
ABSTRACT

With the ever-growing demand for offshore 

wind energy, the number of submarine cables 

required to export the energy from wind farms 

to shore has also increased in recent times. 

These cables can be damaged when exposed 

on the sea bed, and thus need proper 

protection. Burial of these cables by use of a 

cable trench plough is one key technique to 

achieving such protection. A submarine cable 

trench plough can be used in various soil 

types, from hard boulder clay to loose sand. 

Because providing adequate protection is a 

critical factor in cable installation and the 

current calculation methods and theory used 

for submarine ploughing aremostly empirically 

extrapolated, the demand for fundamental 

and detailed knowledge of actual burial 

capacities of the plough has increased.  

 

This article provides a calculation method to 

predict the towing forces required to pull the 

plough through sandy soil types. 

The calculation algorithm developed for this 

research divides the tow force on a submarine 

plough into a cutting force component and a 

friction force component on the share, heel 

and skids. The total cutting force can be 

calculated by summation of the force 

components of separate cutting tooth.  

The methods to calculate the cutting force 

originated from the “2-D saturated soil cutting 

theory”. Adaptations have been included to 

correct for three-dimensional effects and the 

education process of the sand. 

The whole process of saturated soil cutting is 

dominated by the pore pressure development 

as a result of dilatancy – the phenomenon 

whereby a viscous substance solidifies under 

pressure – during shearing.  

 

Therefore an extensive algorithm, called the 

parallel resistor method, is used to calculate 

pore pressures on a finite number of elements 

on the shear plane in front of the cutting 

tooth. When the water pore pressure reaches 

vapour pressure, cavitation will occur. 

Above: The Sea Stallion 4 Cable Plough (SS4-DB)  

system was designed specifically for the aggressive 

burial of power cables in shallow water (max. 100 m).  

It features a unique share design and robust chassis  

that can withstand large tow forces to permit cable 

burial in the hardest sea bed conditions. It can install 

cables with a diameter up to 280 mm wide at depth 

between 0 and 3.0 metre top of cable.
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INTRODUCTION

As a result of the increasing demand for 

electrical energy transportation from offshore 

wind farms, many subsea power cables will  

be installed during the coming decades.  

Wind farms have been built up till now in 

relatively shallow water. Therefore the cables 

transporting the electrical energy are 

vulnerable to various kinds of threats.  

 

Sometimes export cables transporting the 

energy from the wind farm to shore cross 

busy shipping routes, fishing areas or river 

deltas, where the sea bottom is regularly 

disturbed by anchoring, dredging, trawling 

and such. Usually in these areas a great 

number of cable and pipeline crossings have 

already been installed, and both the new 

cable, as well as the existing asset, must be 

protected during and after installation. Besides 

that, dropped objects from shipping and 

complete shipwrecks can put a cable at risk. 

Thus, to reduce the risk of damaging the 

cable by ensuring effective protection of the 

cable, meticulous engineering and careful 

execution of cable laying and burial 

operations are required. Protection of 

submarine power cables can basically be 

arranged in three major ways:
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•  Armouring

•  Rock dumping 

•  Burial

For practicality and for financial reasons, burial 

of the cable is the preferred way to protect 

the cables against impacts. With the use of 

trenching machines or ploughs, a trench is 

excavated in order to install the cable several 

metres below the sea bed. Different types of 

trenching equipment are used in various types 

of soil. Four main burial methods are used:

•  Mass flow excavation: fluidisation of the  

soil/jetting (cable sinks in)(high flow)

•  Water-jet cutting (high pressure)

•  Mechanical trenching

• Ploughing

Depending on the type of tool used, the 

trench has to be backfilled or, if the trench is 

sufficiently narrow, the surrounding soil will 

collapse into the trench. In case of narrow 

trench ploughing (also called trenchless 

ploughing) the cable is laid down and has  

to be fed through the machine, called 

simultaneous laying and burial. Usually the 

cable is forced into the trench by the 

depressor, ensuring that it touches down  

at the bottom of the trench. 

