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Contents Su mmar y

The am of the research described in this thesisis to develop a scientifically
based mathematical model with which the loads on blades moving in three
dimensions and cutting sand which is saturated with water can be determined.
The need to be able to provide a mathematical description of the loads occuring
on the excavating element of a dredging vessel working at sea arose from the
development of the ssmulation program DREDMO. This program was designed
to predict the behaviour of specific sea-going dredgers such as cutter suction
dredgers and bucket wheel dredgersin swell. The numerical methods used in
the DREDMO program placed demands on the modelling of these loads. The
modelling itself takes place in three phases, the model formation in each phase
being verified with the aid of model tests.

In the first phase a fundamental model of cutting forces based on minimising
the specific cutting energy is derived. The cutting process in sand saturated
with water is dominated by the phenomena of dilatation. In consequence of the
dilatation, water underpressures are generated in the sand and, with large strain
rates these can reach saturated water vapour pressure, in which case cavitation
occurs. Cavitating and non-cavitating cutting processes can be distinguished
although an intermediate transition zone between these also occurs. The effects
of inertial forces, water resistance, gravity, adhesion and cohesion are included
In this two-dimensional theory.

The second phase consists of ssimplified analytical models to determine the
loads on a cutterhead and a dredging wheel based on the theory of the first
phase. Only the part of the loading caused by dilatation isincluded in this
phase. Model rulesfor the execution of model tests based on the transition
between cavitating and non-cavitating cutting processes are derived from the
analytical models for the cutterhead and the dredging wheel. In addition to the
smplified analytical models, a numerical model has been developed in which
an excavating element with three-dimensional curved blades is approached
through afinite number of blade elements to which the complete
two-dimensional cutting theory can be applied. The modelling of the loads on a
three-dimensional moving excavating element, resulting from swell isrealised
In the third phase, which is based on the analytical models of the second phase.
The model thus developed is suitable for the calculation in the time domain and
satifies the demands of the DREDMO program. The model also permits the
user to take an existing dredged breach profile as the starting condition for a
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calculation with the DREDMO program.

Comparison of the models developed with the results of the model tests which
have been made has, in general, led to a moderate to good correlation in which
it must be realised that:

Modelling isan attempt to describereality without having any
presumption of being reality.
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Contents | ntroduction.

Working under seagoing conditions with cutter suction or bucket wheel
dredgersisadifficult task for dredgers, certainly when the significant wave
height is over a half meter. Several directions for a solution can be indicated
that prevent dredging down-time as aresult of the wave conditions. The use of
self-elevating platforms eliminates the influence of the waves on the dredger,
but the wave influence on the ladder is still present. One could also eliminate
the swell by shielding the dredger with artificial wave traps. A third possible
solution is to compensate the movements of the ship in such away that these
movements not or hardly influence the excavating element, in this case the
cutter or the bucket whedl.

The computer program DREDMO (Dredge in Motions) simulates the motions
of the cutting suction dredger in swell. With that ability it can be an important
tool for the development of swell abatement systems (for instance active
controlled winches), but aso for the development and design of new dregders
under sea-going conditions. An important advantage of DREDMO is the
determination of the loads on subsystems or parts so that the design process can
be started with better founded data. Through its modular structure it can be
easily used for other purposes like anchored pontoons and semi-submersibles.
The program has been developed in the workgroup Offshore Technology of the
Delft University (70's & 80's). The workgroup was a cooperation of the Delft
Hydraulics in Delft, that exploits the program, the section Ship
Hydromechanics of Marine Technology and the section Dredging Technology
within Transportation Technology of Mechanical Engineering. Financial aid
for the development of DREDMO has been given by the Vereniging
Aannemers Combinatie Baggerbedrijf (VACB), the T.U. Delft and Delft
Hydraulics Delft.

To determine the motions of ships computer programs have been developed in
the past based upon a system of coupled linear equations of motion with the
solution in the frequency domain. Because a ship has six degrees of freedom
(three rotations and three translations) a system of six coupled linear equations
of motions has to be solved. The mations of the ship can be determined as the
response on a single uniform wave. Because the superposition principleis valid
within alinear system, the response on a non-uniform wave can be determined
by superposition of the responses of the ship on single components of the wave.
This solution method is however not suitable for a dredger because there are
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several strong non-linear effects which make a solution in the frequency
domain impossible.

In 1962 [13] Cummins devel oped equations of motion that give a solution in
the time domain instead of the frequency domain. Solving equations of motion
In the time domain asks for atotally different approach than solving for the
frequency domain. The responses of a ship on external loads are now
determined as functions of time and not as functions of the wave frequency,
like in the frequency domain. This also implies that another description of the
external forces has to be found. The external forces need to be a function of the
displacements, velocities and accel erations of the ship and/or the time.

To determine the responses of a ship during a certain time-interval, this
time-interval has to be divided into small time-steps, with if necessary a
variable interval time. In every time-step the equations of motion have to be
solved iterative at the cost of alot of computing time. DREDMO uses a
calculation method with avery effective prediction method to reduce the
computing time and costs.

One of the most important non-linear effects on a dredger is the interaction
between the excavating element and the soil. On a cutter suction or a bucket
wheel dredger the excavating element is attached to the pontoon with a ladder.
The ladder motions are largely determined by the reactions of the soil on the
movement of the excavating element. The excavating element can movein
three directions in the breach, that is:

1. Inthe swing direction, perpendicular to the longitudinal plane of the
pontoon, as aresult of the sway, roll and yaw of the pontoon.

2. Radial, in the longitudinal plane of the pontoon, as aresult of the surge,
pitch and heave of the pontoon and as a result of the rotation of the ladder
around the ladder hinge.

3. Axid, in the longitudinal plane of the pontoon, as aresult of the surge,
pitch and heave of the pontoon.

These three oscillating motions have to be superposed on the regular swing
motion of the excavating element. Because the forces on the excavating
element exerted by the soil are afunction of the three oscillating motions, the
excavating element causes a coupling between the longitudinal and transverse
motions of the pontoon. This coupling is not present in afree floating ship. A
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closer analysis of the behavior of the soil reactions on the excavating element is
therefore necessary.

In this thesis the devel opment of a mathematical model of the interaction
between the excavating element and the soil will be discussed. Asa
starting-point for the soil densely packed sand is chosen. With the developed
force modelsit is possible to determine the loads on the cutter and the bucket
wheel while in motion under the influence of swell.

First, however, the prediction, correction and integration method in DREDMO
will be discussed. The prediction method has been developed during the
research. Also discussed are the consequences of the solution method in
DREDM O on the mathematical model development of the excavating
element/soil interaction.

The following reports, publications and programs form the basis for this thesis:

32. Journeg, JM.J. & Miedema, S.A. & Keuning, JA. "Dredmo, A Computer
Program for the Calculation of the Behaviour of a Cutter Suction Dredger
Operating in Irregular Waves'. T.U. Delft & Delft Hydraulics Laboratory,
Delft 1983.

36. Koning, Jde & Miedema, S A. & Zwartbal, A., "Soil/Cutterhead
Interaction under Wave Conditions'. Proc. WODCON X, Singapore,
1983.

44. Miedema, S.A., "De grondreactiekrachten op een kroonsnijkop die via een
|ladder is opgehangen in een deiningscompensator”. La0O/81/97, T.H.Delft
1981.

45. Miedema, S.A., "Computerprogrammater bepaling van de reactiekrachten
op de snijkop, as gevolg van de bewegingen van de snijkop".
Stagerapport Waterloopkundig Laboratorium 1981 Delft.

46. Miedema, S.A., "De modellering van de grondreacties op een snijkop en
het operationeel maken van het computerprogramma DREDMO.
CO/82/125, T.H.Delft 1982,

47. Miedema, S.A., "De interactie tussen snijkop en grond in zeegang". Proc.
Baggerdag 19/11/1982, T.H. Delft, 1982.

48. Miedema, S.A., "Principe ontwerp van een delningsgecompenseerde
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Dr.ir. S.A. Miedema - Dissertation - Chapter 1.01 (Introduction)

Contents 1.01 Equilibrium equations of motion of a ship.

For the modeling of the interaction between the excavating element and the soil, for dredging vesselsin swell, the solution method
of the equilibrium eguations of motion is important. The choice between frequency domain or time domain, and with the last
method the choice of the prediction, correction and iteration method, determines whether or not the mathematical model needs to
be non-linear and/or differentiable. The ship motions can be determined, if the system islinear, with the following equilibrium
equations of motion, known from marine hydrodynamics (Gerritsma [16], see aso appendix B1):

£
Z'i[(Mjﬁﬂjk(w)) A by (@) 'Vj+cjk-Xj:|:Fk(t) b
=
Inwhich. M The mass matrix.

a(w) The frequency dependent added mass matrix.
A The acceleration vector.
b(w) The frequency dependent damping matrix.
V The velocity vector.
C The hydrostatic spring terms matrix.
X The displacement vector.
F(t) The excitation load vector.

These equations give the motions of a ship as function of the wave frequency (frequency domain). Free floating shipsor shipsat a
constant speed can be considered as linear systems. As soon as a ship has a connection with the shore or the bottom of the sea,
non-linear effects will set in. Active controlled positioning systems can also have a non-linear character. The degree of
non-linearity determines whether solving the equilibrium equations of motion, if necessary by alinearisation, can take place in the
frequency domain. For strong non-linear systems a method is developed by Cummins [13] in 1962 with which the equilibrium
equations of motion can be solved in the time domain.

Dredging vessels under operational circumstances, especially cutter-suction dredgers and cutter-wheel dredgers, are connected with
the bottom of the sea by their excavating element and eventually by their mooring. Especially the connection of the excavating
element and the sea bottom introduces a strong non-linear effect in the equilibrium equations of motion. To solve the equilibrium
eguations of motion for dredging vesselsin DREDMO is therefore chosen to use the Cummins equations, widely used in marine
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hydrodynamics (Keuning & Journee [35] en Wichers[78]). This method |eads to the following set of coupled non-linear
integrodifferential equations of the second order:

i t i
6
v (Mjk+mﬂ{)-Aj+J.Kjk(t—f) V(1) -dr +CpX =Fk[AJ-, KX t) (1.2)
=1
] i E :
Inwhich: K The retardation functions.
m The frequency independent added mass matrix.

In this set of equations can be recognized:
1. Theacceleration term (product of mass + added mass and acceleration).

2. The damping term as aresult of the potential damping (convolution-integral of the retardation function and the velocity
history).

3. The spring term (product of the hydrostatic spring term and displacement).
4. The external loads as function of the acceleration, velocity and displacement of the ship and of the time.

The terms on the right side of equation (1.2) can not be solved explicit and therefore make an implicit method necessary. With
respect to the solution method used in DREDM O a second subdivision of the loads on the dredging vessel can be made.

The wave forces on the cutter-suction dredger can be assumed independent of the ship motions, when the velocities of the
cutter-suction dredger are small in comparison with the orbital velocities of the water. This can also be assumed for the wind loads.

The potential damping (convolution integral) isonly very slightly dependent on the momentary motions of the cutter-suction
dredger. The larger part of the potential damping is determined by the velocity history of the cutter-suction dredger.

Mooring forces, soil reaction forces etc. possess a more interactive character. These |oads are determined by the ship motions,
while the ships motions are influenced by the forces at the same time. Therefore a numerical equilibrium has to be found iterative.

The external forces on the cutter-suction dredger can now be divided in:
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I. Momentary independent loads, like:
. Waveforces.
B. Wind forces.
[1. Momentary partly independent loads, like:
. The potential damping (convolution-integral).
[1l. Momentary interactive loads, like:
. Hydrostatic spring loads
Viscous damping loads.
Mooring loads (spud or cables).
L oads executed by floating piping.
L oads executed by a positioning system.

m m O O @

The interaction between the ladder and the pontoon, determined by:
1. Cutting forces.
. Hoist cable forces.

. Haul cable forces.

2

3

4. Ladder bearing forces.
5. Current forces on the ladder.

6. Wave forces on the ladder.

7. De mass + added mass inertia of the ladder.

8. The submerged weight of the ladder.
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9. Theladder angle.

The ladder adds a degree of freedom to the system: the rotation of the ladder around the ladder hinge. It is possible to model the
cutter-suction dredger as a system with seven degrees of freedom (Wichers[78]). In DREDMO however it is chosen to consider the
ladder as an external load on a pontoon with 6 degrees of freedom (Journee, Keuning & Vis[31]). Thisallows the ladder module to
be deactivated in a simple way, making it possible to calculate other floating constructions with DREDMO, for instance pipe laying
barges and crane ships.

The choice for aladder as an external force in the equilibrium equations of motion implies however that the interaction between the
ladder and the pontoon also depends on the accelerations of the pontoon. This has consequences for the method with which the
equilibrium equations of motion are solved.
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Contents 1.02 Solution:method: of equilibrium equations of motion.

The solution of a set of non-linear equilibrium equations of motion in the time domain consists, in short, of:

Iterative solving, for each time-step, of the equilibrium equations of motion during a certain time, whether or not with avariable
time-step.

This iteration process can be subdivided in the following phases:

15
2.

For each time-step first the accel eration vector of the cutter-suction dredger is predicted, the so-called prediction step.

Integration of the acceleration vector gives the velocity vector and the displacement vector.

. The loads on the cutter-suction dredger are determined with the predicted motions.

8
4,
5
6

From these | oads the calculated acceleration vector is determined, according Newton's second law.

. This calculated acceleration vector has to be equal to the predicted acceleration vector, within a certain tolerance.

. If the difference is not within tolerance, a new prediction of the acceleration vector of the cutter-suction dredger has to be

performed and the process is repeated from step 2 (the iteration process). If the difference is within tolerance the equilibrium
in the next time-step can be determined.

The iteration processis shown in figure 1.1. Considering figure 1.1 the vectors can be called: an in-going (predicted) acceleration
vector and an out-going (according to Newton's second law calculated) acceleration vector.

Equation (1.2) can be modified according:

6 1 n
Aj,u,n,lzE_:]Nk,j'[Fk(ﬂj,i,n,l)Jka(t + Aji<ar Viian Xj,i,.mn (13)

In which:

N=(M+m)l theinverse massmatrix.

u index for out-going vector.
i index for in-going vector.
n index for the time-step.
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<n index for time-steps smaller than n.

Theindex 1 indicates the first iteration step or the prediction step.

step 5 *
m=m+ 1
|"’*i n-1,m - ""u,n—l ml < E
NO
t = (n-1)-At YES
L = n-At
m= 1
Af on,1 = Af n-1 + 844 01
step 6 step 2 Y
Af n,m = A4 n,m-1 7t Mi,ﬂ,l’n vi,n,m T 1"F"'-"F'*Jl,n,1:1::I
xi.,n,m i :'“:‘""“:L,n,1:|1:I
step 3

Fnom= FlAi n.mVi,n,m*i n,mt)

step 4

*ﬂ‘u,n,m T N'Fn,m

|
http://dutw1127/dredging/miedema/1987_Dissertation/Chapter01_e/102.htm (2 of 9) [31/12/2000 07:55:22]




Dr.ir. S.A. Miedema - Dissertation - Chapter 1.02 (Introduction)

m=m + 1

t = n-At YES
t = (n+l)-At

m= 1

Af n¥l,1 = Af n *+ BAf 41,1

J

Figure 1-1: Flow diagram of the solution method of DREDMO, with the prediction step (1), the integration step (2), the
determination of the loads (3), Newton's second law (4), the convergence criterion (5) and the correction step (6).

With this modification a division is made between the interactive- (first term on the right) and the independent |oads (second term
on the right). The in-going acceleration vector isimplicitly called on the right side, while the out-going acceleration vector is called
on the left side.

The iteration processisin fact a zero determination of the difference between the in-going and the out-going accel eration vectors.
In DREDM O the Newton-Raphson method is used in combination with the theta-integration method (L ambert [83], see appendix
B2 for further details). Because the Jacobean matrix (derivatives matrix) is not determined for every time-step or iteration, the
method is also known as the so-called "modified Newton-Raphson iteration”. The theta-integration method prevents numerical
hunting.

The prediction step can also be seen as a zero determination. However the checked difference here is between the accel eration
vector from the preceding time-step summed with the effects on the acceleration vector caused by the independent loads, and the
independent part of the partly dependent loads with the out-going accel eration vector in the present time-step. In other words, the
prediction step can be seen as an iteration step, provided that the time dependent influences on the zero determination are taken into
account. Figure 1.2 shows this
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i,n+l

f(a

)

i,n-1

Figure 1-2: The iteration process with the prediction step as an iteration step. In thisfigure isindicated the difference between the
out-going and the in-going acceleration A -A;, aong the vertical axis as function of the in-going acceleration vector A, along the

horizontal axis, for three time steps.

The increase of the out-going acceleration vector in the prediction step (the first iteration step) is obtained by differentiating the
out-going acceleration vector A, , 1 from equation (1.3) with respect to the time. Theindices "j" and "k" are left out in the next

eguations, so the equations are valid for systems with one degree of freedom.

In the next equationsthe first index, "i" or "u", indicates the in- or out-going vector, the second index "n" indicates the time-step
and the index "m" indicates the iteration step. If the third index is |eft out, the term does not change during the iteration process and
Is therefore only time dependent.
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dA QAL A BA, BV BA, BX, A, OF g o
& T eA ot oy e Stex et SR & Y
With, for arandom variable a:
dox
-At=Act (12
ot
This gives:
8A 8,A BA AL, X
, 3 UAA 4 n AT AN U AT (1.6)
u,n,l 61Ai 1,n,l+ 3‘2Vi 1,n+ 6X1 1,n+ aE F1,n

The first term on the right of equation (1.6) is the change of the out-going acceleration vector as aresult of the change of the
in-going acceleration vector. This term contains therefore also the influences of the changes in the vel ocity vector and the
displacement vector as aresult of the integration method used.

d.A TAA. AA, V. A, IX. 9V,

= ¥ 5 + £ : (1.7)

The second term on the right in equation (1.6) is the change of the out-going acceleration vector as aresult of the change of the
accel eration independent part of the in-going velocity vector, e.g. the part of the convolution integral that can be determined from
the previous time-steps. This term contains therefore also influences from the change of the displacement vector as aresult of the
used integration method.
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3,A 1 A, A, 9X,

4 T, % (18)
,V. oV X 4V,

The third term on the right in equation (1.6) is the change of the out-going acceleration vector as aresult of the acceleration and
velocity independent part of the in-going displacement vector.

The fourth term on the right in equation (1.6) is the change of the out-going acceleration vector as aresult of the change of the
Independent part of the load vector.

It isdesired that:

A A (1.9)

u,n,lZAu,n—l-i-ﬂAu,n,]_ in- 1_|_.ﬁff’1

.n,l=+*nl

Substitution of AA, , 1 from equation (1.6) in equation (1.9), resultsin:

8,A 8,A 8A A
A B, Y £ L AV 5 A AL AN D)
u,n—1+ 61Ai 1,11,1+ 62V n+6X 1,11 ﬁF 1,11— i 1,1,1
So:
-1 d.A, :
ﬂurjhl“i n Ik 1 61Au d Au 11—1_‘&1L n—1 +— &V 6A 3 1,1 oy g 1,11 %
e alAl f a V 6X1 3 6]_:; .

The acceleration vector in the prediction step can now be determined with:
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A A L A (1.12)

1,n,1=

The velocity vector and the displacement vector can now be obtained by integration.

A similar deduction can be made for the iteration process. For use in the iteration process, equation (1.3) can be rewritten as:

&
] % : 4 1.13
Aj,u,n,m_ZNk,j Fk(Aj,i,n,m)-l_Fk t:, Aj,i,-m:- Vj,i,m: X_u-:?n ( )

k=1

If no numerical equilibrium is reached after m-1 iteration steps, a correction on the in-going acceleration vector has to be made,
such that the with this cal culated out-going acceleration vector is equal to the corrected in-going acceleration vector, so:

A Au,n,m —1+&Au,n,m:Ai,n,m -1 +‘£Ai,n,m:1ﬂr 434

U1, — 1,11,

After differentiation of A, ,, from equation (1.13) to A, j, 1, , is found:

d A
A 17 ug AN A AA (1.15)
unm-17%1 alAi 1,11,1m inm-17+ 1,11,m
So:
-1
Mi:ﬂ:ﬂl: I_GIAH '(Au,n,m—l_zﬂki,n,m—l) (1.16)
61Ai

The equations (1.11) and (1.16) are similar. In the second term on the left of equation (1.15) the expression according to equation
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(1.7) can be substituted.

The new in-going acceleration vector can now be determined with:

A

1 11,10 :Ai,n,m—l +£Ai,n,m (1.17)
When switching to the system of coupled differential equations, the scalar 1 in equations (1.11) and (1.16) has to be substituted
with the identity matrix I. Within the prediction and correction method three Jacobean matrices are used:

s 9 Ax,y 2 P, 3. IAy 4
alAj,i 32Vj,i ax

1.1

The consequences of this solution method for the modeling of the cutterhead-soil interaction are:

1. The mathematical moddl of the soil reactions has to be formulated such that the soil reactions are a function of the acceleration
vector, velocity vector and the displacement vector.

2. In the mathematical model the soil reactions have to be differentiable to the acceleration vector, velocity vector, displacement
vector and the time. These derivatives have to be continuous and may therefore not contain step functions.

The soil reaction forces in DREDM O are implemented as a module within the ladder module and are considered as external 1oads
on the ladder.
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Contents 1.03 Thet=0 problem.

At time t=0 the motions of the dredging vessel have to be known. In DREDMO
the ship is considered to be in rest at t=0 (the accelerations and the velocities
egual zero). A first problem is the determination of the static equilibrium.
Because of the complicated modeling within DREDMO it is almost impossible
to determine a static equilibrium for every equation of motion. During the
development of DREDMO two methods are used to determine the static
equilibrium. In the first method DREDM O determines the equilibrium itself, by
|etting the ship search for equilibrium during a certain run-up time. This
method requires however alot of computing time, which is not preferable on
personal computers. In the second method a pseudo-equilibrium situation is
used, by not using the real loads in step 4 of the iteration process for the
calculations, but the difference between the real loads and the loads determined
at t=0 (except for the wave loads). This method can only be used, if and only if
the pseudo-equilibrium situation is virtually similar to the static equilibrium,
because of the non-linear character of the equilibrium equations of motion.

At t=0 equation (1.3) can be written:

Aju 0l :élNLq'[FL (t ’Xj,i,D,l)]:élqu -Fy g1=0 (1.18)

With: Fy o 1 = the sum of the static loads in the k-direction at t=0, by
approximation zero.

The equation to solve in the prediction step now becomes:

6 ) 1
AJF“ .l :ElNl-:j'[Fk(xﬂlj,i,n,l}FFk,n ,1_F1-:,D,1] (%19
With:
FI{,n,l: Fk(t :Aj,i,m:Vj,i,m:.Xj,i,m) (1.20)

Equation (1.13) can now be written:
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£
Aj,u,n,m:kZ::-lNkj -[Fi-:(Aj,i,n,m )-FFI-EH ,I_Fk,[:l,l] (1.21)

A second problem is formed by the harmonic character of the wave |oads and
therefore can not be included in the static equilibrium. In addition these wave
|oads can have afairly random value at t=0, dependent on the chosen wave
spectrum. As aresult step loads can occur at t=0. To prevent this the wave
|oads are multiplied during a certain run-up time t,o by arelaxation factor ryg,

for which the following formulation is used:

il

t (1.22)

r.o=| 1—cosh| 3 .3-t

el

At t=t, g I'igp has avalue of 0.99. A run-up time of 20 to 50 seconds "real time" is
enough. If aspectral analyses of the DREDM O output is needed it should be
realized that the above mentioned rel axation has an influence on the real used

wave spectrum. For a spectral analysisit is advised not to consider the time
from t=0 to t=t,4.
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Contents 1.04 Discontinuities.

Although the in chapter 1.2 mentioned solution method of DREDMO does not allow for step functions, it isinevitable for such a
simulation program, that processes are captured in the modeling in which step functions can occur. For instance the dry friction
between the spud and the spud holders or the force difference over a pulley, quantified by the pulley efficiency. Such a step
function is caused by the turn over of the force as aresult of arotation of the direction of velocity. With the dry friction of the spud
and the spud holders this is about the rotation of the relative speed between the spud and the spud holders, while with the pulley it
IS about the rotation of the direction of rotation of the pulley. If necessary the step functions are approximated with the following
function (in case of spud friction):

r" 3\
Sl
HS2 -1 (1.23)
FW —| 1—e - FW:W :rsp -FW,W
\ /
Inwhich:  Fyw Thereal friction force.
s The relaxation factor for the step functions.
Fw The friction force used in the equilibrium equations of motion.
C A constant (approximately 5 for spud friction).
V, The relative speed between spud and spud holders.
Hg The significant wave-height.
H The friction coefficient between spud and spud holders.

The arising friction force F, ,, is directly proportional to the friction coefficient . It also appeared that the loads are in general
proportional to the wave energy and therefore with the square of the significant wave-height He. The presence of the friction
coefficient p and the significant wave-height Hg in the denominator of the exponent, restricts therefore the maximum slope of the
resulting function. Although the step functions is approximated with a continuous function it is still possible that the iteration
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process does not lead to convergence but oscillates between two values of the acceleration vector (Ping-Pong effect). This can also

happen as aresult of the motion of the cutter in and out of the breach.

The introduction of the relaxation factor ri; with AA;-r;; in equations (1.12) en (1.17) with a value of approximately 0.5 prevents this
effect. Thisisshown in figure 1.3:

Figure 1-3: The ping-pong effect and the result of the introduction of arelaxation factor. In this figure the difference between the
in-going and out-going acceleration A, -A; is put along the vertical axis as a function of the in-going acceleration vector A; along

the horizontal axis, for the iteration process.
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2.01 The two-dimensional cutting theory,
process description.

Contents
One of the strong non-linear effects in the equilibrium equations of motion for the determination of
the cutter-suction and dredging-wheel dredger motions, is the interaction between the excavating
element and the soil. A good description of the cutting process is essential for areliable smulation
of the ship motions, in order to be able to predict the usability and the design of sea-going dredging
vessals.

Although cal culation models for the determination of the cutting forces for dry sand were available
for along time (Hettiaratchi & Reece [20,21,22,23,24,66], Hatamura & Chiiwa [18] etc.) itisonly
since the seventies and the eighties that the cutting process in saturated sand is extensively
researched at the Delft Hydraulicsin Delft (WL, CSB), at the Delft University of Technology and
at the Mineral Technological Instituut (MTI, IHC).

First the processis described, for a good understanding of the terminology used in the literature
discussion.

Figure 2.1: The cutti ng proce$ model ed as a continuous process.

From literature it is known that, during the cutting process, the sand increases in volume (see figure
2.1). Thisincrease in volume is accredited to dilatancy. Thisis the change of the pore volume as a
result of shear in the sand package. Thisincrease of the pore volume has to be filled with water.
The flowing water experiences a certain resistance, which causes under-pressure in the pore water
in the sand package. As aresult the grain stresses increase and therefore the needed cutting forces.
The speed of the increase of the pore volume in the dilatancy zone, the volume strain rate, is
proportional to the cutting velocity. If the volume strain rate is high, there is a chance that the pore
pressure reaches the saturated vapor pressure and cavitation occurs. A further increasing volume
strain rate will not be able to cause a further decrease of the pore pressure. This also implies that,
with afurther increasing cutting velocity, the cutting forces cannot increase as a result of the
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dilatancy properties of the sand. The cutting forces can, however, still increase with an increasing
cutting velocity as aresult of the inertiaforces and the flow resistance.

The cutting process can be subdivided in 5 areas in relation with the cutting forces:

1. Very low cutting velocities, aquas static cutting process. The cutting forces are determined
by the gravitation, cohesion and adhesion.

2. The volume strain rateis high in relation to the permeability of the sand. The volume strain
rate is however so small that inertiaforces can be neglected. The cutting forces are dominated
by the dilatancy properties of the sand.

3. A transition region, with local cavitation. With an increasing volume strain rate, the cavitation
areawill increase so that the cutting forces increase dightly as aresult of dilatancy.

4. Cavitation occurs amost everywhere around and on the blade. The cutting forces do not
Increase anymore as aresult of the dilatancy properties of the sand.

5. Very high cutting velocities. The inertia forces part in the total cutting forces can no longer be
neglected but form a substantial part.
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cotents 2,02 Cutting theory, liturature survey.

In the seventies extensive research is carried out on the forces that occur while
cutting sand under water. A conclusive cutting theory has however not been
published in this period. However qualitative relations have been derived by
several researchers, with which the dependability of the cutting forces with the
soil properties and the blade geometry are described (Joanknecht [27], van Os
[62,63]).

Afterwards it turned out that, in non-published reports for the confidential
research program CSB, as indicated in the reference list of [40], Van Os had
already devel oped the basic theory for the cutting of saturated packed sand.
Ahead of the real publication [40] is provided by the Delft Hydraulics

L aboratory in August 1986.

A process that has alot of similarities with the cutting of sand as far as water
pressure development is concerned, is the, with uniform velocity, forward
moving breach. Meljer and van Os [41] 1976 and Meijer [42,43] 1981/1985
have transformed the storage equation for the, with the breach, forward moving
coordinate system.

de| Py _‘ae‘ (2.1)

BEP azp =pw-g-vc_
ax | kot

ax?l oy’ k

In case of a stationary process, the second term on the right hand side is zero,
resulting:

3°p| [0°P|_Pwg-ve.
e B I

de (2.2)
Jx

Van Os[62,63] 1977 describes the basic principles of the cutting process, with
special attention for the determination of the water under-pressures and the
cavitation. Van Os uses the non-transformed storage equation for the
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determination of the water under-pressures.

d°p| 0°p| P8
aXE ayE k

(2.3)

The average volume strain rate has to be substituted in the term de/dt on the
right hand side. The average volume strain rate is the product of the average
volume strain of the sand package and the cutting velocity and arises from the
volume balance over the shear zone. Van Os gives a qualitative relation
between the water sub-pressures and the average volume strain rate:

vethi-e (2.4)
k

152 T

The problem of the solution of the storage equation for the cutting of sand
under water is a mixed boundary-value problem, for which the water
under-pressures along the boundaries are known (hydrostatic).

Joanknecht [26,27] 1973 assumes that the cutting forces are determined by the
under-pressure in the sand package. A distinction is made between the parts of
the cutting force caused by the inertia forces, the under-pressure behind the
blade and the soil mechanical properties of the sand. The influence of the
geometrical parameters gives the following qualitative relation:

2.5
F. : ve-hi-b 57

The cutting force is proportional to the cutting velocity, the blade width and the
square of theinitial layer-thickness. A relation with the pore percentage and the
permeability is also mentioned. A relation between the cutting force and these
soil mechanical propertiesis however not given. It is observed that the cutting
forces increase with an increasing blade angle.

In the eighties research has led to more quantitative relations. In 1984 Van
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L eussen and Nieuwenhuis [39] discuss the soil mechanical aspects of the
cutting process. The forces models of Miedema[54,57] and Steeghs[72,73] are
published 1985/86, while the CSB (Combinatie Speurwerk Baggertechniek)
model (van Leussen en van Os [40]), however developed in the early seventies
at the Delft Hydraulics Laboratory (van Os [62,63]), will be published in 1987.

Brakel [5] 1982 derives arelation for the determination of the water
under-pressures based upon, over each other rolling, round grainsin the shear
zone. The force part resulting from this is added to the model of Hettiaratchi
and Reece [23].

Miedema [52] 1983 has combined the qualitative relations of Joanknecht
[26,27] and Van Os [62,63] to the following relation:

B PwrgrVerhirbee (26
57 WY k

1

With this basic equation calculation models are developed for a cutterhead and
for the periodical moving cutterhead in the breach. The proportionality
constants are determined empirically. The soil module of the DREDMO
program is also developed from these models (Miedema [36,47]). Thiswill be
discussed in the appropriate chapters.

