mobilised angle of internal
friction were therefore used in evaluating the horizontal
and vertical components of operative forces on the blade
during soil cuttihg.

This study also shows that other soil parameters like
void ratio e and soil particle size distribution as regards
soil particle sizes, fractional gradation and textural
classification are also soil index properties which are
also true. As a result of these findings, empirical
formul ae were derived in terms of these soil parameters to
evaluate the horizbntal and vertical components of the
operative forces in soil cutting. This is beneficial and
advantageous to design engineers, who can gquickly estimate

these operative force components.

“It is also found by this study that the optimum perfor-
mance of the blade occurred at a blade inclination B = 57o
for Ogun river sard and beach sand which are cohesionless
soils, but with éifferent angles of internal friction ¢ .

Similarly the cptimum performance of the blade occurred at

a blade inclination B = 45° for a cohesive soil of black



cotton soil. ’ . |

The boundary energy theory.which considers the kine-
matics of the soil medium predicts WOrE accurately the
horizontal and vertical components of the operative forces

in soil cutting, than any other theory hitherto in use.

8.1 Recommendation:

In soil mechanics and code of practice, the soil-metal
friction &§%is generaliy'assumed to vary from half angle of
internal friction (%§) to two thirds angle of internal
friction (%4U. The lowest value &= %¢ was assumed in this
study for aluminium blades. Although this assumption was
found to be correct, further research should be carried out
to study in details the effect of blades of varying degree
of roughness, hence 6§, on the horizontal and vertical
components of the operative forces during soil cutting.

Further research should also be carried out using
curved blades, and blades with negative inclination, - 50,
which will help to select the blade geometry for any
particular‘application of soil cutting problems, be it
bulldozer, grader, grouser tracts for military amoured
vehicies, cultivators, silos,; and bearing capacity estima-
tion of foundations. Future work should also be carried
out to study the effect of scouring oh design and shape of
soil engaging parts of the implements in soil cutting.

Further work should be carried out to study the effect

of strain rate on the operative horizontal and vertical

forces in soil cutting.
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Soil Property Tests.
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UNIVERSITY OF LAGOS " soil Mechanics _Laboratory

' DETERMINATION OF THE NATURAL AND AIR-DRY MOISTURE
CONTENT AND THE LIQUID AND PLASTIC LIMITS OF A SOIL

Job: Date: 16/8/83

Site: Operator: P. Ao Osho

Sample No: Description of soil: 3lack Cotton Soll
LL. mschioe No.

Proportion of sample retained on No. 36 B'S. sieve  per cent.
Soil condition: Air dricd, Natural, Oven dried, Unknown (delete as RECESSALY).

. Number of blows refers 10 liquid limit determination.

Air-dry moisture content 10 be marked A. Liquid limit test to be marked LL.

Moisture conteot test to be marked m. Plastic limit test 1o be martked PL.

Type of test L | Lk | LL | LL PL | PL

No. of blows 15 o5 3l 4e

Contaioer  No. | 11 |40 L 67 1 72 gy | 24

Wt of wet soil + contaier 8 |41,6 (41,2 (41,7 {42.0 34 %) 35.0

Wt of dried soil 4<.coptainer 8 3645 36.1136.6|37.0 3344337

Wt of contaioer g 28,8 28,2 28,7 129.0 29,2 28.6

wi. of dry soil (Wa) gl7.717.817.918.0 4,2 5.1

wt. of moisture (W) gl 5.1 ]5.1|5.1}5.0 0.9 1.3

Moisture content 100 (Wo/We) % P6,2 654 |65 .4 |62.5 21.4{ 25.5
AVG, 23,45
[ LL 8 63.4% T ' ] 1
; —
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UNIVERSITY OF LAGOS Operstor o i’
T .. 4. Osho
“FACULTY OF ENGINEERING Date DR :
i SOIL MRCHANICS LABORATORY 19/10/83
Determination of Moisture Content CT .
Caun Rlver Louah Black Cotton
i 'l T _.I,
Test No. Sund Ttek| 5011
'Bc;re hole No, - ,
Depth of Sample
Conteiner o 1c ¢ €3. _3‘3 £23 {120
Tt of wet soil + Container M 8 1210 13 117.6]125.7 86,0] 82.0.
§e. of dricd 501l + Contriner W2 o 120.5‘150, 112501253 83.5{79.7
w4, of contniner W3 -3 T8 .'23..6J - 28,4 27.4 36,0 55.0‘
e oot = —————— rra——, ety chmmema
' ' 0.6, 0,5 0.1] 0,1 2.5 | 2.3
Wi, of moisture Wi-12 - kv . s -t
P L . :‘_,_, . 11 A_#
Wi, of direct soil T2 - ¥3 5., 03,0 HOLS 84,5 97.5 -47.514%.7
LA rd 4 E .
Joisture content - g3 o a3 & 10 P.64 ,.4? 0.1 0.1 5426 |5.26
Fa W e e
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'UNIVERSITY OF LAGOS

FACULTY OF ENGINEERING
SOIL MECHANTCS LABORATORY

 FINE SIEVE ANALYSIS

DATA AND CALCULATION SHEET

WORI 000OP*;A'.qubpncon:b&-‘--------Jbat '.t.t.ll.'- -------- XN R
- aF
DATE: evueenrn 25/TUB% ... o, . SAMPIE No, J8ND HiVET Sand
TOTAL WETGHT OF SAMPIESL . v) s sBriunnenvanensesnemnennanen vemes
',. 5 .
B. S. Sieve Weight Retsined Percentage Percentage | Cumulative
: Retained Passing Percentage
(S) Passing
Noﬂ 10 L] L — * —— —
No. 143,18 330 35.4 66.6
No, 18 Ty - —_ —
No, 2
r | % 23 600 348 35,2 31.4
~ No, 36 425 110. 11.1 20.3
No. 52 '
° 32 350 87 8.8 11.5
No. 72 212 55 5.6 5.9
NO. 85 cew -
ND. 100
y . 150 33 343 203
i
% No, 120 ,, _ _
| No, 150 .4 _ ~ _
]‘ "
i No, 170 .. M _ _ -
j
NO. 2w 75 20' 2.0 0.6
l Passing No, 200 5 C. 01 C.CJ
; mo.oq-a p 988
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UNIVERSITY OF LAGOS
-FACULTY OF -ENCINEERING

SOIL MECHANICS LABORATORY

FINE STEVE AVALYSIS |

DATA AND CALCULATION SHEET |
H T

P, A. Oshe

i
|

3

Ommonz ‘looo.cc.ldttl...nlp;&--J.o-l-!l' OB: Ooooo!oloitlnlocano!ool
DATE: .........3%8/83 . swee o,  Beach Sana
TOTAL %IG}IT OT' Sﬁmz‘h ...:1.0.0.0-..5......'.‘........-'-.........' [ I
.B, 8, Sieve Weight Retained Percentage Percentage | Cumilative
() Retained Passing Percentage
&/. Passing
NO. 7 2.%6 0 C 0
No, 10, .. . :
No, 1k 4 18 76.4 TT 92,3
No. 18 ... - - -
NO. 25 600 278.0 2709 64.4
NO. 56 164.0 16.4 48.-0
425 K
No. 52 xq, 163.0 16.4 31.6
No. 72 212 126.3 ;2.7 18.9
NO. 85 2es J— —
1 ‘
Nos ®150 98,7 9.9 9.9
No, 120 ,. | ' - a —
No, 150 %, - - -
Nol 170 *e * — — —-—
No., 200 80,3 8.1 0,9
75 .
Passing No, 200 9,0 0.9 0
i Tmco-a-- p 99547
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TRIAXIAL CCMPRESSICN (UNDRAINED)

5.0cm- dlameter, 10.0Ocm 1long,

black cotton soll sample.