Depth of burial is always an issue for cable 

exploitation companies, insurance companies 

and contractors. One can imagine that soil 

with a high strength will provide more 

protection at the same depth than a weaker 

soil. However, no international classification 

rules and regulations have been developed  

to accurately measure the precise protection 

level provided by specific burial depths are 

stated so far.

Interest and research in this industry first 

started to blossom during the 1980s driven  

by the increase in demand of marine tele-

communication and power cable installations. 

In 1997 the concept of a Burial Protection 

Index (BPI) was first induced in Mole, 

Featherstone and Winter (1997). 

Three levels of required protection have been 

stated:

BPI 1.  Depth of burial consistent with 

protecting a cable from normal fishing 

gear only. This would be appropriate  

to water depths greater than say 50 to 

100 m where anchoring ships is 

unlikely.

BPI 2.  Depth of burial will give protection 

from vessels with anchors up to 

approximately 2 tonnes (light anchors). 

This would be adequate for normal 

fishing activity but would not be 

adequate for larger ships.
BPI 3.  Depth of burial sufficient to protect 

from anchors of all but the largest ships. 

The required burial depth can be determined 

based on the soil type, strength and the BPI. 

Mole, Featherstone and Winter (1997) 

produced a series of charts to select the 

appropriate burial depth to provide a certain 

protection level in the applicable soils.

Visser & Smit Marine Contracting (VSMC), a 

cable installation company, part of the Volker 

Wessels group, owns a cable trenching plough, 

the Sea Stallion 4, that has been operational 

for several years now (Figure 1). Unfortunately 

low performance is experienced in several soil 

types as impermeable dense sand and stiff clay. 

When the performance of a burial tool in a 

specific soil can be assessed prior to the 

operation, money and effort can be saved. 

Today’s prediction models to calculate forces 

on the plough turn out to be too optimistic. 

The demand for a proper calculation model  

has thus arisen. 
 

Except for the research on mouldboard plough, 

executed by Reece and Grinsted (1986) and 

Palmer (1979), not much information can be 

found in the public domain, especially not for 

narrow single share cable trench ploughs (or 

trenchless ploughs).

For this article, a calculation method to predict 

the required tow force-velocity relation, for 

different burial depths in different soil types 

(only cohesionless soils) is described.  

The method is based on the 2-D saturated 

sand cutting theories for dredging excavation 

(van Os, 1977; Miedema, 1984 and others). 

What is new to this approach is the calculation 

of pore pressure forces with an adapted 

version of the parallel resistor method.

FAILURe MecHAnIsM oF sAnD
During this research only plough force-velocity 

calculations for saturated sand cutting have 

been investigated. The failure principles and 

the friction development of the soil are 

different for cohesive (left out of consideration) 

and non-cohesive soils. It is of major 

importance to understand the actual failure 

mechanism when one wants to establish  

force-velocity-soil predictions. 

In sandy soil the friction force acting on the 

shear plane in front of the cutting blade is 

originated from normal force (or stress) 

against the soil and the friction angle of the 

soil. Because the normal force and thus the 

resistance against deformation are dependent 

on the dilatant volume increase of the soil 

caused by shearing, the rate of dilatancy is  

an important parameter in all subsea soil 

excavation processes (see Figure 2) (van Os, 

1977; Joanknecht, 1974; Miedema, 1984, 2001).

When the plough is cleaving through the soil, 

first the soil encounters the cutting blades  

Figure 1. Subsea Cable Trench Plough Sea Stallion 4 (Manufactured by Engineering Business IHC).
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(at the front of the cutting teeth). Such a blade 

has an inclination relative to the horizontal 

called the blade angle α. The blade has a width 

b and has a inclined length of hb·cos(α), where 

h
b
 is the vertical height of the cutting blade 

and h
i
 is the height of the cutted soil layer.  

The plough evaluated for this research has  

3 teeth located at a height of 0, 1.15 and  

2.30 m above the bottom of trench (BoT).

While the inclined blade (α) penetrates the 

soil, a slice of soil is cleaved and pushed 

upwards. In front of the blade tip, a shear 

plane occurs where the soil is sheared by the 

cutting mechanism. This shear plane runs all 

the way from the blade tip to the surface. 