Van Leussen and Nieuwenhuis [39] 1984 discuss the soil mechanical aspects of
the cutting process. | mportant in the cutting process is the way shear takes
place and the shape or angle of the shear plane, respectively shear zone. In
literature no unambiguous image could be found. Cutting tests along a
windowpane gave an image in which the shape of the shear plane was morein
accordance with the so-called "stress characteristics' than with the so-called
"zero-extension lines'. Therefore, for the calculation of the cutting forces, the
"stress characteristics method" is used (Mohr-Coulomb failure criterion). For
the calculation of the water under-pressures, however, the "zero-extension
lines" are used, which are lines with a zero linear strain. A closer description
has not been given for both cal culations.

Although the cutting process is considered as being two-dimensional, Van
L eussen and Nieuwenhuis found, that the angle of internal friction, measured at
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low deformation rates in atriaxial apparatus, proved to be sufficient for
dredging processes. Although the cutting process can be considered as a
two-dimensional process and therefore it should be expected that the angle of
internal friction has to be determined with a"plane deformation test". A
sufficient explanation has not been found.

Little is known about the value of the angle of friction between sand and steel.
Van Leussen and Nieuwenhuis don't give an unambiguous method to
determine this soil mechanical parameter. It is, however, remarked that at low
cutting velocities (0.05 mm/s), the soil/steel angle of friction can have a
statistical value which is 1.5 to 2 times larger than the dynamic soil/steel angle
of friction. The influence of the initial density on the resulting angle of friction
Is not clearly present, because |oose packed sand moves over the blade. The
angles of friction measured on the blades are much larger than the angles of
friction measured with an adhesion cell, while also a dependency with the
blade angle is observed.

With regard to the permeability of the sand, Van Leussen and Nieuwenhuis
found that no large deviations of Darcy's law occur with the water flow through
the pores. The found deviations are in general smaller than the accuracy with
which the permeability can be determined in situ.

The size of the area where de/dt from equation (2.5) is zero can be clarified by
the figures published by Van Leussen and Nieuwenhuis. The basisis formed by
a cutting process where the density of the sand isincreased in a shear band with
a certain width. The undisturbed sand has the initial density while the sand after
passage of the shear band possesses a critical density. This critical density
appeared to be in good accordance with the wet critical density of the used
types of sand. Thisimplies that outside the shear band the following equation is
valid:

*«’3‘213’2 321; (2.7)
ax°| |dy

Valuesfor the various densities are given for three types of sand.
Differentiation of the residual density as a function of the blade angle is not

given. A verification of the water pressures calculationsis given for a 60° blade
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with a blade-height/layer-thickness ratio of 1.

Miedema [51,52] 1984 gives aformulation for the determination of the water
under-pressures. The deformation rate is determined by taking the volume
balance over the shear zone, as Van Os [62,63] did. The deformation rate is
modeled as a boundary condition in the shear zone , while the shear zoneis
modeled as a straight line instead of a shear band as with Van Os [62,63] and
Van Leussen and Nieuwenhuis [39]. The influence of the water depth on the
cutting forcesis clarified. Also explained are the forces on the cutterhead on
the basis of equation (2.6) and a survey is given of the possibilities of
DREDMO.

Steeghs [ 72] 1985 developed a theory for the determination of the volume
strain rate, based upon a cyclic deformation of the sand in a shear band. This
Implies that not an average value is taken for the volume strain rate but a
cyclic, with time varying, value, based upon the dilatancy angle theory.

Miedema [54,55] 1985 derives equations for the determination of the water
under-pressures and the cutting forces, based upon [46,51,52]. The water
under-pressures are determined with afinite element method. Explained are the
Influence of the permeability of the disturbed and undisturbed sand and the
determination of the shear angle. The derived theory is verified with model
tests. On basis of this research n,, 1S chosen for the residual pore percentage

instead of the wet critical density.

Steeghs [ 72,73] 1985/1986 derives equations for the determination of the water
under-pressures according an analytical approximation method. With this
approximation method the water under-pressures are determined with a
modification of equation (2.4) derived by Van Os [62,63] and the storage
eguation (2.7). Explained is how cutting forces can be determined with the
force eguilibrium on the cut layer. Also included are the gravity force, the
Inertia forces and the under-pressure behind the blade. For the last influence
factor no formulation is given. Discussed is the determination of the shear
angle. Some examples of the cutting forces are given as a function of the
cutting velocity, the water depth and the sub-pressure behind the blade. A
verification of thistheory is not given.

Miedema [56] 1986 develops a calculation model for the determination of the
cutting forces on a dredging-wheel based upon [54,55]. This will be discussed
in the appropriate section. Also nomograms are published with which the
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cutting forces and the shear angle can be determined in asimple way.
Explained is the determination of the weighted average permeability from the
permeability of the disturbed and undisturbed sand. Based upon the
calculations it is concluded that the average permeability forms a good
estimation.

Miedema [57] 1986 extends the theory with adhesion, cohesion, inertia forces,
gravity, and under-pressure behind the blade. The method for the calculation of
the coefficients for the determination of a weighed average permeability are
discussed. It is concluded that the additions to the theory lead to a better
correlation with the tests results.

Van Os and Van Leussen [40] 1986 summarize the publications of Van Os
[62,63] and of Van Leussen and Nieuwenhuis [39] and give a formulation of
the theory developed in the early seventies at the Delft Hydraulics Laboratory.
Discussed are the water pressures calculation, cavitation, the weighed average
permeability, the angle of internal friction, the soil/steel angle of friction, the
permeability, the volume strain and the cutting forces. Verification isgiven of a
water pressures calculation and the cutting forces. The water under-pressures
are determined with equation (2.4) derived by Van Os[62,63]. The water pore
pressure calculation is performed with the finite difference method, in which
the height of the shear band is equal to the mesh width of the grid. The size of
this mesh width is considered to be arbitrary. From an example, however, it can
be seen that the shear band has awidth of 13% of the layer-thickness.
Discussed is the determination of a weighed average permeability. The forces
are determined with Coulomb's method.
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2.03 Deter mination of the pore
under-pressur e around the blade.

Contents
The cutting process can be modeled as a two-dimensional process, in which a straight blade cuts a
small layer of sand (figure 2.1). The sand is deformed in the shear zone, also called deformation
zone or dilatancy zone. During this deformation the volume of the sand changes as aresult of the
shear stresses in the shear zone. In soil mechanics this phenomenon is called dilatancy. In densely
packed sand the pore volume is increased as aresult of the shear stresses in the deformation zone.
Thisincrease in the pore volume is thought to be concentrated in the deformation zone, with the
deformation zone modeled as a straight line (line sink). Water has to flow to the deformation zone
to fill up the increase of the pore volume in this zone. As aresult of thiswater flow the grain
stresses increase and the water pressures decrease. Therefore there are water under-pressures.

Thisimplies that the forces necessary for cutting densely packed sand under water will be
determined for an important part by the dilatancy properties of the sand. At low cutting vel ocities
these cutting forces are also determined by the gravity, the cohesion and the adhesion for asfar as
these last two soil mechanical parameters are present in the sand. Is the cutting at high velocities,
than the inertia forces will have an important part in the total cutting forces.

If the cutting process is assumed to be stationary, the water flow through the pores of the sand can
be described in a blade motions related coordinate system. The determination of the water
under-pressures in the sand around the blade is then limited to a mixed boundary conditions
problem. The potential theory can be used to solve this problem. For the determination of the
water under-pressures it is necessary to have a proper formulation of the boundary condition in the
shear zone. Miedema [52] 1984 derived the basic equation for this boundary condition.

In 1985 [54,55] and 1986 [57] a more extensive derivation is published.

If it is assumed that no deformations take place outside the deformation zone, then:

a°p A 321; iy 2.9)
ax’| |ay

applies for the sand package around the blade.

The boundary condition isin fact a specific flow rate (fig. 2.2) that can be determined with the
following hypothesis.

For a sand element in the deformation zone, the increase in the pore volume per unit of blade
length, is:

AV =e-AA=e-Ax-Ah, =e-Ax-Al-sin(3) (29)
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In ;
which; e=—mex T (19

For the residual pore percentage is chosen for ny,4 ON the basis of the ability to explain the water
under-pressures, measured in the laboratory tests. Thisis described in chapter 3.

-

e:hvf‘?tﬁé@;\:ﬁmﬁhnﬂ*ﬁ

MrWﬁﬁﬁf;ﬁé%@ﬁWMﬁﬂ*mmw B S T 12 - i
Figure 2.2: The volume balance over the shear zone.

The volume flow rate flowing to the sand element, is equal to:

AQ= i =e- ‘:‘ -Al-sin(8)=e-v_-Al-sin(8) (2.12)

With the aid of Darcy's law the next differential equation can be derived for the specific flow rate.
perpendicular to the deformation zone:

9Q k.

1 ap kmax
=ﬁ=ql +q2 : e

Pw'g

|9p
on
2

=e-V, -sin(ﬁ) (212)

The partial derivative dp/on is the derivative of the water under-pressures perpendicular on the
boundary of the area, in which the water under-pressures are calculated (in this case the
deformation zone). The boundary conditions on the other boundaries of this area are indicated in
figure 2.2. A hydrostatic pressure distribution is assumed on the boundaries between sand and
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water. This pressure distribution equals zero in the cal culation of the water under-pressures, if the
height difference over the blade is neglected. The boundaries that form the edgesin the sand
package are assumed to be impermeable. This will be further discussed in chapter 2.4.

Making equation (2.12) dimensionlessis similar to that of the breach equation of Meijer and Van
Os[41]. In the breach problem the length dimensions are normalized by dividing them by the
breach height, while in the cutting of sand they are normalized by dividing them by the cut layer
thickness.

Equation (2.12) in normalized format:

k, |op +\3p\ =pw-g-vc'6'hi'siﬂ(f3) (2.13)
k. |an'| ~|on’ By
i 2
With: n' = n/h;

This equation is made dimensionless with:

| dp
9p| 2 on' (2.14)
‘aﬂ| pw-g-vc-e-hi "Ilrkmax

The accent indicates that a certain variable or partial derivative is dimensionless. The next
dimesionless equation is now valid as a boundary condition in the deformation zone:

=sin(f3) (2.15)

The storage equation also has to be made dimensionless, which results in the next equation :

2°p|
9%’

a°p|

+ ayz =() (2.16)

Because the right hand side of this equation equals zero, it is similar to equation (2.8)

The water under-pressures distribution in the sand package can now be determined using the
storage equation and the boundary conditions. Because the calculation of the water
under-pressures is dimensionless the next transformation has to be performed to determine the real
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water under-pressures.

The real water under-pressures can be determined by integrating the derivative of the water
under-pressures in the direction of aflow line, along aflow line, so:

Peaic :I%

Thisisillustrated in figure 2.3.

-ds over een stroomlijn (2.17)

Figure 2.3: The flow of the pore water towards the shear zone.

Using equation (2.14) this can be written as:

ap pw 'g'VE'E'h-
Preal :-Ha"dﬂ :.[ I ! "

AR

-ds (2.18)

Os

g
With: s = S/hl

This gives the floowing relation between the really emerging water under-pressures and the
calculated water under-pressures:

Preal :pw-ivc-e-hi 'pcalc: (2.19)

e

In table 2.1(see appendix B5) the calculated water under-pressures are listed in relation with the
blade angle , the shear angle, the blade-height/layer-thickness ratio and the ratio between the
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permeability of the disturbed and undisturbed sand. Using equation (2.19) or equation (2.14) also
the water under-pressures, measured in the cutting tests, can be made dimensionless. To be
independent of the ratio between the initial permeability k; and the maximum permeability Ko

Kmax has to be replaced with the weighed average permeability k., before making the measured
water under-pressures dimensionless. Thiswill be discussed in chapter 2.8.
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2.04 Numer ical water pore pressure
calculations.

Contents
The water under-pressures in the sand package on and around the blade are numerically
determined using the finite el ement method. A standard program package is used (Segal [69]).
With the in this package, available "subroutines' a program is written, with which water
under-pressures can be calculated and be output graphically and numerically. The solution of such
a calculation is however not only dependent on the physical model of the problem, but also on the
next points:

1. The size of the areain which the calculation takes place.
2. The size and distribution of the elements
3. The boundary conditions

The choices for these three points have to be evaluated with the problem that hasto be solved in
mind. These calculations are about the values and distribution of the water under-pressuresin the
shear zone and on the blade. A variation of the values for point 1 and 2 may therefore not
influence this part of the solution. Thisis achieved by on the one hand increasing the areain
which the calculations take place in steps and on the other hand by decreasing the element size
until the variation in the solution was less than 1%.

The distribution of the elements is chosen such that afiner mesh is present around the blade tip,
the shear zone and on the blade, also because of the blade tip problem (chapter 2.5).
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\

Figure 2.4: The mesh as applied in the water under-pressure calculations.

A number of boundary conditions follow from the physical model of the cutting process, these
are;

1. The boundary condition in the shear zone. Thisis described by equation (2.15).

2. The boundary condition along the free sand surface. The hydrostatic pressure at which the
process takes place, can be chosen, when neglecting the dimensions of the blade and the
layer in relation to the hydrostatic pressure head. Because these calculations are meant to
obtain the difference between the water under-pressures and the hydrostatic pressureit is
valid to take a zero pressure as the boundary condition.

The boundary conditions along the boundaries of the area where the cal cul ation takes place, that
are located in the sand package, are not determined by the physical process. For this boundary
condition there is a choice between:

1. A hydrostatic pressure aong the boundary.
2. A boundary as an impermeable wall.
3. A combination of a known pressure and a known specific flow rate.

None of these choices complies with the real process. Water from outside the calculation area will
flow through the boundary. This also implies, however, that the pressure along this boundary is
not hydrostatic. If, however, the boundary is chosen with enough distance from the real cutting
process the boundary condition may not have an influence on the solution. The impermeable wall
Is chosen although this choice is arbitrary. Figure 2.2 gives an impression of the size of the area
and the boundary conditions, while figure 2.4 shows the element mesh. Figure 2.5 shows the
two-dimensional distribution of the water under-pressures.
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Figure 2.5: The distribution of the water under-pressures in the sand around the blade.
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Contents 2.05 The blade tip problem:.

During the physical modeling of the cutting process it has always been assumed that the blade tip
is sharp. In other words, that in the numerical calculation, from the blade tip, a hydrostatic
pressure can be introduced as the boundary condition along the free sand surface behind the blade.
In practice thisis never valid, because of the following reasons:

1. The blade tip always has a certain rounding, so that the blade tip can never be considered
really sharp.

2. Trough wear of the blade a flat section develops behind the blade tip, which runs against the
sand surface (clearance angle < zero)

3. If thereisalso dilatancy in the sand underneath the blade tip it is possible that the sand runs
against the flank after the blade has passed.

4. There will be a certain sub-pressure behind the knife as aresult of the blade speed and the
cutting process.

A combination of these factors determines the distribution of the water under-pressures,
especially around the blade tip. The first three factors can be accounted for in the numerical
calculation as an extra boundary condition behind the blade tip. Along the free sand surface
behind the blade tip an impenetrable line element is put in, in the calculation. The length of this
line element is varied with 0.0:h; , 0.1:h; and 0.2:h;. It showed from these cal culations that

especialy the water under-pressures on the knife are strongly determined by the choice of this
boundary condition as indicated in figure 2.6.

{(-)
pzm

o 01 0.2 0.3 w/h;

Figure 2.6a: The water sub-pressures distribution on the blade as function of the length of the flat
wear section w.

(-)

P1m/

0 0.1 0,2 03  wih;

http://dutw1127/dredging/miedema/1987_Dissertation/Chapter02_e/205.htm (1 of 2) [31/12/2000 07:55:33]



Dr.ir. S.A. Miedema - Dissertation - Chapter 2.05 (2D Cutting Theory)

Figure 2.6b: The water sub-pressures distribution in the shear zone as function of the length of the
flat wear section w.

It is hard to estimate to what degree the influence of the under-pressure behind the blade on the
water under-pressures around the blade tip can be taken into account with these extra boundary
condition. Since thereis no clear formulation for the under-pressure behind the blade available, it
will be assumed that the extra boundary condition at the blade tip describes this influence. The
laboratory research will have to make this more evident.
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Contents 2.06 Theforceson the blade.

The forces that act on the blade during the cutting of soil, are transmitted on the blade through grain
stresses and water pressures. These forces are caused by:

1. Normal stress, resulting in the force N».
2. Shear stress as a result of the soil/steel friction, resulting in S,.

3. Shear stress as aresult of the adhesion between the soil and the blade, resulting in the force A

4. Water under-pressures on the blade po,, , resulting in the force W,
5. Under-pressure behind the blade p3,, resulting in the force Wa.

These forces are indicated in figure 2.7.

Figure 2.7: The forces acting on the blade.

The normal force N, and the shear force S, are related as follows:

S,=N,-tan(3) K, = ”é%+N§j (2.20)

The resulting water force on the blade W, can be determined theoretically (see chapter 2.3). The
resulting water force W3 behind the blade results from measurements and from the determination of the

angle of internal friction from measurements (see chapter 3.11). Thisimplies that the resulting grain
force K, isthe only unknown force on the blade. This resulting force can be determined from the force

equilibrium on the cut layer according the method of Coulomb [76] extended with the water pressure
forces. These forces on the cut layer are shown in figure 2.8. These forces are:

1. The earlier mentioned forces W5, N, S, and A.
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2
3
4
5.
6
7
8

.~The force W, resulting from the water pressures in the shear zone pq ;.
. The force N, resulting from the normal stress on the shear zone.

. Theforce S; resulting from the shear stress as aresult of the internal friction of the sand.

The force resulting from the cohesion of the sand C.

. Theforce as aresult of the mass of the sand G.
. Theforce as aresult of the acceleration of the sand T.

. The force W, as aresult of the water resistance.

Figure 2.8: The forces acting on the layer cut.

The normal force N, and the shear force S; are related according:

S1=Ni-tan(¢) K, =1.IIiSIE+Ni2j (<)

From the horizontal and the vertical force equilibrium on the cut layer, the grain forces K, and K, can be
determined. The horizontal and vertical expressions are related to the direction of the cutting vel ocity
such that the horizontal axis points in the direction of the cutting velocity and the vertical axisis
perpendicular to this. This means that the gravity force is not necessarily directed verticaly in the
figures, but can make an angle y with the vertical. Thisis done to ease the determination of the vertical

and horizontal equilibrium.

For the horizontal force equilibrium can now be found:

K,

sin(8+¢@)— W, -sin(8)+C-cos(8)+ T-cos(8)+ G-sinly)+ W, -cos(x)

—A-cos(a )+ W, -SiIl(t::Jr:)—K2 sinfo +6)=0 (2.22)
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And for the vertical force equilibrium can be found:

—K-cos(B+ @k W,-cos(B)+ C-sin(B)+ T-sin(B)+ G-cosly » W, -sin(y)

+ A-sin(u:)+ W, -cos(r:x)— K, -cos(cc+6)= 0 (2.23)

For the determination of the forces on the blade only the force K is of importance. For this force can
now be derived (K, = Koq + Ko):

W sin(c+8+@)+ W sin(g)

K21 x (2.24)

sin(or +3+6+¢)

T G-sm(ﬁ+qa+ 'y)+T-cos(rp)+ C-CDS(@)—A-CDS(Q +3+ @)+W4'CDS(5 +f+9—}{) (2.25)
& sj_n(u: +IB+(1§'+6)

KEE

The force K, isthe water under-pressures part, while force K, isthe part of the gravity, the inertia
forces, the cohesion, the adhesion and the water resistance in the force K.

The following forces act on the blade:

1. The horizontal force Fi.

F, =—W,-sin(o)+K ,-sin{or +8 )+ A-cos(ar )+ Wysin(e) ~ (226)
2 Devertical force F,.

F =—W,-cos(a )+K ,-cos(a +8 )-A-sin{a }+ W-cos(cr)  (227)

If there is no cavitation the water pressures forces W, and W5, can be written as:

2
wl = Pim Pw 8" Ve -e-hi ‘b (2.28)
(al'ki +agk,.. )'Siﬂ(ﬁ)
and
wg & Powm Pw 8 Ve -e-hi b (2.29)

(31 K +ayk, ., )'Siﬂ(ﬂf)
For W3 an empirical relation is found, namely:
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W; =0.3-cotla )} W, (230)

With the limitation that W3 can never be higher than W». This relation suffices well for blade angles

between 30° to 60° . This under-pressure behind the blade will be discussed in chapter 3.11. In case of
cavitation W, and W, become:

W =p,, -g-(z+10)-h, -b/sin(8) (2.31)
and
W,=p_ -g-(z+10}-h, -b/sin o) (232)

The effect of cavitation on the under-pressure behind the blade is yet unknown. For the moment the
above stated equation is used.

Wismer and Luth [80] in 1972 researched the inertia forces part of the total cutting forces. The following
equation is derived:

o z_s’i“—(“)_ : 2.33)
o s sinfe+3) D

The cohesion and the adhesion can be determined with soil mechanical experiments. For the cohesion
and adhesion forces the following equations are valid:

C=c-h, -b/sin(B) (2.34)
and
A=a-h, -b/sin() (2:35)

The gravitational force (weight) follows from:

Siﬂ(ﬂH,B) (hb +hi-sin(u:)) hi'CDS(CHﬁ)

i (a) Lol k (2.36)
G=lp, Pu)s Lo sin() sin{cr) 4 2-sini3)

Thisisin accordance with the area that is used for the water pressures calculations (see figure 2.4).

The flow resistance isincluded explicit in equation (2.24), although this term will have to be introduced
as a boundary condition in the water pressures calculations. Since the flow resistance is proportional with
the square of the cutting velocity, while the volume strain rate is proportional with the cutting velocity, it
Isimpossible to include the flow resistance in the dimensionless water pressures calculations. It is
proposed to include the flow resistance as an external force in the force equilibrium, according:
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(h, +h; sin{a)) h;-cos(a+8) (2.37)

+

sin{cr) 2-sin(3)

In which the force W, has an angle x with the direction of the velocity. The values of C,, and x will have

to be determined experimentally. The term behind the blade width b isin accordance with the cut layer,
asisused in the water pressures calculations.

W,=C_ -0.5-p,, -v_-b-
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cotents. 2 07 T he deter mination of the shear angle (.

In chapter 2.6 the equations are derived with which the forces on a straight blade can be determined
according the method of Coulomb [76]. Unknown in these equations is the shear angle [3.

In literature several methods are used to determine this shear angle.

The oldest is perhaps the method of Coulomb [76]. This method iswidely used in sheet pile wall
calculations. Since passive earth pressure is the cause for failure here, it is necessary to find the
shear angle at which the total, on the earth, exerted force by the sheet pile wall is at a minimum.

When the water pressures are not taken into account, an analytical solution for this problem can be
found.

Another failure criterion is used by Hettiaratchi and Reece [23]. This principle is based upon the
cutting of dry sand. The shear plane is not assumed to be straight as in the method of Coulomb, but
the shear plane is composed of alogarithmic spiral from the blade tip that changes into a straight
shear plane under an angle of 45° - 0.5:¢ with the horizontal to the sand surface. The straight part
of the shear planeis part of the so-called passive Rankine zone. The origin of the logarithmic spiral
Is chosen such that the total force on the blade is minimal.

There are perhaps other failure criterions for sheet pile wall calculations known in literature, but
these mechanisms are only suited for a one-time failure of the earth. In the cutting of soil the
process of building up stresses and next the collapse of the earth, is a continuous process.

Another criterion for the collapse of earth, is the determination of those failure conditions for
which the total required strain energy is minimal. Rowe [67] uses this principle for the
determination of the angle under which local shear takes place. From this point of view it seems
plausible to assume that those failure criterions for the cutting of sand have to be chosen, for which
the cutting work-is minimal. Thisimplies that the angle of friction has to be chosen for which the
cutting work and therefore the horizontal force, exercised by the knife on the soil, is minimal.
Miedema [54,57] and Steeghs [72,73] have chosen this method.

Assuming that the water pressures are dominant in the cutting of packed sand, and thus neglecting
adhesion, cohesion, gravity, inertiaforces, flow resistance and sub-pressure behind the blade, the

derivative of the force F, (equation (2.26)) to the shear angle 3 becomes:

) =] sin(e ksinfo +2-3+6 +@) b sin(d )

98~ Uy sin“(BFsin(a+8+5+¢) o ® sin(o Fsin(a+ B+ +¢)

» ;.. o _Si_ﬂ(('a)+ dPoy, il sin(rx +ﬁ+@)_sin(:?f: +3+8 +¢,~) : (2:38)
a8 ' sin(8) 98 sinlo ) sin{o+6)

With the following simplification:
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ﬂ_ dk, _sin(u: +8+0 +q:3) (2.39)
38~ 98 - sinlo+d)

Since the value of the shear angle 3, for which the horizontal force is minimal, has to be found,
eguation (2.38) is set equal to zero, so the simplification according equation (2.39) isallowed. Itis
clear that this problem has to be solved iterative, because an analytical solution isimpossible.

The Newton-Rhapson method works very well for this problem. In tables 2.2 to 2.7 (see appendix
B5) the resulting shear angles, calculated with this method, can be found for several values of 9, ¢,
a, several ratios of hy/h; and for the non-cavitating and cavitating cutting process.

Interesting are now the results if another method is used. To check this the shear angles have also
been determined according Coulomb's criterion: there isfailure at the shear angle for which the
total force, exerted by the blade on the soil, is minimal. The maximum deviation of these shear
angles with the shear angles according tables 2.2 to 2.7 (see Appendix B5) has a value of only 3° at
ablade angle of 15° . The average deviation is approximately 1.5° for blade anglesto 60° .

The forces have a maximum deviation of less than 1%. It can therefore be concluded that it does
not matter if the total force, exercised by the soil on the blade, is minimized, or the horizontal
force. Next these calculations showed that the cutting forces, as a function of the shear angle, vary
only slightly with the shear angles, found using equation (2.38). This sensitivity increases with an
increasing blade angle. Figure2.9 shows this for the following conditions:

a = 15°, 30°, 45° and 60°, & = 24°, ¢ = 42°, hy/h; = 1 and a non-cavitating cutting process.

Fyl-) c=60"
F i)

1.7
1.61
1.57
1.4
1.31
12
11t
1.0H

0.5

::\__ el

" i %ﬁ“‘*aﬁkﬂ

(2] . PSS
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st 25" as’ 45" 3

Figure 2.9: The forces F,, and F; as afunction of the shear angle 3 and as a function of the blade

angle a, determined according to the principle of minimal specific cutting energy and according to
the minimal total cutting force F.
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coents 2,08 Theweighed aver age per meability.

In the derivation of the calculation of the water under-pressures around the blade, resulting in
equations (2.28) and (2.29), it already showed that the water under-pressures are determined by
the permeability of the undisturbed sand and the permeability of the disturbed sand. Equation
(2.15) of chapter 2.3 shows this dependence. The water under-pressures are determined for
several ratios of theinitial permeability of the undisturbed sand to the maximum permeability of
the disturbed sand:

Rkt = 1
Ki/Kiney = 0.5
Ki/Kry = 0.25

The average water sub-pressures p;,, €n p,y, Can be put against the ratio k;/k4, for acertain

shear angle 3. A hyperboalic relation emerges between the average water under-pressures and the
ratio of the permeabilities. If the reciproke values of the average water under-pressures are put
against the ratio of the permeabilities a linear relation emerges.

The derivatives of p;,, and pop, to the ratio ki/k, o are, however, not equal to each other. This

implies that arelation for the forces as a function of theratio of permeabilities can not be directly
derived from the found average water under-pressures.

Thisisin contrast with the method used by Van Leussen and VVan Os [40]. In [40] it isassumed
that the average pore pressure on the blade has the same dependability on the ratio of
permeabilities as the average pore pressure in the shear zone. No mathematical background is
given for this assumption.

For the several ratios of the permeabilitiesit is possible with the shear angles, determined in
chapter 2.7, to determine the dimensionless forces F, and F,. If these dimensionless forces are put

against the ratio of the permeabilities, also ahyperbolic relation is found (Miedema[57]), shown
in figure 2.10.

A linear relation can therefore also be found if the reciproke values of the dimensionless forces
are taken. This relation can be represented by:

1/F /=a+b-k/ /k,_, (2.40)

With the next transformations an equation can be derived for a weighed average permeability k.,

b el (241)

a+b a+b

Ell=

Thus:
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. 2.42
km =4, 'ki +4d, 'kma}: ( )
With: ag+ap,=1

Since the sum of the coefficients a; en & is equal to 1 only coefficient a; is given in the tables 2.8

to 2.13 (see appendix BY). It also hasto be remarked that this coefficient is determined on the
basis of the linear relation of F, (dimensionless c,), because the horizontal force gives more or

less the same relation as the vertical force, but has besides a much higher value. Only for the 60°
blade, where the vertical forceis very small and can change direction, differences occur between
the linear relations of the horizontal and the vertical force as function of the ratio of the
permeabilities.

From table 2.8 to 2.13 (see Appendix B5) can be concluded, that the influence of the undisturbed
soil increases when the blade-hei ght/layer-thickness ratio increases. This can be explained by the
fact that the water that flows to the shear zone over the blade has to cover alarger distance with
an increasing blade height and therefore has to overcome a higher resistance. Relatively more
water will have to flow through the undisturbed sand to the shear zone with an increasing blade

height.
"

0 0.25 0.5 1 Ki/Kmax
—

Figure 2.10a: The force Fy, as a function of the ratio between the initial permeability k; and the
residual permeability K-

0 0.25 0.5 1 ki/kmax

—_— e
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Figure 2.10b: The reciprocal of the force F, as afunction of the ratio between the initial
permeability k; and the risidual permeability K-
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2.09 The dimensionlesscutting force
coefficients.

Contents

If only the influence of the water under-pressures on the forces that occur with
the cutting of saturated packed sand under water istaken in to account ,
eguations (2.26) and (2.27) can be smplified. It will be assumed that the
non-cavitating process switches to the cavitating process for that cutting
velocity v, for which the force in the direction of the cutting velocity F, is

egual for both processes.

In reality, however, there is a transition region between both processes, where
locally cavitation starts in the shear zone. Although this transition region starts
at about 65% of the cutting velocity at which, theoretically, full cavitation takes
place, it shows from the results of the cutting tests that for the determination of
the cutting forces the existence of atransition region can be neglected.

In the ssimplified equations the coefficients ¢, en d, represent the dimensionless

horizontal force (or the force in the direction of the cutting velocity) in the
non-cavitating and the cavitating cutting process. The coefficients ¢, and d,

represent the dimensionless vertical force or the force perpendicular to the
direction of the cutting velocity in the non-cavitating and the cavitating cutting
Process.

For the non-cavitating cutting process:

Fi=¢ -0y 'g'?’c'hig -b-e/k,, (2.43)

|n which:

| sin(¢) h, sin{o +;3+f,f:-')1
le-sin(,[?) +P2m-f- sinfot)

. sin{cc+8+5+¢) ‘

sinfa+)
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h, 5111(1:1) h, sin(o)
(

i h % h, sin cﬁ)+p3m-hi “sin(o)

and,

] 3

sm(rp) hy 5111(& +,[:’>’+qa)
Proa” 5111(,8) HPom h, sin(o)

-cosloc+)

sinfec+5+56+¢)

h, cos(o) h, cos(or)
—Pom- }1

+P3m-h &

SIH(GE) . sinfa)

And for the cavitating cutting process it yields:
F.=d, -p,-g-(z+10)h, -b

In which:

rsin(qa) h, sin(ﬂr:+ﬂ3+@)‘ =9
S TP b 4

d,=> :
: sm(a +8+5+¢)

h, sin{o) h, sinfo)
h, sin{cr) iy h, -Siﬂ(ﬂi)

1

And:
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r 3

sin(@) h, sinlo+8+¢)
sin(B)Jrh_i- sinfar) -oosla+9)
d. =2 :
2 sin(a+3+0+¢)
_hy _CDS('-’I) h, cos(e) (2.48)

h, sin(o) P h,  sin{o)

1

The values of the 4 coefficients are determined by minimising the cutting work,

or that is at that shear angle [3 where the derivative of the horizontal force to the
shear angle is zero (see chapter 2.7).

For the non-cavitating cutting process the coefficients c; and ¢, are given in the

tables 2.14 t/m 2.25 (see appendix B5). For the cavitating cutting process the
values of d; and d, are given in the tables 2.26 t/m 2.37 (see appendix B5). The

coefficientsc, , ¢, , d; en d, are given in these tables as functions of a, o, ¢
and the ratio hy/hy.