Stress Dial Strain Dial AL . Strain  Axlal Strscs
- 0.0001" - o,001" - x10™u <, S,
(0.00254mm) (0,0254mm) x16~2 KN/m°
10 1 0.025 0.025 17.5
20 3 0.075 0,075 34,99
30 5 0.15% 0,15 £53.95
40 9 0,225 0.225 69.89
50 12 10,30 0.30 87.29
60 16 0, 40 0,40 104,65
70 24 0,60 0.60 119,36
. 80 32 0.80 0.80 138.97
90 43 1.075 1,075 . 155.91
100 80 2,00 2.00 171,60

Proving Ring Cunstsat = 3,44 F/divislon,

A, 7 1.96 x10”°n?
Cell Pressure = 105 kN/m2
N Wet Welght = 3208
Molsture Content <= 5,26%

Date: 26/10/83
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TRIAXIAL CONMPRESSICN (UNDRAINED)

5.Ccm dlameter, 10,0em . long,

black cotton soll sample,

Stress Dial Strain Dlal AL
0.,0001" 0,001" - x10° 3m
(0,00254mm)  (0.0254mm)
10 5 0.125
20 11 0,275
30 22 0,450
35 55 2,825

Proving Ring Constant

A
o}

Cell Pressure

Wet Welght

Molsgture Content

0.125
0.275
0,450
2,825

3. 44 N/division,

1,96 x10
35 kN/m°
323 &
5.26%

-3 2

m

Axilal 8trecsas

S

kN/m

2

17,49
>4.92
52,30
68,07

Dates:: 26/10/83
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Job. e ons

Sample No. .Beach Sand

Specimen No

Proving Ring No

. Type. REMQUIDED .o

A

B

C

0 | Wet Weight {gms)

7

4

3

fJJl\Dry Weight {gms)

2
Normnl Stressx&@) [50 lmol 200[ J Moisture Content (*)

DRY g/cc
Rate Of Strqin0'0097 Sp%é“ﬂmuve © Density {7 M 21. 0 5
TIME STRAIN A B C ... Db
{ MIn} (%) |VERTICAL | LOAD DiAL| VERTICAL | LOAD Dut | VERTICAL | LOAD DIAL | YERTICAL | LOAD DIAL
o 0 L0 0
w 18 18 | _ _ 40
7 28 37 1 62
BEM 35 53 86
! 45 74 | _ 95
1
M 53 —83- 319 | -
2 92 R S 0 - S
1
¥n 58 I_oa | .. .1 _147..}——
' 60 105 163
r'n 6l 110 175..
‘4 Al 114 196 . | —
sin 60 116 2051
: 118 210 .
8 61x0.34 % 98,07 119 215 .
s 36 120 218
eh 120 220
7 = 56,5 |Kn/m> 1203 0.34 x P8. 07 222
n 36 224 225x0.34x98, D7
' = 115.21KN/m? 225 36
i 225 = 208, AKN /m?2"
MAX. SHEAR LOAD ibaz pel Ibs= pel ibs = pet los = pei
3 1133
0 - 11 COHESION
[ |
= - C =0 X XT
e £ T3 ¢
~ =
i 2 "8 ANGLE OF FRICTION
g HT T g = 47 DEGnEES
G Y
S AESNN
H
" A
= A
=
I T
; .
0 100 20¢C 300 KN/m2

APPLIED WORMAL STRESS ( Ibs/ aq In)
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SUtCK-UNDRAINED

Job, | e —
Sample No... Beach Sand

YPG..... . REMOQULDED. ..o

SHEAR BOX TEST

Date... . 30.4.84 ..

Specimen No A

B | C | D |wet Weight {gms)

Proving Ring No 714 | 8 5 Dry Weight (gms)

Narmal Stress (}Sgﬁn r50 l 100[ 200]

J Moisture Content (°/)

Sizg.... 65q.. CM. % 2CH...

0. 009754 mm DRY g/cc
Rate Of Strain PER MINUTE ™ Density (S~ ) 1l 9] o] s
TIME STRAIN A B C D
{ Min} (%} YERTICAL LOAD DiAL] YERTICAL LOAD DAL | YERTICAL LOAD DIAL | YERTICAL L%plll
e 0 0 I 0
w 8 17 o L 19
b 15 0| . 57
W 23 40 | ...l ._86
'1 32 g3l b 98 1.
'R kls 75 . i 109 _
1 44 82 X .} .128 _i .
1'-‘1 47 ags . _1t-.13g
3 49 a3 156 |
1
n 50 ap : 168
‘ 51 98 175 | _
sln 51 gga 21 0 I
8 51 100 185
] ] ”
ol 51x0.34x98 .07 101 189
' 36 101 192
th 101 194
! = 47.3 KN/m” 101x0. B4x98. 07 195 | .195x01:34x98.D7
'n 195 16
. 93, 6KN/m * 194 = 180, 6KN/m?
[H
WAL, SHEAR LOAD tba =  psi ibas pst b = pui 1.1 pel
300 T3
T H COHESION,
[ I R
o ’ 0
NE f‘: . C = NN
g2 - ANGLE OF FRICTION
2 H- :
] g = a3 DEOREES
G 3%
% y.4
w
x
"
-
! a
L] -
3 - -
4Nl 4 4t ameeeemer essmy e y————r— ey — .
0 100 200 30

APPLED NORMAL

2
Qrmess ¢ tbareq my  KN/M
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QUICK-NDRAINED SHEAR
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BOX_TEST

Date....30.4.84 .