This process is extensively elaborated in the 

theory of van Os (1977), Joanknecht (1974) 

and Miedema (1984). An equilibrium between 

gravitational, inertial, frictional and pore 

pressure forces is described for a two-

dimensional situation in the 2-D saturated 

sand cutting theory.

The important adaptation to the 2-D soil 

cutting calculation is the inclusion of 

3-dimensional edge effects owing to the 

narrow width of the trench excavation.  

The 3-dimensional components (edge effects) 

are much more important for a narrow blade 

plough than for conventional dredging blade 

calculations. Transversal stowing of soil cannot 

be neglected anymore, because transportation 

of the excavated soil is hindered.

Although the trenching velocity is relatively  

low compared to the conventional dredging 

excavation, cavitation might occur in lower 

parts of the trench. The resistance of the soil 

against water flow is so high that the 

hydrostatic pore pressure reaches the vapour 

pressure limit. Cavitation will only occur 

partially at the cutting tooth, depending on the 

velocity. The calculation algorithm described 

here uses the method of minimum resistance 

or Coulomb theory to evaluate whether 

cavitation would occur. Besides a cutting force 

component on the teeth of the plough, there 

will also be frictional forces acting on the 

plough share, heel and the skids. 

oFFsHoRe soIL MecHAnIcs
For the installation of the cable, special 

attention has to be paid to the soil 

characteristics along the cable route.  

In Western Europe, sand mostly consists of 

quartz. The chemical formula of this mineral is 

SiO
2
. Sand has a grain size diameter from 

about 0.06 mm up to 2 mm. Smaller grain 

sized materials are called silt (very fine Quartz) 

or clay (Western Europe: (Si
4
O

11
)-6 and Al

2
/

Mg
3
(OH)

6
).

Usually in an offshore environment soil 

characteristics are obtained using offshore 

Cone Penetration Tests (CPTs) and Vibro  

Core (VC) tests including laboratory tests like 

Particle Size Distribution (PSD) analysis. From a 

CPT the relative density of the soil is indicated. 

An additional microscopic photograph of the 

individual grains of the soil could provide 

information on the shape, the roughness and 

material of the grains. 

Usually the sand type is characterised by: 

•  The smallest 10% fraction diameter, D10
. 

•  The smallest 30 % fraction diameter, D
30

. 

•  The mean diameter (D
50

) and, 

•  The smallest 60 % fraction diameter, D
60

. 

The relation of these parameters can be 

written as constants of uniformity and 

curvature:

[Eq. 1]

[Eq. 2]

From these correlations, together with the 

relative density, most parameters as 

permeability, friction angle and dilatancy rate 

can be determined empirically.

porosity of sand
Soil is not a continuum material but consists 

of individual sand grains, water and air.  

In offshore conditions, only water is present  

in the pores between the particles.  

 

The commonly used parameter to quantify the 

amount of pore space is the porosity:

[Eq. 3]

Where:
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In most of the in-situ soils the porosity n has a 

value between 0.3 and 0.45. The smaller the 

porosity, the denser the soil will be. Other 

parameters to identify the pore space are void 

ratio and density.

Relative density
The relative density RD is used to describe the 

compactness of the in-situ soil, with respect 

to the loosest and the densest state of the 

soil. The relative density can be expressed 

based on the porosity (min, in-situ and max), 

or by using the densities.

[Eq. 4]

Where:

particle shape
Sand grains may have very different shapes 

caused by the weathering and erosion which 

the grains have experienced throughout their 

‘life’. These shape parameters affect strength 

of the material and so the ability of the 

excavation.  

 

Three classifications will be used to describe 

the particle shape of the sand. 

•  The roundness of the particle can be 

described by a roundness factor R.

•  The Form factor, particles can be relatively 

cubic in volume or more flat or elongated. 

•  The surface texture factor. Basically this is  

a factor ranging from rough to smooth. 