Thetables are printed for the case without under-pressure behind the blade and
for the case where the under-pressure behind the blade is calculated according
eguation (2.30), according next list:

Tables2.14 t/m 2.16: ¢, without under-pressure behind the blade.
Tables 2.17 t/m 2.19: ¢, with under-pressure behind the blade.
Tables 2.20 t/m 2.22: ¢, without under-pressure behind the blade.
Tables 2.23 t/m 2.25: ¢, with under-pressure behind the blade.
Tables 2.26 t/m 2.28: d; without under-pressure behind the blade.
Tables 2.29 t/m 2.31: d; with under-pressure behind the blade.

Tables 2.32 t/m 2.34: d, without under-pressure behind the blade.
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Tables 2.35 t/m 2.37: d, with under-pressure behind the blade.

Equations (2.43) en (2.46) form the basis of the simplified analytical models
for the cutterhead (chapter 4) and the dredging-wheel (chapter 5).
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2.10 Determination of ¢ and o from cutting
tests.

Contents
The soil/steel angle of friction and the angle of internal friction can be determined from cutting tests. Sand
without cohesion or adhesion is assumed in the next derivations, while the mass of the cut layer has no
influence on the determination of the soil/steel angle of friction. In figure 2.11 isindicated which on the
blade acting forces have to be measured to determine the soil /steel angle of friction.

Figure 2.11: The forces from which the soil/blade friction angle can be determined.

The forces Fy, and F,, can be measured directly. Force W, results from the integration of the measured
water pressures on the blade. Force W3 will be discussed in chapter 3.11 (see aso equation (2.30)). From
this figure the normal force on the blade, resulting from the grain stresses on the blade, becomes:

F, =W, W, +E -sin{a)+F, -cos(a) (2.49)
The friction force, resulting from the grain stresses on the blade, becomes:
F. =E -cos(a)-F, -sin(cr ) (2.50)

The soil/steel angle of friction now becomes:

&=arctan F_W (2.51)
E

fi

Determination of the angle of internal friction from the cutting tests is slightly more complicated. In figure
2.12 isindicated which forces, acting on the cut layer, have to be measured to determine this angle.
Directly known are the measured forces F, and F,,, while the inertiaforce T has to be determined using

equation (2.33). The mass of the layer G can be determined with equation (2.36). The force W5 results
from arelation derived in chapter 3.11 (equation (2.30)). The force W, has to be determined
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experimentally. From measurements it is however known (chapter 3) that this force can be neglected. The
force W, is unknown and impossible to measure. However from the numerical water pressures cal culations

the ratio between W, and W5 is known. By multiplying the measured force W, with this ratio an

estimation of the value of the force W, can be obtained, so:

_wzmean (2.52)

h-axis

Figure 2.12: The forces from which the angle of internal friction can be determined.

For the horizontal and the vertical force equilibrium of the cut layer can now be written:

F -W, -sjn(af)=K1 -sin(,8+qa)_wl sin(8)+ T-cos(8)+ G-sinly)+ W, -cos(x ) (253)

and

E, —W, -cos(a)=—K, -cos(B+¢)+ W, -cos(8)+T-sin(8)+G-cos(y)+ W, -sin(x ) 259

The angle of internal friction:

@=arctan

F-W, -Sﬁl(&)+wl -sm(ﬁ)—T-cos(B)—G-sm(}f)—w4-cos(x)

—F, + W, -cos(a:)+wl -cos(ﬁ)+T-sin(p3)+G-cos(}f)+w4-sin(x))

e (2.55)

The derived equations (2.51) and (2.55) are used to determine the values of ¢ and & from the performed
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cutting tests, which will be discussed in chapter 3.11..
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2.11 The effect of a velocity component
parallel to the edge of the blade.

Contents

Important for the equilibrium of the cut layer is the soil/steel angle of friction, which actsin the
plane perpendicular to the blade edge. It is assumed to be known that the friction force, occurring
between two, in relation to each other, moving planes, acts in the direction of the velocity between
the two planes. Thisimpliesthat as aresult of avelocity component parallel to the blade edge
(sliding velocity) afriction force occurs parallel to the blade edge (sliding force) but in the
opposite direction of the sliding velocity. If it isgeometrically possible for the sand to move
parallel to the direction of the blade edge, this can happen as a result of a velocity component
parallel to the blade edge.

A known example of this phenomenon is the cutting processin a so-called "grader”. In figure 2.13
the involved velocity and force components are shown.

First the involved forces have to be known, before the acting forces can be discussed.

Vi The total velocity of the blade.

Ve The velocity component of the blade perpendicular to the blade edge.
\7 The relative velocity between the sand and the blade.

V| The velocity component of the blade parallel to the blade edge.

fo The factor of v;, with which the sand moves parallel to the blade edge.

In chapter 8 the determination of these three velocities is discussed extensively.

V=ix1s

l-axis

Vi V=Axis

-
Ve h-axis

Figure 2.13: The velocity components and force components on the blade.
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The velocity components perpendicular and parallel to the blade edge are assumed to be known.
The relative velocity between the sand and the blade perpendicular to the blade edge can be
determined according:

& Y sin(s) (2.56)

“T O sin{a+B)

For the effective soil/steel angle of friction in the plane perpendicular to the blade edge can now
be written:

3, =am — tan(3) @57)

| \/[vf w6 |

In chapter 2.7 is discussed, that the shear angle 3 is dependent on the soil/steel angle of friction &,
which works in the plane perpendicul ar to the blade edge. However when there is avelocity
component parallel to the blade edge, these angles become mutual dependent (equations (2.56)

and (2.57)). An iterative solution for 3 and &, has to be found. Because the shear angle 3 is not
very sensitive to changes in the soil/steel angle of friction &, a simple iteration, according figure
2.14, is sufficient.

F

With known a, h;, hy, 8, and ¢, the friction force between the sand and the blade in the plane
perpendicular to the blade edge can be determined with:

F, =F -cos(a)-F, -sinfc ) (2.58)

The friction force parallel to the direction of the blade edge, opposite to the direction of the
velocity component parallel to the blade edge, can now be determined with:

F =F, will=fy) (2.59)
vV

r

In which f represents the factor of the sliding speed that is forced upon the sand as a result of the
diding friction. The resistance of the sand against the acceleration in the sliding direction can be
determined with:

F =p,-v, -h; -b-v, -f; (2.60)

Equating equations (2.59) and (2.60) gives the value for f:

http://dutw1127/dredging/miedema/1987_Dissertation/Chapter02_e/211.htm (2 of 4) [31/12/2000 07:55:46]



Dr.ir. S.A. Miedema - Dissertation - Chapter 2.11 (2D Cutting Theory)

FW
(2.61)

fo =(FW +,r;>g-‘w"c-}1i -b-vr)

Because the inertia forces can be neglected, in the cutting of saturated packed sand, in comparison
with the forces as aresult of the water pressures, the factor fg is approximately 1. Thisimplies that
the force in the sliding direction of the blade is also negligible. This force becomes only
substantial at very high cutting velocities. With this the components of the cutting force in the
three directions (F,, F, and F;) are known.

*seiﬂ.s

Determine v and v from v

= |

Determine B(854) bei = beu
Determine v equ. (2.56)
Determine £ equ. (2.61)

+

Determine 8 gy equ. {2.57)

%

| 6ei - deul < €
+ YES

Determine Fqp equ. (2.59)

NO
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Figure 2.14: The determination of the effective soil/stedl friction angle d, and the sliding force F;.
Within the iteration an in-going effective angle of soil/steel friction d 4 and an out-going effective
angle of soil/steel friction 0 g, are used. When these two angles are equal githin a certain accuracy

[ the effective angle of soil/stedl friction is determined. With this the sliding force F, can be
determined from equation (2.59).
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Contents 2.12 Wear and side effects.

In the previous chapters the blades are assumed to have a reasonable sharp blade tip and a positive
clearance angle. A two dimensional cutting process has also been assumed. In dredging practice
these circumstances are hardly encountered. It is however difficult to introduce a concept like
wear in the theoretical model, because for every wear stage the water pressures have to be
determined numerically again.

Also not clear isif the assumption that the sand shears along a straight line will also lead to a good
correlation with the model tests with worn blades. Only for the case with a sharp blade and a

clearance angle of -1° amodel test is performed. Thisis discussed in chapter 3.9.

It is however possible to introduce the wear effects and the side effects simply in the theory with
empirical parameters. To do this the theoretical model is slightly modified. No longer the
horizontal and the vertical forces are used, but the total cutting force and its angle with the
direction of the velocity component perpendicular to the blade edge. Figure 2.15 shows the
dimensionless forces cq, C,, en c¢; for the non-cavitating cutting process and the dimensionless

forces dy, d, en d; for the cavitating process. For the total cutting force can be written
dimensionless:

non-cavitating cavitating

C, =\/(C1'C1 +CyC,) d, =\/(-;11-.;11 +d,d,) (2.62)

For the angle the force makes with the direction of the velocity component perpendicular to the
blade edge:

8, =atn Y2 ®, =atn da (2.63)
¢y d1

It is proposed to introduce the wear and side effects according:

C,, =C,-C, d.=d,-c, (2.64)
and

8., =0,-0, ©®, =0..0 (2.65)
For the side effects it yields:

¢, =¢C,-C, dt:r =dt -C, (2.66)

and
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= 2.67
6'1:r—'5'1: "9r @)tr_@t'@r ( )

In chapter 4 and 5 it will appear, that in particular the angle of rotation of the total cutting force as
aresult of wear, has a large influence on the force needed for the haul motion of cutter-suction
and cutter-wheel dredgers. Figure 2.16 gives an impression of the expected effects of the wear and

the side effects.

V-axis

A

h-axis

Figure 2.15: The total dimensionless cutting force ¢;, d; and the angle it makes with the velocity
direction G, 6;, where this angle is directed positive downwards.

V-ax1s

h-axis

Figure 2.16a: The influence of wear on the magnitude and the direction of the dimensionlessforce
c; for the non-cavitating cutting process.
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V=Ex1s

h-axis

Ct/

Ctr

Figure 2.16b: The influence of side effects on the magnitude and the direction of the
dimensionless cutting force c, for the non-cavitating cutting process.
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Contents 2.13 Specific cutting ener gy.

In the dredging industry, the specific cutting energy is described as:

The amount of energy, that has to be added to a volume unit of soil (e.g. sand) to excavate the
soil.

The dimension of the specific cutting energy is:. KN/m2,

Adhesion, cohesion, gravity and the inertiaforces will be neglected in the determination of the
specific cutting energy. For the case as described in chapter 2, cutting with a straight blade with

the direction of the cutting velocity perpendicular to the blade (edge of the blade), the specific
cutting energy can be written:

E-v. Fy

3 % (2.68)
h,b-v, h b

E

The method, with which the shear angle 3 is determined in chapter 2.7, is therefore equivalent
with minimizing the specific cutting energy, for a certain blade geometry and certain soil
mechanical parameters. For the specific energy, for the non-cavitating cutting process, can now
be derived from equations (2.43) and (2.68), that:

e
Bpo=ci 0y BrVerh, 1

1

(2.69)

For the specific energy, for the fully cavitating cutting process, can be written from equations
(2.46) and (2.68):

Eca =d1 P -g-(Z‘l'l 0) el

From these equations can be derived that the specific cutting energy, for the non-cavitating
cutting process is proportional to the cutting velocity, the layer-thickness, the volume strain and
inversely proportional to the permeability. For the fully cavitating process the specific cutting
energy is only dependent on the water depth.

Therefore it can be posed, that the specific cutting energy, for the fully cavitating cutting process
Is an upper limit, provided that the inertiaforces, etc., can be neglected. At very high cutting
velocities, however, the specific cutting energy, also for the cavitating process will increase as a
result of the inertia forces and the water resistance.

A change in the specific energy occurs when the forward velocity of the blade is not
perpendicular to the blade edge (chapter 2.11). Figure 2.17 shows this situation. For the
non-cavitating cutting process the force Fy, is not dependent on the siding velocity, when in
equation (2.43) the total velocity of the blade and the projected blade width are substituted by the
cutting velocity and the blade width. The direction of this force is perpendicular to the blade edge,
so that, when neglecting the sliding force F, for the specific cutting energy can be derived:
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kv, Fh'CUS(l)_ - (2.72)
Egc:hi v Mobys S P irhes -oosly)

In this equation the total velocity of the blade v; isincluded, which gives a better impression of
the specific cutting energy, although v;-cos(1) is equal to v.. The specific cutting energy of the
cavitating cutting process does not change under influence of a sliding velocity, so equation

(2.70) is till valid. However, cavitation occursfor this case at a higher total velocity, since the
velocity important for the cutting process (the perpendicular velocity v,) is smaller than the total

velocity V;.

Figure 2.17: The velocity components vy, V. and v, and the force F, for a transverse component of

the total blade velocity.
Also the blade width b and the projected blade width by, from above.
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Table 2.01

cotens T able 2.01; Dimensionless Por e Pressur es.

Dr.ir. SA. Miedema

’ hp/h, Ki/Kmax=1 Ki/K ax=0.25

B=30° | 37.5° 45° 30° 37.5° 45°

1(s) | 0156 | 0.168 | 0.177 | 0235 | 0.262 | 0.286

2(s) | 0157 | 0168 | 0.177 | 0.236 | 0.262 | 0.286

g=15 | 3(9 | 0158 | 0168 | 0177 | 0237 | 0262 | 0.286
1(b) | 0.031 | 0.033 | 0035 | 0054 | 0.059 | 0.063

2(b) | 0016 | 0.017 | 0.018 | 0.028 | 0.030 | 0.032

3(b) | 0011 | 0.011 | 0.012 | 0.019 | 0.020 | 0.021

B=25° | 30° 35° 25° 30° 35°

1(s) | 0178 | 0.186 | 0.193 | 0.274 | 0.291 | 0.308

2(s) | 0179 | 0187 | 0.193 | 0276 | 0.294 | 0.310

g=30° | 3(9 | 0179 | 0187 | 0193 | 0277 | 0294 | 0.310
1(b) | 0.073 | 0076 | 0.078 | 0.126 | 0133 | 0.139

2(b) | 0.049 | 0.049 | 0.049 | 0.084 | 0.085 | 0.086

3(b) | 0034 | 0034 | 0033 | 0059 | 0.059 | 0.059

B=20° | 25° 30° 20° 25° 30°

1(s) | 0185 | 0.193 | 0.200 | 0.289 | 0.306 | 0.325

2(s) | 0190 | 0198 | 0.204 | 0.304 | 0.322 | 0.339

o450 | 3(9 | 0192 | 0200 | 0205 | 0308 | 0.325 | 0.340
1(b) | 0091 | 0.097 | 0.104 | 0.161 | 0.174 | 0.187

2(b) | 0081 | 0.082 | 0.083 | 0.146 | 0.148 | 0.151
3(b) | 0.067 | 0.065 | 0.063 | 0.120 | 0.116 | 0.114

B=15° | 20° 25° 15° 20° 25°
] 1(s) | 0182 | 0.192 | 0.200 | 0.278 | 0.303 | 0.324
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Table 2.01

2() | 0195 | 0204 | 0211 [ 0314 [ 0339 | 0359
a=60° | 3(9 | 0199 | 0208 | 0214 | 0327 | 0.350 | 0.368
1() | 0001 | 0103 | 0112 | 0158 | 0.184 | 0.205
2(b) | 0100 | 0106 | 0.109 | 0.182 [ 0.196 | 0.204
3(b) | 0094 | 0095 | 0093 | 0174 | 0176 | 0.174

Table 2.01: The dimensionless porepressures p;,,, in the shearzone (s) and p,,, ON

the blade surface (b) as afunction of the blade angle a, de shear angle B3, theratio
between the blade height h, and the layer thickness h; and the ratio between the

permeability of the situ sand k; and the permeability of the sand cut ko, with a
wear zone behind the edge of the blade of 0.2:h;.
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

Coefficientsfor the Non-Cavitating Cutting

=22 Processin Water Saturated Sand (hy/hi=1)
Dr.ir. SA. Miedema
Table 2.02: The shear angle 3.
Table 2.14. The coefficient c,.
Table 2.20: The coefficient c;.
Table2.08: The coefficient a_L
Back totop Table 2.02:-The shear angle £3.
hy/hi=1 © 32° 37° 42° 47° 52°
a 0
15° 40.892 | 40.152| 39.169| 38.012| 36.727
18° 30.024 | 38380 | 37.483| 36.402| 35.184
150 21° 37.355| 36.781| 35947 | 34.924| 33.756
24° 35.847 | 35321 | 34534 33552| 32423
27° 34.468 | 33.975| 33220 32269| 31.166
30° 33196 | 32723| 31.989| 31.058( 29.973
15° 37.967 | 36.937| 35707 34.334| 32854
18° 36.187 | 35250| 34.100| 32.795| 31.372
20° 21° 34564 | 33.696| 32.606| 31.353| 29.974
24° 33.072| 32255| 31.209| 29.994| 28.648
27° 31.690 | 30.907 | 29.893| 28.705| 27.382
30° 30401 | 29.640| 28646 27.476| 26.166
15° 33380 | 32254| 30936 29.481| 27.919
18° 31.792 | 30.726| 29.467| 28.061| 26.539
450 21° 30.326 | 29.310| 28.092| 26.720| 25224
24° 28.960 | 27.984| 26.793| 25442 | 23.963
27° 27.700 | 26733 | 25557 | 24.218| 22.745
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

The shear angle B as a function of the blade angle a, the angle of internal friction ¢, the soil/interface

30° 26.503 25.543 24.373 23.036 21.562
15° 28.220 26.928 25.482 23.917 22.253
18° 26.813 25.569 24.160 22.623 20.978
60° 21° 25.500 24.287 22.901 21.379 19.742
24° 24.264 23.067 21.692 20.174 18.535
27° 23.091 21.897 20.522 18.999 17.350
30° 21.967 20.767 19.382 17.845 16.177

friction angle o, for the non-cavitating cutting process.

Back totop

Table 2.14: The coefficient c;.

hp/hi=1 ()] 32° 37° 42° 47° 52°
a o
15° 0.104 0.118 0.132 0.146 0.162
18° 0.119 0.134 0.150 0.167 0.186
15° 21° 0.133 0.150 0.169 0.189 0.210
24° 0.147 0.167 0.188 0.211 0.236
27° 0.162 0.184 0.209 0.235 0.264
30° 0.177 0.202 0.229 0.259 0.292
15° 0.175 0.203 0.234 0.268 0.306
18° 0.195 0.227 0.261 0.300 0.343
30° 21° 0.215 0.251 0.290 0.334 0.384
24° 0.236 0.276 0.320 0.370 0.427
27° 0.257 0.302 0.352 0.409 0.474
30° 0.279 0.329 0.385 0.450 0.525
15° 0.254 0.304 0.360 0.425 0.502
18° 0.279 0.334 0.398 0.472 0.560
45° 21° 0.305 0.367 0.438 0.523 0.624
24° 0.332 0.401 0.482 0.578 0.695
27° 0.360 0.437 0.529 0.639 0.774
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the

blade.

30° 0.390 0.477 0.580 0.706 0.863
15° 0.360 0.445 0.547 0.671 0.826
18° 0.393 0.488 0.604 0.746 0.928
60° 21° 0.428 0.535 0.666 0.831 1.045
24° 0.466 0.587 0.736 0.928 1.180
27° 0.507 0.643 0.815 1.039 1.341
30° 0.553 0.707 0.905 1.169 1.534

Back to top

Table 2.20: The coefficient c.

hp/hij=1 (0] 32° 37° 42° 47° 52°
a 0
15° 0.113 0.137 0.161 0.187 0.215
18° 0.110 0.134 0.159 0.186 0.215
15° 21° 0.106 0.130 0.156 0.184 0.214
24° 0.101 0.126 0.152 0.181 0.213
27° 0.096 0.121 0.148 0.178 0.211
30° 0.090 0.116 0.143 0.174 0.208
15° 0.117 0.146 0.177 0.211 0.249
18° 0.110 0.139 0.171 0.206 0.246
30° 21° 0.103 0.132 0.164 0.200 0.241
24° 0.094 0.123 0.156 0.193 0.235
27° 0.084 0.114 0.147 0.184 0.228
30° 0.074 0.103 0.136 0.174 0.218
15° 0.101 0.130 0.164 0.202 0.247
18° 0.090 0.119 0.152 0.191 0.237
45° 21° 0.078 0.106 0.139 0.178 0.224
24° 0.064 0.092 0.124 0.162 0.208
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

The dimensionless force c,, perpendicular to the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the

blade.

27° 0.049 0.075 0.106 0.143 0.188
30° 0.032 0.056 0.085 0.120 0.164
15° 0.060 0.084 0.112 0.146 0.189
18° 0.041 0.063 0.088 0.120 0.160
60° 21° 0.021 0.039 0.061 0.088 0.124
24° -0.003 0.011 0.028 0.050 0.078
27° -0.030 -0.021 -0.011 0.003 0.021
30° -0.061 -0.059 -0.057 -0.055 -0.053

Back to top

Table 2.08: The coefficient a4.

hp/hi=1 (0] 32° 37° 42° 47° 52°
a o
15° 0.525 0.520 0.515 0.509 0.503
18° 0.520 0.516 0.510 0.505 0.498
150 21° 0.516 0.511 0.506 0.500 0.494
24° 0.511 0.507 0.502 0.496 0.490
27° 0.507 0.503 0.498 0.492 0.485
30° 0.503 0.498 0.493 0.487 0.481
15° 0.526 0.522 0.517 0.512 0.506
18° 0.523 0.519 0.514 0.509 0.503
30° 21° 0.520 0.516 0.511 0.506 0.500
24° 0.517 0.512 0.508 0.502 0.497
27° 0.514 0.509 0.504 0.499 0.493
30° 0.510 0.506 0.501 0.496 0.490
15° 0.534 0.530 0.525 0.520 0.514
18° 0.531 0.527 0.522 0.517 0.511
45° 21° 0.528 0.524 0.519 0.514 0.508
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

24° 0.525 0.521 0.516 0.511 0.505
27° 0.523 0.518 0.513 0.508 0.501
30° 0.520 0.515 0.510 0.504 0.498
15° 0.535 0.528 0.521 0.513 0.505
18° 0.530 0.524 0.517 0.509 0.500
60° 21° 0.526 0.519 0.512 0.504 0.494
24° 0.521 0.515 0.507 0.498 0.489
27° 0.517 0.510 0.502 0.493 0.483
30° 0.512 0.505 0.497 0.487 0.477

The weigh factor &, for the determination of the weighed average permeability k,,, as afunction of

the blade angle a, the angle of internal friction ¢, the soil/interface friction angle o, without under
pressure behind the blade.

Back totop

Thisisatranslation of the dissertation of Dr.ir. SA. Miedema, dated September 15th 1987 .
The dissertation was originally published in Dutch by the:

Delft University of Technology

Faculty of M echanical Engineering and Marine Technology

Chair of Dredging Technology

Mekelweg 2

2628 CD, Delft

The Netherlands

Last modified Wednesday M ay 24, 2000 by: Sape A. Miedema

Trandation by: Laurens de Jonge

Figures, equations and tablesby: Erik Miedema

Copyright 0 May, 2000 Dr.ir. S A: Miedema

Download Adobe Acrobat Reader V4.0

http://dutw1127/dredging/miedema/1987_Dissertation/Tables_e/Non-Cavitating%20(1NUP).htm (5 of 5) [31/12/2000 07:55:53]


mailto:S.A.Miedema@wbmt.tudelft.nl
mailto:l.j.de%20jonge@wbmt.tudelft.nl
mailto:erik_miedema@hotmail.com
http://www.nedstat.nl/cgi-bin/viewstat?name=Miedema1
http://dutw1127/dredging/AcRS4ENU.exe

Table 2.02

Back totop Table 2.02: The shear angle £3.

hy/hi=1 0 32° 37° 42° 47° 52°
a o
15° 40.892 40.152 39.169 38.012 36.727
18° 39.024 38.380 37.483 36.402 35.184
15° 21° 37.355 36.781 35.947 34.924 33.756
24° 35.847 35.321 34.534 33.552 32.423
27° 34.468 33.975 33.220 32.269 31.166
30° 33.196 32.723 31.989 31.058 29.973
15° 37.967 36.937 35.707 34.334 32.854
18° 36.187 35.250 34.100 32.795 31.372
30° 21° 34.564 33.696 32.606 31.353 29.974
24° 33.072 32.255 31.209 29.994 28.648
27° 31.690 30.907 29.893 28.705 27.382
30° 30.401 29.640 28.646 27.476 26.166
15° 33.389 32.254 30.936 29.481 27.919
18° 31.792 30.726 29.467 28.061 26.539
45° 21° 30.326 29.310 28.092 26.720 25.224
24° 28.969 27.984 26.793 25.442 23.963
27° 27.700 26.733 25.557 24.218 22.745
30° 26.503 25.543 24.373 23.036 21.562
15° 28.220 26.928 25.482 23.917 22.253
18° 26.813 25.569 24.160 22.623 20.978
60° 21° 25.500 24.287 22.901 21.379 19.742
24° 24.264 23.067 21.692 20.174 18.535
27° 23.091 21.897 20.522 18.999 17.350
30° 21.967 20.767 19.382 17.845 16.177

The shear angle 3 as afunction of the blade angle a, the angle of internal friction @, the soil/interface
friction angle &, for the non-cavitating cutting process.
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Table 2.14

Back totop Table 2.14: The coefficient c;.

hy/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 0.104 0.118 0.132 0.146 0.162
18° 0.119 0.134 0.150 0.167 0.186
15° 21° 0.133 0.150 0.169 0.189 0.210
24° 0.147 0.167 0.188 0.211 0.236
27° 0.162 0.184 0.209 0.235 0.264
30° 0.177 0.202 0.229 0.259 0.292
15° 0.175 0.203 0.234 0.268 0.306
18° 0.195 0.227 0.261 0.300 0.343
30° 21° 0.215 0.251 0.290 0.334 0.384
24° 0.236 0.276 0.320 0.370 0.427
27° 0.257 0.302 0.352 0.409 0.474
30° 0.279 0.329 0.385 0.450 0.525
15° 0.254 0.304 0.360 0.425 0.502
18° 0.279 0.334 0.398 0.472 0.560
45° 21° 0.305 0.367 0.438 0.523 0.624
24° 0.332 0.401 0.482 0.578 0.695
27° 0.360 0.437 0.529 0.639 0.774
30° 0.390 0.477 0.580 0.706 0.863
15° 0.360 0.445 0.547 0.671 0.826
18° 0.393 0.488 0.604 0.746 0.928
60° 21° 0.428 0.535 0.666 0.831 1.045
24° 0.466 0.587 0.736 0.928 1.180
27° 0.507 0.643 0.815 1.039 1.341
30° 0.553 0.707 0.905 1.169 1534

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the
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Table 2.20

Back to top Table 2.20: The coefficient c,.
hy/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 0.113 0.137 0.161 0.187 0.215
18° 0.110 0.134 0.159 0.186 0.215
150 21° 0.106 0.130 0.156 0.184 0.214
24° 0.101 0.126 0.152 0.181 0.213
27° 0.096 0.121 0.148 0.178 0.211
30° 0.090 0.116 0.143 0.174 0.208
15° 0.117 0.146 0.177 0.211 0.249
18° 0.110 0.139 0.171 0.206 0.246
30° 21° 0.103 0.132 0.164 0.200 0.241
24° 0.094 0.123 0.156 0.193 0.235
27° 0.084 0.114 0.147 0.184 0.228
30° 0.074 0.103 0.136 0.174 0.218
15° 0.101 0.130 0.164 0.202 0.247
18° 0.090 0.119 0.152 0.191 0.237
450 21° 0.078 0.106 0.139 0.178 0.224
24° 0.064 0.092 0.124 0.162 0.208
27° 0.049 0.075 0.106 0.143 0.188
30° 0.032 0.056 0.085 0.120 0.164
15° 0.060 0.084 0.112 0.146 0.189
18° 0.041 0.063 0.088 0.120 0.160
60° 21° 0.021 0.039 0.061 0.088 0.124
24° -0.003 0.011 0.028 0.050 0.078
27° -0.030| -0.021| -0.011 0.003 0.021
30° -0.061| -0.059| -0.057| -0.055| -0.053

The dimensionless force c,, perpendicular to the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the
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Table 2.08

Back totop Table 2.08: The coefficient a;.

hy/hi=1 0] 32° 37° 42° 47° 52°
a o
15° 0.525 0.520 0.515 0.509 0.503
18° 0.520 0.516 0.510 0.505 0.498
15° 21° 0.516 0.511 0.506 0.500 0.494
24° 0.511 0.507 0.502 0.496 0.490
27° 0.507 0.503 0.498 0.492 0.485
30° 0.503 0.498 0.493 0.487 0.481
15° 0.526 0.522 0.517 0.512 0.506
18° 0.523 0.519 0.514 0.509 0.503
30° 21° 0.520 0.516 0.511 0.506 0.500
24° 0.517 0.512 0.508 0.502 0.497
27° 0.514 0.509 0.504 0.499 0.493
30° 0.510 0.506 0.501 0.496 0.490
15° 0.534 0.530 0.525 0.520 0.514
18° 0.531 0.527 0.522 0.517 0.511
45° 21° 0.528 0.524 0.519 0.514 0.508
24° 0.525 0.521 0.516 0.511 0.505
27° 0.523 0.518 0.513 0.508 0.501
30° 0.520 0.515 0.510 0.504 0.498
15° 0.535 0.528 0.521 0.513 0.505
18° 0.530 0.524 0.517 0.509 0.500
60° 21° 0.526 0.519 0.512 0.504 0.494
24° 0.521 0.515 0.507 0.498 0.489
27° 0.517 0.510 0.502 0.493 0.483
30° 0.512 0.505 0.497 0.487 0.477

The weigh factor &, for the determination of the weighed average permeability ki, as afunction of
the blade angle a, the angle of internal friction @, the soil/interface friction angle o, without under
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

Coefficientsfor the Non-Cavitating Cutting

=42 Processin Water Saturated Sand (hy/hi=2)
Dr.ir. SA. Miedema
Table 2.03: The shear angle 3.
Table 2.15: The coefficient c,.
Table 2.21: The coefficient c;.
Table2.09: The coefficient a_L
koo Table 2.03:. The shear angle 3.
hy/hi=2 ® 32° 37° 42° 47° 52°
a o
15° 41.128| 40.402| 39.427| 38273 36.986
18° 30.239| 38609 37.720| 36.643| 35424
150 21° 37.554| 36.993| 36.167| 35147 33.979
24° 36.030| 35517 34738 33.760| 32.630
27° 34.638| 34.158| 33410 32462 31358
30° 33.354| 32893| 32167| 31.238| 30.152
15° 30.129| 37.939| 36.562| 35056| 33.457
18° 37.223| 36.144| 34.859| 33429| 31.8%4
30° 21° 35.458 | 34468 33258| 31.891| 30.408
24° 33.820| 32.899| 31.748| 30.432| 28.992
27° 32.293| 31425| 30.320| 29.043| 27.637
30° 30.864| 30.035| 28965| 27.718| 26.336
15° 33483| 32334 30991| 29508 27.918
18° 31.743| 30.679| 20.408| 27.985| 26.444
450 21° 30.142| 29.141| 27.925| 26547| 25.043
24° 28.660| 27.704| 26.527| 25.182| 23.705
27° 27.278| 26.353| 25202| 23.879| 22420
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

30° 25.982 25.074 23.939 22.630 21.179
15° 27.692 26.533 25.186 23.694 22.085
18° 26.156 25.057 23.759 22.307 20.729
60° 21° 24.744 23.683 22.418 20.991 19.432
24° 23.432 22.394 21.147 19.733 18.180
27° 22.203 21.173 19.932 18.520 16.965
30° 21.039 20.008 18.763 17.344 15.776

The shear angle 3 as afunction of the blade angle a, the angle of interna
friction ¢, the soil/interface friction angle 9, for the non-cavitating cutting

Process.