Job. . . R —
N R 2
Samplz NDBeach5an(] Tm ...... REMOULDED. - nrrreree e SIZQ.GSg.....E:mxcm,
Specimzn No Alp [ c | D | wet weight (gms)
Proving Ring No ;14 | & | o Dry Weight (gms) 114 51.9
KN /m _
Normnl Stress (psi) [50 ]1001200[ J Moisture Content (*/) l
0. 0097 S4mm Dry a/ec
Rate Of Strain PER MINUTE " Density {~ 7 )| 1 6 ¢ 1
TIME STRAIN A B C D
[ (L }] (%) YERTICAL LOAD DiAL] VERTICAL LOAD DAL | VERTICAL LOAD DiAL | YERTICAL i LOAD PIAL
o 0 0 0
w 14 13|
7] 18 20 | | 37
M 22 28_ | ...y 49
! 25 38 1 . 1 606
1
1R 27 50, oo ——j23 . |-
1 29 G0 ) BA__
' 20 66 e d_og_ L
! 3] 72 RS ET-N
3 33 76 125
4 33 19 13 | — . —
sl 34 81 138
& 35 83 140
o2 35 84 142
] +5 a5 143
¥ 40x0,34x98  0F 86 144
1 36 | 86 145
" 37.0KNYm’ 86 145 :
s =10 | 145 1. 144x0 B4x9R.07/36
Vi 76x0,38x98 07 /86 =734 BN /m®
MAX. SHEAR LOAD ibs = ps} ihs= pald |- 70.'4KN/rn2 . ibs = el
150 ngns
- +t AT T COHESION
z ot NN =TS
. E _W#__" C = 0 esa
| - -1 -
S 2 B ue ANGLE OF FRICTION
2 o ot
43
8 r g = 34  oroners
»
& M+
a 2
x w
w i
x
=
: .
= 113
il
0 5N 100 150 200 KN/m?

APPLED NORMAL STREIS { (Be/sq In)
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UNSATURATED -
JOD. e et s e o e R B SRR s Date... . 30.4.84 .
Sample No...BEACH SAND ... Type. .REMOULDED. oo Size..6sg.cm. x 2¢cm
Specimen No AlB |C | D |WetwWeight (gms)
Proving Ring No_ 71 als GJ'Dry Weight (gms) 13 (7.]4
KN/m"™ .
Normnl Stress (psi) | 501100[200[ ] Moisture Contert i) 1 1
0.009754 mm prv. gfce
Rate Of Strain PER MINUTE ) Density /.- M 1.0 ot ot B
TIME STRAIN A : L B,___.__ B € . D
{ MiN) (%) |VERTIGAL | LOAD DIAL| YEATICAL | LOAD DML | VERTICAL | LOAD DIAL VERTICAL | LoAD piat
o 0 . 0 ] 0
w 14 LY I
]
3“ .24 42 | . 47
4 3G —64— - VORI R R
“ 45 81 .|  __.t._92. 1]
th 52 ga._ | . .l ..120 .-
" 55 95 | ._.l..140 _|_.
ln o8 102 1168
" LG 110 ) 1388
' 60 115 208
4 a1 118 ‘ 220
s'n &2 120 230 | .
s &2 121 235
w2
62 B, - T T S | 238——}—
. £2x0.34x98 . 07 122 240
o2 361 122 240
v - 57.4 KN/m® | 122x0,34x98, OF 240
’n 16 240 x|0,34 x 98.07
(] 36
o = 11300 xn/m? - |222.3 ®u/m?
MAX. SHEAR LOAD ibes pat ibes pel ibe = pal bhe = peli
300 I
T THETRT T HESION
T . T3 At L0
¢ OT - C = 0 ersn
':‘ - TR S HH A
2 : ! ANGLE OF FRICTION
- H i [ : :
E 4 @ = 48  tosers
- 4
-
=
[ ]
= A
)
! ft—{.
= ,f
O R 0 0 Y .
0 100 200 300 KN /m?

APPLIED HORMAL STRESS ( Ibslsq in)
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QuUICK-UNDRAINED SHEAR BOX TEST
JOD. e e i e Date...3.5:84 ..
Sampie No. OGUN RIVER SAND. Type.... REMQULDER. ..o Size....65Q. CM. ¥ 2. G,
Specimen No AlB | C | D |WetWeight (gms)
Proving Ring No 34 31 7 EJ Drir Weight (gms) 1 14| 3.123
KN/m
Normal Stress (pS[) rSOLl 001 200] ] Moisture Content (.Io) l I J
0.009754 mm Dry g/cc
Rate Of Strain . PER MINUTE . * ¢ Density (- WH1l]. 19 ({9
TIME $TRAM A B C D
{ M1} (%} VERTICAL LOAD OIAL! YERTICAL | LOAD DL | YERTICAL | LOAD OIAL | VERTICAL JLOAD DIAL |
o 0 l._.0 . 0
___“' 2 8 e 17
n 8 21 _ 16
Y 18 _34_. ]85 |
! 25 43 _ __80
' 30 56 | | 114 |
2 34 72 | 125
2 38 80 140
’ 41 88 1511 .
1
1n 44 96 175
4 47 100 190
4 L _
a'n 50 103 200 s
& 53 166 207
!"'—" —— —— T
512 56 e 1 | 212 | _ ]
. 58 113 213
|t 59 116 | | 214 | 216x0.31x98.0f
1’ 60 117 214 36 '
™ | c1.0li7x08 A1 118 513 | = 182 |akN/m ?
' 61 118 +2
n = 5], 5KN/m; 61 118
MAX. SHEAR LOAD s = pal 99‘_71(1;]/]“2 B i 1582 pai s>  pal
300 NNES
1 L COHESION-
g HA T LT T
;,'- amn 41 . C = 0 rsu
3 P :
E s T s 1T ANGLE OF FRICTION
g o S amnlundanasn +
E i A NENNES @ = 42  ovomess
%
[T
- 4
[ ]
2 o
I 4
i
O e e a G A aana s nns H S T——— .
200 300 kN/m2

0 100 APPLIED NORMAL STRESS ( (bs/sq in)
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-QEHc-UNDRAINED SHEAR BOX TEST

OB, e e e e e pate.. 3.3:84
Sample No....OGUN. RIVER SANDType... REMQULDED. ... o DIZQ..65Q.CM. X 2CM........
Specimen No AlB lC | D | wWetWeight (gms) .
Proving Ring No | 3| 3| 7| g [Dry Weight (gms) L sl g
KN/m"
Normat Stress (psi) [ 50 | 100{ 200] | Moisture Content W 1 1 J
0. 009754 _ /cc
Rate Of Strain O oER wnuTE ‘-Rgvpenmty ('9' S | S T I 3] 9
TinE STRAIN A . ______B o M__C._H_._, 1 D
() | (%) [Wahicar ] 10ap DiAL] veRTica | toao out {veaticar | oan owcf vennicat |Loan piat
s__n_.__._l. 0 0 _ 0
" 8 . .22 b l_19
| 16 3%l e j—35
M .
[ 24 _43.. .. _45
___1 1 30 57 __ _ 58
' 16 73| 69
2 40 80__ _.}...80 1
KD 44 86 94
S ;
—_— 47 90 108
1 49 a5 131
4 50 98 148 {1
sn 53 99 159
8 54 100 170 —
!
b 55 101 180
o 55 101 186
sh 53 100 | 190
1’ 55%x31498. 07 101x0.31x98,07 194 i
'n 36 36 196 _1198x0,81%98, 0]
' = 46.59KN/m 2 85.3KN/m2 198 =351 ]
iz 198 [= 167, PKN/m?
MAX. SHEAR LOAD Iba = pel ibas pai ihe = pslt iba = peli
150 j++ - 1 COHESt
rc- ::T——-»— o . _“——ﬂﬁ-i 4~ —t g -‘—.—. :J_
+ HE nEe 1 A4 +1:d C = 0 rsu
2 ATH L T
2 Brafinn HHHHEH ANGLE OF FRICTION
& P @ = 40 oeonexs
& A
% 1
-
x
" - |
= ot d
=)
X
: y
] 0 P 0 5 .
ED 100 150 KN /m