LIst oF sYMBoLs UseD

α Blade cutting angle °
β Shear zone angle °
ζ Plough share cutting angle °
ϕ Internal friction angle °
δ External friction angle °
ε Volume strain - dilatation rate -
p

sub
Submerged density soil kg/m3

p
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σ
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μ
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D
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g Gravitational acceleration m/s2
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h
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h
b

Blade heigt (cutting blade) m
h
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Relative density %
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Average permeability m/s
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Max. permeability m/s
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Initial permeability m/s
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Lateral passive soil coefficient -
kax

Geometric correlation factors -
k
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Pressure at blade tip kPa
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Average local pressure kPa
q Flow m3/s
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R
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Resistance water flow path -

S
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Length of flow path x m
RD Relative Density %
u

pore
Pore pressure kPa

V (soil) Volume m3

V
pore

Pore volume m3

V
particl

Volume particles m3

V
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Initial volume m3

v
c

Velocity m/s
W

ploug
Submerged weight of machine kN

W Pore pressure force (shear zone) kN
WD Water depth m
z Depth below surface m



permeability
Permeability in soil mechanics is a measure of 

the ability of a porous soil to allow fluids to 

pass through. When excavating saturated 

dense sand, for example during dredging or 

trenching work, the pore volume increases by 

shearing of particles. One of the most common 

correlations for estimating the permeability is 

the Hazen’s relationship (Beyer, 1964).

[Eq. 7]

Where:

can be selected from charts based on relative 

density and D
50

 diameter. 

The CROW (2004) provides another formula 

which provides more accurate results in sands 

with different compaction levels.

[Eq. 8]

From these equations can be concluded that, 

rate of permeability is determined by:

•  Percentage of fines 

•  Average grain size D
50

•  (Relative) density (or pore volume)

•  Distribution of particles (C
u
)

•  Specific facial area (U, [m2/m3])

Dilatancy
As mentioned, soil deformation is accompanied 

by volume changes caused by shearing called 

dilatancy. Densely packed sand can only 

deform when it is loosened at the same time 

(Figure 2). In water saturated sand, water flows 

through the pore spaces and tends to fill the 

gaps between the grains. 

The soil stress inside the subsurface soil is 

constant, regardless of the type of 

deformation. The soil stress can be formulated 

as the summation of grain stress and pore 

pressure. When, during deformation, the pore 

pressure drops, the grain force has to increase.  

 

That is the reason for strengthening of soil 

when the pore pressure drops as a result of 

dilatancy. 

[Eq. 9]

Where:

Dilatancy is a time-dependent process (owing 

to permeability term) and therefore it is seldom 

mentioned in civil foundation theory. During 

sand excavating processes this dilatancy 

process does have a major impact on the 

excavating forces (Figure 2).

The amount of dilatancy is expressed as a 

“dilatancy potential”, or in dredging 

engineering literature often referred to as 

“dilatancy rate” or “volume strain”.  

 

The volume strain can be calculated via the 

initial porosity of the sand and the maximum 

porosity of the remoulded sand after shearing. 
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Friction angle
The internal friction angle can be used for 

calculating friction forces on a sand-sand 

interaction shear plane. Friction angles 

increase if:

•  Particles are more angular

•  Amount of coarse particles is larger

•  Relative density is larger

•  Sand is better graded (large (C
u
)

For making a first estimation of the internal 

friction angle from CPT and PSD data, the 

following correlation from CROW is proposed:

[Eq. 5]

For the presence of silt the following 

corrections can be included: 

•  10% silt = –2° reduction of friction angle.

•  20% silt = –5° reduction of friction angle

•  Very well rounded particles = –3° reduction 

of friction angle

Marine sand is usually characterised by its 

uniform gradation (especially in coastal 

regions), their relative rounded shape. Often a 

percentage of silt is present as well (depending 

on the location). The external friction angle is 

used to calculate friction between sand and 

other material (external interface angle). 

According to literature the external and 

internal friction angles have a certain relation 

to each other depending on size, particle shape 

and relative density. In this article, a simple 

indicative relationship is often used in dredging 

engineering.

[Eq. 6]

Where:

Figure 2. Dilatancy  

in front of cutting blade. 

Table I. The British standard density classification.