Back to top

Table 2.15: T he coefficient ¢;.

hp/hj=2 (0] 32° 37° 42° 47° 52°
a o
15° 0.106 0.119 0.133 0.148 0.163
18° 0.120 0.135 0.152 0.169 0.187
15° 21° 0.135 0.152 0.171 0.191 0.213
24° 0.149 0.169 0.191 0.214 0.239
27° 0.164 0.187 0.211 0.237 0.267
30° 0.179 0.205 0.232 0.262 0.296
15° 0.185 0.214 0.246 0.281 0.320
18° 0.207 0.240 0.276 0.317 0.362
30° 21° 0.230 0.267 0.308 0.3%4 0.407
24° 0.2%4 0.296 0.342 0.395 0.455
27° 0.278 0.325 0.378 0.437 0.507
30° 0.303 0.356 0.415 0.483 0.563
15° 0.282 0.335 0.396 0.466 0.547
18° 0.313 0.373 0.441 0.521 0.616
45° 21° 0.345 0.412 0.490 0.582 0.692
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

The dimensionless force c,, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle &, without under pressure behind the

blade.

24° 0.379 0.454 0.543 0.648 0.775
27° 0.414 0.499 0.600 0.721 0.869
30° 0.452 0.547 0.662 0.801 0.974
15° 0.415 0.509 0.622 0.760 0.932
18° 0.458 0.565 0.693 0.853 1.056
60° 21° 0.504 0.625 0.772 0.958 1.197
24° 0.554 0.690 0.860 1.077 1.362
27° 0.607 0.762 0.958 1.213 1.556
30° 0.665 0.843 1.070 1.372 1.787

Back totop

Table 2.21: T he coefficient c,.

hp/hj=2 (0] 32° 37° 42° 47° 52°
a o
15° 0.113 0.136 0.161 0.187 0.215
18° 0.109 0.133 0.159 0.186 0.216
15° 21° 0.105 0.130 0.156 0.184 0.215
24° 0.101 0.126 0.153 0.182 0.214
27° 0.095 0.121 0.148 0.178 0.212
30° 0.089 0.115 0.143 0.174 0.209
15° 0.113 0.143 0.174 0.209 0.249
18° 0.105 0.135 0.168 0.204 0.245
30° 21° 0.096 0.126 0.160 0.197 0.239
24° 0.086 0.116 0.150 0.188 0.232
27° 0.075 0.105 0.139 0.178 0.223
30° 0.062 0.092 0.127 0.166 0.212
15° 0.092 0.123 0.158 0.199 0.247
18° 0.078 0.109 0.144 0.185 0.234
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

The dimensionless force c,, perpendicular to the cutting velocity, as afunction of the blade angle a,
the angle of internal friction @, the soil/interface friction angle o, without under pressure behind the

blade.

45° 21° 0.062 0.092 0.127 0.168 0.217
24° 0.044 0.073 0.107 0.148 0.197
27° 0.023 0.051 0.084 0.124 0.173
30° 0.001 0.027 0.058 0.096 0.143
15° 0.042 0.068 0.099 0.137 0.184
18° 0.017 0.040 0.069 0.104 0.148
60° 21° -0.012 0.008 0.033 0.063 0.103
24° -0.044 -0.029 -0.010 0.015 0.046
27° -0.081 -0.071 -0.060 -0.045 -0.025
30° -0.123 -0.121 -0.120 -0.118 -0.116

Back to top

Table 2.09:. The coefficient a,.

hy/hj=2 (0] 32° 37° 42° 47° 52°
a o
15° 0.522 0.518 0.513 0.507 0.501
18° 0.518 0.514 0.509 0.503 0.497
150 21° 0.514 0.510 0.505 0.499 0.493
24° 0.510 0.506 0.501 0.495 0.489
27° 0.506 0.502 0.497 0.491 0.485
30° 0.502 0.498 0.493 0.487 0.481
15° 0.531 0.526 0.521 0.516 0.511
18° 0.527 0.523 0.518 0.513 0.508
30° 21° 0.524 0.520 0.515 0.510 0.505
24° 0.521 0.517 0.512 0.507 0.501
27° 0.518 0.514 0.509 0.504 0.498
30° 0.514 0.510 0.506 0.500 0.495
15° 0.5%4 0.550 0.546 0.541 0.536
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

18° 0.552 0.548 0.544 0.539 0.534
45° 21° 0.550 0.546 0.542 0.537 0.532
24° 0.548 0.544 0.539 0.535 0.529
27° 0.546 0.542 0.537 0.532 0.527
30° 0.544 0.540 0.535 0.530 0.524
15° 0.575 0.569 0.563 0.556 0.549
18° 0.571 0.566 0.559 0.552 0.545
60° 21° 0.568 0.562 0.556 0.549 0.541
24° 0.565 0.559 0.552 0.545 0.536
27° 0.561 0.555 0.548 0.541 0.532
30° 0.558 0.552 0.544 0.536 0.527

The weigh factor &, for the determination of the weighed average permeability k,,, as afunction of

the blade angle a, the angle of internal friction ¢, the soil/interface friction angle &, without under
pressure behind the blade.

Back totop
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Table 2.03

Back totop Table 2.03: The shear angle £3.

hp/hj=2 (0] 32° 37° 42° 47° 52°
a o
15° 41.128 40.402 39.427 38.273 36.986
18° 39.239 38.609 37.720 36.643 35.424
15° 21° 37.554 36.993 36.167 35.147 33.979
24° 36.030 35.517 34.738 33.760 32.630
27° 34.638 34.158 33.410 32.462 31.358
30° 33.3%4 32.893 32.167 31.238 30.152
15° 39.129 37.939 36.562 35.056 33.457
18° 37.223 36.144 34.859 33.429 31.894
30° 21° 35.458 34.468 33.258 31.891 30.408
24° 33.820 32.899 31.748 30.432 28.992
27° 32.293 31.425 30.320 29.043 27.637
30° 30.864 30.035 28.965 27.718 26.336
15° 33.483 32.334 30.991 29.508 27.918
18° 31.743 30.679 29.408 27.985 26.444
45° 21° 30.142 290.141 27.925 26.547 25.043
24° 28.660 27.704 26.527 25.182 23.705
27° 27.278 26.353 25.202 23.879 22.420
30° 25.982 25.074 23.939 22.630 21.179
15° 27.692 26.533 25.186 23.694 22.085
18° 26.156 25.057 23.759 22.307 20.729
60° 21° 24.744 23.683 22.418 20.991 19.432
24° 23.432 22.394 21.147 19.733 18.180
27° 22.203 21.173 19.932 18.520 16.965
30° 21.039 20.008 18.763 17.344 15.776

The shear angle [3 as a function of the blade angle a, the angle of internal
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friction ¢, the soil/interface friction angle o, for the non-cavitating cutting
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Table 2.15

Back totop Table 2.15: The coefficient c;.

hy/hi=2 ® 32° 37° 42° 47° 52°
a o
15° 0.106 0.119 0.133 0.148 0.163
18° 0.120 0.135 0.152 0.169 0.187
15° 21° 0.135 0.152 0.171 0.191 0.213
24° 0.149 0.169 0.191 0.214 0.239
27° 0.164 0.187 0.211 0.237 0.267
30° 0.179 0.205 0.232 0.262 0.296
15° 0.185 0.214 0.246 0.281 0.320
18° 0.207 0.240 0.276 0.317 0.362
30° 21° 0.230 0.267 0.308 0.354 0.407
24° 0.254 0.296 0.342 0.395 0.455
27° 0.278 0.325 0.378 0.437 0.507
30° 0.303 0.356 0.415 0.483 0.563
15° 0.282 0.335 0.396 0.466 0.547
18° 0.313 0.373 0.441 0.521 0.616
45° 21° 0.345 0.412 0.490 0.582 0.692
24° 0.379 0.454 0.543 0.648 0.775
27° 0.414 0.499 0.600 0.721 0.869
30° 0.452 0.547 0.662 0.801 0.974
15° 0.415 0.509 0.622 0.760 0.932
18° 0.458 0.565 0.693 0.853 1.056
60° 21° 0.504 0.625 0.772 0.958 1.197
24° 0.554 0.690 0.860 1.077 1.362
27° 0.607 0.762 0.958 1.213 1.556
30° 0.665 0.843 1.070 1.372 1.787

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the
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Table 2.21

Back to top Table 2.21: The coefficient c.
hy/hi=2 0 32° 37° 42° 47° 52°
a o
15° 0.113 0.136 0.161 0.187 0.215
18° 0.109 0.133 0.159 0.186 0.216
150 21° 0.105 0.130 0.156 0.184 0.215
24° 0.101 0.126 0.153 0.182 0.214
27° 0.095 0.121 0.148 0.178 0.212
30° 0.089 0.115 0.143 0.174 0.209
15° 0.113 0.143 0.174 0.209 0.249
18° 0.105 0.135 0.168 0.204 0.245
30° 21° 0.096 0.126 0.160 0.197 0.239
24° 0.086 0.116 0.150 0.188 0.232
27° 0.075 0.105 0.139 0.178 0.223
30° 0.062 0.092 0.127 0.166 0.212
15° 0.092 0.123 0.158 0.199 0.247
18° 0.078 0.109 0.144 0.185 0.234
450 21° 0.062 0.092 0.127 0.168 0.217
24° 0.044 0.073 0.107 0.148 0.197
27° 0.023 0.051 0.084 0.124 0.173
30° 0.001 0.027 0.058 0.096 0.143
15° 0.042 0.068 0.099 0.137 0.184
18° 0.017 0.040 0.069 0.104 0.148
60° 21° -0.012 0.008 0.033 0.063 0.103
24° -0.044| -0.029| -0.010 0.015 0.046
27° -0.081| -0.071| -0060| -0.045| -0.025
30° -0123| -0.121| -0120| -0.118| -0.116

The dimensionless force c,, perpendicular to the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the
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Table 2.09

Back totop Table 2.09: The coefficient a;.

hp/hij=2 0] 32° 37° 42° 47° 52°
a o
15° 0.522 0.518 0.513 0.507 0.501
18° 0.518 0.514 0.509 0.503 0.497
15° 21° 0.514 0.510 0.505 0.499 0.493
24° 0.510 0.506 0.501 0.495 0.489
27° 0.506 0.502 0.497 0.491 0.485
30° 0.502 0.498 0.493 0.487 0.481
15° 0.531 0.526 0.521 0.516 0.511
18° 0.527 0.523 0.518 0.513 0.508
30° 21° 0.524 0.520 0.515 0.510 0.505
24° 0.521 0.517 0.512 0.507 0.501
27° 0.518 0.514 0.509 0.504 0.498
30° 0.514 0.510 0.506 0.500 0.495
15° 0.5%4 0.550 0.546 0.541 0.536
18° 0.552 0.548 0.544 0.539 0.534
45° 21° 0.550 0.546 0.542 0.537 0.532
24° 0.548 0.544 0.539 0.535 0.529
27° 0.546 0.542 0.537 0.532 0.527
30° 0.544 0.540 0.535 0.530 0.524
15° 0.575 0.569 0.563 0.556 0.549
18° 0.571 0.566 0.559 0.552 0.545
60° 21° 0.568 0.562 0.556 0.549 0.541
24° 0.565 0.559 0.552 0.545 0.536
27° 0.561 0.555 0.548 0.541 0.532
30° 0.558 0.552 0.544 0.536 0.527

The weigh factor &, for the determination of the weighed average permeability ki, as afunction of
the blade angle a, the angle of internal friction @, the soil/interface friction angle o, without under
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

Coefficientsfor the Non-Cavitating Cutting

=T Processin Water Saturated Sand (hy/hi=3)
Dr.ir. SA. Miedema
Table 2.04: The shear angle 3.
Table 2.16: The coefficient c,.
Table 2.22: The coefficient c;.
Table2.10: The coefficient a_L
Reiioio Table 2.04:.The shear angle 3.
hy/hi=3 ® 32° 37° 42° 47° 52°
a o
15° 42346 41502| 40.418| 39.164| 37.786
18° 40.414| 39.674| 3868l| 37.507| 36.198
150 21° 38.673| 38.010| 37.086| 35973| 34.718
24° 37.087| 36481 35609| 34542 33.328
27° 35.631| 35064| 34230 33197 32013
30° 34.283| 33.742| 32934| 31926 30.763
15° 40.176| 38.793| 37.257| 35619 33.909
18° 38.242| 36.978| 35537 33977 32331
30° 21° 36.421| 35258 33.900| 32407 30.817
24° 34.711| 33.631| 32341 30.906| 29.364
27° 33.103| 32090, 30.858| 29.470| 27.968
30° 31.500| 30.631| 29.444| 28.095| 26.625
15° 35.406| 33.895| 32248| 30509 28.703
18° 33548 32.142| 30578 28907 27.156
450 21° 31.788| 30472| 28981| 27.368| 25.665
24° 30.126| 28.885| 27.455| 25891| 24.230
27° 28557 27.376| 25.996| 24.474| 22.845
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

The shear angle B as a function of the blade angle a, the angle of internal friction ¢, the soil/interface

30° 27.075 25.941 24.600 23.111 21.509
15° 28.252 26.972 25.516 23.930 22.241
18° 26.613 25.406 24.010 22.472 20.823
60° 21° 25.094 23.940 22.588 21.086 19.464
24° 23.677 22.560 21.238 19.760 18.156
27° 22.348 21.253 19.950 18.485 16.890
30° 21.092 20.008 18.713 17.254 15.600

friction angle d, for the non-cavitating cutting process.

Back totop

Table 2.16: The coefficient c;.

hy/hj=3 [0) 32° 37° 42° 47° 52°
a o
15° 0.105 0.119 0.133 0.148 0.164
18° 0.120 0.135 0.152 0.169 0.188
15° 21° 0.135 0.152 0.171 0.192 0.214
24° 0.150 0.170 0.191 0.215 0.240
27° 0.165 0.188 0.212 0.239 0.268
30° 0.180 0.206 0.234 0.264 0.298
15° 0.185 0.215 0.247 0.282 0.322
18° 0.208 0.241 0.278 0.318 0.364
30° 21° 0.232 0.269 0.310 0.357 0.410
24° 0.256 0.298 0.345 0.398 0.459
27° 0.280 0.328 0.381 0.441 0.511
30° 0.306 0.359 0.419 0.488 0.569
15° 0.290 0.345 0.408 0.480 0.565
18° 0.324 0.386 0.457 0.541 0.640
45° 21° 0.359 0.429 0.511 0.607 0.722
24° 0.396 0.476 0.568 0.679 0.813
27° 0.436 0.525 0.631 0.758 0.914
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction @, the soil/interface friction angle o, without under pressure behind the

blade.

30° 0.478 0.579 0.699 0.846 1.029
15° 0.439 0.538 0.657 0.802 0.983
18° 0.489 0.601 0.737 0.906 1.120
60° 21° 0.542 0.670 0.826 1.024 1.278
24° 0.599 0.744 0.926 1.157 1.461
27° 0.660 0.827 1.037 1.310 1.676
30° 0.728 0.918 1.163 1.487 1.933

Back to top

Table 2.22: The coefficient c».

hy/hj=3 (0] 32° 37° 42° 47° 52°
a o
15° 0.113 0.137 0.161 0.188 0.216
18° 0.110 0.134 0.159 0.187 0.216
15° 21° 0.105 0.130 0.156 0.185 0.216
24° 0.101 0.126 0.153 0.182 0.214
27° 0.096 0.121 0.149 0.179 0.212
30° 0.090 0.116 0.144 0.175 0.210
15° 0.113 0.142 0.174 0.209 0.248
18° 0.105 0.135 0.167 0.204 0.244
30° 21° 0.096 0.126 0.159 0.196 0.239
24° 0.085 0.116 0.149 0.188 0.231
27° 0.074 0.104 0.138 0.177 0.222
30° 0.061 0.091 0.125 0.165 0.211
15° 0.089 0.121 0.156 0.197 0.246
18° 0.073 0.105 0.140 0.182 0.232
45° 21° 0.056 0.086 0.122 0.163 0.214
24° 0.035 0.065 0.100 0.141 0.192
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

The dimensionless force c,, perpendicular to the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the

blade.

27° 0.012 0.041 0.074 0.115 0.164
30° -0.013 0.013 0.045 0.083 0.131
15° 0.032 0.058 0.090 0.129 0.177
18° 0.002 0.026 0.055 0.091 0.136
60° 21° -0.031 -0.011 0.014 0.045 0.085
24° -0.069 -0.054 -0.035 -0.011 0.021
27° -0.112 -0.104 -0.093 -0.079 -0.059
30° -0.162 -0.162 -0.162 -0.162 -0.162

Back to top

Table 2.10: The coefficient aj.

hy/hij=3 (0] 32° 37° 42° 47° 52°
a o
15° 0.522 0.517 0.512 0.507 0.501
18° 0.518 0.513 0.508 0.503 0.497
150 21° 0.514 0.509 0.504 0.499 0.493
24° 0.510 0.505 0.500 0.495 0.489
27° 0.506 0.501 0.497 0.491 0.485
30° 0.502 0.498 0.493 0.487 0.480
15° 0.534 0.529 0.524 0.519 0.514
18° 0.531 0.526 0.521 0.516 0.511
30° 21° 0.528 0.523 0.519 0.513 0.508
24° 0.525 0.520 0.516 0.511 0.505
27° 0.522 0.517 0.513 0.508 0.502
30° 0.519 0.514 0.510 0.504 0.499
15° 0.552 0.548 0.544 0.540 0.536
18° 0.550 0.547 0.543 0.539 0.534
45° 21° 0.549 0.545 0.541 0.537 0.532
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

24° 0.547 0.543 0.539 0.535 0.531
27° 0.545 0.542 0.538 0.533 0.529
30° 0.544 0.540 0.536 0.531 0.527
15° 0.580 0.575 0.570 0.565 0.559
18° 0.578 0.573 0.568 0.563 0.557
60° 21° 0.576 0.571 0.566 0.560 0.554
24° 0.573 0.569 0.564 0.558 0.551
27° 0.571 0.566 0.561 0.555 0.548
30° 0.569 0.564 0.558 0.552 0.545

The weigh factor &, for the determination of the weighed average permeability k,,, as afunction of

the blade angle a, the angle of internal friction ¢, the soil/interface friction angle o, without under
pressure behind the blade.

Back totop
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Table 2.04

Back totop Table 2.04: The shear angle £3.

hp/hi=3 [0) 32° 37° 42° 47° 52°
a o
15° 42.346 41.502 40.418 39.164 37.786
18° 40.414 39.674 38.681 37.507 36.198
15° 21° 38.673 38.010 37.086 35.973 34.718
24° 37.087 36.481 35.609 34.542 33.328
27° 35.631 35.064 34.230 33.197 32.013
30° 34.283 33.742 32.934 31.926 30.763
15° 40.176 38.793 37.257 35.619 33.909
18° 38.242 36.978 35.537 33.977 32.331
30° 21° 36.421 35.258 33.900 32.407 30.817
24° 34.711 33.631 32.341 30.906 29.364
27° 33.103 32.090 30.858 29.470 27.968
30° 31.590 30.631 29.444 28.095 26.625
15° 35.406 33.895 32.248 30.509 28.703
18° 33.548 32.142 30.578 28.907 27.156
45° 21° 31.788 30.472 28.981 27.368 25.665
24° 30.126 28.885 27.455 25.891 24.230
27° 28.557 27.376 25.996 24.474 22.845
30° 27.075 25.941 24.600 23.111 21.509
15° 28.252 26.972 25.516 23.930 22.241
18° 26.613 25.406 24.010 22.472 20.823
60° 21° 25.094 23.940 22.588 21.086 19.464
24° 23.677 22.560 21.238 19.760 18.156
27° 22.348 21.253 19.950 18.485 16.890
30° 21.092 20.008 18.713 17.254 15.600

The shear angle 3 as afunction of the blade angle a, the angle of internal friction @, the soil/interface
friction angle &, for the non-cavitating cutting process.
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Table 2.16

Back totop Table 2.16: The coefficient c;.

hy/h;j=3 0] 32° 37° 42° 47° 52°
a o
15° 0.105 0.119 0.133 0.148 0.164
18° 0.120 0.135 0.152 0.169 0.188
15° 21° 0.135 0.152 0.171 0.192 0.214
24° 0.150 0.170 0.191 0.215 0.240
27° 0.165 0.188 0.212 0.239 0.268
30° 0.180 0.206 0.234 0.264 0.298
15° 0.185 0.215 0.247 0.282 0.322
18° 0.208 0.241 0.278 0.318 0.364
30° 21° 0.232 0.269 0.310 0.357 0.410
24° 0.256 0.298 0.345 0.398 0.459
27° 0.280 0.328 0.381 0.441 0.511
30° 0.306 0.359 0.419 0.488 0.569
15° 0.290 0.345 0.408 0.480 0.565
18° 0.324 0.386 0.457 0.541 0.640
45° 21° 0.359 0.429 0.511 0.607 0.722
24° 0.396 0.476 0.568 0.679 0.813
27° 0.436 0.525 0.631 0.758 0.914
30° 0.478 0.579 0.699 0.846 1.029
15° 0.439 0.538 0.657 0.802 0.983
18° 0.489 0.601 0.737 0.906 1.120
60° 21° 0.542 0.670 0.826 1.024 1.278
24° 0.599 0.744 0.926 1157 1461
27° 0.660 0.827 1.037 1.310 1.676
30° 0.728 0.918 1.163 1.487 1.933

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the
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Table 2.22

Back to top Table 2.22: The coefficient c.
hy/h;=3 ® 32° 37° 42° 47° 52°
a o
15° 0.113 0.137 0.161 0.188 0.216
18° 0.110 0.134 0.159 0.187 0.216
150 21° 0.105 0.130 0.156 0.185 0.216
24° 0.101 0.126 0.153 0.182 0.214
27° 0.096 0.121 0.149 0.179 0.212
30° 0.090 0.116 0.144 0.175 0.210
15° 0.113 0.142 0.174 0.209 0.248
18° 0.105 0.135 0.167 0.204 0.244
30° 21° 0.096 0.126 0.159 0.196 0.239
24° 0.085 0.116 0.149 0.188 0.231
27° 0.074 0.104 0.138 0.177 0.222
30° 0.061 0.091 0.125 0.165 0.211
15° 0.089 0.121 0.156 0.197 0.246
18° 0.073 0.105 0.140 0.182 0.232
450 21° 0.056 0.086 0.122 0.163 0.214
24° 0.035 0.065 0.100 0.141 0.192
27° 0.012 0.041 0.074 0.115 0.164
30° -0.013 0.013 0.045 0.083 0.131
15° 0.032 0.058 0.090 0.129 0.177
18° 0.002 0.026 0.055 0.091 0.136
60° 21° -0.031| -0.011 0.014 0.045 0.085
24° -0.069| -0.054| -0.035| -0.011 0.021
27° -0.112| -0.104| -0.093| -0.079| -0.059
30° -0.162| -0.162| -0.162| -0.162| -0.162

The dimensionless force c,, perpendicular to the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 6, without under pressure behind the
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Table 2.10

Back totop Table 2.10: The coefficient a;.

hy/h;j=3 0] 32° 37° 42° 47° 52°
a o
15° 0.522 0.517 0.512 0.507 0.501
18° 0.518 0.513 0.508 0.503 0.497
15° 21° 0.514 0.509 0.504 0.499 0.493
24° 0.510 0.505 0.500 0.495 0.489
27° 0.506 0.501 0.497 0.491 0.485
30° 0.502 0.498 0.493 0.487 0.480
15° 0.534 0.529 0.524 0.519 0.514
18° 0.531 0.526 0.521 0.516 0.511
30° 21° 0.528 0.523 0.519 0.513 0.508
24° 0.525 0.520 0.516 0.511 0.505
27° 0.522 0.517 0.513 0.508 0.502
30° 0.519 0.514 0.510 0.504 0.499
15° 0.552 0.548 0.544 0.540 0.536
18° 0.550 0.547 0.543 0.539 0.534
45° 21° 0.549 0.545 0.541 0.537 0.532
24° 0.547 0.543 0.539 0.535 0.531
27° 0.545 0.542 0.538 0.533 0.529
30° 0.544 0.540 0.536 0.531 0.527
15° 0.580 0.575 0.570 0.565 0.559
18° 0.578 0.573 0.568 0.563 0.557
60° 21° 0.576 0.571 0.566 0.560 0.554
24° 0.573 0.569 0.564 0.558 0.551
27° 0.571 0.566 0.561 0.555 0.548
30° 0.569 0.564 0.558 0.552 0.545

The weigh factor &, for the determination of the weighed average permeability ki, as afunction of
the blade angle a, the angle of internal friction @, the soil/interface friction angle o, without under
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (1)

Coefficients for the Cavitating Cutting

=42 Processin Water Saturated Sand (hy/hi=1)
Dr.ir. SA. Miedema
Table 2.05: The shear angle 3.
Table 2.26: The coefficient d;.
Table 2.32: The coefficient d..
Bayic ol Table 2.05: Theshear angle 3.
hp/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 37.217| 37520| 37.355| 36.831| 36.026
18° 34.461| 34.854| 34790 34370 33.669
150 21° 32.163| 32508| 32504 32243| 31613
24° 30.212| 30.661| 30.689| 30.379| 29.796
27° 28530 28973| 20.012| 28726| 28.173
30° 27.060| 27.483| 27.520| 27.243| 26.707
15° 30.766| 39.060| 38.014| 36.718| 35232
18° 37.341| 36.757| 35.823| 34.628| 33.233
30° 21° 35.196| 34.696| 33844 32725| 31399
24° 33.280| 32.837| 32041 30977| 29.704
27° 31.554| 31145, 30.387| 29.363| 28.127
30° 20.985| 29.503| 28.859| 27.860| 26.650
15° 36.853| 35599 34.097| 32412| 30501
18° 34.768| 33616| 32202 30594 28.839
450 21° 32.866| 31.789| 30.441| 28.892| 27.188
24° 31.119| 30.0904| 28.794| 27.288| 25623
27° 20.502| 28512| 27.246| 25770| 24.132
30° 27.996| 27.026| 25.781| 24.325| 22.705
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (1)

15° 31.992 30.395 28.608 26.683 24.654
18° 30.155 28.634 26.911 25.039 23.055
60° 21° 28.444 26.979 25.303 23471 21.520
24° 26.841 25414 23.772 21.968 20.040
27° 25.330 23.927 22.306 20.520 18.605
30° 23.897 22.506 20.896 19.118 17.208

The shear angle [3 as afunction of the blade angle a, the angle of internal
friction @, the soil/interface friction angle o, for the cavitating cutting process.

Back to top Table2.26: The coefficient d;.
hy/hi=1 0 32° 37° 42° 47° 52°
a o
15° 1.390 1.505 1.625 1.753 1.890
18° 1.626 1.766 1.913 2.069 2.238
150 21° 1.860 2.028 2.205 2.393 2.597
24° 2.092 2.291 2.501 2.726 2.970
27° 2.324 2.557 2.803 3.068 3.358
30° 2.556 2.826 3.112 3.423 3.764
15° 1.206 1.374 1.559 1.766 2.000
18° 1.381 1.575 1.791 2.033 2.309
30° 21° 1.559 1.783 2.033 2.315 2.638
24° 1.741 1.998 2.286 2.613 2.991
27° 1.928 2.222 2.552 2.930 3.370
30° 2.121 2.455 2.833 3.269 3.781
15° 1.419 1.688 2.000 2.365 2.800
18° 1.598 1.905 2.262 2.685 3.192
450 21° 1.784 2.133 2.543 3.032 3.625
24° 1.980 2.376 2.846 3.411 4.105
27° 2.186 2.636 3.174 3.829 4.642
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (1)

30° 2.404 2.916 3.533 4.292 5.249
15° 1.879 2.331 2.883 3.570 4.444
18° 2.099 2.615 3.252 4.054 5.090
60° 21° 2.336 2.925 3.661 4.602 5.837
24° 2.593 3.267 4.120 5.228 6.711
27° 2.872 3.645 4.639 5.952 7.746
30° 3.179 4.069 5.232 6.798 8.991

The dimensionless force dq, in the direction of the cutting velocity, as a

function of the blade angle a, the angle of internal friction ¢, the soil/interface

friction angle 9, without under pressure behind the blade.

Back totop

Table 2.32: The coefficient d..

hp/hi=1 (0] 32° 37° 42° 47° 52°
a o
15° 0.409 0.608 0.816 1.037 1.274
18° 0.312 0.528 0.754 0.995 1.255
15° 21° 0.205 0.436 0.680 0.939 1.220
24° 0.087 0.333 0.592 0.870 1172
27° -0.040 0.219 0.493 0.788 1.110
30° -0.175 0.095 0.382 0.692 1.034
15° 0.474 0.642 0.828 1.035 1.269
18° 0.412 0.588 0.782 1.000 1.249
30° 21° 0.341 0.523 0.725 0.954 1.216
24° 0.261 0.447 0.657 0.895 1.169
27° 0.171 0.361 0.576 0.822 1.108
30° 0.071 0.264 0.483 0.735 1031
15° 0.398 0.553 0.733 0.945 1.196
18° 0.325 0.481 0.664 0.879 1.138
45° 21° 0.241 0.396 0.579 0.797 1.061
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (1)

24° 0.145 0.298 0.478 0.696 0.962
27° 0.037 0.183 0.358 0.572 0.836
30° -0.086 0.051 0.217 0.421 0.678
15° 0.195 0.317 0.465 0.650 0.885
18° 0.083 0.193 0.329 0.500 0.721
60° 21° -0.047 0.047 0.164 0.313 0.510
24° -0.198 -0.126 -0.036 0.081 0.238
27° -0.372 -0.331 -0.278 -0.208 -0.113
30° -0.575 -0.574 -0.573 -0.572 -0.570

The dimensionless force d,, perpendicular to the cutting velocity, as a function
of the blade angle a, the angle of internal friction @, the soil/interface friction

angle 9, without under pressure behind the blade.