e APPLED NOMMAL STRESS { Ibs/8qin)
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Sample No..OGUN RIVER.SANR Type... REMOULDED. .o oo Size. . bsg.cm.X. 2. CM....
Specimen No AlB {C | D |wWetweight (gms)
Proving Ring No 3 |2 | 7] g |Dry Weignt (gms) 1ol s
KN /m? .
Normal Stress F.:JO |1 Ool 200[ J Moisture Content (*/a) ‘
0.0097 54 mm Dry g/cc
Rate Of Strain PER MINUTE Density b A S| 0
TIME | STRAIN A B C 0
{ MIN) (%) YERTICAL LOAD DIAL| YERTICAL | LOAD DAL | YERTICAL | LOAD DIAL| YERTICAL |1LOAD PraL
o 0 0 0
w 717 14 | 10
n 12 28 52
A 14 38 | ... \_as
! 17 50 | ... 1_o90._
1'a 22 59 __los _
: 26 64 - 116 .
in 29 68 . | 130
1 31 70 136
y'n 33 72 139
‘ 34 73 141 _ [ .
s'n 35 74 142 |
s 36 75 143 _
e 36 76 144 R
o 14 16 1as . o
sh 36x0.11x98, 07 76 146
? 36 76x0.31x98.07| 146 746x0{31x98.7
'n . 36 145 36 :
' 30,41 KN/m” = 64, 2KN/m>
on - = 127, 3KN/m?
MAX. SHEAR LOAD Ibs = pal thas poal ibe = psi 1oa = pei
150 : .
11 COHESION
T 1T i 11 ]
~ ¢ IT C = 0 (ENE
E S 1 |
g2 28 ANGLE OF FRICTION
g e » 1 @ = 32 oromes
13 TETHEAT
[T
x 2
" p
x
-
2 >
; >
.l HHH e e e
0 50 10Qppien nokikOSTRESS ( 1bs 760} KN /m?
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UNSAPURATED

' QUICK UNDRAINED SHEAR BOX TEST

Date.....2-2.84

Job.. . . I I
Samplc No.. OGUN RIVER SAND Typc _REMQULDED ... SiZ¢...5.5q.cM.%..2..cm
Specimen No AlB C D | Wet Weight (g_ms)
Proving Ring No yl 3] 7 BJDTY Waight (gms) ERE [ 216
Normnl Stress (psn) (50 | Joq 200] J Moisture Content (°) 1 J
0, 00¢7 54 mm X ,
Rate Of Strain PER MINUTE URY pensity ( BLES gl 1] 9 |3 [ o
= 4
YIME STRAIN A B c . D
(M) (%) Tverticar [Loat DL VERTICAL | LOAD DAL | VERTicAL | L0AD Diac | VERTICAL 1LOAD DAL
° 0 0 0
w 16 22 | ] 37 ¢
v 26 35 50
M 142 .58 | .| .84
! 55 66|  __.| 110 __
1l 60 sg |. | 138
2 1 _62 93 ) Y 2 Y PY—
2 63 110|178
! 64 122 |10 |
' 64 127 211
,~ ¢ &4 130 228
sl 132 216
! £Ax0_34+98 .07 133 - 246 | ]
SR sh 15 | 133 254 )
s . 133 259 | .
| - 54, PKN/m” | 133x0.[31x98.07 263
? 36 264 265x0.’ 311x98.p7
nn = 1312713 Kn/n? 265 16 '
. 265
" 265 = 224 BKN/m?
MAX. SHEAR LOAD tbs =  pel 1bas pel ibe = pai ibe = pali
300 r -
1T J ERNRENE COHESION
A o~ E . - - 4 - PENE J4-1144
i E ¢ [T A AT PEH AT, € o= 0 esa
= 2 <11
* 2 T i ANGLE OF FRICTION
7 / T -
w ﬂ = 48 peonees
3 1T
. 20T -
w
x P90 U g
w P,
. 1T
-
! —
[}
! I { I O A e O s e I I R 1 5 1 0 I 0 0 (0 0 0 e e
0 100 200

ﬂ..

300 2
APPLIED WORMAL STHYIS (ibeitq in)  KN/m
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.
APPENDIX B
N Soil Cutting Tests.




Date

22/10/83

22/10/83

22/10/83

OGUN RIVER SAND.

H, Gauge V, Gauge

4 3

5 4

7 4
11 4
13 3

9 3

8 3

2 3

3 4

4 2.5
7 3
10 3
12 3

7 3

1 3

3 3s5
5 345
7 35
3 3

3 1

0
Blade Width (mm) ‘5
o

100 30
£=20,5cm
[+
75 30
£=20,5cm
50 - 3°

£=20,5cn



Date
22/10/83

27/10/83

27/11/83

0:)2 .

t
t

QOGUN _RIVER SalD.

H, Gauge

z
o

£ U U ou Uy uw LS T o N e Y

I S SR VORI U VR CSRY S O

V, Gaugxe

LS

n

(B (VI W I VIRV A A A

glade Width (mm) /5
100 457
;819.50m
75 45°
f=19,5cm
50 45°

T=1Gcm



Date

27/10/83

27/10/83

27/10/83
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' oQgUN KIVER_SAND.

H, Gauge V. Gauge
4 2
4 4
4 2
5 1
5 1
S 1
> 2
> - 240
3. 2
3 2
4 2
5 2
4 2
2 1.5
2 2.5
2 2.5
2 2
3 2
2 1

‘ 3]
Blade Width (ma) .HJEE,
' 100 60°

f=}l5cm
75 60

f=15cnm
50 60°

f=14,5cm



Date

28/10/83

5/11/83

5/11/83

224

BEACH SAND

PO Y

12
10

& O oo O o NN

Vi ol O OOl

Blade Width (mm) i

4 15

W

50

NN W W W

100

(&
A
50°
=i7cm
. Q
20
f=17cm
30°

£=13,5cm



Date

—————

15/11/83

15/11/83

15/11/83

225

BEACH SAND

H, Gauge V., Gaugzé

3 . 3
4 »
5 4
7 4
5 1
5 1
3 2
5 3
4 3.5
5 4
6 345
6 3
5 2
5 2
2 3
4 3.5
5 4
4 4
4 2
4 2

' o
Blade wWidth (mm) 2
100 45°

f=1B.0cm

75 45

o

falbem
50 45

fs15cm



Date

15/ 1'1/ B3

58/11/83

5/11/83

e
o
147

H, Gauge
3

W

2.5

W o

n

(CUREE WU ¥ A VN (A

V, Fauge

Blade width (mm) #3

3
3.5
4

>
2
2
1

2.5

3.5

2.5

2.5

100 60°

f=217.5cm
75 60

50
f=zl5,5¢cm
60

£=15,5cm
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Date

24/11/83

o4/11/83

24/11/83

227

BLACK COTTUN SUIL

H, gauge

4

5

7
8

11
12.5
11

GJO\UWJ:'U\N\N\O

10

S T+ SRS L O R S I VI

vV, Gauge

slade width {(mn)} ﬁg

I\) w o o,
A2

VLT S B R VIR ¥

100 50°

f=19cm

75 50

£=16,.5cn
50 30

f=15cm



Date

19/11/83

19/11/83

19/11/83

228

SLACK COTTUN SQIL. o
H, Gaug§. V, Gauge Blade Width (mm) fg

6 3 100 450
8 6
10 6
11 6.5

8 6.5

8 5

f=16cm .