Term Relative density (%) SPT (blows/feet) 

Very loose  0-15  0-3

Loose  15-35  3-8

Medium dense  35-65  8-25

Dense  65-85  25-42

Very Dense  85-100  42-58

ni

RDi

n > ni

RD < RDi
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In sand excavating processes, cavitation is 

rather pleasant because stresses will no longer 

increase further with increasing deformation 

velocity. This phenomenon is also observed in 

the drag head of a trailing hopper dredger 

above a certain dredging velocity. 

Forces on the plough
Pulling forces to pull a submarine narrow 

trench plough comprise multiple components:

•  Cutting force on teeth

•  Friction force on skids

•  Friction force on the share.

In the next section cutting of water saturated 

sand, the cutting force mechanism 

components are extensively elaborated.  

 

Calculations on the friction force are 

elaborated below; there is no fundamental 

difference between the friction force on the 

skids and the friction force on the share, 

except that the normal force is calculated 

differently.

Friction on the skids and the heel
During sand ploughing the friction force is 

calculated as a normal force multiplied by the 

tangent of the external (soil-steel) friction 

angle. The horizontal friction force on the 

skids and the heel of the plough is determined 

by the vertical load and a friction factor:

[Eq. 11]

Where:

The vertical force F
v
 originates from 

•  The weight of the plough 

•  The vertical component of the cutting force

Friction on the plough share
Normal load against the share is dependent on: 

•  The average soil stress level asides the share 

(depending on the density and depth) 

•  The area of the sides of the plough share.

[Eq. 12]

This is caused by increasing interaction forces 

between the grains. At a certain shearing 

velocity the pore pressure in the shear zone(s) 

reaches the vapour pressure limit and the 

water starts to vapourise (boil) in the pores. 

 

From this point on, the pressure cannot drop 

further, the stresses and resistance forces will 

not increase any more while the velocity is still 

increasing.  

 

Hence, it can be stated that “tow force is 

limited by cavitation”. 

In seawater of 10º Celsius the vapour pressure 

is equal to 1.18kPa and with a sea temperature 

of 20ºC vaporisation occurs at 2.27kPa.

[Eq. 10]

Where:

The higher the in-situ density, the more 

dilatancy can occur during shearing.  

So the more pore space is induced, the  

more hardening will occur. 

cavitation
When the velocity of deformation is increased, 

the pore pressure decreases and the resistant 

force against deformation will increase.  

Figure 3. Force 

contributions.

Figure 4. Pore Pressure 

Distribution.



parallel resistor theory
When cutting sand, a proper estimation of 

pore pressure forces is important for 

calculation of the cutting forces. The parallel 

resistor theory is a pragmatic method providing 

an estimation. This theory is computed for a 

2-dimensional situation. However, with some 

adaptations, it is assumed to be suitable for 

solving equations for a 3-dimensional flow 

situation (Figure 6). 

As long as water can flow to the pore spaces 

in the shear zone (without pore  pressure 

dropping below the vapour pressure) the pore 

pressure is depending on the dilatancy 

potential (ε), permeability (k), length of the 

water flow path to the shear zone (see 

S1,S2,S3 and S4 in Figure 6) and, of course, 

velocity of the plough.

In the theory of parallel resistors in pore water 

flow, by Miedema (2001), a method for 

calculating the resistance against deformation, 

as a result of water flow to the shear zone, is 

provided. In this theory the flow of water to a 

finite number of elements on the shear zone is 

calculated via certain (most favourable) flow 

paths.

For calculation it is crucial to know the pore 

volume increase by dilatancy per unit blade 

width (ΔV): 

 
[Eq. 16]

The Grain force (K) is the reaction force of the 

grains coming owing to Gravity and Pore 

Pressure. An equilibrium of forces in the 

vertical and horizontal direction can be 

formulated in order to find these grain forces. 

First the Pore Pressure has to be calculated; 

Miedema (1984) proposes the following 

formulas, in the case of a non-cavitating 

process:

[Eq. 13]

[Eq. 14]

Where k
m
 is an average permeability because 

the permeability of the surrounding sand is 

not equal to permeability inside the soil slice.