Back to top
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Table 2.05

Back totop Table 2.05: The shear angle [3.

hp/hi=1 (0] 32° 37° 42° 47° 52°
a o
15° 37.217 37.520 37.355 36.831 36.026
18° 34.461 34.854 34.790 34.370 33.669
15° 21° 32.163 32.598 32.594 32.243 31.613
24° 30.212 30.661 30.689 30.379 29.796
27° 28.530 28.973 29.012 28.726 28.173
30° 27.060 27.483 27.520 27.243 26.707
15° 39.766 39.060 38.014 36.718 35.232
18° 37.341 36.757 35.823 34.628 33.233
30° 21° 35.196 34.696 33.844 32.725 31.399
24° 33.280 32.837 32.041 30.977 29.704
27° 31.554 31.145 30.387 29.363 28.127
30° 29.985 29.593 28.859 27.860 26.650
15° 36.853 35.599 34.097 32.412 30.591
18° 34.768 33.616 32.202 30.594 28.839
45° 21° 32.866 31.789 30.441 28.892 27.188
24° 31.119 30.094 28.794 27.288 25.623
27° 29.502 28.512 27.246 25.770 24.132
30° 27.996 27.026 25.781 24.325 22.705
15° 31.992 30.395 28.608 26.683 24.654
18° 30.155 28.634 26.911 25.039 23.055
60° 21° 28.444 26.979 25.303 23.471 21.520
24° 26.841 25414 23.772 21.968 20.040
27° 25.330 23.927 22.306 20.520 18.605
30° 23.897 22.506 20.896 19.118 17.208

The shear angle [3 as a function of the blade angle a, the angle of internal
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Table 2.05

friction @, the soil/interface friction angle o, for the cavitating cutting process.
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Table 2.26

Back totop Table 226 The COeffICIent dl

hy/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 1.390 1.505 1.625 1.753 1.890
18° 1.626 1.766 1.913 2.069 2.238
150 21° 1.860 2.028 2.205 2.393 2.597
24° 2.092 2.291 2.501 2.726 2.970
27° 2.324 2.557 2.803 3.068 3.358
30° 2.556 2.826 3.112 3.423 3.764
15° 1.206 1.374 1.559 1.766 2.000
18° 1.381 1.575 1.791 2.033 2.309
30° 21° 1.559 1.783 2.033 2.315 2.638
24° 1.741 1.998 2.286 2.613 2.991
27° 1.928 2.222 2.552 2.930 3.370
30° 2121 2.455 2.833 3.269 3.781
15° 1.419 1.688 2.000 2.365 2.800
18° 1.598 1.905 2.262 2.685 3.192
45° 21° 1.784 2.133 2.543 3.032 3.625
24° 1.980 2.376 2.846 3411 4.105
27° 2.186 2.636 3.174 3.829 4.642
30° 2.404 2.916 3.533 4.292 5.249
15° 1.879 2.331 2.883 3.570 4.444
18° 2.099 2.615 3.252 4.054 5.090
60° 21° 2.336 2.925 3.661 4.602 5.837
24° 2.593 3.267 4.120 5.228 6.711
27° 2.872 3.645 4.639 5.952 7.746
30° 3.179 4.069 5.232 6.798 8.991

The dimensionless force dq, in the direction of the cutting velocity, asa
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Table 2.26

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle o, without under pressure behind the blade.
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Table 2.32

Back totop

The dimensionless force d,, perpendicular to the cutting velocity, as a function
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Table 2.32: The coefficient d».

hy/hi=1 0] 32° 37° 42° 47° 52°
a o
15° 0.409 0.608 0.816 1.037 1274
18° 0.312 0.528 0.754 0.995 1.255
15° 21° 0.205 0.436 0.680 0.939 1.220
24° 0.087 0.333 0.592 0.870 1172
27° -0.040 0.219 0.493 0.788 1.110
30° -0.175 0.095 0.382 0.692 1.034
15° 0.474 0.642 0.828 1.035 1.269
18° 0.412 0.588 0.782 1.000 1.249
30° 21° 0.341 0.523 0.725 0.9%4 1.216
24° 0.261 0.447 0.657 0.895 1.169
27° 0.171 0.361 0.576 0.822 1.108
30° 0.071 0.264 0.483 0.735 1.031
15° 0.398 0.553 0.733 0.945 1.196
18° 0.325 0.481 0.664 0.879 1.138
45° 21° 0.241 0.396 0.579 0.797 1.061
24° 0.145 0.298 0.478 0.696 0.962
27° 0.037 0.183 0.358 0.572 0.836
30° -0.086 0.051 0.217 0.421 0.678
15° 0.195 0.317 0.465 0.650 0.885
18° 0.083 0.193 0.329 0.500 0.721
60° 21° -0.047 0.047 0.164 0.313 0.510
24° -0.198 -0.126 -0.036 0.081 0.238
27° -0.372 -0.331 -0.278 -0.208 -0.113
30° -0.575 -0.574 -0.573 -0.572 -0.570




Table 2.32

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, without under pressure behind the blade.
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (2)

Coefficients for the Cavitating Cutting

=42 Processin Water Saturated Sand (hy/hi=2)
Dr.ir. SA. Miedema
Table 2.06: The shear angle 3.
Table 2.27. The coefficient d;.
Table 2.33: The coefficient d..
Bayic ol Table 2.06: Theshear angle 3.
hp/hi=2 ® 32° 37° 42° 47° 52°
a o
15° 28.724| 29560| 29.957| 29.994| 29.733
18° 26.332| 27.162| 27.586| 27.670| 27.472
150 21° 24.420| 25221 25643| 25.747| 25582
24° 22.849| 23608 24.014| 24120 23.968
27° 21.528| 22240 22.621| 22.716| 22.566
30° 20.396| 21.059| 21.407| 21.485| 21.329
15° 33.398| 33.367| 32937 32198 31215
18° 30.972| 31.019| 30.677| 30.027| 29.134
30° 21° 28.922| 20.011| 28.721| 28131| 27.299
24° 27.161| 27.265| 27.004| 26.451| 25659
27° 25.622| 25.725| 25476 24.944| 24177
30° 24250| 24349| 24101| 23576| 22823
15° 32.378| 3L721| 30.741| 29516| 28.100
18° 30.207| 29.642| 28751| 27.610| 26271
450 21° 28.308| 27.801| 26.970| 25.887| 24.605
24° 26.624| 26.149| 25357 24314 23.070
27° 25110 24.652| 23881| 22.862| 21.643
30° 23.736| 23280 22518 21512 20.306
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (2)

15° 28.906 27.806 26.445 24.886 23.174
18° 26.993 25.974 24.686 23.194 21.540
60° 21° 25.276 24.309 23.072 21.626 20.014
24° 23.716 22.781 21.576 20.159 18.574
27° 22.283 21.364 20.176 18.776 17.204
30° 20.955 20.038 18.855 17.461 15.892

The shear angle [3 as afunction of the blade angle a, the angle of internal
friction @, the soil/interface friction angle o, for the cavitating cutting process.

Back to top Table2.27: The coefficient d;.
hy/hj=2 0 32° 37° 42° 47° 52°
a o
15° 2.295 2.460 2.627 2.801 2.984
18° 2.683 2.889 3.098 3.315 3.545
150 21° 3.062 3.313 3.569 3.836 4.119
24° 3.435 3.735 4.042 4.364 4.707
27° 3.803 4.156 4520 4.903 5.313
30° 4.169 4,579 5.005 5.455 5.941
15° 1.729 1.934 2.156 2.401 2.674
18° 1.997 2.239 2.503 2.794 3.122
30° 21° 2.267 2.550 2.860 3.205 3.593
24° 2.539 2.868 3.230 3.634 4.093
27° 2.815 3.195 3.614 4.085 4.625
30° 3.097 3.532 4,015 4,563 5.195
15° 1.836 2.142 2.492 2.898 3.377
18° 2.093 2.447 2.854 3.330 3.897
450 21° 2.357 2.765 3.238 3.794 4.462
24° 2.631 3.100 3.646 4,296 5.084
27° 2.917 3.454 4.085 4.843 5.772
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (2)

30° 3.217 3.830 4.558 5.442 6.541
15° 2.269 2.764 3.364 4.104 5.038
18° 2.567 3.139 3.837 4.710 5.827
60° 21° 2.883 3.543 4.357 5.388 6.728
24° 3.221 3.982 4.933 6.154 7.771
27° 3.586 4.464 5.578 7.031 8.995
30° 3.982 4.998 6.306 8.047 10.453

The dimensionless force dq, in the direction of the cutting velocity, as a

function of the blade angle a, the angle of internal friction ¢, the soil/interface

friction angle 9, without under pressure behind the blade.

Back totop

Table 2.33: The coefficient d..

hp/hj=2 (0] 32° 37° 42° 47° 52°
a o
15° -0.024 0.262 0.552 0.853 1.170
18° -0.253 0.064 0.387 0.722 1.076
15° 21° -0.496 -0.151 0.202 0.569 0.959
24° -0.752 -0.381 -0.001 0.396 0.820
27° -1.018 -0.626 -0.221 0.204 0.660
30° -1.294 -0.884 -0.458 -0.007 0.479
15° 0.266 0471 0.693 0.938 1211
18° 0.136 0.354 0.592 0.854 1.149
30° 21° -0.008 0.222 0.473 0.752 1.067
24° -0.165 0.074 0.337 0.631 0.965
27° -0.336 -0.089 0.183 0.490 0.841
30° -0.520 -0.268 0.011 0.327 0.693
15° 0.216 0.393 0.595 0.830 1.107
18° 0.087 0.267 0.475 0.718 1.007
45° 21° -0.059 0.123 0.334 0.582 0.880
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (2)

24° -0.221 -0.040 0.170 0.420 0.723
27° -0.401 -0.226 -0.020 0.227 0.529
30° -0.600 -0.435 -0.240 -0.002 0.293
15° -0.009 0.124 0.285 0.484 0.735
18° -0.182 -0.060 0.089 0.275 0.513
60° 21° -0.379 -0.274 -0.145 0.019 0.233
24° -0.603 -0.523 -0.422 -0.293 -0.122
27° -0.859 -0.812 -0.753 -0.676 -0.571
30° -1.151 -1.151 -1.150 -1.148 -1.146

The dimensionless force d,, perpendicular to the cutting velocity, as a function
of the blade angle a, the angle of internal friction @, the soil/interface friction

angle 9, without under pressure behind the blade.
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Table 2.06

Back totop Table 2.06: The shear angle [3.

hp/hj=2 (0] 32° 37° 42° 47° 52°
a o
15° 28.724 29.560 29.957 29.994 29.733
18° 26.332 27.162 27.586 27.6/0 271472
15° 21° 24.420 25.221 25.643 25.747 25.582
24° 22.849 23.608 24.014 24.120 23.968
27° 21.528 22.240 22.621 22.716 22.566
30° 20.396 21.059 21.407 21.485 21.329
15° 33.398 33.367 32.937 32.198 31.215
18° 30.972 31.019 30.677 30.027 20.134
30° 21° 28.922 29.011 28.721 28.131 27.299
24° 27.161 27.265 27.004 26.451 25.659
27° 25.622 25.725 25.476 24.944 24.177
30° 24.259 24.349 24.101 23.576 22.823
15° 32.378 31.721 30.741 29.516 28.100
18° 30.207 29.642 28.751 27.610 26.271
45° 21° 28.308 27.801 26.970 25.887 24.605
24° 26.624 26.149 25.357 24.314 23.070
27° 25.110 24.652 23.881 22.862 21.643
30° 23.736 23.280 22.518 21.512 20.306
15° 28.906 27.806 26.445 24.886 23.174
18° 26.993 25.974 24.686 23.194 21.540
60° 21° 25.276 24.309 23.072 21.626 20.014
24° 23.716 22.781 21.576 20.159 18.574
27° 22.283 21.364 20.176 18.776 17.204
30° 20.955 20.038 18.855 17.461 15.892

The shear angle [3 as a function of the blade angle a, the angle of internal
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Table 2.06

friction @, the soil/interface friction angle o, for the cavitating cutting process.

http://dutw1127/dredging/miedema/1987_Dissertation/Tables_e/table%20206.html (2 of 2) [31/12/2000 07:56:40]



Table 2.27

Back totop

Table 2.27: The coefficient d;.

hy/hi=2 ® 32° 37° 42° 47° 52°
a o
15° 2.295 2.460 2.627 2.801 2.984
18° 2.683 2.889 3.098 3.315 3.545
15° 21° 3.062 3.313 3.569 3.836 4.119
24° 3.435 3.735 4.042 4.364 4.707
27° 3.803 4.156 4.520 4.903 5.313
30° 4.169 4.579 5.005 5.455 5.941
15° 1.729 1.934 2.156 2.401 2.674
18° 1.997 2.239 2.503 2.794 3.122
30° 21° 2.267 2.550 2.860 3.205 3.593
24° 2.539 2.868 3.230 3.634 4.093
27° 2.815 3.195 3.614 4.085 4.625
30° 3.097 3.532 4.015 4.563 5.195
15° 1.836 2.142 2.492 2.898 3.377
18° 2.093 2.447 2.854 3.330 3.897
45° 21° 2.357 2.765 3.238 3.794 4.462
24° 2.631 3.100 3.646 4.296 5.084
27° 2.917 3.454 4.085 4.843 5.772
30° 3.217 3.830 4.558 5.442 6.541
15° 2.269 2.764 3.364 4,104 5.038
18° 2.567 3.139 3.837 4.710 5.827
60° 21° 2.883 3.543 4.357 5.388 6.728
24° 3.221 3.982 4.933 6.154 71.771
27° 3.586 4.464 5.578 7.031 8.995
30° 3.982 4,998 6.306 8.047 10.453

The dimensionless force dq, in the direction of the cutting velocity, asa
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Table 2.27

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle o, without under pressure behind the blade.
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Table 2.33

Back totop

The dimensionless force d,, perpendicular to the cutting velocity, as a function
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Table 2.33: The coefficient d».

hp/hij=2 0] 32° 37° 42° 47° 52°
a o
15° -0.024 0.262 0.552 0.853 1.170
18° -0.253 0.064 0.387 0.722 1.076
15° 21° -0.496 -0.151 0.202 0.569 0.959
24° -0.752 -0.381 -0.001 0.396 0.820
27° -1.018 -0.626 -0.221 0.204 0.660
30° -1.294 -0.884 -0.458 -0.007 0.479
15° 0.266 0.471 0.693 0.938 1211
18° 0.136 0.354 0.592 0.8%4 1.149
30° 21° -0.008 0.222 0.473 0.752 1.067
24° -0.165 0.074 0.337 0.631 0.965
27° -0.336 -0.089 0.183 0.490 0.841
30° -0.520 -0.268 0.011 0.327 0.693
15° 0.216 0.393 0.595 0.830 1.107
18° 0.087 0.267 0.475 0.718 1.007
45° 21° -0.059 0.123 0.334 0.582 0.880
24° -0.221 -0.040 0.170 0.420 0.723
27° -0.401 -0.226 -0.020 0.227 0.529
30° -0.600 -0.435 -0.240 -0.002 0.293
15° -0.009 0.124 0.285 0.484 0.735
18° -0.182 -0.060 0.089 0.275 0.513
60° 21° -0.379 -0.274 -0.145 0.019 0.233
24° -0.603 -0.523 -0.422 -0.293 -0.122
27° -0.859 -0.812 -0.753 -0.676 -0.571
30° -1.151 -1.151 -1.150 -1.148 -1.146




Table 2.33

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, without under pressure behind the blade.
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (3)

Coefficients for the Cavitating Cutting

=42 Processin Water Saturated Sand (hy/hi=3)
Dr.ir. SA. Miedema
Table 2.07: The shear angle 3.
Table 2.28: The coefficient d;.
Table 2.34: The coefficient dz_.
Bk g Table2.07: Thesnhear angle 3.
hy/h;=3 @ 32° 37° 42° 47° 52°
a o
15° 24.046| 25019| 25609 25872| 25.856
18° 21.976| 22900 23476| 23.751| 23.765
150 21° 20.350 | 21.217| 21.763| 22.030| 22.053
24° 19.031| 19.838| 20.348| 20.596| 20.615
27° 17.932| 18680| 19.150| 19.374| 19.381
30° 16.996| 17.687| 18.117| 18.313| 18.303
15° 20.286| 29.575| 29.466| 29.038| 28.353
18° 26.992 | 27.319| 27.267| 26.908| 26.297
30° 21° 25100 25435| 25410 25090 24525
24° 23504 23.828| 23811| 23511 22973
27° 22130 22433 22410 22116 21592
30° 20.928 | 21.202| 21.165| 20.867| 20.346
15° 20.236| 28919 28257| 27.325| 26.179
18° 27.101| 26.853| 26.266| 25411 24.339
450 21° 25.277| 25065 24524| 23.719| 22.699
24° 23690 | 23.493| 22977| 22203 21215
27° 22288 22091 21584| 20.825| 19.857
30° 21.031| 20.823| 20315 19.561| 18.600
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (3)

15° 26.619 25.832 24.754 23.450 21.967
18° 24.711 23.995 22.987 21.750 20.329
60° 21° 23.037 22.362 21.398 20.206 18.826
24° 21.543 20.889 19.951 18.785 17.431
27° 20.193 19.545 18.617 17.464 16.121
30° 18.958 18.303 17.374 16.222 14.880

The shear angle [3 as afunction of the blade angle a, the angle of internal
friction @, the soil/interface friction angle o, for the cavitating cutting process.

Back to top Table2.28: The coefficient d;.
hy/hj=3 0 32° 37° 42° 47° 52°
a o
15° 3.145 3.362 3578 3.799 4.028
18° 3.672 3.945 4.218 4.497 4,789
150 21° 4.185 4519 4.855 5.200 5.562
24° 4.687 5.087 5.492 5.910 6.351
27° 5.180 5.652 6.132 6.631 7.159
30° 5.667 6.216 6.778 7.366 7.993
15° 2.216 2.458 2.717 3.000 3.312
18° 2.567 2.858 3.169 3.510 3.889
30° 21° 2.919 3.262 3.632 4.038 4.492
24° 3.272 3.673 4.107 4,587 5.127
27° 3.629 4.093 4.599 5.162 5.799
30° 3.991 4,525 5.110 5.766 6.515
15° 2.222 2.566 2.954 3.402 3.925
18° 2.549 2.951 3.408 3.938 4,562
450 21° 2.883 3.350 3.885 4509 5.252
24° 3.228 3.768 4.391 5.123 6.004
27° 3.585 4.207 4.929 5.788 6.831
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (3)

30° 3.958 4.671 5.508 6.513 7.750
15° 2.632 3.170 3.817 4.610 5.605
18° 2.999 3.627 4.387 5.329 6.526
60° 21° 3.387 4.116 5.008 6.128 7.572
24° 3.799 4.645 5.692 7.025 8.774
27° 4.240 5.222 6.453 8.044 10.175
30° 4.717 5.856 7.307 9.217 11.833

The dimensionless force dq, in the direction of the cutting velocity, as a

function of the blade angle a, the angle of internal friction ¢, the soil/interface

friction angle 9, without under pressure behind the blade.

Back totop

Table 2.34: The coefficient d..

hp/hi=3 [0) 32° 37° 42° 47° 52°
a o
15° -0.552 -0.177 0.198 0.581 0.979
18° -0.921 -0.501 -0.080 0.350 0.800
150 21° -1.306 -0.846 -0.384 0.092 0.590
24° -1.703 -1.208 -0.708 -0.191 0.353
27° -2.111 -1.586 -1.053 -0.498 0.090
30° -2.528 -1.979 -1417 -0.828 -0.201
15° 0.020 0.263 0.522 0.805 1.118
18° -0.182 0.079 0.360 0.667 1.009
30° 21° -0.402 -0.124 0.176 0.505 0.873
24° -0.638 -0.346 -0.030 0.319 0.711
27° -0.890 -0.588 -0.259 0.107 0.521
30° -1.158 -0.850 -0.511 -0.132 0.301
15° 0.017 0.215 0.440 0.698 1.001
18° -0.171 0.034 0.267 0.537 0.856
45° 21° -0.379 -0.171 0.068 0.346 0.677
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (3)

24° -0.608 -0.400 -0.160 0.122 0.460
27° -0.858 -0.656 -0.420 -0.141 0.199
30° -1.133 -0.941 -0.717 -0.447 -0.114
15° -0.221 -0.076 0.097 0.310 0.578
18° -0.455 -0.321 -0.159 0.042 0.298
60° 21° -0.718 -0.602 -0.460 -0.282 -0.052
24° -1.014 -0.925 -0.814 -0.673 -0.488
27° -1.349 -1.297 -1.231 -1.147 -1.034
30° -1.728 -1.727 -1.726 -1.724 -1.722

The dimensionless force d,, perpendicular to the cutting velocity, as a function
of the blade angle a, the angle of internal friction @, the soil/interface friction

angle 9, without under pressure behind the blade.
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Table 2.07

Back totop Table 2.07: The shear angle £3.

hp/hi=3 [0) 32° 37° 42° 47° 52°
a o
15° 24.046 25.019 25.609 25.872 25.856
18° 21.976 22.900 23.476 23.751 23.765
15° 21° 20.350 21.217 21.763 22.030 22.053
24° 19.031 19.838 20.348 20.596 20.615
27° 17.932 18.680 19.150 19.374 19.381
30° 16.996 17.687 18.117 18.313 18.303
15° 29.286 29.575 29.466 29.038 28.353
18° 26.992 27.319 27.267 26.908 26.297
30° 21° 25.100 25.435 25.410 25.090 24.525
24° 23.504 23.828 23.811 23.511 22.973
27° 22.130 22.433 22.410 22.116 21.592
30° 20.928 21.202 21.165 20.867 20.346
15° 29.236 28.919 28.257 27.325 26.179
18° 27.101 26.853 26.266 25411 24.339
45° 21° 25.277 25.065 24.524 23.719 22.699
24° 23.690 23.493 22.977 22.203 21.215
27° 22.288 22.091 21.584 20.825 19.857
30° 21.031 20.823 20.315 19.561 18.600
15° 26.619 25.832 24.754 23.450 21.967
18° 24.711 23.995 22.987 21.750 20.329
60° 21° 23.037 22.362 21.398 20.206 18.826
24° 21.543 20.889 19.951 18.785 17.431
27° 20.193 19.545 18.617 17.464 16.121
30° 18.958 18.303 17.374 16.222 14.880

The shear angle [3 as a function of the blade angle a, the angle of internal
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Table 2.07

friction @, the soil/interface friction angle o, for the cavitating cutting process.
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Table 2.28

Back totop

Table 2.28: The coefficient d;.

hy/h;j=3 0] 32° 37° 42° 47° 52°
a o
15° 3.145 3.362 3.578 3.799 4.028
18° 3.672 3.945 4.218 4.497 4,789
15° 21° 4.185 4.519 4.855 5.200 5.562
24° 4.687 5.087 5.492 5.910 6.351
27° 5.180 5.652 6.132 6.631 7.159
30° 5.667 6.216 6.778 7.366 7.993
15° 2.216 2.458 2.717 3.000 3.312
18° 2.567 2.858 3.169 3.510 3.889
30° 21° 2.919 3.262 3.632 4.038 4,492
24° 3.272 3.673 4.107 4.587 5.127
27° 3.629 4.093 4.599 5.162 5.799
30° 3.991 4.525 5.110 5.766 6.515
15° 2.222 2.566 2.954 3.402 3.925
18° 2.549 2.951 3.408 3.938 4.562
45° 21° 2.883 3.350 3.885 4.509 5.252
24° 3.228 3.768 4.391 5.123 6.004
27° 3.585 4.207 4.929 5.788 6.831
30° 3.958 4.671 5.508 6.513 7.750
15° 2.632 3.170 3.817 4.610 5.605
18° 2.999 3.627 4.387 5.329 6.526
60° 21° 3.387 4.116 5.008 6.128 7572
24° 3.799 4.645 5.692 7.025 8.774
27° 4.240 5.222 6.453 8.044 10.175
30° 4717 5.856 7.307 9.217 11.833

The dimensionless force dq, in the direction of the cutting velocity, asa
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Table 2.28

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle o, without under pressure behind the blade.
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Table 2.34

Back totop

The dimensionless force d,, perpendicular to the cutting velocity, as a function
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Table 2.34: The coefficient d..

hy/h;j=3 0] 32° 37° 42° 47° 52°
a o
15° -0.552 -0.177 0.198 0.581 0.979
18° -0.921 -0.501 -0.080 0.350 0.800
150 21° -1.306 -0.846 -0.384 0.092 0.590
24° -1.703 -1.208 -0.708 -0.191 0.353
27° -2.111 -1.586 -1.053 -0.498 0.090
30° -2.528 -1.979 -1.417 -0.828 -0.201
15° 0.020 0.263 0.522 0.805 1.118
18° -0.182 0.079 0.360 0.667 1.009
30° 21° -0.402 -0.124 0.176 0.505 0.873
24° -0.638 -0.346 -0.030 0.319 0.711
27° -0.890 -0.588 -0.259 0.107 0.521
30° -1.158 -0.850 -0.511 -0.132 0.301
15° 0.017 0.215 0.440 0.698 1.001
18° -0.171 0.034 0.267 0.537 0.856
45° 21° -0.379 -0.171 0.068 0.346 0.677
24° -0.608 -0.400 -0.160 0.122 0.460
27° -0.858 -0.656 -0.420 -0.141 0.199
30° -1.133 -0.941 -0.717 -0.447 -0.114
15° -0.221 -0.076 0.097 0.310 0.578
18° -0.455 -0.321 -0.159 0.042 0.298
60° 21° -0.718 -0.602 -0.460 -0.282 -0.052
24° -1.014 -0.925 -0.814 -0.673 -0.488
27° -1.349 -1.297 -1.231 -1.147 -1.034
30° -1.728 -1.727 -1.726 -1.724 -1.722




Table 2.34

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, without under pressure behind the blade.
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

Coefficientsfor the Non-Cavitating Cutting
contents Process in Water Saturated Sand (hy/hi=1),

with Under Pressure behind the Blade

Dr.ir. SA. Miedema

Table 2.02: The shear angle 3.

Table 2.17: The coefficient c;.

Table 2.23: The coefficient c;.

Table2.11. The coefficient a_L

Back to top Table2.02: Theshear angle (3.
hy/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 40.892 | 40.152| 39.169| 38.012| 36.727
18° 30.024 | 38380 | 37.483| 36402| 35184
150 21° 37.355| 36.781| 35947| 34.924| 33756
24° 35.847 | 35321 | 34534| 33552 32423
27° 34468 | 33.975| 33220| 32269 31.166
30° 33196 | 32.723| 31989| 31.058| 29.973
15° 37.967 | 36.937| 35707| 34.334| 32854
18° 36.187 | 35250 34.100| 32.795| 31372
20° 21° 34564 | 33.696| 32.606| 31.353| 29.974
24° 33.072| 32.255| 31209| 29.994| 28.648
27° 31.690 | 30.907 | 29.893| 28.705| 27.382
30° 30.401| 29.640| 28.646| 27.476| 26.166
15° 33.389| 32254 | 30.936| 29481 27.919
18° 31792 | 30.726| 29.467| 28.061| 26.539
450 21° 30.326 | 29.310| 28.092| 26.720| 25.224
24° 28969 | 27.984| 26.793| 25442 | 23.963
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

The shear angle 3 as afunction of the blade angle a, the angle of internal friction ¢, the soil/interface

27° 27.700 26.733 25.557 24.218 22.745
30° 26.503 25.543 24.373 23.036 21.562
15° 28.220 26.928 25.482 23.917 22.253
18° 26.813 25.569 24.160 22.623 20.978
60° 21° 25.500 24.287 22.901 21.379 19.742
24° 24.264 23.067 21.692 20.174 18.535
27° 23.091 21.897 20.522 18.999 17.350
30° 21.967 20.767 19.382 17.845 16.177

friction angle &, for the non-cavitating cutting process.

Back to top

Table2.17: The coefficient c;.

hp/hi=1 ()] 32° 37° 42° 47° 52°
a o
15° 0.138 0.151 0.165 0.179 0.195
18° 0.152 0.167 0.183 0.200 0.218
15° 21° 0.166 0.183 0.202 0.221 0.242
24° 0.180 0.200 0.221 0.243 0.268
27° 0.194 0.217 0.240 0.266 0.295
30° 0.209 0.234 0.261 0.291 0.323
15° 0.217 0.245 0.275 0.308 0.346
18° 0.236 0.267 0.302 0.340 0.383
30° 21° 0.256 0.291 0.330 0.374 0.423
24° 0.276 0.316 0.360 0.409 0.466
27° 0.297 0.341 0.391 0.448 0.513
30° 0.319 0.368 0.424 0.488 0.563
15° 0.286 0.336 0.392 0.456 0.532
18° 0.311 0.366 0.429 0.503 0.590
45° 21° 0.336 0.397 0.469 0.553 0.653
24° 0.362 0.431 0.512 0.607 0.724
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

27° 0.390 0.467 0.558 0.668 0.802
30° 0.420 0.506 0.609 0.735 0.891
15° 0.381 0.465 0.566 0.690 0.845
18° 0.413 0.508 0.623 0.765 0.946
60° 21° 0.448 0.554 0.685 0.850 1.062
24° 0.486 0.605 0.755 0.946 1.198
27° 0.526 0.662 0.833 1.057 1.358
30° 0.571 0.725 0.923 1.186 1.550

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction @, the soil/interface friction angle &, with under pressure behind the blade.

Back totop Table 2.23: The coefficient C,.
hp/hi=1 0 32° 37° 42° 47° 52°
a )
15° 0240| 0262 028 0311 0337
18° 0234 0258 0282 0308 0336
15 21° 0229| 0252 0278 0305 0334
24° 0222| 0247 0273| 0301| 0331
27° 0216| 0241 0267 029 0328
30° 0209| 0234 0261 0291 0324
15° 0.189| 0217 0248 0281 0319
18° 0181 0210 0241 0276| 0315
30° 21° 0173| 0202 0233 0269 0310
24° 0.164| 0193 0225 0261| 0.303
27° 0153| 0182 0215 0252 029
30° 0142| 0171 0204 0241| 0285
15° 0134| 0162 0195 0233| 0278
18° 0122| 0151| 0183 0222| 0267
450 21° 0109| 0137 0170 0208 0.253
24° 0.095| 0122 0154 0191 0237
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

27° 0.079 0.105 0.135 0.172 0.217
30° 0.062 0.086 0.114 0.149 0.192
15° 0.072 0.095 0.123 0.157 0.200
18° 0.053 0.074 0.099 0.131 0.170
60° 21° 0.032 0.050 0.072 0.099 0.134
24° 0.008 0.022 0.039 0.060 0.088
27° -0.019 -0.011 0.000 0.013 0.030
30° -0.050 -0.049 -0.047 -0.046 -0.044

The dimensionless force ¢,, perpendicular to the cutting velocity, as a function of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle o, with under pressure behind the blade.

Back totop Table 2.11: The coefficient &, .
hp/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 0.541 0.536 0.53 0.524 0.517
18° 0.535 0.53 0.524 0.518 0.511
15° 21° 0.53 0.525 0.519 0.513 0.506
24° 0.525 0.519 0.514 0.507 0.501
27° 0.52 0.514 0.509 0.502 0.495
30° 0.515 0.51 0.504 0.497 0.49
15° 0.539 0.534 0.528 0.522 0.515
18° 0.535 0.529 0.524 0.518 0.511
30° 21° 0.531 0.525 0.52 0.514 0.507
24° 0.526 0.521 0.516 0.51 0.503
27° 0.522 0.517 0.512 0.506 0.499
30° 0.519 0.513 0.508 0.502 0.495
15° 0.541 0.536 0.531 0.525 0.519
18° 0.538 0.533 0.527 0.522 0.516
A5° 21° 0.535 0.529 0.524 0.518 0.512
24° 0.531 0.526 0.521 0.515 0.508
27° 0.528 0.523 0.517 0.511 0.505
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (1)

30° 0.525 0.52 0.514 0.508 0.501
15° 0.539 0.532 0.524 0.516 0.507
18° 0.534 0.527 0.519 0.511 0.502
60° 21° 0.53 0.522 0.514 0.506 0.496
24° 0.525 0.517 0.509 0.5 0.49
27° 0.52 0.512 0.504 0.494 0.484
30° 0.515 0.507 0.498 0.489 0.478

The weigh factor a, for the determination of the weighed average permeability k., as a function of

the blade angle a, the angle of internal friction ¢, the soil/interface friction angle d, with under
pressure behind the blade.