1 345 75 45°
2 4.5

4 5

6 5

T 5

4 4

f=]15cm

2 3 50 45°
3 4

4 5

6 5

6 5

6 4,5

f=l5cm



Dgte

24/11/83

24/11/83

24/11/83

BLACK COTTON SGI

oo

H, Gaugé

3
&

o SRRV B

(G o SRS (R AN R N

|

V, Gauge

4

5.5

5.5
565

& & o & W

[

Blade Width (mm)

100

75

50

f=13. 50m

f=12,5cm

£=13,5cm

60

60

60°
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APPENDIX C

Derivations in the Boundary Energy Theory
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1. Boundary Energy Theory

Boundary energy in soil cutting is defined as
the‘product of the force and velocity along the
boundary. The boundary forces are due to friction,
cohesion, adhesion, surcharge and applied forces,
acting on the boundary. The boundary in soil cutting
is Oabc0, and is as shown in Figure C-1. The bounda-
ries 0a, ab, bc aﬁa c0 are considered in the calcu-

lations using boundary energy theory.

2. Velccity Vs on Rupture Surface abc

From the geometry of soil cutting boundary in
. Figure C-1, the velocity diagram is as shown in
Figure C-2. The velocity VS on the rupture surface
abec, is derived by the application of the sine rule
to Figure C-2. If B is the inclination of blade to
the vertical,-v0 the horizontal velocity of the blade,

V., the velocity of the so0il along the blade 0a, VS

b
the velocity of the soil along the slip line abec,

then velocity VS is as follows:

v %
S - O (C—l)

cos F cos (% - (B+%))

3. Work dissipated along ab

Work done along ab is the product of cohesion

C, velocity V, and the line element rdf, integrated
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-y

FiG. (-1 :DIAGRAM FOR CALCULATING HORIZONTAL AND

VERTICAL FORCES ON BLADE Oa, BY BOUNDARY
ENERGY METHOD

% = Yelocity of the blade in y direction

. v, ® Velocity of the soil along the stip Jine abe

' ' % * Velocity of the soit along the biade Oa

FIG. {-2-VELOCITY DIAGRAM OF THE KINEMATICS OF
BLADE —SOIL MOTION AT FAILURE
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from the limits 0 and g§. Work done along ab is written
as follows:

B 8 ftand Btang
Wy = C IO r, e v,e da (C-2)

Integrating equation (C-2) the following result is

obtained

Ww.=Lcr v cote (e20t3_ 1) (C-3)

2 0 0
The weighﬁ of the soil eabd is (w1 + % W2 - WB) since
ab is a log-spiral, the component of this weight

. 1 . .

along ab is (W, + 35 W, - w3) sin ¢, where 4 is the
angle of the soil friction. The friction component
of work done along ab, is the product of the weight

component along ab and the velocity VS along the

slip line, and is written as follows:

w2 )sin¢ cos f vo

W = (wl + == - W
cos(§ - (g+ %)) (C-4)

ab 2 3

Equation (C-4) ,per unit V, is the first term in Chapter 3
equation (3.17), for a unit width blade. Similarly

= equations (C-3) and (C-4),per unit v, are the first
and second terms in Chapter 3 equation (3.18) for unit

width blade.

4. Work Dissipated along 0Oa
The velocity Vb along Oa, the blade interface

is given by application of sine rule to Figure C-2
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with the same procedure for determining Vs. The
velocity Vb along Oa is expressed as follows:
sin(f - ¢/2)

V. =V {(C-5}
b ©cos(f - (B + ¢/2))

If H is the passive force on 0Oa, and acts at
3
an angle 6° with the normal to the, blade interface,

then the component of Hp along the blade is Hp
3 3
sin 6. The work done on 0Oa by Hp is the product
3
of Hp sin § and velocity V_ along 0a, and it is
3

expressed as follows:

b

Hp3 sin ¢ V_ sin(f - /2
Woan = - (C-6)
P cos (7 - (B + 9/2))

The tangential component of force along 0Oa due to
friction, by the wedge Oae of weight W, is about

W, tan § cos(% - %). The work dissipated along

3
0a due to friction, 1s the product of the tangential

component of force due to friction and the velocity

Vb along Qa, and is expressed as follows:

i ;o (10 b
W _ w3 VO tan § cos(4 - ¢, 51n(4 - 2)
Oa ¢

cos & - B + %)

The work done along 0a due to adhesion is derived
by multiplying the force due to adhesion = by the
velocity Vb along the blade. This gives the follo-

wing expression:
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_ Ve sin(y - ¢/2)
¥oaa = 2.2 4 (C-8)
cos(% - (B8 + ¢/2))

If Hp is the passive force on the blade 0a, inclined
4

at angle B°to the vertical, and if $°is the friction

angle between the blade and the scil, the horizontal

component of passive force H_ is H_ cgs (B-§)
Py Py

The work done is the product of the horizontal compo-
nent of passive force and the blade horizontal

velocity Vo. This work is expressed as follows:
W =H_V_ cos (B-4) (C-9)

sin ¢ sin(% - %)
of equation (C-6)}

The expression
cos (G - 8 +%))
is the first factor in the denominator of passive
force Hp3 in equation (3.17). Equation (C-7) is
the third term in equation (3.17) for a blade of
unit width and velocity. Equations (C-7) and (C-8)
are the fifth and sixth terms in equation (3.18),
for a blade of unit width and velocity. The expre-
ssion cos(B-8) of equation (C-9) is the first factoer
in the denominafﬁr of passive force Hp in equation

4
(3.18)

Work Dissipated Along bc

The component of frictional force along bc

due to weight % Wz of wedge dbc is % W2 cos
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{% ~ 9/2) tan $. The friction component of work
dissipated along bc is derived by multiply the
frictional force along bc by the velocity Vg. The

energy component per unit V, on bc due to friction

4

is written as follows:

W =W cés(i ¢/2)..4U&LJ£JKHL________
be 2 2005(% - g+ ¢/2)

(C-10)