[Eq. 15]

Where:

p
1m

 and p
2m

 represent the average dimension-

less pressures along the shear zone, 

respectively the blade surface. These values 

have been calculated with numerical potential 

flow calculation, by Miedema (1984).  

They could also be computed with the use of 

the parallel resistor theory, as elaborated by 

Miedema (2001).

The cutting of water saturated sand with a 
straight blade
The 2-D cutting theory of cutting saturated 

sand is based on the calculation of the pore 

pressure force over the blade and over the 

shear plane. From the pore pressure force, an 

internal grain force can be deducted, and the 

horizontal and vertical resultant grain stress 

integrated over the blade can be seen as the 

forces (horizontal and vertical) required to 

excavate a wedge shape soil slice in front of 

the blade.

In the case of cutting water saturated sand, 

the cutting force can be divided in five 

components acting on soil wedge in front of 

the blade, inducing reactional grain force: 

•  Gravity force (G)

•  Inertia force (I)
•  Pore Pressure force (W)

•  Adhesion force (A)

•  Cohesion force (C)

Inertia (I) and Gravity (G) forces are very small 

compared to Pore Pressure (W) force and 

therefore are usually neglected. In sandy soil 

there are no Adhesive (A) and Cohesive (C) 

forces between the grains or the grains and 

the machines, so these terms will be left out 

of the cutting equations as well.
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Figure 6. Flow Paths (front view).Figure 5. Flow Paths (side view).
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At each element on the shear plane the pore 

pressure can be calculated by:

[Eq. 29]

[Eq. 30]

Where:

Average pore pressure in the shear zone can 

be determined by summation of pore 

pressures at each element.

[Eq. 31]

Where:

In order to be able to calculate pore pressures 

at the blade surface. Relations between the 

average pore pressures on the blade (p
2,avg

) 

and the pore pressures in the shear zone 

(p
1,avg

) have been established. It is assumed 

that the pressure on the blade is half the 

pressure at the blade tip, corrected with a 

certain factor f.

[Eq. 32]

For calculating the pore pressures on the 

blade and the share of the plough, the 

correlations have been chosen pragmatically. 

The same motivation is used: The pore 

pressure distribution from blade tip to surface 

is assumed linearly. Figure 4 illustrates the 

assumptions on the pore pressure distribution. 

With the following equations the pore pressure 

at the blade tip is related to the pore pressures 

at the shear zone and at the blade surface:

[Eq. 33]

and figure

[Eq. 34]

The angles θ
1
 till θ

4
 depend on the blade 

angle (α) and the shear angle (β) as illustrated 

in Figures 5 and 6.

[Eq. 23]

[Eq. 24]

[Eq. 25]

[Eq. 26]

When the geometrical angles are determined 

(Eq. 23 to Eq. 26) and the flow path lengths 

are calculated (Eq. 19 to Eq. 22), the 

resistance of water through every flow path 

can be calculated:

[Eq. 27]

Where:

According to the parallel resistor theory of 

Miedema (2001), the total water flow 

resistance to a certain element of soil can  

be calculated via parallel summation. 

[Eq. 28]

Where:

 

When the total resistances of all elements are 

summated over the total shear plane (height, 

width), a total pore pressure resistance can be 

obtained. Verification of these calculation 

results of pore pressure flow might be done 

with potential flow finite element modelling. 

The 2-dimensional parallel resistor theory is 

extensively validated against finite element 

calculations by Miedema (1984) for different 

blade angles, cutting heights and shear angles.  

 

The results were within a fairly acceptable 

range (up to several per cent accuracy).  

The method provides applicable results with a 

fraction of the calculation time required to 

perform finite element calculations.

Where:

Volume flow to an element of the shear zone 

is dependent on the velocity of the 

deformation (v). Eq. 17 gives the volume flow 

rate (Q) depending on velocity and facial area 

of an element:

[Eq. 17]

The specific flow rate perpendicular to the 

shear zone is equal to:

[Eq. 18]

Where:

The length of the flow paths is chosen 

geometrically (pragmatic) in this calculation 

method. 