Back to top
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Table 2.17

Back totop Table2.17: The coefficient c;.

hy/hi=1 0] 32° 37° 42° 47° 52°
a o
15° 0.138 0.151 0.165 0.179 0.195
18° 0.152 0.167 0.183 0.200 0.218
15° 21° 0.166 0.183 0.202 0.221 0.242
24° 0.180 0.200 0.221 0.243 0.268
27° 0.194 0.217 0.240 0.266 0.295
30° 0.209 0.234 0.261 0.291 0.323
15° 0.217 0.245 0.275 0.308 0.346
18° 0.236 0.267 0.302 0.340 0.383
30° 21° 0.256 0.291 0.330 0.374 0.423
24° 0.276 0.316 0.360 0.409 0.466
27° 0.297 0.341 0.391 0.448 0.513
30° 0.319 0.368 0.424 0.488 0.563
15° 0.286 0.336 0.392 0.456 0.532
18° 0.311 0.366 0.429 0.503 0.590
45° 21° 0.336 0.397 0.469 0.553 0.653
24° 0.362 0.431 0.512 0.607 0.724
27° 0.390 0.467 0.558 0.668 0.802
30° 0.420 0.506 0.609 0.735 0.891
15° 0.381 0.465 0.566 0.690 0.845
18° 0.413 0.508 0.623 0.765 0.946
60° 21° 0.448 0.554 0.685 0.850 1.062
24° 0.486 0.605 0.755 0.946 1.198
27° 0.526 0.662 0.833 1.057 1.358
30° 0.571 0.725 0.923 1.186 1.550

The dimensionless force ¢4, in the direction of the cutting velocity, asa
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Table 2.17

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle o, with under pressure behind the blade.

http://dutw1127/dredging/miedema/1987_Dissertation/Tables_e/table%20217.html (2 of 2) [31/12/2000 07:57:05]



Table 2.23

Back to top Table 2.23: The coefficient c,.
hy/hi=1 © 32° 37° 42° 47° 52°
o o
15° 0.240 0.262 0.286 0.311 0.337
18° 0.234 0.258 0.282 0.308 0.336
15° 21° 0.229 0.252 0.278 0.305 0.334
24° 0.222 0.247 0.273 0.301 0.331
27° 0.216 0.241 0.267 0.296 0.328
30° 0.209 0.234 0.261 0.291 0.324
15° 0.189 0.217 0.248 0.281 0.319
18° 0.181 0.210 0.241 0.276 0.315
30° 21° 0.173 0.202 0.233 0.269 0.310
24° 0.164 0.193 0.225 0.261 0.303
27° 0.153 0.182 0.215 0.252 0.295
30° 0.142 0.171 0.204 0.241 0.285
15° 0.134 0.162 0.195 0.233 0.278
18° 0.122 0.151 0.183 0.222 0.267
A5° 21° 0.109 0.137 0.170 0.208 0.253
24° 0.095 0.122 0.154 0.191 0.237
27° 0.079 0.105 0.135 0.172 0.217
30° 0.062 0.086 0.114 0.149 0.192
15° 0.072 0.095 0.123 0.157 0.200
18° 0.053 0.074 0.099 0.131 0.170
60° 21° 0.032 0.050 0.072 0.099 0.134
24° 0.008 0.022 0.039 0.060 0.088
27° -0.019| -0.011 0.000 0.013 0.030
30° -0.050| -0.049| -0.047| -0.046| -0.044

The dimensionless force c,, perpendicular to the cutting velocity, as a function of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle o, with under pressure behind the blade.
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Table 2.11

Back to top Table 2.11: The coefficient a;.
hy/hi=1 © 32° 37° 42° 47° 52°
o o
15° 0.541 0.536 0.53 0.524 0.517
18° 0.535 0.53 0.524 0.518 0.511
15° 21° 0.53 0.525 0.519 0.513 0.506
24° 0.525 0.519 0.514 0.507 0.501
27° 0.52 0.514 0.509 0.502 0.495
30° 0.515 0.51 0.504 0.497 0.49
15° 0.539 0.534 0.528 0.522 0.515
18° 0.535 0.529 0.524 0.518 0.511
30° 21° 0.531 0.525 0.52 0.514 0.507
24° 0.526 0.521 0.516 0.51 0.503
27° 0.522 0.517 0.512 0.506 0.499
30° 0.519 0.513 0.508 0.502 0.495
15° 0.541 0.536 0.531 0.525 0.519
18° 0.538 0.533 0.527 0.522 0.516
A5° 21° 0.535 0.529 0.524 0.518 0.512
24° 0.531 0.526 0.521 0.515 0.508
27° 0.528 0.523 0.517 0.511 0.505
30° 0.525 0.52 0.514 0.508 0.501
15° 0.539 0.532 0.524 0.516 0.507
18° 0.534 0.527 0.519 0.511 0.502
60° 21° 0.53 0.522 0.514 0.506 0.496
24° 0.525 0.517 0.509 0.5 0.49
27° 0.52 0.512 0.504 0.494 0.484
30° 0.515 0.507 0.498 0.489 0.478

The weigh factor &, for the determination of the weighed average permeability k,,, as afunction of

the blade angle a, the angle of internal friction ¢, the soil/interface friction angle 8, with under
pressure behind the blade.
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

Coefficientsfor the Non-Cavitating Cutting
contents Process in Water Saturated Sand (hy/hi=2),

with Under Pressure behind the Blade

Dr.ir. SA. Miedema

Table 2.03: The shear angle 3.

Table 2.18: The coefficient c;.
Table 2.24. The coefficient c».
Table2.12: The coefficient a,.

ik Table 2.03: The shear angle (3.
hy/hj=2 @ 32° 37° 42° 47° 52°
a o
15° 41.128| 40.402| 39.427| 38273| 36.986
18° 30.239| 38609| 37.720| 36.643| 35.424
150 21° 37.554| 36.993| 36.167| 35147 33.979
24° 36.030| 35517| 34738 33.760| 32.630
27° 34.638| 34.158| 33410 32462 31358
30° 33.354| 32.893| 32167| 31.238| 30.152
15° 30.129| 37.939| 36562| 35.056| 33.457
18° 37.223| 36.144| 34.859| 33.429| 31.894
30° 21° 35.458 | 34.468| 33258 31.891| 30.408
24° 33.820| 32.899| 31748 30.432| 28.992
27° 32.293| 31425| 30320 29.043| 27.637
30° 30.864| 30.035| 28965| 27.718| 26.336
15° 33483| 32334| 30991| 29.508| 27.918
18° 31.743| 30.679| 29.408| 27.985| 26.444
450 21° 30.142| 29.141| 27.925| 26547 25.043
24° 28.660| 27.704| 26527| 25182 23.705

http://dutw1127/dredging/miedema/1987_Dissertation/Tables_e/Non-Cavitating%20(2UP).htm (1 of 5) [31/12/2000 07:57:13]



mailto:s.a.miedema@wbmt.tudelft.nl

Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

27° 27.278 26.353 25.202 23.879 22.420
30° 25.982 25.074 23.939 22.630 21.179
15° 27.692 26.533 25.186 23.694 22.085
18° 26.156 25.057 23.759 22.307 20.729
60° 21° 24.744 23.683 22.418 20.991 19.432
24° 23.432 22.394 21.147 19.733 18.180
27° 22.203 21.173 19.932 18.520 16.965
30° 21.039 20.008 18.763 17.344 15.776

The shear angle [3 as a function of the blade angle a, the angle of internal
friction @, the soil/interface friction angle o, for the non-cavitating cutting

process.

Back to top

Table 2.18: The coefficient c;.

hy/h;=2 [0) 32° 37° 42° 47° 52°
a o
15° 0.140 0.14 0.167 0.182 0.197
18° 0.154 0.170 0.186 0.203 0.221
15° 21° 0.169 0.186 0.204 0.224 0.246
24° 0.183 0.203 0.224 0.247 0.272
27° 0.197 0.220 0.244 0.270 0.299
30° 0.212 0.237 0.265 0.295 0.328
15° 0.236 0.265 0.297 0.332 0.371
18° 0.258 0.291 0.327 0.368 0.413
30° 21° 0.281 0.318 0.359 0.405 0.458
24° 0.305 0.346 0.393 0.445 0.506
27° 0.329 0.376 0.428 0.488 0.557
30° 0.35%4 0.407 0.466 0.534 0.614
15° 0.332 0.385 0.446 0.515 0.597
18° 0.363 0.423 0.491 0.571 0.666
45° 21° 0.395 0.462 0.540 0.631 0.741

http://dutw1127/dredging/miedema/1987_Dissertation/Tables_e/Non-Cavitating%20(2UP).htm (2 of 5) [31/12/2000 07:57:13]




Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

24° 0.428 0.504 0.592 0.697 0.825
27° 0.464 0.549 0.649 0.770 0.918
30° 0.501 0.597 0.711 0.849 1.022
15° 0.454 0.547 0.660 0.797 0.969
18° 0.496 0.602 0.731 0.890 1.092
60° 21° 0.542 0.662 0.809 0.994 1.233
24° 0.591 0.727 0.896 1.113 1.398
27° 0.644 0.799 0.994 1.249 1.591
30° 0.701 0.878 1.105 1.406 1.821

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle 3, with under pressure behind the blade.

Back totop Table 2.24: The coefficient c,.
hy/h;=2 © 32° 37° 42° 47° 52°
a 0
15° 0243| 0266 0290 0315 0.342
18° 0238 0261 0286| 0312 0.340
15° 21° 0232| 0256 0282 0309 0.338
24° 0226 0250 0277 0.305| 0.336
27° 0219| 0244 0271 0.300| 0.332
30° 0212| 0238 0265 0.295| 0.328
15° 0202 0231 0263 0298 0.337
18° 0194 0223| 0256 0292 0.333
30° 21° 0.184| 0215| 0248 0285 0.327
24° 0.174| 0205 0238 0277| 0.320
27° 0.163| 0193| 0228 0267 0311
30° 0150 0181 0215/ 0.255|  0.300
15° 0.142| 0173| 0208 0.249| 0.29
18° 0128 0159 0194 0235 0.283
A5° 21° 0112 0142 0177 0218 0.267
24° 0093| 0123| 0157 0.197| 0.247
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

The dimensionless force ¢,, perpendicular to the cutting velocity, as a function of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle o, with under pressure behind the blade.

27° 0.073 0.101 0.134 0.173 0.222
30° 0.050 0.076 0.107 0.145 0.191
15° 0.065 0.090 0.121 0.159 0.206
18° 0.039 0.062 0.091 0.125 0.169
60° 21° 0.011 0.030 0.055 0.085 0.124
24° -0.022 -0.007 0.012 0.036 0.067
27° -0.059 -0.050 -0.038 -0.024 -0.004
30° -0.101 -0.100 -0.098 -0.097 -0.095

Back to top

Table 2.12: The coefficient ay.

hy/h;=2 [0) 32° 37° 42° 47° 52°
a o
15° 0.538 0.533 0.528 0.522 0.516
18° 0.533 0.528 0.523 0.517 0.511
15° 21° 0.528 0.523 0.518 0.512 0.506
24° 0.523 0.519 0.513 0.507 0.501
27° 0.519 0.514 0.509 0.503 0.496
30° 0.514 0.51 0.504 0.498 0.491
15° 0.544 0.539 0.533 0.527 0.521
18° 0.54 0.535 0.529 0.523 0.517
30° 21° 0.535 0.531 0.525 0.519 0.513
24° 0.531 0.526 0.521 0.515 0.509
27° 0.527 0.522 0.517 0.511 0.505
30° 0.523 0.519 0.513 0.507 0.501
15° 0.562 0.557 0.552 0.547 0.542
18° 0.559 0.554 0.549 0.544 0.539
45° 21° 0.556 0.551 0.547 0.541 0.536
24° 0.553 0.549 0.544 0.538 0.533
27° 0.55 0.546 0.541 0.536 0.53
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (2)

30° 0.548 0.543 0.538 0.533 0.526
15° 0.577 0.572 0.565 0.558 0.551
18° 0.573 0.567 0.561 0.554 0.546
60° 21° 0.569 0.563 0.557 0.549 0.542
24° 0.565 0.559 0.552 0.545 0.537
27° 0.561 0.555 0.548 0.54 0.532
30° 0.557 0.551 0.544 0.536 0.527

The weigh factor a, for the determination of the weighed average permeability k., as a function of

the blade angle a, the angle of internal friction ¢, the soil/interface friction angle d, with under
pressure behind the blade.
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Table 2.18

Back totop Table 2.18: The coefficient c;.

hy/hi=2 0 32° 37° 42° 47° 52°
a o
15° 0.140 0.14 0.167 0.182 0.197
18° 0.154 0.170 0.186 0.203 0.221
15° 21° 0.169 0.186 0.204 0.224 0.246
24° 0.183 0.203 0.224 0.247 0.272
27° 0.197 0.220 0.244 0.270 0.299
30° 0.212 0.237 0.265 0.295 0.328
15° 0.236 0.265 0.297 0.332 0.371
18° 0.258 0.291 0.327 0.368 0.413
30° 21° 0.281 0.318 0.359 0.405 0.458
24° 0.305 0.346 0.393 0.445 0.506
27° 0.329 0.376 0.428 0.488 0.557
30° 0.35%4 0.407 0.466 0.534 0.614
15° 0.332 0.385 0.446 0.515 0.597
18° 0.363 0.423 0.491 0.571 0.666
45° 21° 0.395 0.462 0.540 0.631 0.741
24° 0.428 0.504 0.592 0.697 0.825
27° 0.464 0.549 0.649 0.770 0.918
30° 0.501 0.597 0.711 0.849 1.022
15° 0.454 0.547 0.660 0.797 0.969
18° 0.496 0.602 0.731 0.890 1.092
60° 21° 0.542 0.662 0.809 0.994 1.233
24° 0.591 0.727 0.896 1.113 1.398
27° 0.644 0.799 0.994 1.249 1591
30° 0.701 0.878 1.105 1.406 1821

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle o, with under pressure behind the blade.
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Table 2.24

Back to top Table 2.24: The coefficient c.
hy/hi=2 © 32° 37° 42° 47° 52°
o o
15° 0.243 0.266 0.290 0.315 0.342
18° 0.238 0.261 0.286 0.312 0.340
15° 21° 0.232 0.256 0.282 0.309 0.338
24° 0.226 0.250 0.277 0.305 0.336
27° 0.219 0.244 0.271 0.300 0.332
30° 0.212 0.238 0.265 0.295 0.328
15° 0.202 0.231 0.263 0.298 0.337
18° 0.194 0.223 0.256 0.292 0.333
30° 21° 0.184 0.215 0.248 0.285 0.327
24° 0.174 0.205 0.238 0.277 0.320
27° 0.163 0.193 0.228 0.267 0.311
30° 0.150 0.181 0.215 0.255 0.300
15° 0.142 0.173 0.208 0.249 0.296
18° 0.128 0.159 0.194 0.235 0.283
A5° 21° 0.112 0.142 0.177 0.218 0.267
24° 0.093 0.123 0.157 0.197 0.247
27° 0.073 0.101 0.134 0.173 0.222
30° 0.050 0.076 0.107 0.145 0.191
15° 0.065 0.090 0.121 0.159 0.206
18° 0.039 0.062 0.091 0.125 0.169
60° 21° 0.011 0.030 0.055 0.085 0.124
24° -0.022| -0.007 0.012 0.036 0.067
27° -0.059| -0.050| -0.038| -0.024| -0.004
30° -0.101| -0.100| -0.098| -0.097| -0.095

The dimensionless force c,, perpendicular to the cutting velocity, as a function of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle o, with under pressure behind the blade.
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Table 2.12

Back to top Table 2.12: The coefficient a;.
hy/hi=2 © 32° 37° 42° 47° 52°
o o
15° 0.538 0.533 0.528 0.522 0.516
18° 0.533 0.528 0.523 0.517 0.511
15° 21° 0.528 0.523 0.518 0.512 0.506
24° 0.523 0.519 0.513 0.507 0.501
27° 0.519 0.514 0.509 0.503 0.496
30° 0.514 0.51 0.504 0.498 0.491
15° 0.544 0.539 0.533 0.527 0.521
18° 0.54 0.535 0.529 0.523 0.517
30° 21° 0.535 0.531 0.525 0.519 0.513
24° 0.531 0.526 0.521 0.515 0.509
27° 0.527 0.522 0.517 0.511 0.505
30° 0.523 0.519 0.513 0.507 0.501
15° 0.562 0.557 0.552 0.547 0.542
18° 0.559 0.554 0.549 0.544 0.539
A5° 21° 0.556 0.551 0.547 0.541 0.536
24° 0.553 0.549 0.544 0.538 0.533
27° 0.55 0.546 0.541 0.536 0.53
30° 0.548 0.543 0.538 0.533 0.526
15° 0.577 0.572 0.565 0.558 0.551
18° 0.573 0.567 0.561 0.554 0.546
60° 21° 0.569 0.563 0.557 0.549 0.542
24° 0.565 0.559 0.552 0.545 0.537
27° 0.561 0.555 0.548 0.54 0.532
30° 0.557 0.551 0.544 0.536 0.527

The weigh factor &, for the determination of the weighed average permeability k,,, as afunction of

the blade angle a, the angle of internal friction ¢, the soil/interface friction angle 8, with under
pressure behind the blade.
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

Coefficientsfor the Non-Cavitating Cutting
contents Process in Water Saturated Sand (hy/hi=3),

with Under Pressure behind the Blade

Dr.ir. SA. Miedema

Table 2.04: The shear angle 3.

Table 2.19: The coefficient c;.
Table 2.25: The coefficient C».
Table 2.13. The coefficient a,.

Pecido U Table 2.04: Theshear angle 3.
hy/hi=3 ® 32° 37° 42° 47° 52°
a o
15° 42346| 41502| 40.418| 39.164| 37.786
18° 40.414| 39674 38.68L| 37507| 36.198
15° 21° 38.673| 38010 37.086( 35973 34718
24° 37.087| 36.481| 35609| 34542 33.328
27° 35.631| 35064 34230 33197, 32013
30° 34283 | 33742 32934 31926| 30.763
15° 40.176| 38.793| 37.257| 35619 33.909
18° 38242 | 36978 35537 33.977| 32331
30° 21° 36.421| 35258| 33.900| 32407 30.817
24° 34711| 33631| 32341| 30.906| 29.364
27° 33.103| 32.090| 30.858| 29.470| 27.968
30° 31590 30.631| 29.444| 28.095| 26.625
15° 35.406| 33.895| 32248 30509| 28.703
18° 33548| 32142| 30578 28.907| 27.156
45e 21° 31.788| 30.472| 28.981| 27.368| 25.665
24° 30.126| 28.885| 27.455| 25.891| 24.230
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

The shear angle 3 as afunction of the blade angle a, the angle of internal friction ¢, the soil/interface

27° 28.557 27.376 25.996 24.474 22.845
30° 27.075 25.941 24.600 23.111 21.509
15° 28.252 26.972 25.516 23.930 22.241
18° 26.613 25.406 24.010 22.472 20.823
60° 21° 25.094 23.940 22.588 21.086 19.464
24° 23.677 22.560 21.238 19.760 18.156
27° 22.348 21.253 19.950 18.485 16.890
30° 21.092 20.008 18.713 17.254 15.600

friction angle &, for the non-cavitating cutting process.

Back to top

Table 2.19: The coefficient ¢;.

hp/hij=3 (0] 32° 37° 42° 47° 52°
a o
15° 0.140 0.153 0.167 0.182 0.198
18° 0.154 0.170 0.186 0.203 0.222
150 21° 0.169 0.186 0.205 0.225 0.247
24° 0.183 0.203 0.225 0.248 0.273
27° 0.198 0.221 0.245 0.272 0.301
30° 0.213 0.239 0.267 0.297 0.331
15° 0.236 0.265 0.298 0.333 0.373
18° 0.259 0.292 0.329 0.370 0.416
30° 21° 0.283 0.320 0.362 0.409 0.462
24° 0.307 0.349 0.397 0.450 0.511
27° 0.332 0.380 0.433 0.494 0.564
30° 0.358 0.412 0.472 0.541 0.622
15° 0.344 0.400 0.463 0.536 0.622
18° 0.379 0.441 0.513 0.598 0.697
45° 21° 0.415 0.485 0.567 0.664 0.780
24° 0.453 0.532 0.626 0.737 0.872
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

27° 0.493 0.583 0.689 0.817 0.974
30° 0.535 0.637 0.758 0.905 1.089
15° 0.488 0.587 0.705 0.851 1.032
18° 0.537 0.650 0.786 0.955 1.169
60° 21° 0.590 0.718 0.875 1.072 1.327
24° 0.647 0.793 0.974 1.205 1.509
27° 0.709 0.875 1.085 1.358 1.724
30° 0.776 0.966 1.211 1.535 1.980

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle &, with under pressure behind the blade.

Back totop Table 2.25: The coefficient c,.
hy/h;=3 ® 32° 37° 42° 47° 52°
a o
15° 0.243 0.266 0.290 0.315 0.343
18° 0.238 0.262 0.286 0.313 0.342
150 21° 0.233 0.257 0.282 0.310 0.340
24° 0.227 0.251 0.278 0.306 0.338
27° 0.22 0.246 0.273 0.302 0.335
30° 0.214 0.239 0.267 0.297 0.331
15° 0.202 0.231 0.263 0.299 0.338
18° 0.194 0.224 0.257 0.294 0.335
30° 21° 0.185 0.216 0.249 0.287 0.330
24° 0.175 0.206 0.240 0.279 0.323
27° 0.164 0.195 0.229 0.268 0.314
30° 0.151 0.182 0.217 0.256 0.303
15° 0.145 0.176 0.213 0.254 0.303
18° 0.130 0.161 0.197 0.240 0.290
450 21° 0.112 0.143 0.179 0.222 0.272
24° 0.093 0.123 0.158 0.200 0.251
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

| 27° | 0.070 | 0.099 | 0.133 0.174 0.224

30° 0.045 0.072 0.103 0.142 0.190

15° 0.060 0.086 0.118 0.157 0.205

18° 0.030 0.054 0.083 0.119 0.164

60° 21° -0.003 0.017 0.042 0.073 0.113
24° -0.041 -0.026 -0.007 0.018 0.050

27° -0.084 -0.076 -0.065 -0.050 -0.031

30° -0.134 -0.134 -0.134 -0.134 -0.134

The dimensionless force c,, perpendicular to the cutting velocity, as afunction of the blade angle a,
the angle of internal friction ¢, the soil/interface friction angle &, with under pressure behind the blade.

Back totop Table 2.13: The coefficient a;.
hy/h;=3 ® 32° 37° 42° 47° 52°
a o
15° 0.540 0.535 0.530 0.524 0.518
18° 0.535 0.530 0.525 0.519 0.513
150 21° 0.531 0.526 0.520 0.515 0.508
24° 0.526 0.521 0.516 0.510 0.503
27° 0.522 0.517 0.511 0.505 0.498
30° 0.518 0.513 0.507 0.501 0.494
15° 0.552 0.546 0.539 0.533 0.526
18° 0.548 0.542 0.535 0.529 0.522
30° 21° 0.543 0.537 0.531 0.525 0.518
24° 0.539 0.533 0.527 0.521 0.514
27° 0.535 0.529 0.523 0.517 0.510
30° 0.531 0.525 0.519 0.513 0.506
15° 0.563 0.558 0.553 0.548 0.543
18° 0.560 0.556 0.551 0.546 0.541
450 21° 0.558 0.553 0.548 0.543 0.538
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Coefficients for the Non-Cavitating Cutting Process in Water Saturated Sand (3)

24° 0.555 0.551 0.546 0.541 0.535
27° 0.553 0.548 0.543 0.538 0.533
30° 0.550 0.546 0.541 0.536 0.530
15° 0.584 0.579 0.574 0.568 0.562
18° 0.581 0.576 0.571 0.565 0.559
60° 21° 0.578 0.573 0.568 0.562 0.556
24° 0.575 0.570 0.565 0.559 0.552
27° 0.572 0.567 0.562 0.555 0.549
30° 0.569 0.564 0.559 0.552 0.545

The weigh factor &, for the determination of the weighed average permeability k,,, as afunction of

the blade angle a, the angle of internal friction ¢, the soil/interface friction angle o, with under
pressure behind the blade.

Back totop
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Table 2.19

Back totop Table 2.19: The coefficient c;.

hy/h;j=3 0] 32° 37° 42° 47° 52°
a o
15° 0.140 0.153 0.167 0.182 0.198
18° 0.154 0.170 0.186 0.203 0.222
150 21° 0.169 0.186 0.205 0.225 0.247
24° 0.183 0.203 0.225 0.248 0.273
27° 0.198 0.221 0.245 0.272 0.301
30° 0.213 0.239 0.267 0.297 0.331
15° 0.236 0.265 0.298 0.333 0.373
18° 0.259 0.292 0.329 0.370 0.416
30° 21° 0.283 0.320 0.362 0.409 0.462
24° 0.307 0.349 0.397 0.450 0.511
27° 0.332 0.380 0.433 0.494 0.564
30° 0.358 0.412 0.472 0.541 0.622
15° 0.344 0.400 0.463 0.536 0.622
18° 0.379 0.441 0.513 0.598 0.697
45° 21° 0.415 0.485 0.567 0.664 0.780
24° 0.453 0.532 0.626 0.737 0.872
27° 0.493 0.583 0.689 0.817 0.974
30° 0.535 0.637 0.758 0.905 1.089
15° 0.488 0.587 0.705 0.851 1.032
18° 0.537 0.650 0.786 0.955 1.169
60° 21° 0.590 0.718 0.875 1.072 1.327
24° 0.647 0.793 0.974 1.205 1.509
27° 0.709 0.875 1.085 1.358 1724
30° 0.776 0.966 1.211 1535 1.980

The dimensionless force ¢4, in the direction of the cutting velocity, as afunction of the blade angle a,
the angle of internal friction @, the soil/interface friction angle &, with under pressure behind the blade.
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Table 2.25

Back to top Table 2.25: The coefficient c.
hy/h;=3 ® 32° 37° 42° 47° 52°
a o
15° 0.243 0.266 0.290 0.315 0.343
18° 0.238 0.262 0.286 0.313 0.342
150 21° 0.233 0.257 0.282 0.310 0.340
24° 0.227 0.251 0.278 0.306 0.338
27° 0.22 0.246 0.273 0.302 0.335
30° 0.214 0.239 0.267 0.297 0.331
15° 0.202 0.231 0.263 0.299 0.338
18° 0.194 0.224 0.257 0.294 0.335
30° 21° 0.185 0.216 0.249 0.287 0.330
24° 0.175 0.206 0.240 0.279 0.323
27° 0.164 0.195 0.229 0.268 0.314
30° 0.151 0.182 0.217 0.256 0.303
15° 0.145 0.176 0.213 0.254 0.303
18° 0.130 0.161 0.197 0.240 0.290
450 21° 0.112 0.143 0.179 0.222 0.272
24° 0.093 0.123 0.158 0.200 0.251
27° 0.070 0.099 0.133 0.174 0.224
30° 0.045 0.072 0.103 0.142 0.190
15° 0.060 0.086 0.118 0.157 0.205
18° 0.030 0.054 0.083 0.119 0.164
60° 21° -0.003 0.017 0.042 0.073 0.113
24° -0.041| -0.026| -0.007 0.018 0.050
27° -0.084| -0076| -0065| -0.050| -0.031
30° -0.134| -0134| -0.134| -0134| -0.134

The dimensionless force c,, perpendicular to the cutting velocity, as afunction of the blade angle a,
the angle of internal friction @, the soil/interface friction angle &, with under pressure behind the blade.
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Table 2.13

Back totop Table 2.13: The coefficient a;.

hy/h;j=3 0] 32° 37° 42° 47° 52°
a o
15° 0.540 0.535 0.530 0.524 0.518
18° 0.535 0.530 0.525 0.519 0.513
150 21° 0.531 0.526 0.520 0.515 0.508
24° 0.526 0.521 0.516 0.510 0.503
27° 0.522 0.517 0.511 0.505 0.498
30° 0.518 0.513 0.507 0.501 0.494
15° 0.552 0.546 0.539 0.533 0.526
18° 0.548 0.542 0.535 0.529 0.522
30° 21° 0.543 0.537 0.531 0.525 0.518
24° 0.539 0.533 0.527 0.521 0.514
27° 0.535 0.529 0.523 0.517 0.510
30° 0.531 0.525 0.519 0.513 0.506
15° 0.563 0.558 0.553 0.548 0.543
18° 0.560 0.556 0.551 0.546 0.541
45° 21° 0.558 0.553 0.548 0.543 0.538
24° 0.555 0.551 0.546 0.541 0.535
27° 0.553 0.548 0.543 0.538 0.533
30° 0.550 0.546 0.541 0.536 0.530
15° 0.584 0.579 0.574 0.568 0.562
18° 0.581 0.576 0.571 0.565 0.559
60° 21° 0.578 0.573 0.568 0.562 0.556
24° 0.575 0.570 0.565 0.559 0.552
27° 0.572 0.567 0.562 0.555 0.549
30° 0.569 0.564 0.559 0.552 0.545

The weigh factor &, for the determination of the weighed average permeability ki, as afunction of
the blade angle a, the angle of internal friction ¢, the soil/interface friction angle o, with under
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (1UP)

Coefficients for the Cavitating Cutting

=42 Processin Water Saturated Sand (hy/hi=1)
Dr.ir. SA. Miedema
Table 2.05: The shear angle 3.
Table 2.29: The coefficient d;.
Table 2.35: The coefficient d».
Bayic ol Table 2.05: Theshear angle 3.
hp/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 37.217| 37520| 37.355| 36.831| 36.026
18° 34.461| 34.854| 34790 34370 33.669
150 21° 32.163| 32508| 32504 32243| 31613
24° 30.212| 30.661| 30.689| 30.379| 29.796
27° 28530 28973| 20.012| 28726| 28.173
30° 27.060| 27.483| 27.520| 27.243| 26.707
15° 30.766| 39.060| 38.014| 36.718| 35232
18° 37.341| 36.757| 35.823| 34.628| 33.233
30° 21° 35.196| 34.696| 33844 32725| 31399
24° 33.280| 32.837| 32041 30977| 29.704
27° 31.554| 31145, 30.387| 29.363| 28.127
30° 20.985| 29.503| 28.859| 27.860| 26.650
15° 36.853| 35599 34.097| 32412| 30501
18° 34.768| 33616| 32202 30594 28.839
450 21° 32.866| 31.789| 30.441| 28.892| 27.188
24° 31.119| 30.0904| 28.794| 27.288| 25623
27° 20.502| 28512| 27.246| 25770| 24.132
30° 27.996| 27.026| 25.781| 24.325| 22.705
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (1UP)

15° 31.992 30.395 28.608 26.683 24.654
18° 30.155 28.634 26.911 25.039 23.055
60° 21° 28.444 26.979 25.303 23471 21.520
24° 26.841 25414 23.772 21.968 20.040
27° 25.330 23.927 22.306 20.520 18.605
30° 23.897 22.506 20.896 19.118 17.208

The shear angle [3 as afunction of the blade angle a, the angle of internal
friction @, the soil/interface friction angle o, for the cavitating cutting process.

Back to top Table2.29: The coefficient d;.
hy/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 2.390 2.505 2.625 2.753 2.890
18° 2.626 2.766 2.913 3.069 3.238
150 21° 2.860 3.028 3.205 3.393 3.597
24° 3.092 3.291 3.501 3.726 3.970
27° 3.324 3.557 3.803 4.068 4.358
30° 3.556 3.826 4112 4.423 4.764
15° 1.726 1.893 2.079 2.286 2.520
18° 1.901 2.095 2.311 2.553 2.829
30° 21° 2.079 2.303 2.553 2.835 3.158
24° 2.261 2.518 2.806 3.133 3511
27° 2.448 2.742 3.072 3.450 3.890
30° 2.641 2.975 3.353 3.789 4.301
15° 1.719 1.989 2.300 2.665 3.100
18° 1.898 2.205 2.562 2.985 3.492
450 21° 2.084 2.433 2.843 3.332 3.925
24° 2.280 2.677 3.146 3.711 4.405
27° 2.486 2.936 3.474 4.129 4,942
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (1UP)

30° 2.705 3.216 3.833 4.592 5.549
15° 2.052 2.504 3.056 3.744 4.618
18° 2.273 2.788 3.425 4.228 5.264
60° 21° 2.510 3.099 3.835 4.776 6.011
24° 2.766 3.440 4.294 5.402 6.884
27° 3.046 3.819 4.812 6.125 7.919
30° 3.353 4.243 5.405 6.972 9.165

The dimensionless force dq, in the direction of the cutting velocity, as a

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle 9, with under pressure behind the blade.

Batk totop Table 2.35: The coefficient d.
hp/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 4143| 4342 4550 4771 5008
18° 4046 4.262| 4488 4729 4989
150 21° 3939 4170 4.414| 4673| 4954
24° 3.821| 4067 4326| 4604  4.906
27° 3.694| 3953 4227 4522| 4844
30° 3559 3829 4.116| 4.426| 4.768
15° 1375| 1543 1729 1936| 2171
18° 1313| 1489 1683 1901 2150
30° 21° 1242| 1424 1626| 1.855| 2117
24° 1162| 1349 1558 1.796| 2070
27° 1072| 1262 1477 1723 2009
30° 0972 1.165| 1.384| 1636 1932
15° 0698 0854 1034 1245 149
18° 0625 0782 0964 1180  1.439
450 21° 0541 0697 0880 1098|  1.362
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (1UP)

24° 0.446 0.598 0.779 0.996 1.263
27° 0.337 0.484 0.659 0.872 1.137
30° 0.214 0.352 0.517 0.721 0.978
15° 0.296 0.417 0.565 0.750 0.985
18° 0.183 0.293 0.429 0.600 0.821
60° 21° 0.053 0.147 0.264 0.414 0.610
24° -0.097 -0.026 0.064 0.181 0.338
27° -0.272 -0.231 -0.178 -0.108 -0.013
30° -0.474 -0.474 -0.473 -0.472 -0.470

The dimensionless force d,, perpendicular to the cutting velocity, as a function

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, with under pressure behind the blade.