In the passive Rankine zone 0Oabc0O, Ob equals bc
and the force on bc due to cohesion ¢ is the product

of ¢ and length r and is written as follows:

it
cr = Cro e tand (Cc-11)
The energy component on bc due to cohesion is
derived by multiplying cr in equation (C-11) by
the velocity VS on bc. Hence the cohesive component

of energy per unit V, on bc is written as follows:

0 tan ¢
r ¢ cos B e (C-12)

Wb = -
¢ cos (% - (g + ®/2))

Equation {c-10) is the second term in equation (3.17)
for a blade unit width. Equations (C-10) and (C-12)
are the third and fourth terms in equation (3-18) for

a blade unit width.
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6. Recoverable Elastic and Irrecoverable plastic Work

in Soil Cutting

Consolidation and rebound equations are written

respectively as follows (Terzaghi, 1947).

e = e  + A log p (Cc-13)
e .= e  tK logep (C-14)
where ea is the void ratio when the mean normal

stress p = 1. Differentiating equations (C-13)

and (C-14) the following expressions are derived:

de = _Adp {C-15)
e
e = -=4p (C-16)
- P
The.volumetric strain is
dv ._ de
v l+te : (c-17)

Substituting equation (C-17) into equations (c-15)
and (C-16) respectively, the following expressions

are derived

av - K a
Y T+e 2B = avf (C-19)
. P
where'
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The strain hardening of plastic strain,dvp is derived
by substracting eguation (C-19) from equation (C-18).
The following expression is derived (Wroth and

Zyntynski, 1977).

dv _avh, _ Ax dp
(v T v ), = avP = l+e p (c-20)

The plastic strain energy per unit volume is the
product of mean normal stress p and the plastic
strain av’.

In soil cutting the volume of soil disturbed in
unit time is bdvo. Therefore the recoverable energy
is the product of elastic strain energy and volume

of soil disturbed. The elastic energy is written

as follows:

® dp (C-21)

Similarly the plastic energy which is a product of
disturbed volume and plastic strain energy is written

as follows:

bd v

E = o)
p Tre (A-x)dp (C-22)

Since the side perspex glass of the soil bin is at
rest, the mean stress perpendicular to surface 0OacO
is approximétely L Koyd, where KO is the coefficient

of earth pressure at rest.
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If the passive force Hp acts at angle §* to the
perpendicular on a blade inclined at angle B to the
vertical, then the passive horizontal force is Hp
cos (B-8) an is assumed to be responsible for elastic °
work. In the calculation for internal energy dp is
- the average of stress increments acting on the soil
boundary, in the direction of x, y, 2 coordinates. In
the plastic work Hp is assumed to act horizontally. If the average
stress acting on the soil-perspexglass i5 % yd K and
if the surcharge pressure is Pq, then the mean
stress dp is a third of the stresses in the soil
cutting boundary. The mean stress dp is expressed
as follows:
- p
H cos {B-6) 1 “q (C-23)
_ _P + = yYd K_+
dp 3ba 6 o 3
Substituting eguation (C-23) into equation (C-21),
the elastic energy is as follows:
H V cos (B-0)k Kde2V K
E = -R_9 + o 3le)
r 3{1l+e) T 6 (l+e)
K VO bd Pq
B + 3(17e) (C-24)
Substituting 4 = r, cos B8 into equation (C-24), the
elastic energy is as follows:
2 2
H V_cos (B-8)k KY b r® cos“Bv K
E - P © + *] O O
r ) 3({1l+e) 6(1+e)
+ K VP cos B Pq. (C-25)
3(1l+e) .

R |
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The second and third terms in eqguation (C-25) for unit
V, are the fifth and seventh terms in equation (3.17)
and the eight and tenth terms in equation (3.18).

The first term factor, E%%T%%?gl in equation {C-25)
is the second term in the denominator of equations
(3.17) and (3.18).

Similarly the mean stress dp for plastic work

is expressed as follows:

[_ija 1 E_q
dp = Ibd + ngKO + 3 (C-206)

Substituting equation (C-26} into equation
{C-22), and noting that d = ro cos B, the plastic

energy is as follows:

2 2
A -
Hp v, (A-Kk) (A K)Ybro cos“B V_K_

E, = I(1+e) + E(17e)

(Ax) b r, cos BPqVO
3{1+e)

(C-27)

The second and third terms in equation (C-27) for unit
Vo are the sixth and eighth terms in equation (3.17)

and the ninth and the eleventh terms in equation

A

{3.18). The first term factor §T~£%T in equation

1
(C-27) is the third term in the denominator of

equations (3.17) and (3.18).
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Inertial Enerqy

The mass m of the soil accelerated in time t,
is given from the volume of soil disturbed in time

t, so that

m = < bpav t (C_28)
g o

The acceleration a is assumed to be the change in
velocity VS along the slip line, in time t, so

that

s = =S = Vo cos B :
Tt (C-29)

cos (% - (g + %TTt

Newton's acceleration force Fa due to inertial

effect is written as follows:

F = ma (C-30)

Substituting equations (C-28) and (C-29) into
equation (C-30)}, the acceleration force is

expressed as follows:

y bd Vg cos B
F = {Cc-31)

g-cos (% - (B + %))

The energy due to inertial force is the product of
Fa.and velocity Vs' and noting that 4 = Ty cos B,

the inertial energy is expressed as follows:
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by rovg cos3 &)
= T 3 (C~-32)
g cos (z'~ (p + 2))

Win

The inertial energy divided by V0 is the fourth
term in equation (3.17) and the seventh term in

equation (3.18),. -
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APPENDIX D

Soil Cutting Eguations by Previous Researchers
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Equations by previous researchers

Secil cutting equations by previous researchers
were based on three methods of analysis, namely
static sclution using plasticity techniques
(Reece, 1965; Hettiaratchi et al., 1966; Hettiaratchi
and Reece, 1974 and 1975), dimensional analysis
(Wismer and Forth, 1969; Wismer and Luth, 1970)
and limit equilibrium solution using method of
characteristics (Yong et al., 1972}. These
eqguations were derived in terms of blade geometry,

soil properties and imposed boundary conditions.

Plasticity solution

Reece and Hettiaratchi

In general the soil load P per unit width
on a plane loaded interface can be expressed in

terms of the variables (Osman, 1964).

P = f(Yf¢fCJSIé;halzrq) (D"l)

Equation (D-1) can be written in terms of a set

of dimensionless groups (Csman, 1964).

__E_, _ f(""‘c-"' ¢ ___E ’ ‘Lp ¢16;C¢) (D_z)
Yz

Equation (D-2) can be written in form of additive

equation (Reece et al., 1966) .
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P = Yz’NY + czN_ o+ c 2N, + quq (D-3)
The four terms in this equation represent the
gravitational, cohesive, adhesive and surcharge
components of the soil per unit width of inter-
face respectively. The "N-factors" in the above
equation represent pure numbers, which describe
the shape of the soil failure surface and are
thus functions of ¢ and & and the geometry of
the loaded interface. Values of N-factors are
given by Reece et al. (1966). The interpolation
relationship is written as follows (Reece et al.,

1966} .

|

N
N, = N _8=¢

S 6=0 N§=0 (D-4)

where N(5 is the required value of the appropriate

N-factor (NY' N, N_ or Nq) and N6:¢ and Ng_o are
respectively the corresponding values of the N-
factor at § =¢ and 6§ = 0.