[Eq. 19]

[Eq. 20]

[Eq. 21]

[Eq. 22]

Where:

The ‘(BD-H
i
T

1
)’ term is incorporated to include 

effects of multiple blade cutting. When only 

one tooth is cutting the soil, the last term in 

the equations S
2
 and S

4
 disappears because 

Burial Depth (BD) is equal to initial cutting 

depth of tooth 1 (H
i
T

1
) (lowest cutting tooth 

of the plough see Figure 1). 
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[Eq. 41]

It is assumed that the average normal stresses 

(indicated σ1, σ2 & σ3.) can be calculated by 

dividing the forces by the areas of the shear 

plane, the blade respectively the plough share.

[Eq. 42]

[Eq. 43]

[Eq. 44]

Where:

The average grain stress (σ
avg

) inside the soil 

slice is pragmatically assumed to be: 

[Eq. 45]

Where:

The exact distribution of the grain force inside 

the soil slice is unknown. There is an assump-

tion for development of pore pressure forces 

indicated in Figure 4. The average grain stress 

[Eq. 37]

[Eq. 38]

Where:

When pore pressure reaches the vapour 

pressure, the pressure cannot decrease further 

with an increase of velocity. The tow force will 

therefore not increase either with a velocity 

increase. There will be a transition zone 

between non-cavitating and full cavitating 

behaviour, where certain element reach 

vapour pressure and other elements do not. 

This phenomena can be seen in Figure 9.

grain forces inside the soil slice 
When the pore pressure forces are calculated, 

it is possible to solve the horizontal and vertical 

force equilibriums on the soil slice, in order to 

calculate the cutting force on the blade and 

the ploughshare. First the normal forces on 

shear zone (N
1
), the normal force component 

on the blade (N
2
) and the normal force on the 

plough share (N
3
) can be defined by:

[Eq. 39]

[Eq. 40]

Now, when the average pore pressures at the 

shear zone and the blade are determined, the 

pore pressure force at the shear zone and the 

blade can be calculated by multiplying with 

the shear and blade areas.

Non cavitating:

[Eq. 35]

[Eq. 36]

Where:

The equations are equivalent to Eq. 8 and  

Eq. 10, based on the dimensionless pressures 

p
1m

 and p
2m

 determined using FEM software.

When cavitation occurs in the shear zone 

when deforming the sand, the parallel resistor 

theory is no longer of use. The pore pressure 

is no longer depending on the resistance of 

the water to the shear zone. Velocity is not of 

influence anymore. It is assumed that pressure 

in the pores is nearly zero (vacuum). 

Cavitating:
The maximum pore pressure difference can be 

calculated only from the surrounding pressure 

at the sea bed level relative to the vapour 

pressure. Pore pressure force is the multipli-

cation of: hydrostatic pressure times the area 

of the shear plane (hi·b/sin(β)) or blade area 

(hb·b/sin(α)):

Figure 8. Dozing Forces on the soil slice in front of the plough.Figure 7. Forces on a 2-D Soil Slice.
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[Eq. 50]

Where:

With the calculated pore pressure forces, and 

an expression for the dozing force it is 

possible to write a horizontal and vertical 

equilibrium of all the forces on a soil slice.

Horizontal:

[Eq. 51]

Vertical:

[Eq. 52]

The algorithm to solve the two equations of 

the two dimensional cutting theory only allows 

two variables: Grain force on shear plane (K
1
) 

and grain force on blade (K
2
). Because two 

equations (horizontal-vertical) can only be 

solved with two unknown variables.

Assuming that there is a proportional relation 

between the forces on the blade and the 

forces on the share. The grain force on the 

share (K
3
) can be written as a proportional 

relation factor (ka
1
) times K

2
.

Both, the distribution of the grain stress and 

the level mobilisation of lateral pressure are 

not exactly known. Therefore a factor to 

incorporate these uncertainties is put into  

the model. This factor (K
lat

) can be quantified 

by comparing empirical results (model 

experiments or real scale) with the result of 

the calculation. 

Possibly this lateral factor itself is dependent 

on soil characteristics and cutting depth.  