Back to top
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Table 2.29

Back totop Table 229 The COeffICIent dl

hy/hi=1 0] 32° 37° 42° 47° 52°
a o
15° 2.390 2.505 2.625 2.753 2.890
18° 2.626 2.766 2.913 3.069 3.238
150 21° 2.860 3.028 3.205 3.393 3.597
24° 3.092 3.291 3.501 3.726 3.970
27° 3.324 3.557 3.803 4.068 4.358
30° 3.556 3.826 4.112 4.423 4.764
15° 1.726 1.893 2.079 2.286 2.520
18° 1.901 2.095 2.311 2.553 2.829
30° 21° 2.079 2.303 2.553 2.835 3.158
24° 2.261 2.518 2.806 3.133 3.511
27° 2.448 2.742 3.072 3.450 3.890
30° 2.641 2.975 3.353 3.789 4.301
15° 1.719 1.989 2.300 2.665 3.100
18° 1.898 2.205 2.562 2.985 3.492
45° 21° 2.084 2.433 2.843 3.332 3.925
24° 2.280 2.677 3.146 3.711 4.405
27° 2.486 2.936 3.474 4.129 4,942
30° 2.705 3.216 3.833 4.592 5.549
15° 2.052 2.504 3.056 3.744 4.618
18° 2.273 2.788 3.425 4.228 5.264
60° 21° 2.510 3.099 3.835 4.776 6.011
24° 2.766 3.440 4.294 5.402 6.884
27° 3.046 3.819 4.812 6.125 7.919
30° 3.353 4.243 5.405 6.972 9.165

The dimensionless force dq, in the direction of the cutting velocity, asa
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Table 2.29

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle o, with under pressure behind the blade.
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Table 2.35

Back totop

The dimensionless force d,, perpendicular to the cutting velocity, as a function
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Table 2.35: The coefficient d».

hy/hi=1 ® 32° 37° 42° 47° 52°
a o
15° 4.143 4.342 4.550 4771 5.008
18° 4.046 4.262 4.488 4.729 4.989
15° 21° 3.939 4.170 4414 4.673 4954
24° 3.821 4.067 4.326 4.604 4.906
27° 3.694 3.953 4.227 4.522 4.844
30° 3.559 3.829 4.116 4.426 4.768
15° 1.375 1.543 1.729 1.936 2171
18° 1.313 1.489 1.683 1901 2.150
30° 21° 1.242 1.424 1.626 1.855 2117
24° 1.162 1.349 1.558 1.796 2.070
27° 1.072 1.262 1.477 1.723 2.009
30° 0.972 1.165 1.384 1.636 1.932
15° 0.698 0.854 1.034 1.245 1.496
18° 0.625 0.782 0.964 1.180 1.439
45° 21° 0.541 0.697 0.880 1.098 1.362
24° 0.446 0.598 0.779 0.996 1.263
27° 0.337 0.484 0.659 0.872 1.137
30° 0.214 0.352 0.517 0.721 0.978
15° 0.296 0.417 0.565 0.750 0.985
18° 0.183 0.293 0.429 0.600 0.821
60° 21° 0.053 0.147 0.264 0.414 0.610
24° -0.097 -0.026 0.064 0.181 0.338
27° -0.272 -0.231 -0.178 -0.108 -0.013
30° -0.474 -0.474 -0.473 -0.472 -0.470




Table 2.35

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, with under pressure behind the blade.
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (2)

Coefficients for the Cavitating Cutting

=42 Processin Water Saturated Sand (hy/hi=2)
Dr.ir. SA. Miedema
Table 2.06: The shear angle 3.
Table 2.30: The coefficient d;.
Table 2.36: The coefficient d».
Bayic ol Table 2.06: Theshear angle 3.
hp/hi=2 ® 32° 37° 42° 47° 52°
a o
15° 28.724| 29560| 29.957| 29.994| 29.733
18° 26.332| 27.162| 27.586| 27.670| 27.472
150 21° 24.420| 25221 25643| 25.747| 25582
24° 22.849| 23608 24.014| 24120 23.968
27° 21.528| 22240 22.621| 22.716| 22.566
30° 20.396| 21.059| 21.407| 21.485| 21.329
15° 33.398| 33.367| 32937 32198 31215
18° 30.972| 31.019| 30.677| 30.027| 29.134
30° 21° 28.922| 20.011| 28.721| 28131| 27.299
24° 27.161| 27.265| 27.004| 26.451| 25659
27° 25.622| 25.725| 25476 24.944| 24177
30° 24259 | 24.349| 24101| 23576 22.823
15° 32.378| 3L721| 30.741| 29516| 28.100
18° 30.207| 29.642| 28751| 27.610| 26271
450 21° 28.308| 27.801| 26.970| 25.887| 24.605
24° 26.624| 26.149| 25357 24314 23.070
27° 25110 24.652| 23881| 22.862| 21.643
30° 23.736| 23280 22518 21512 20.306
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (2)

15° 28.906 27.806 26.445 24.886 23.174
18° 26.993 25.974 24.686 23.194 21.540
60° 21° 25.276 24.309 23.072 21.626 20.014
24° 23.716 22.781 21.576 20.159 18.574
27° 22.283 21.364 20.176 18.776 17.204
30° 20.955 20.038 18.855 17.461 15.892

The shear angle [3 as afunction of the blade angle a, the angle of internal
friction @, the soil/interface friction angle o, for the cavitating cutting process.

Back to top Table2.30: The coefficient d;.
hy/hj=2 0 32° 37° 42° 47° 52°
a o
15° 4,295 4.460 4.627 4.801 4.984
18° 4.683 4.889 5.098 5.315 5.545
150 21° 5.062 5.313 5.569 5.836 6.119
24° 5.435 5.735 6.042 6.364 6.707
27° 5.803 6.156 6.520 6.903 7.313
30° 6.169 6.579 7.005 7.455 7.941
15° 2.769 2.974 3.196 3.440 3.714
18° 3.037 3.279 3.543 3.834 4.162
30° 21° 3.307 3.590 3.900 4,244 4.633
24° 3.579 3.908 4.270 4.674 5.133
27° 3.855 4,235 4.654 5.125 5.665
30° 4.137 4572 5.055 5.603 6.235
15° 2.437 2.743 3.093 3.499 3.978
18° 2.693 3.047 3.455 3.931 4.497
450 21° 2.957 3.366 3.838 4.395 5.063
24° 3.231 3.700 4.247 4.897 5.684
27° 3.517 4.054 4.685 5.443 6.373
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (2)

30° 3.817 4.431 5.159 6.043 7.141
15° 2.616 3.111 3.711 4.451 5.385
18° 2914 3.485 4.184 5.056 6.173
60° 21° 3.230 3.889 4.704 5.734 7.075
24° 3.568 4.329 5.280 6.501 8.118
27° 3.933 4.811 5.924 7.378 9.342
30° 4.329 5.345 6.653 8.394 10.800

The dimensionless force dq, in the direction of the cutting velocity, as a

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle 9, with under pressure behind the blade.

Batk totop Table 2.36: The coefficient d».
hp/hj=2 ® 32° 37° 42° 47° 52°
a o
15° 7444 7730 8020| 8321| 8638
18° 7215 7532 7.855| 8190 8544
15° 21° 6972 7317 7670 8038| 8427
24° 6716 7.087| 7467 7.865| 8288
27° 6.450| 6842 7247 7672 8128
30° 6.174| 6584 7010 7461| 7.947
15° 2068| 2273 2495 2740 3014
18° 1938| 2156 2394| 2657 2951
30° 21° 1794| 2024 2275 2554 2870
24° 1637| 1.876| 2139| 2433 2767
27° 1467| 1713| 1.986| 2292 2643
30° 1283| 1534| 1.813| 2130 2495
15° 0817 0994 1196 1431 1708
18° 0687 0868 1076 1319 1608
450 21° 0542 0724 0935| 1183 1481
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (2)

24° 0.380 0.561 0.771 1.021 1.324
27° 0.200 0.375 0.581 0.827 1.130
30° 0.001 0.166 0.361 0.599 0.894
15° 0.191 0.324 0.485 0.684 0.935
18° 0.018 0.140 0.289 0.475 0.714
60° 21° -0.179 -0.074 0.056 0.220 0.433
24° -0.403 -0.322 -0.222 -0.092 0.079
27° -0.659 -0.612 -0.553 -0.475 -0.371
30° -0.951 -0.950 -0.949 -0.948 -0.946

The dimensionless force d,, perpendicular to the cutting velocity, as a function

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, with under pressure behind the blade.

Back to top
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Table 2.30

Back totop

Table 2.30: The coefficient d;.

hy/hi=2 ® 32° 37° 42° 47° 52°
a o
15° 4.295 4.460 4.627 4.801 4,984
18° 4.683 4.889 5.098 5.315 5.545
150 21° 5.062 5.313 5.569 5.836 6.119
24° 5.435 5.735 6.042 6.364 6.707
27° 5.803 6.156 6.520 6.903 7.313
30° 6.169 6.579 7.005 7.435 7.941
15° 2.769 2.974 3.196 3.440 3.714
18° 3.037 3.279 3.543 3.834 4.162
30° 21° 3.307 3.590 3.900 4.244 4.633
24° 3.579 3.908 4.270 4.674 5.133
27° 3.855 4.235 4.654 5.125 5.665
30° 4.137 4572 5.055 5.603 6.235
15° 2.437 2.743 3.093 3.499 3.978
18° 2.693 3.047 3.455 3.931 4.497
45° 21° 2.957 3.366 3.838 4.395 5.063
24° 3.231 3.700 4.247 4.897 5.684
27° 3.517 4.054 4.685 5.443 6.373
30° 3.817 4431 5.159 6.043 7.141
15° 2.616 3.111 3.711 4.451 5.385
18° 2.914 3.485 4.184 5.056 6.173
60° 21° 3.230 3.889 4.704 5.734 7.075
24° 3.568 4.329 5.280 6.501 8.118
27° 3.933 4.811 5.924 7.378 9.342
30° 4.329 5.345 6.653 8.394 10.800

The dimensionless force dq, in the direction of the cutting velocity, asa
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Table 2.30

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle o, with under pressure behind the blade.
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Table 2.36

Back totop

The dimensionless force d,, perpendicular to the cutting velocity, as a function
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Table 2.36: The coefficient d».

hy/hi=2 ® 32° 37° 42° 47° 52°
a o
15° 7.444 7.730 8.020 8.321 8.638
18° 7.215 7.532 7.855 8.190 8.544
150 21° 6.972 7.317 7.670 8.038 8.427
24° 6.716 7.087 7.467 7.865 8.288
27° 6.450 6.842 1.247 7.672 8.128
30° 6.174 6.584 7.010 7.461 71.947
15° 2.068 2.273 2.495 2.740 3.014
18° 1.938 2.156 2.394 2.657 2.951
30° 21° 1.794 2.024 2.275 2.554 2.870
24° 1.637 1.876 2.139 2.433 2.767
27° 1.467 1.713 1.986 2.292 2.643
30° 1.283 1.534 1.813 2.130 2.495
15° 0.817 0.994 1.196 1431 1.708
18° 0.687 0.868 1.076 1.319 1.608
45° 21° 0.542 0.724 0.935 1.183 1481
24° 0.380 0.561 0.771 1.021 1.324
27° 0.200 0.375 0.581 0.827 1.130
30° 0.001 0.166 0.361 0.599 0.894
15° 0.191 0.324 0.485 0.684 0.935
18° 0.018 0.140 0.289 0.475 0.714
60° 21° -0.179 -0.074 0.056 0.220 0.433
24° -0.403 -0.322 -0.222 -0.092 0.079
27° -0.659 -0.612 -0.553 -0.475 -0.371
30° -0.951 -0.950 -0.949 -0.948 -0.946




Table 2.36

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, with under pressure behind the blade.
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (3)

Coefficients for the Cavitating Cutting

=42 Processin Water Saturated Sand (hy/hi=3)
Dr.ir. SA. Miedema
Table 2.07: The shear angle 3.
Table 2.31: The coefficient d;.
Table 2.37; The coefficient d».
BBk 10w Table 2.07: Theshear angle 3.
hp/hi=3 ® 32° 37° 42° 47° 52°
a o
15° 24046| 25019 25.609| 25.872| 25856
18° 21.976| 22.900| 23476| 23.751| 23.765
150 21° 20.350| 21.217| 21.763| 22.030| 22.053
24° 19.031| 19.838| 20.348| 20596 20.615
27° 17.932| 18680| 19.150| 19.374| 19.381
30° 16.996| 17.687| 18117| 18313 18.303
15° 29.286| 29.575| 20.466| 29.038| 28.353
18° 26.992| 27.319| 27.267| 26.908| 26.297
30° 21° 25100| 25435| 25410 25.090| 24.525
24° 23504| 23828| 23811| 23511| 22973
27° 22130| 22433| 22410 22116| 21592
30° 20.928| 21.202| 21.165| 20.867| 20.346
15° 20.236| 28919| 28.257| 27.325| 26.179
18° 27.101| 26.853| 26.266| 25.411| 24.339
450 21° 25.277| 25.065| 24.524| 23719| 22.699
24° 23690 23493| 22977 22203| 21215
27° 22288| 22.091| 21.584| 20.825| 19.857
30° 21.031| 20.823| 20.315| 19561| 18.600
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (3)

15° 26.619 25.832 24.754 23.450 21.967
18° 24.711 23.995 22.987 21.750 20.329
60° 21° 23.037 22.362 21.398 20.206 18.826
24° 21.543 20.889 19.951 18.785 17.431
27° 20.193 19.545 18.617 17.464 16.121
30° 18.958 18.303 17.374 16.222 14.880

The shear angle [3 as afunction of the blade angle a, the angle of internal
friction @, the soil/interface friction angle o, for the cavitating cutting process.

Back to top Table2.31: The coefficient d;.
hy/h;=3 ® 32° 37° 42° 47° 52°
a o
15° 6.145 6.362 6.578 6.799 7.028
18° 6.672 6.945 7.218 7.497 7.789
150 21° 7.185 7.519 7.855 8.200 8.562
24° 7.687 8.087 8.492 8.910 9.351
27° 8.180 8.652 9.132 9.631| 10.159
30° 8.667 9.216 9.778| 10.366| 10.993
15° 3.775 4.017 4.277 4,559 4.872
18° 4.127 4.417 4.729 5.070 5.449
30° 21° 4.479 4.822 5.192 5.598 6.052
24° 4.832 5.233 5.667 6.147 6.687
27° 5.188 5.653 6.159 6.722 7.359
30° 5.551 6.084 6.670 7.326 8.075
15° 3.123 3.467 3.855 4.302 4.826
18° 3.450 3.852 4.309 4.838 5.463
450 21° 3.784 4.251 4.786 5.410 6.152
24° 4.128 4.669 5.291 6.024 6.904
27° 4.486 5.107 5.830 6.689 7.732
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (3)

30° 4.859 5.572 6.409 7.414 8.650
15° 3.152 3.691 4.338 5.131 6.126
18° 3.520 4.147 4.907 5.849 7.047
60° 21° 3.907 4.637 5.529 6.648 8.092
24° 4.319 5.165 6.212 7.545 9.294
27° 4.760 5.742 6.973 8.564 10.695
30° 5.237 6.377 7.827 9.738 12.353

The dimensionless force dq, in the direction of the cutting velocity, as a

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle 9, with under pressure behind the blade.

Batk totop Table 2.37: The coefficient d.
hp/hi=3 ® 32° 37° 42° 47° 52°
a o
15° 10650 11.026| 11.400| 11.783| 12.181
18° 10281 10.701| 11.122| 11.552| 12.002
15° 21° 9.896| 10.356| 10.819| 11.294| 11.792
24° 9499 9994 10494 11.011| 11.555
27° 9.091| 9616 10.149( 10.704| 11.292
30° 8.674| 9223 9785 10.374| 11.001
15° 2724 2966| 3.226| 3508 3.821
18° 2521 2783 3064 3371 3712
30° 21° 2301 2579 2879 3209 3576
24° 2065 2357 2673| 3022 3414
27° 1813| 2115 2444 281| 3225
30° 1545| 1.854| 2192 2571  3.004
15° 0918 1116 1341 1600  1.902
18° 0730 0935 1169 1439 1758
450 21° 0522 0731 0969| 1248 1579
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Coefficients for the Cavitating Cutting Process in Water Saturated Sand (3)

24° 0.294 0.502 0.741 1.023 1.362
27° 0.043 0.246 0.481 0.761 1.100
30° -0.232 -0.040 0.185 0.455 0.787
15° 0.080 0.224 0.398 0.611 0.878
18° -0.154 -0.020 0.142 0.343 0.598
60° 21° -0.417 -0.301 -0.159 0.019 0.249
24° -0.714 -0.624 -0.513 -0.372 -0.187
27° -1.048 -0.996 -0.931 -0.846 -0.733
30° -1.427 -1.426 -1.425 -1.424 -1.422

The dimensionless force d,, perpendicular to the cutting velocity, as a function

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, with under pressure behind the blade.
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Table 2.31

Back totop

Table 2.31: The coefficient d;.

hy/h;j=3 0] 32° 37° 42° 47° 52°
a o
15° 6.145 6.362 6.578 6.799 7.028
18° 6.672 6.945 7.218 7.497 7.789
15° 21° 7.185 7.519 7.855 8.200 8.562
24° 7.687 8.087 8.492 8.910 9.351
27° 8.180 8.652 9.132 9.631 10.159
30° 8.667 9.216 9.778 10.366 10.993
15° 3.775 4.017 4.277 4.559 4.872
18° 4.127 4417 4.729 5.070 5.449
30° 21° 4.479 4.822 5.192 5.598 6.052
24° 4.832 5.233 5.667 6.147 6.687
27° 5.188 5.653 6.159 6.722 7.359
30° 5.551 6.084 6.670 7.326 8.075
15° 3.123 3.467 3.855 4.302 4.826
18° 3.450 3.852 4.309 4.838 5.463
45° 21° 3.784 4.251 4.786 5.410 6.152
24° 4.128 4.669 5.291 6.024 6.904
27° 4.486 5.107 5.830 6.689 1.732
30° 4.859 5.572 6.409 7.414 8.650
15° 3.152 3.691 4.338 5.131 6.126
18° 3.520 4.147 4.907 5.849 7.047
60° 21° 3.907 4.637 5.529 6.648 8.092
24° 4.319 5.165 6.212 7.545 9.294
27° 4.760 5.742 6.973 8.564 10.695
30° 5.237 6.377 7.827 9.738 12.353

The dimensionless force dq, in the direction of the cutting velocity, asa
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Table 2.31

function of the blade angle a, the angle of internal friction ¢, the soil/interface
friction angle o, with under pressure behind the blade.
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Table 2.37

Back totop

The dimensionless force d,, perpendicular to the cutting velocity, as a function
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Table 2.37: The coefficient d..

hy/hi=3 ® 32° 37° 42° 47° 52°
a o
15° 10.650 11.026 11.400 11.783 12.181
18° 10.281 10.701 11.122 11.552 12.002
15° 21° 9.896 10.356 10.819 11.294 11.792
24° 9.499 9.994 10.494 11.011 11.555
27° 9.091 9.616 10.149 10.704 11.292
30° 8.674 9.223 9.785 10.374 11.001
15° 2.724 2.966 3.226 3.508 3.821
18° 2.521 2.783 3.064 3.371 3.712
30° 21° 2.301 2.579 2.879 3.209 3.576
24° 2.065 2.357 2.673 3.022 3.414
27° 1.813 2.115 2.444 2.81 3.225
30° 1.545 1.854 2.192 2.571 3.004
15° 0.918 1.116 1.341 1.600 1.902
18° 0.730 0.935 1.169 1.439 1.758
45° 21° 0.522 0.731 0.969 1.248 1579
24° 0.294 0.502 0.741 1.023 1.362
27° 0.043 0.246 0.481 0.761 1.100
30° -0.232 -0.040 0.185 0.455 0.787
15° 0.080 0.224 0.398 0.611 0.878
18° -0.154 -0.020 0.142 0.343 0.598
60° 21° -0.417 -0.301 -0.159 0.019 0.249
24° -0.714 -0.624 -0.513 -0.372 -0.187
27° -1.048 -0.996 -0.931 -0.846 -0.733
30° -1.427 -1.426 -1.425 -1.424 -1.422




Table 2.37

of the blade angle a, the angle of internal friction @, the soil/interface friction
angle 9, with under pressure behind the blade.
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Contents 3.01 Description of the test stand.
The tests with the straight blades are performed on two locations:
1. The old laboratory of the section Grondverzet (Dredging Technology), which will be called the old |aboratory GV .

2. The new laboratory of the section Grondverzet (Dredging Technology), which will be called the new laboratory GV.

The test stand in the old laboratory GV consists of a concrete tank, 30 mlong, 2.5 m wide and 1.35 m high, filled with a
layer of 0.5 m sand with a dsg of 200 um and above the sand 0.6 m water. The properties of the sand in thistank are

described in appendix B3. The test stand in the new laboratory GV consists of a concrete tank, 33m long, 3m wide and
internally 1.5 m high, with alayer of 0.7 m sand with a dsg of 105 pm and above the sand 0.6 m water. The properties of

this sand are described in appendix B4. In both laboratories a main carriage can ride over the full length of the tank,
pulled by two steel cables. These steel cables are winded on the drums of a hydraulic winch, placed in the cellar and
driven by a squirrel-cage motor of 35 kW in the old laboratory GV and 45 kW in the new laboratory GV.

In the old laboratory GV the velocity of the carriage could be infinitely variable controlled from 0.05 m/sto 2.50 m/s,
with a pulling force of 6 kN. In the new laboratory GV the drive is equipped with a hydraulic two-way valve, which
allows for the following speed ranges:

1. A range from 0.05 m/sto 1.40 m/s, with a maximum pulling force of 15 kN.

2. A range from 0.05 m/s to 2.50 m/s, with a maximum pulling force of 7.5 kN.
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Figure 3.1: Side view of the test stand with the drive of the main carriage. The dataflows are indicated with arrows with

the places where data processing takes place.

An auxiliary carriage, on which the blades are mounted, can be moved transverse of the longitudinal direction on the

main carriage. Hydraulic cylinders are used to adjust the cutting depth and to position the blades in the transverse

direction of the tank. Figure 3.1 shows the concrete tank with the drive and figure 3.2 shows the mounting of the blades

underneath the auxiliary carriage.
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Figure 3.2: Cross section of the concrete tank and the main carriage, with:
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1. The concrete tank
2. The main carriage
3. The auxiliary carriage
4. An auxiliary frame
5. Hydraulic cylinder for vertical positioning

Thetests are performed using a middle blade, flanked on both sides by a side blade, in order to establish a
two-dimensional cutting process on the middle blade. The middle blade is mounted in a dynamometer, with which the
following loads can be measured:

1. The horizontal force
2. Thevertical force

3. Thetransverse force
4. The bending moment

The side blades are mounted in a fork-like construction, attached to some dynamometers, with which the following loads
can be measured:

1. The horizontal force
2. Thevertica force

Figure 3.3 shows the mounting of the blades.
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Figure 3.3: The construction of the blade mounting, with:

4. The auxiliary frame (see figure 3.2)
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6. Middle blade mounting

7. Dynamometer middle blade

8. Mounting point middle blade

9. Side blade mounting
10. Dynamometers horizontal force side blades
11. Dynamometer vertical force side blades
12. Mounting point side blade

In the middle blade four pressure transducers are mounted, with which the pore pressure distribution on the blade can be
measured. However no tests are performed in which the forces on the side blades and the pore pressures are measured at
the same time. The measuring signals of the dynamometers and the pressure transducers are transmitted to a measurement
compartment through pre amplifiers on the main carriage. In this measurement compartment the measuring signals are
suited by a 12 bit, 400 Hz A/D converter for processing on a P.C. (personal computer), after which the signals are stored
on aflexible disk. Figure 3.4 shows the data flow with the various intermediate processing units, where data operations
are performed. Next to the blades, under water, an under water video camerais mounted to tape the cutting process. This
also gave an impression of the shear angles.
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Figure 3.4: Outline of the measuring system.

With the following photo gallery an impression of the realization of this research is given.
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Photo 3.1: Thisis an overview of the test stand in which the tests are carried out.
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Photo 3.2: On the concrete tank, which contains the sand, a carriage can drive on which the blades are mounted.
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Photo 3.4: The blades are mounted in aframe with force transducers (dynamometers).

mﬁ;;JJAﬂw[

Photo 3.5: The signals from the pore pressure transducers and the force transducers are amplified with pre-amplifiers on
the main carriage.
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Photo 3.6: The hardness of the sand is measured before each test. Thisis a measure of the pore volume of the sand before
itis cut during the experiment.
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Photo 3.7: The signals are transmitted through cables to a measuring compartment, where they are pre-processed with an
AD converter for further processing with a computer.

Photo 3.8: With an under water camera recordings are made of each experiment. These recordings can be viewed online
by the researcher in the measuring compartment. This photo aso shows the AD converter and the computer used.

Back to top

Thisisatrandation of the dissertation of Dr.ir. S.A. Miedema, dated September 15th 1987 .
Thedissertation was originally published in Dutch by the:

Delft University of Technology

Faculty of Mechanical Engineering and Marine Technology

Chair of Dredging Technology

M ekelweg 2

2628 CD, Delft

The Netherlands

It isadvised to also read the paper s following this dissertation, since the theory developed has been refined and extended.

L ast modified Sunday May 28, 2000 by: SapeA. Miedema

http://dutw1127/dredging/miedema/1987_Dissertation/Chapter03_e/301.htm (13 of 14) [31/12/2000 07:58:14]


mailto:S.A.Miedema@wbmt.tudelft.nl

Dr.ir. S.A. Miedema - Dissertation - Chapter 3.01 (Verification 2D)
Translation by: Laurensde Jonge

Figures, equationsand tables by: Erik Miedema

Copyright [1_ May, 2000 Dr.ir. SA. Miedema

Download Adobe Acrobat Reader V4.0

http://dutw1127/dredging/miedema/1987_Dissertation/Chapter03_e/301.htm (14 of 14) [31/12/2000 07:58:14]


mailto:l.j.de%20jonge@wbmt.tudelft.nl
mailto:erik_miedema@hotmail.com
http://www.nedstat.nl/cgi-bin/viewstat?name=Miedema1
http://dutw1127/dredging/AcRS4ENU.exe

Dr.ir. S.A. Miedema - Dissertation - Chapter 3.02 (Verification 2D)

Contents 3.02 Test program.

Thetheory for the determination of the forces that occur during the cutting of
fully saturated sand with straight blades is verified in two types of sand, sand
with a dsy of 200 p m and sand with a ds of 105 p m. The soil mechanical

parameters of these two types of sand can be found in appendix B3 and B4.
The research can be subdivided in a number of sub studies:
1. Research of the water resistance of the blades

2. Research of the accuracy of the assumed two-dimensional character of the
cutting process on the middle blade by varying the width of the middle
blade with atotal width of the middle blade and the side blades of 520

mm. This research is performed in the 200 4 m sand.

3. Research of the quantitative character of the side effectsin relation to the
Size and the direction of the cutting forces. Thisresearch is performed in

the 200 1 m sand.

4. Research of the in the theory present scale rules. Thisresearch is
performed in the 200 p m sand.

5. Research of the accuracy of the theory of the cutting forces and the water
under-pressures in the non-cavitating cutting process. Thisresearch is

performed in the 200 u m sand.

6. Research of the accuracy of the theory of the forces and the water
under-pressures in the non-cavitating and the partly cavitating cutting
process. This research is performed in the 105 u m sand.

From points4 and 5 it has also been established that the maximum pore
percentage of the sand can be chosen for the residual pore percentage. In the
200 pum the dry critical density, the wet critical density and the minimal density

are determined, while in the 105 um sand the wet critical density and the
minimal density are determined. These pore values can be found in appendix
B3 and B4.

For both type of sand only the minimal density (maximum pore percentage
Nmax) dave alarge enough increase in volume to explain the measured water
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under-pressures. This in contrast to Van Leussen and Nieuwenhuis [39] and
Van Leussen and Van Os [40], where for the residual density the wet critical
density is chosen.
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Contents 3.03 Water resistance.

The water resistance is researched under circumstances comparable with the
cutting tests as far as scale, blade width and cutting velocity are concerned.
Since the water resistance during all these tests could be neglected in
comparison with the cutting forces, performed under the same conditions
(maximum 2%), the water resistance terms are neglected in the further
verification. The water resistance could however be more significant at higher
cutting velocities of probably above 2 m/s.
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catents 3,04 T he influence of the width of the blade.

The blade on which the cutting forces are measured is embedded between two
side blades. These side blades have to take care of the three-dimensional side
effects, so that on the middle blade a two-dimensional cutting process takes
place. The question now is how wide the side blades need to be, at a certain
cutting depth, to avoid a significant presence of the side effects on the middle
blade. Essentidl is, that at the deepest cutting depth the side effects on the
middle blade are negligible.

For this research the following blade configurations are used:
1. A middle blade of 150 mm and two side blades of 185 mm each.
2. A middle blade of 200 mm and two side blades of 160 mm each.
3. A middle blade of 250 mm and two side blades of 135 mm each.

Thetotal blade width in each configuration is therefore 520 mm. The results of
this research are, scaled to a middle blade of 200 mm wide, shown in table 3.1,
In which every value is the average of a number of tests. In this table the forces
on the 0.20 m and the 0.25 m wide blade are listed in proportion to the 0.15m
wide blade. The change of the direction of the forcesin relation to the 0.15 m
wide blade are aso mentioned.

b=0.20 m (2) b=0.25 m (3)

o hohi | ColCy | BB | CalCn | BBy
30° 1 0.95 +1.0° 1.02 +1.0°
30° 2 1.10 +2.0° 0.93 +4.0°
30° 3 0.96 +5.0° 1.05 +7.0°
45° 1 1.08 +3.0° 1.01 +5.0°
45° 2 0.93 +3.0° 0.93 +5.0°
45° 3 0.93 -8.0° 1.07 -5.0°
60° 1 1.09 +0.0° 1.00 +1.0°
60° 2 0.90 +1.0° 0.92 +2.0°
60° 3 1.04 -5.0° 0.99 -4.0°
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Table 3.1: The influence of the width ratio between the middle blade and the
side blades.

The total measured cutting force c; and the force direction 6; , at a blade width
of .20 m (¢, B4») (2) and a blade width of .25 m (c3, 6;3) (3) in proportion to

the total cutting force and direction at a blade width of 0.15 m (¢, 8:1) (1),
according the blade configurations from chapter 3.4

From this table the following conclusions can be drawn:

1. Thereisno clear tendency to assume that the side effects influence the
cutting forces in magnitude.

2. The widening of the middle blade, and thus narrowing the side blades,
gives dlightly more downward aimed forces on the middle blade at a blade
angle of 30° . At ablade angle of 45° this tendency can be seen at a
blade-height/layer-thickness ratio of 1 and 2, while at a blade-height/
layer-thickness ratio of 3 the forces are just slightly aimed upward. The
60° blade angle gives the same image as the 45° blade angle, however
with smaller differencesin proportion to the 0.15 m wide blade.
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Contents 3.05 Side effects.

On the outside of the side blades athree-dimensional cutting process acts, in a
sense that the shear zone here is three-dimensional, but on top of that the water
flows three-dimensional to the shear zone. This makes the cutting forces differ,
In magnitude and direction, from the two-dimensional cutting process.
Additionally it is imaginable that also forces will act on the blade in the
transversal direction (internal forces in the blade). The influence of the side
effects is researched by measuring the forces on both the middle blade as on the
side blades. Possible present transversal forces are researched by omitting one
side blade in order to be able to research the transversal forces due to the
three-dimensional side effects.