The horizontal force is written as follows

(Reece et al., 1966).

D = P sin {g+8§) {(D-5)

For example from Figures D-1 to D-4, for black

cotton soil, with friction angle ¢ = 16°, density

p = 1.64 Mg/m*>, § = 8°, cohesion ¢ 6.9kN/m?, sur-
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charge g = 0, adhesion Cy = 0, and blade inclina-
tion g = 30°, the values of NY = 0,8 and Nc = 1,8.
For a blade length and width of 100mm respectively,
the horizontal force as derived from eguation

{(D-3) and (D-5) gives

D = (1.64x9.807x0.8xcos’30+69xcos 30x1.8)

sin 68 = 108.6N

Dimensional Analysis

Wismer and Forth

The horizontal component Fx of the draft
force for cohesionless soil is given as follows

(Wismer and Forth, 1969).

Ty o173,z %077 es et
0.5 1.5 ¢ (Rsinu) b
ybz '3
2
+ 1.26— + 3.91] (D-6)
ge

For example for Ogun river sand with density,

p = 1,94Mg/m*, blade angle o = 0.785 raaians,
blade width b = 100mm, blade length £=100mm and
blade Qelocity v = 0.1llcm/sec, sustituted into

egquation (D-6) gives

vbz2 195 = 16.0
o173 2077 e
§5ing
1.1 V2 :
1.05(3) % + 1.26 — .91 = 4.64
5() i 3.9 6



ST re——

i e s b s an

t e

oL

a0,

3G

TO

&0

50

40)

e

a, d2g

Fig D-1 -Relationship between N.and a whené = 0

{After Reece et al 1966}

«Q

;

LyZ



80

el

2 NN
B _
v - z// N /s,V/A ////
@ S 1N o N
. 1,,,4,,1,/////%% ///
N -
V/- // NN //./ .
UL N V_// |
- N
//_j/, /////u // ///
i //////// /// %f
- _ o NG // /., // \
v // //
- / l/
\ //
TN
_/
o w. ,.

Fig. D-2:Relaitionship between N., and a when d =

et at 1966)

{After Reere



(9961 1D 3 2193y J34¥)
O = ¢ WA U PUD N uadm1dg EISOnBIY (] St

Sen'c
¢ L a 13 +1] faly Q2

o oy T t z 2 ol

P S

Kol
-
N




250

(996118 43 3133y 1344y

b= HIYM L pUD PN BN diygsuonop - 8t




251

Fx = 16.0 x 0.66 x 4.64 = 49N.

Wismer and Luth

The horizontal prediction egquation for cohesive ’

soil is given as follows {Wismer and Luth, 1970):

Fx _ale15_z jt.21 e, T3
szo.521.5 - Q,Sina Y2
0.055(%)%78 L 0. 065} + 0.64 Y2 (D-7)
b gL

CI is the cone index and is equal to 11.5¢. g is the

shear strength factor and is given as follows:

0.1
= Y
B= (0.667 ) (D-8)

The vertical prediction equal is given as follows

{(Wismer and Luth, 1970)

0.41

F
2 _ 3) = |t
9 521'5 = [6.48—(&—0.70)] 5ing (YZB)

¥bz °
0,225 v
{9.2(%) - 5} + 0.2453]

(D-9)

For example for black cotton soil with density

1.64 Mg/m?, CI = 11.5¢c, blade inclination

o

@ = 0.785 radians, blade width and length each of
length 100mm, and blade velocity v = 0.11 cm/sec,

substituted into equation (D-7) gives

20-5.4;‘]'105 = 13.53

1.21
al.S 2 = 0.76

(Rsina)

Yb




CI
(;EB

Fx
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1,21
) {0.055

= 13.53 x O

2

2,078 | 0.065) + 0.64¥- = 10.05
(g) g

.76 x 10,05 = 103.34N

Similarly from eguation (D-9)

szo'

(0.48

CI
(?EB

F
z

2¢l> - 13.53
3 2
- (a-0.7) llsina = 0.48
0.41 z,0.225 v
) {9.2(b) - 5} + 0.24 o7 16.5
= 13.53 x 0.48 x 16.5 = 107.2N

Limit equilibrium solution

Yong et a

1.

The stress acting in a cohesionless soil at

the blade interface is as follows (Yong et al.,

1972} :

H

Or

e =

fl

where

ol{l + sing

(1 - sin¢

osind sin?2

The differential

is writte

n as follows

cos2y ) {(D~10)
cos2y”) {D-11)
P - (D-12)
pagr s(g) (D-13)

eguation in spil cutting

(Yong et al,, 1972):
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dy” _ cos® - singcos(2¢7+6)-S cos® ¢ 1
a8 2(5 sin ¢+ pgr cos 9) (cos2¥ -sin?)
(D-14)

dS _ S Sin2¢” - sin(2y’+6)

ae - Cos2¢” — Sin ¢ (D-15)

where
Cos 8

S m (D-16)
- _ E _ _
voo= 3 6 (D-17)
6 = 7+9 (D-18)

At the blade, the boundary condition was given
by the following relationship (Yong et al., 1972):

y° = 0.5(m-8-arc sin E%%%) (D-19)

For example for beach sand at the blade interface
with ¢ = 31° and ¢ = %, and from equation (D-19),

v eguals 1,1627 radian;\ By applying the numerical
solution of the 4th order Runge-Kutta method to
equations (D-14) and (D-15), the stress function

S at the blade interface of inclination 8 = 30° is
1.7. Substituting equation (D-13) into egquations
(D-10), (D-11) and (D-12), with density ¢ = 1.91
Mg/m*, ¢ = 31°, ¢" = 66.62°, r = 100mm and S = 1.7,

the following is obtained
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Ur = 1.91x9.807x0.1x1.7x0.647 = 2.06kN (D-20)
Og = 1.91%x9.807x0.1x1.7x1.3524 = 4.31kN (D-21)
Tre = 1.91x9,807x0.1x1.7x0.375 = 1.19kN (D-22)

The radial force Fr assuming linear stress
distribution on the blade, is as follows:
_ brag
F = r 0.1x0.1x2060

r > = 5 = 10.3N (D-23)

Similarly the tangential force Fg 1is as follows:

_ bryg
Fo = X2 . QIx0.1ddO 5 55y (po2s)

Similarly the shear force Fr is as follows:

9
F = BPr T4 0.1x0.1x1190
ro — = - > = 5.95N {D-25)

since B = 45°, the horizontal force Fi is got by

resolving all forces on the blade horizontally,
and is obtained as follows:

FH = Fr sin 45 + Fgy cos 45 + Fre sin 45 (D-26)
Bubstituting values of Fr' Fg and Freinto equation
{D-26), the horizontal force FH is as follows:

FH = 10.3 sin 45 + 21.55 cos 45 + 5.95 sin 45

= 26.72N
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APPENDIX E

Computer Programs of Soil Cutting
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PR ELEL 2y 1)

FORMAT( 244 BUUNDAKY LNERGY THELHKY )
READILsaCH Dol AL o VeHoGe XL o X/
WRETE(3,22)

FORMAT (/7. ANLLE  PHI CKN/ZMS veENaL/un Hubk o F
VEKT.F (NIY)

IF{D.LTabe) O 1u 4be

FORRMATIBiO.2)

READ()«5C) gPP
FORMAT I Z2Fua.l ) .
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t c/72.
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AN -Plfa.~-F-C/2. ’
A SALEUReAX/ e~ YIRSINIL)PLUSHF I /LU AN
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12=UZ2*S. EuT/lulu,.
Al=Zc*¥lAN(F-L]).
W LTET 3. 4300 Hel o XleWelinAl
FURMATLZ2 M uedsa b X olL')-Z.U\-Fh.Z.lX.fu.._‘.)K |l‘1UcC;UX1F1UQ2}

Gu TC 4y
Cu TC <4
STuP
END
THE(RY
CKN/N2 BEN.G/LL HOUK LF (N) VLRI T LI}
Vedlb l 24 2Z8.04 ~uYL.T
Cevi Lava 189442 ~Lebs b

{4



3Ua=uy
G5.0u
60,00
15.uu
SU.U
-15.00
-3UDUU
—4 5,04
=6u.00
-75.UU
~GUa U
"90.00

«ANGLE
Laelud
LH5.0u
Jualu
OHU LU
75.00
Jo.UV
-1 5,00
-3da.lv
-45.00
g+ 1V P VT
-75.00
""30 IUU
-YJallu

« ANGLE
U0y
04U

15.00
T o
3U.00
TPV
45.0LY
4540u
UL vl
LYV VIV
T5asuv
TSl
YU U
F PP VIV
- 5.uy
=30 uUw
=3deuu
-45.UU
-“5000
=bide.UJ
—busbv
-15e00

—15400

e [V PR VIV

. =9d sl

-—SUeluy

ad

34 ,.,C0
34.u0
34.00
34.0u
34.04
34,00
34, 0u
34 .00
34,00
J4aUu
34 .U
34,00

PHI

3L.0u
3i.ud
3ledv
3latl
3leuu
3Jl.uu

“3l.0U

3l.44
3i .00
3l.L0
3leuU
3i.00
3L.L0
Jl.0U

PHI

1o.04d
16.,C0
16.C9
loand
JoeCO
lh.UU
lc.CU
laeUJ
L6004
le.lu
lusid
lA-snt
Los LU
Los LU
to.G0
t6.Lu
loatCy
L6-UY
lo.CU
L&V
luetl U
loervu
6. U
16440
le.CU
loatlid

Q0L
OQUU
LeUW
feliU
00U
Q. UU
g.00
J.Uu
.00
datbu
Q.U
G.0u

CRN/MZ
.0
VP IV)
VeV
C.G0
000U .
.00
C.ul
UeJu
0.00
G.00
Vel
0.0C
..00
Usul

CKN/K2

T 6.90

¢.90
€.90
6.9V
£.GC
é.')u
€.90
€.95U
€-9U
€. 90
€. 9U
[ L X
£.90
£.93U
€.90
&€.90
€490
£.90
6.90
€.9V
£.94U
€.90
te 30
ta9U
€.90
€30
€94

257

1.94
le4
1 .94
194
l.24
lL.74
le74
l.94
Lued4d
lLedd
l.24
Le?4

DEN.G/LC
el
a1
la91
1.91
L.91
1.91
.91
1«91
1.91
l.91
1.91
1.91
lavl
1.91

DENsG/LL
l.04
L.6%
1.64
l.oa
lLeb%
lstoa
1 .0%
l.064
104
l1.64
leud
1.en
1.04
l.64
1.0%
lL.64
leb4
L.04
l.64
leG4
L.0%
1l +0%
l.04
1.64
l.04
letoh

.,
™

125.906
66449
26.25

6.l
V.00
2L6.12

153.36
TlLeta
13.81

lu. 20

Velu '

Ve LU

L85, b4
153.42

HUkoF (iN)

101455

53.42
2lai2
4o 8%
V.o
176+ 94

126473

ol+al
i2e5<
0.01
Ve LU
OsUuU

HURWF (N}

73.92
2lVu.93

58429

L7u-us
joe. o
135.7%

18,65

luse.lé
T« 04
1O« 20
lLe43
an. 2R

0.00
L0, 35
73.83

C 264467

554 96
354496
29.63
6366 LV
8.76
“28?-89
Ue 51
lu5.55
U. U0
2ul.u2
Ve lbu

29,48
35435
24.44
979
Ul.U0
=13d.U2
-lﬂ4046
- 13430
‘5908‘
5.6&
Uewd
Ve

~al.ad
2020
el
£y .00
B.gZd
Ul
~lubadd
-lZ28s90
_LJDcdq
-4 4" )%
l.Ub
u.Jy
U.uu

“‘U039
-0l
falbu
dJado
L4.89
JQ.JJ
L9ed2
1Gelo
YJeuUl
d1.53
Jedu
£05.02
v.lu
TjoD]
~3le3a
'112035
_QJUIZ
-2fle33
—39.3)
=3lu.48
-2 1eb0
112.54
—4.l4%
-Ubgobz
Uy
LaTiedd
0.u00

-

VERT.F

(N}

VERT.F (N)



- s 258

BCUNCARY ENERCY THEORY

-~ C
C CATA
C
1.94 34,0 10.18 ell LULL6980.7 G.0 0.0
= Ua Je
1%, U B
ac. 0. ’
- 4c. g.
Huae Jae
I« '\,
- 90 U
~if. Ve N
"3{1- Oc
- ~55. O
Tuww e
'I'E. Jo
- “SCO O
-5C. P
Levl 3140 J0ULLG 1l 10.1698U.7 UalJ Jeu
- U e
1t. c.
0. U
- 45, Ue
[e] V3 Ve
1S U.
L7 TN Va
-150 U-
"’3Un Oo
- ~45, d.,
-bl. Ua
-75, Ua.
e Yua Ve
".t'b-o 2.0
Levd (La@ Idald % N O P L T VIR £E-9 Jeu
- C. le
5. l.
. la
* 45, l.
6. |
7. l.
e YU . l.
-150 1.
i | 1N l.
he "‘lS. I-
—¢Eue le
-15. 1.
« “hU. 10
~Yua Ze
~lethd 160 JULlE ell 10,0650, D45 c.C
- ENC Uk LATA
PALE |
-
“«»
-




P T v - Rl L TR LU P L * amede s AR

259

<j START :)
READ ,*“<z;>
D, P, AL, V, R, G, X1,X2

CALCULATE
Al, Al, AK, Z, A

;

WRITE
B.P, XI,D, Z, A

PP >,

ol L
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CALCULATE

22, A2

WRITE

B,P; XL Df 221 Az/

/