For this research the following blade configurations are used.:
1. A middle blade of 150 mm and two side blades of 185 mm each.
2. A middle blade of 200 mm and two side blades of 160 mm each.
3. A middle blade of 250 mm and two side blades of 135 mm each.
4. A middle blade of 200 mm and one side blade of 160 mm

The results of this research can be found in table 3.2, where every value
represents the average of a number of tests. The cutting forces in thistable are
scaled to the 200 mm blade to simulate a middie blade without side blades.

b=15m(1) | b=20m(2) | b=25m(3) | b=20m (4)

a hb/hi Cr er Cr er Cr er Cr er
30° 1 1.06 | +26° | 1.23 | +14° | 1.17 | +11° | 1.01 | +13°
30° 2 0.78 | +18° | 0.87 | +16° | 0.83 | +10° | 1.14 | +10°
30° 3 0.74 | +22° | 056 | +22° | 0.53 | +11° | 145 | +6°
45° 1 113 | +23° | 1.10 | +14° | 126 | +9° | 1.04 | +5°
45° 2 094 | +19° | 094 | +11° | 093 | +7° | 0.92 | +7°
45° 3 0.79 | +14° | 1.10 | +17° | 098 | +11° | 0.85 | +6°
60° 1 110 | +8° | 1.10 | +6° | 1.10 | +5° | 1.04 | +2°
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60°

2

0.94

+12°

1.10

+8°

1.06

+6°

0.91

+2°

60°

3

0.77

+ 8°

0.99

+15°

1.02

+11°

0.86

+ 3°

Table 3.2: The cutting force on the side blades in ratio to the cutting force on
the middle blade c,, assuming that the cutting process on the middle blade is

two-dimensional. Also shown isthe change of direction of the total cutting
force 6,. The cutting forces are scaled to the width of the middle blade for the
blade widths .15 m (1), .20 m (2) en .25 m (3). The second column for b=.20 m
(4) contains the results of the tests with only one side blade to measure the side
effects on the middle blade. The measured cutting forces are compared to the
similar tests where two side blades are used. The blade configurations are
according chapter 3.5.

From this research the following conclusions can be drawn:

1. For all blade angles the cutting force on the edge is larger than follows
from the two-dimensional process, for a blade-height / layer-thickness

ratio of 1.

2. A blade-height / layer-thickness ratio of 2 or 3 shows a somewhat smaller
cutting force with atendency to smaller forces with a higher blade-height /
|ayer-thickness ratio.

3. Thedirection of the cutting forceis, for al four blade configurations,

aimed more downwards on the sides than in the middle, where the

differences with the middle blade decrease with a wider middle blade and
therefore less wide side blades. Thisimplies that, with the widening of the
middle blade, the influence of the three-dimensional cutting process on the
middle blade increases with a constant total blade width. This could be
expected. It also explains that the cutting force in the middle blade is
directed more downwards with an increasing middle blade width

(conclusion 2 chapter 3.4).

4. Blade configuration 4 differs dlightly, asfar as the magnitude of the forces
are concerned, from the tendency seen in the other three configurations
with the 30° blade. The direction of the cutting forces match with the
other configurations. It has to be remarked that in this blade configuration
the side effects occur only on one side of the blade, which explains the

small change of the cutting forces.
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5. The measured transverse forces for blade configuration 4 are in the
magnitude of 1% of the vector sum of the horizontal and the vertical
cutting forces and therefore it can be concluded that the transverse forces
are negligible for the used sand.

The found conclusions are on principle only valid for the used sand. The
influence of the side effects on the magnitude and the direction of the expected
cutting forces will depend on the ratio between the interna friction of the sand
and the soil/stedl friction. Thisis because the two-dimensional cutting process
Is dominated by both angles of friction, while the forces that occur on the sides
of the blade, as aresult of the three-dimensional shear plane, are dominated
more by the internal friction of the sand.
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Contents

The soil mechanical research showed that the density of the sand increases
dightly with the depth. Since both the permeability and the volume strain, and
less significant the other soil mechanical parameters, are influenced by the
density, it is important to know the size of this influence on the cutting forces
(assuming that the two-dimensional cutting theory is avalid description of the
process). If the two-dimensional cutting theory is avalid description of the
process, the dimensionless cutting forces will have to give the same results for
similar geometric ratios, independent of the dimensions and the
layer-thickness, according the equations for the non-cavitating cutting process
(2.43) and the cavitating cutting process (2.46).

The following blade configurations are used to research the scaling influence:

3.06 Scale effects.

1. A blade with awidth of 150 mm wide and a height of 100 mm.
2. A blade with awidth of 150 mm wide and a height of 150 mm.

3. A blade with awidth of 150 mm wide and a height of 200 mm.
4. A blade with awidth of 150 mm wide and a height of 300 mm.

The results of this research can be found in table 3.3, where every value
represents the average value of a number of tests.
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Configuration 1 2 3 4
o hyhi | h=0.10| 0.15 0.20 0.30
30° 1 0.93 1.00 0.94 1.18
30° 2 1.23 1.00 1.06 1.13
30° 3 1.00 0.89 0.90
45° 1 0.95 1.00 1.13
45° 2 0.89 1.00 1.05 1.30
45° 3 1.00 1.02 1.13
60° 1 0.91 1.00
60° 2 0.90 1.00 1.19 1.04
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60° 3 ] 1.02 ] 1.00 ] 1.13 ] 1.21 ‘

Table 3.3: Influence of the scale factor. The total cutting force c; with blade

heights of .10 m (1), .15 m (2), .20 m (3) and .30 m (4) in proportion to the
cutting force at ablade height .15 m (2). The blade configurations are
according chapter 3.6.

Because the influences of the gravity and inertia forces can disturb the
character of the dimensionless forces compared to the tables 2.14 to 2.25, the
measured forces are first corrected for these influences. The forcesin the table
are in proportion to the forces that occurred with blade configuration 2.

The following conclusions can be drawn from the table:

1. Thereisasdlight tendency to larger dimensionless forces with increasing
dimensions of the blades and the layer-thickness, which could be expected
with the dlightly increasing density.

2. For ablade angle of 30° and a blade-height / layer-thickness ratio of 2,
large dimensionless forces are measured for blade configuration 1. These
are the tests with the thinnest layer-thickness of 25 mm. A probable cause
can be that the rounding of the blade tip in proportion with the
layer-thickness isrelatively large, leading to arelatively large influence of
this rounding on the cutting forces. This also explains the devel opment of
the dimensionless forces at a blade angle of 30° and a blade-height /
layer-thickness ratio of 3.
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3.07 Comparison of measur ements ver sus
theory.

Contents

The results of the preceding three researches are collected in table 3.4,
compared with the theory. Every value is the average of a number of tests. In
the table can be found:

1. The dimensionless forces, the average from the several scales and blade
widths.

2. As 1, but corrected for the gravity and inertia forces.

3. Thetheoretical dimensionless forces according tables 2.14 to 2.25.

measured calculated

uncorrected corrected theoretical

a | hhi| ¢ 6 Ct 6 Ct 6,
30°| 1 | 052 +13.3°| 048 | +17.1° | 0.39 | +28.3°
30° 2 056 |+1/7.0°| 0.53 | +20.1° | 043 | +27.4°
30°| 3 | 056 |+24.8°| 0.53 | +28.2° | 0.43 | +27.3°
45° 1 071 |+49° | 063 | +7.5° | 049 | +12.9°
45° 2 0.75 |+6.0° | 066 | +8.0° | 0.57 | +10.7°
45° 3 076 |+51° | 070 | +6.9° | 061 | +9.9°
60°| 1 | 106 |+12°|088 | +19° |0.69 | -0.7°
60° 2 1.00 | -24° | 084 | -34° | 083 | -3.2°
60°| 3 | 099 |-34°|085| -42° | 091 | -4.6°

Table 3.4: The measured total cutting force (not-corrected and corrected for the
gravity and inertiaforces) and the theoretical total cutting forces (all

dimensionless, chapter 3.7). The theoretical valuesfor c; and s 0 ; are based on

aangle of internal friction of 38° , a soil/steel angle of friction of 30° and a
weighed average permeability of approximately .000242 m/s dependent on the

weigh factor . The total cutting force ¢; and the force direction 0 ; are
determined according chapter 2.12.
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The following conclusions can be drawn from this table:

1. The measured and corrected cutting forces are larger than the, according
to the theory, calculated cutting forces, at blade angles of 30° and 45° .
The differences become smaller with an increase in the blade angle and
when the blade-height / layer-thickness ratio increases.

2. For ablade angle of 60° the corrected measure forces agree well with the
calculated forces.

3. Thetendency towards larger forces with alarger blade-height /
layer-thickness ratio (theory) is clearly present with blade angles 30° and
45°

4. At ablade angle of 60° the forces seem to be less dependent of the
blade-height / layer-thickness ratio.

5. The direction of the measured cutting forces agrees well with the

theoretical determined direction. Only at the blade angle of 30° the forces
are dightly aimed more upward for the blade-height / layer-thickness
ratios 1 and 2.

6. Neglecting the inertiaforces, gravity, etc. introduces an error of at least
15% within the used velocity range. This error occurs with the 60° blade,
where the cutting velocity isthe lowest of all cutting testsand is mainly
due to the gravity.

Considering that the sand, in the course of the execution of the tests, as aresult
of segregation, has obtained a slightly coarser grain distribution and that the
tests are performed with an increasing blade angle, can be concluded that the
test results show a good correlation with the theory. It has to be remarked,
however, that the scale and side effects can slightly disturb the good correlation
between the theory and the measurements.

Back to top

Thisisatranslation of the dissertation of Dr.ir. SA. Miedema, dated September 15th 1987 .
The dissertation was originally published in Dutch by the:

Delft University of Technology

Faculty of M echanical Engineering and Marine Technology

Chair of Dredging Technology

M ekelweg 2

http://dutw1127/dredging/miedema/1987_Dissertation/Chapter03_e/307.htm (2 of 3) [31/12/2000 07:58:27]



Dr.ir. S.A. Miedema - Dissertation - Chapter 3.07 (Verification 2D)

2628 CD, Delft
The Netherlands

It isadvised to alsoread the paper sfollewing this dissertation, sincethetheory developed-has been refined and
extended.

Last modified Sunday May 28, 2000 by: Sape A. Miedema

Trandation by: Laurens de Jonge

Figures, equations and tablesby: Erik Miedema

Copyright [1' May, 2000 Dr.ir. S A: Miedema

Download Adobe Acrobat Reader V4.0

http://dutw1127/dredging/miedema/1987_Dissertation/Chapter03_e/307.htm (3 of 3) [31/12/2000 07:58:27]


mailto:S.A.Miedema@wbmt.tudelft.nl
mailto:l.j.de%20jonge@wbmt.tudelft.nl
mailto:erik_miedema@hotmail.com
http://www.nedstat.nl/cgi-bin/viewstat?name=Miedema1
http://dutw1127/dredging/AcRS4ENU.exe

Dr.ir. S.A. Miedema - Dissertation - Chapter 3.08 (Verification 2D)

Contents 3.08 The location of thecutting for ce.

A quantity that is measured but has not been integrated in the theory, isthe
location of the resulting cutting force. This quantity can be of importance for
the determination of the equilibrium of adrag head. The locations, of the in this
chapter performed tests, are listed in table 3.5. Table 3.6 lists the dimensionless
locations of the resulting cutting force, in relation with the layer-thickness.

Configuration 1 2 3 4

a hyhi |h=0.10| 0.15 0.20 0.30
30° 1 51.25 63.1 96.7 157.2
30° 2 76.00 55.7 61.3 84.8
30° 3 50.5 54.3 715
45° 1 66.38 87.5 128.0
45° 2 55.13 56.9 73.4 128.6
45° 3 62.0 56.0 82.1
60° 1 69.88 99.5
60° 2 50.00 68.4 86.1 123.9
60° 3 46.25 55.0 66.3 95.1

Table 3.5: The location of the resulting cutting force (chapter 3.8) in mm from
the blade tip, for the blade configurations of chapter 3.6.

From these tables the following conclusions can be drawn:

1. Thelocation of the resulting cutting force is closer to the blade tip (table
3.6) with larger blade dimensions.

2. . Thelocation of the resulting cutting force is closer to the blade tip (table
3.6) with a smaller blade-height / layer-thickness ratio.

Thefirst conclusion can be based upon the fact that a possible present
adhesion, on alarger scale (and therefore layer-thickness) causes, in
proportion, a smaller part of the cutting force. For the second conclusion this
can also be a cause, although the blade-height / layer-thickness ratio must be
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seen as the main cause.

Configuration 1 2 3 4
a hyhi |h=0.10| 0.15 0.20 0.30
30° 1 0.51 0.42 0.48 0.59
30° 2 1.52 0.75 0.61 0.56
30° 3 1.01 0.82 0.71
45° 1 0.67 0.58 0.64
45° 2 1.11 0.76 0.63 0.73
45° 3 1.25 0.84 0.83
60° 1 0.70 0.66
60° 2 1.01 0.91 0.86 0.83
60° 3 1.38 1.11 0.99 0.95

Table 3.6: The location of the resulting cutting force (chapter 3.8) from the
blade tip, along the blade, made dimensionless by dividing with the
layer-thickness, for the blade configurations of chapter 3.6
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3.09 Verification for ces and water pore
pressuresin 200 um sand.

Contents

The linear cutting theory is researched on three points:

1. Thedistribution of the water pore-pressures on the blade for a blade with aradius of
rounding of 1 mm.

2. Thedistribution of the water pore-pressures on the blade for a blade with a flat wear face of
approximately 10 mm and a clearance angle of 1° .

3. The correlation between the measured cutting forces and the theoretical cutting forces.

The dimensions of the blades and the wear faces can be found in figure 3.5. In table 3.9 the ratios
of the wear face length and the layer-thickness are listed. In the preceding paragraph already afew
conclusions are drawn upon the correlation between the measured and the calculated cutting
forces. In this research both the forces and the water pressures are measured to increase the
knowledge of the accuracy of the theory. Also it has to be mentioned that the soil mechanical
parameters are determined during this research.

In figure 3.6 theresults of atest are shown. The results of the whole research of the forces are
listed in table 3.7 for the blade with the radius of rounding of 1 mm and in table 3.8 for the blade
with the wear face. The dimensionless measured water pore-pressures are shown in figures 3.7 to
3.16, in which the theoretical distribution is represented by the solid line. The water sub-pressures
are made dimensionless analogously to equation (2.14), although the weighed average
permesability k., is used instead of the permeability k.o« Used in the equation.

WITH FLAT WEAR SECTION
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Figure 3.5: The middle blade with the blade mounting.
From this research the following conclusions can be drawn:

1. The measured forces and water pore-pressures show, in general, a good correlation with the
theory.

2. The tendency towards increasing and more upward aimed forces with increasing blade angles

can be observed clearly in the tables 3.7 and 3.8.

3. Theratio between the measured and calculated forces becomes smaller when the blade angle

and the blade-height / layer-thickness ratio increase.

4. The cutting forces on the blade with the wear face are almost equal to the cutting forces on
the blade with the radius of rounding, but are slightly aimed more upward.

5. The ratio between the measured and calculated water pore-pressuresis, in general, smaller
than the ratio between the measured and cal cul ated cutting forces.

6. The measured water pore-pressures on the blade with the wear face and the blade with the
radius of rounding differ dightly (table 3.9) from the water pore-pressures on the blade with

the radius of rounding. On the 30° and the 45° blade, the water pore-pressures tend to smaller

values for the blade with the wear face, although the differences are very small. On the 60°

blade these water under-pressures are slightly higher. Therefore it can be concluded that, for

water pressures calculations, the wear-section-length / layer-thickness ratio w/h; has to be

chosen dependent of the blade angle. Which was already clear during the tests because the
clearance angle increased with alarger blade angle. For the determination of table 2.14 to
2.25, however, the ratio used was w/h;, which is a good average value.

measured calculated

uncorrected corrected theoretical

a |hhi| ¢ O, Ct 0 Ct O,
30°| 1 | 054 |+29.3°| 049 | +29.0° | 0.39 | +28.3°
30° 2 048 |+275°| 046 | +27.2° | 043 | +27.4°
30° 3 0.49 [+27.6°| 046 | +27.3° | 043 | +27.3°
45° 1 0.78 [+15.1°| 0.58 | +13.9° | 049 | +12.9°
45° | 2 | 064 |+12.3°| 0.59 | +11.6° | 0.57 | +10.7°
45° 3 0.60 [+11.0°| 055 | +10.5° | 0.61 | +9.9°
60° 1 116 (+0.7° | 0.77 | -0.6° | 0.69 | +0.7°
60°| 2 |09 |-14° 079 | -22° | 083 | -32°
60° | 3 | 093 |-34°[082 | -40° | 091 | -46°
60° 6 0.70 | -48° | 064 | -57° | 114 | -74°

Table 3.7: Measured dimensionless forces, not-corrected and corrected for gravity and inertia
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forces and theoretical values according table 2.14 to 2.25 for the blade with the radius of rounding
and the sub-pressure behind the blade (chapter 3.9). The theoretical values for c; en 6; are
determined according chapter 2.12. They are based on values for the angle of internal friction of

38° , asoil/steel angle of friction of 30° and a weighed average permeability of 0.000242 m/s,
dependent on the weigh factor .

measured calculated

uncorrected corrected theoretical

a |[hhi| < O, Ct O Ct O,
30° 1 053 [+26.2°| 048 | +25.9° | 0.39 | +28.3°
30°| 2 | 048 |+24.0°| 0.46 | +23.7° | 043 | +27.4°
30° 3 0.49 [+24.7°| 046 | +24.3° | 043 | +27.3°
45° 1 0.72 [+11.9°| 057 | +11.0° | 049 | +12.9°
45° | 2 | 066 |+88°| 060 | +83° | 057 | +10.7°
45° | 3 | 063 |+78°|060 | +73 | 061 | +9.9°

60° | 1 | - | - | e | e | e | e
60°| 2 | 090 |-56° 080 | -6.2° | 083 | -32°
60°| 3 |09 [-73°[087 | -80° | 091 | -46°
60°| 6 | 070 |-92° 064 | -101° | 114 | -7.4°

Table 3.8: Measured dimensionless forces, not-corrected and corrected for gravity and inertia
forces and theoretical values according table 2.14 to 2.25 for the blade with the flat wear face and
the sub-pressure behind the blade (chapter 3.9). The theoretical values for c; en 6; are determined

according chapter 2.12. They are based on values for the angle of internal friction of 38° , a

soil/steel angle of friction of 30° and a weighed average permeability of 0.000242 m/s, dependent
on the weigh factor &.
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Figure 3.6: Theresult of a cutting test graphically. In this figure the horizonta force F,, the
vertical force F, and the water sub-pressures on the blade P1, P2, P3 and P4 are shown (see also

figure 3.8). The test is performed with ablade angle a of 45°, alayer thickness h; of 70 mm and a
cutting velocity v, of 0.68 m/sin the 200 p m sand.
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Figure 3.7 : The dimensionless water pore pressures on the blade. Experiments in 200 pum sand
with a30° blade, layer thickness h; of 33 mm, blade height h, of 100 mm and a non-cavitating

cutting process.
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Figure 3.8 : The dimensionless water pore pressures on the blade. Experimentsin 200 um sand
with a 30° blade, layer thickness h; of 50 mm, blade height hy, of 100 mm and a non-cavitating

cutting process.
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Figure 3.9 : The dimensionless water pore pressures on the blade. Experiments in 200 um sand
with a30° blade, layer thickness h; of 100 mm, blade height h,, of 100 mm and a non-cavitating

cutting process.
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Figure 3.10 : The dimensionless water pore pressures on the blade. Experimentsin 200 um sand
with a45° blade, layer thickness h; of 47 mm, blade height h, of 141 mm and a non-cavitating

cutting process.
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Figure 3.11 : The dimensionless water pore pressures on the blade. Experiments in 200 um sand
with a45° blade, layer thickness h; of 70 mm, blade height h, of 141 mm and a non-cavitating

cutting process.
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Figure 3.12 : The dimensionless water pore pressures on the blade. Experiments in 200 um sand
with a45° blade, layer thickness h; of 141 mm, blade height h,, of 141 mm and anon-cavitating

cutting process.
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Figure 3.13 : The dimensionless water pore pressures on the blade. Experiments in 200 pm sand
with a60° blade, layer thickness h; of 30 mm, blade height h, of 173 mm and a non-cavitating

cutting process.
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Figure 3.14 : The dimensionless water pore pressures on the blade. Experiments in 200 pum sand
with a 60° blade, layer thickness h; of 58 mm, blade height hy, of 173 mm and a non-cavitating

cutting process.
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Figure 3.15 : The dimensionless water pore pressures on the blade. Experimentsin 200 um sand
with a60° blade, layer thickness h; of 87 mm, blade height hy, of 173 mm and a non-cavitating

cutting process.
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Figure 3.16 : The dimensionless water pore pressures on the blade. Experiments in 200 um sand
with a60° blade, layer thickness h; of 173 mm, blade height h,, of 173 mm and a non-cavitating

cutting process.

a (M| w | b | Whi | Poma | Poms | Pom | Pomd/P2ma
30°| 1 |10.2|1000.102(0.076 |0.073|0.076| 0.96
30°| 2 |10.2| 50 [0.204 {0.051|0.050{0.049| 0.98
30°| 3 |10.2| 33 |0.308 0.034 |0.030|0.034, 0.88
45°| 1 |11.1/141{0.079|0.0900.080|0.097| 0.89
45°| 2 |11.1| 70 [0.159|0.069 | 0.068 | 0.082| 0.99
45°| 3 |11.1| 47 |0.236|0.052|0.051 /0.065| 0.98
60°| 1 |13.3|173|0.077/0.107 | ----- 0.091| ---
60°| 2 |13.3| 87 |0.153|0.083(0.090(0.100, 1.08
60°| 3 |13.3| 58 |0.229(0.075|0.081|0.094| 1.08
60°| 6 |13.3| 30 |0.443|0.035|0.038|0.061| 1.09

Table 3.9: The average dimensionless pore pressures on the blade, on the blade with the radius of
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rounding pomg @Nd the blade with the wear face po.s , the theoretical values p,,,, and the ratio
between the sub-pressures pors €N Pomar 8 afunction of the length of the wear face w (mm), the
layer-thickness h; (mm) and the wear-section-length / layer-thickness ratio (chapter 3.9).
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3.10 Verification for ces and water pore
pressuresin 105 um sand.

Contents

The linear cutting theory for the 105 pm is researched on three points:
1. Thedistribution of the water pore-pressures on the blade in a non-cavitating cutting process.

2. Thedistribution of the water pore-pressures on the blade in the transition region between the
non-cavitating and the cavitating cutting process.

3. The correlation between the measured cutting forces and the theoretical calculated cutting
forces.

The dimensions of the blades can be found in figure 3.5. In this research only a 30° blade with a
layer-thickness of 100 mm, a45° blade with alayer-thickness of 70 mm and a 60° with a
layer-thickness of 58 mm, are used, at a blade height h of 200 mm. The soil mechanical parameters
of the used sand are listed in appendix B4. The results of the research regarding the cutting forces
can be found in table 3.10.

measured calculated
a | hwh | ¢ 6 Ct 6 Gt 6
no cavitation | uncorrected corrected theoretical

30° 1 45 | +165° | 45 | 425.6° | 41 | +25.1°
45° 2 B0 | -35° | 47 | +72° | 62 | +7.6°
60° 3 60 | -88° | 58| -6.3° |1.02 | -75°
cavitation uncorrected corrected theoretical
30° 1 34 | +13.1° | 34 | +24.2° | 3.3 | +21.6°
45° 2 47 |-10.3° |42 | +57° | 46 | +26°
60° 3 49 | -9.0° 48| -7.8° | 6.8 | -1271°

Table 3.10: Measured dimensionless forces, not-corrected and corrected for gravity and inertia
forces and the theoretical values according tables 2.14 to 2.25 for the non-cavitating cutting process
and according tables 2.26 to 2.37 for the cavitating cutting process, calculated with a under-pressure
behind the blade. The values of c¢; and 6; are calculated according chapter 2.12. They are based on
values for the angle of internal friction of 38° , a soil/steel angle of friction of 30° and aweighed

average permeability between 0.00011 m/s and 0.00012 m/s (chapter 3.10), dependent on the weigh
factor g and theinitial pore percentage of the sandbed.

The dimensionless measured water pore-pressures of the non-cavitating cutting process are
presented in figures 3.17 to 3.19, in which the solid line represents the theoretical distribution. The
dimensionless measured water pore-pressures in the transition region are presented in figures 3.20
to 3.22. Figures 3.23 to 3.25 show the measured horizontal forces F,, in which the solid line
represents the theoretical distribution. Figure 3.26 to 3.28 show the measured vertical forces F,, in
which the solid line represents the theoretical distribution. Also shown in figures 3.23to 3.28 isthe
distribution of the forces, for several water depths, during afully cavitating cutting process (the
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almost horizontal lines).
From this research the following conclusions can be drawn:

1. Thetestswith the 30° blade give a good correlation with the theory, both for the forces as for
the water pore-pressures. For the 45° blade both the forces and the water pore-pressures are
lower than the theoretical calculated values with even larger deviations for the 60° blade. For

the 60° blade the forces and the water pore-pressures values are approximately 60% of the
calculated values.

2. Thedirection of the cutting forces agrees reasonably well with the theory for all blade angles,
after correction for the gravity and the inertia forces.

3. Figures 3.20 to 3.22 show that the profile of the water pore-pressures on the blade, clearly
changes shape when the peak stress close to the blade tip (under-pressure) has a value of
approximately 65% of the absolute pressure. An increase of the cutting velocity resultsin a
more flattening profile, with a translation of the peak to the middle of the blade. No cavitation
Is observed but rather an asymptotic approach of the cavitation pressure with an increasing
cutting velocity. For the 60° blade the flattening only appears near the blade tip. This can be
explained with the large blade-height / layer-thickness ratio. This also explains the low cutting
forces in the range where cavitation is expected. There is some cavitation but only locally in
the shear zone, the processis not yet fully cavitated.

4. Since, according to the theory from chapter 2, the highest under-pressures will appear in the
shear zone, cavitation will appear there first. The theoretical ratio between the highest
under-pressure in the shear zone and the highest under-pressure on the blade is approximately
1.6, which isin accordance with conclusion 3. Obviously there is cavitation in the shear zone
in these tests, during which the cavitation spot expands to above the blade and higher above the
blade with higher cutting velocities.

In figure 3.7 this relation between the cavitation spot and the water pressures profile on the blade
are shown. The water under-pressures will become smaller where the cavitation spot ends. Thisalso
implies that the measurements give an impression of the size of the cavitation spot.

As soon as cavitation occurs locally in the sand package, it becomes difficult to determine the
dimensionless coefficients ¢; and ¢, or d; and d,. Thisis difficult because the cutting processin the

transition region varies between a cavitating and a non-cavitating cutting process. The ratio between
the average water pressure in the shear zone and the average water pressure on the blade surface
change continuously with an increasing cutting velocity.
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Figure 3.29: The relation between the dimensions of the cavitation spot and the water pressure
profile on the blade.

On top of that the shape and the size of the area where cavitation occurs are unknown. However, to
get an impression of the cutting process in the transition region, a number of simplifications
regarding the water flow through the pores are carried out.

1. The flow from the free sand surface to the shear zone takes place along circular flow lines,
both through the packed sand as through the cut sand. With this assumption the distance from
the free sand surface to the cavitation area can be determined, according to:

(z+10) |k Kt
s - 2 ! L] (3'1)
" v, -esinlB) sin(e46)

a+f TP

2. The flow in the cut sand is perpendicular to the free sand surface, from the breakpoint where
the shear plane reaches the free sand surface. This flow fills the water vapor bubbles with
water. The distance from the free sand surface to the cavitating area can now be determined,
under the assumption that the volume flow rate of the vapor bubbles equals the volume flow
rate of the dilatancy, according to:
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kmax-éz +10)-d i, 5111(;3) (32)

In which the right term represents the volume flow rate of the vapor bubbles from the dilatancy
zone, while the left term represents the supply of water from the free sand surface. Thisis
shown in figure 3.7. With the initial value from equation (3.1) the following solution can be

found:
f \
_ k, .(z+10) (33)
= go +2- ~sin(g) 5111(;3) -
b s1n(c:x+ﬁ) X ]

3. The distance from the blade to the cavitation spot is considered to be constant over the blade.
The magnitude of this distance is however unknown.

The progressive character of the cavitation spot development results from equation (3.3). If, at a
certain cutting velocity, cavitation occurs locally in the cavitation zone, then the resulting cavitation
spot will always expand immediately over a certain distance above the blade as aresult of the fact
that a certain timeis needed to fill the volume flow rate of the vapor bubbles.

The development of the water pore-pressures will, in general, be influenced by the ever in the pore
water present dissolved air. As soon as water pore-pressures are developing as aresult of the
increase in volume in the shear zone, part of the dissolved air will form air bubbles. Since these air
bubbles are compressible, alarge part of the volume strain will be taken in by the expansion of the
air bubbles, which resultsin aless fast increase of the water pore-pressures with an increasing
cutting velocity. The maxima of the water pore-pressures will aso be influenced by the present air
bubbles. This can be illustrated with the following example:

Assume the sand contains 3 volume percent air, which takes up the full volume strain in the
dilatancy zone. With a volume strain of 16%, thisimplies that after expansion, the volume
percentage air is 19%. Since it isa quick process, it may be assumed that the expansion is adiabatic,
which amounts to maximum water sub-pressures of 0.925 times the present hydrostatic pressure. In
an isothermal process the maximum water under-pressures are 0.842 times the present hydrostatic
pressure.

From this simple example can be concluded that the in the pore water present, either dissolved or
not, air has to be taken into account. In the verification of the water pore-pressures, measured during
the cutting tests in the 105 um sand, the possibility of a presence of dissolved air is recognized but it
appeared to be impossible to quantify thisinfluence. It is however possible that the maximum
reached water under-pressures (figures 3.20 to 3.22) are limited by the in the pore water present
dissolved air.
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Figure 3.17: The dimensionless water pore pressures on the blade. Experimentsin 105 pum sand
with a 30° blade, layer thickness h; of 100 mm, blade height h,, of 200 mm and a non-cavitating

cutting process.
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Figure 3.18: The dimensionless water pore pressures on the blade. Experimentsin 105 pm sand
with a 45° blade, layer thickness h; of 70 mm, blade height h,, of 141 mm and a non-cavitating

cutting process.
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Figure 3.19: The dimensionless water pore pressures on the blade. Experimentsin 105 um sand
with a 60° blade, layer thickness h; of 58 mm, blade height h,, of 173 mm and a non-cavitating

cutting process.

http://dutw1127/dredging/miedema/1987_Dissertation/Chapter03_e/310.htm (7 of 16) [31/12/2000 07:59:03]




Dr.ir. S.A. Miedema - Dissertation - Chapter 3.10 (Verification 2D)

P (HUK)
4+ 13-3' - !
hi = .
|
!
6 - / |
;rl ol ¥ 1:

Figure 3.20: The water pore pressures on the blade. Experiments in 105 um sand with a 30° blade,
layer thickness h; of 100 mm, blade height hy, of 100 mm, as a function of the cutting velocity v..
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Figure 3.21: The water pore pressures on the blade. Experimentsin 105 um sand with a45° blade,
layer thickness h; of 70 mm, blade height h, of 141 mm, as a function of the cutting velocity V..
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Figure 3.22: The water pore pressures on the blade. Experimentsin 105 um sand with a 60° blade,
layer thickness h; of 58 mm, blade height h, of 173 mm, as afunction of the cutting velocity v..
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Figure 3.23: The horizontal force F, as a function of the cutting velocity v, at a blade angle of 30°

for the non-cavitating and the partly cavitating cutting process, in the 105 um sand.
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Figure 3.24: The horizontal force Fy, as afunction of the cutting velocity v, at ablade angle of 45°
for the non-cavitating and the partly cavitating cutting process, in the 105 um sand.
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Figure 3.25: The horizontal force F, as a function of the cutting velocity v, at a blade angle of 60°
for the non-cavitating and the partly cavitating cutting process, in the 105 um sand.
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Figure 3.26: The vertical force F, as afunction of the cutting velocity v, at ablade angle of 30° for
the non-cavitating and the partly cavitating cutting process, in the 105 pm sand.
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Figure 3.27: The vertical force F,, as afunction of the cutting velocity v,, at a blade angle of 45° for
the non-cavitating and the partly cavitating cutting process, in the 105 pum sand.
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