Long-term data logging and extensive model 

experiments are necessary to indicate 

correlations and prove a consistency in the 

magnitude of this lateral stress factor. 

For now:

[Eq. 48]

[Eq. 49]

Where:

The horizontal contribution of this dozing force 

to the equilibrium of forces is implicated by 

force S, This force S can simply be calculated 

by multiplication of the tangent of the internal 

(sand-sand) friction angle (tan(φ)) with the 

outward dozing force.  

 

Keep in mind that this term has to be multi-

plied by 2 as well because there are dozing 

forces acting on both sides of the soil slice. 

in direction of velocity also induces a stress 

lateral to the running direction onto the walls 

of the trench. This stress component will be 

used to incorporate edge effects of the cutting 

process. 

Since sand has no isotropic behaviour, as for 

example a fluid has, this stress in lateral 

direction is not equal to the stress in running 

direction. The resultant force caused by the 

lateral stress to the walls of the trench is 

called the Dozing force (D) in this research 

(see Figure 8). It interacts between the shear 

zones along the sides of the soil slice in front 

of the blade and the walls of the trench.  

The lateral stress can be calculated with the 

multiplication between the average stress in 

running direction, and the lateral passive soil 

failure factor: kp
. 

In case the lateral stresses caused by the 

longitudinal stresses are fully mobilised, the 

relation between stress in lateral and stress in 

longitudinal direction (k
p
) can be obtained by:

[Eq. 46]

The dozing force in that case can be 

calculated by:

[Eq. 47]

Where:

Figure 9. Water depth on the Tow force.
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[Eq. 58]

The total force on the plough can be calculated 

by summation of the individual cutting forces 

on all three teeth.

The total Tow force
If the friction forces on the skids, heel, and 

cutting teeth are calculated, and the total 

towing force can be calculated via summation 

of the individual components. The total 

towing force to pull the plough through 

saturated soil can be calculated with:

[Eq. 59]

In the following section the results of individual 

parameters on the total towing force are 

elaborated.

ResULts oF tHe cALcULAtIon
Effect of permeability and cavitation
As long as during the cutting process no 

cavitation occurs, the permeability of the  

sand is the most important parameter for 

cutting force. The permeability has a direct 

relation to the pore pressure development, 

and the ability of water to flow to the shear 

zone (Figure 9). Unfortunately permeability is 

hard to determine. 

From calculations, it turned out that ploughing 

with a reasonable Burial Depth (BD) and a 

reasonable velocity (>100 m/hr), in soils with  

a very low permeability tow forces are rapidly 

increasing, almost regardless of the plough 

shape and width. If cavitation does start to 

occur, the water depth is also of importance 

limiting the maxi mum pore pressure develop-

ment (Figure 10).

Influence of friction angle
With an increase of the friction angle the 

towing forces will increase given a certain 

velocity. The increase of friction angle will also 

have its influence on lateral earth pressure 

mobilisation to the sides of the soil wedge

Besides an increase on frictional shear in the 

shear zone, the geometry of the soil wedge 

itself will also change because the shear zone 

from blade tip to the surface changes with a 

changing friction angle.

[Eq. 55]

K
2
 can be found by rewriting the equation to 

Eq. 56:

[Eq. 56]

cutting force on the blade
The total horizontal and vertical cutting force 

of the plough can now be calculated with a 

summation of grain forces and pore pressure 

forces on the blade and on the share.  

When more than one cutting tooth is cleaving 

the soil, this calculation has to be executed for 

every tooth.

[Eq. 57]

Assuming that the average grain stress is not 

equal over the excavated soil slice, it can be 

concluded that the grain stress ratio between 

the force on share and the force on the blade 

is depending on: The proportional ratio of 

average pore pressures on the blade and the 

share (W
2
, W

3
).

K
3
 can be found by multiplying the 

proportional factor with the grain force on 

the blade (K
2
):

[Eq. 53]

In the same way a proportional correlation 

between grain force on the blade K
2
) and  

the average grain force at the sides (K
4
, long-

itudinal) of the soil slice has to be formu lated.  

 

It is assumed that, the soil around the sides of 

the soil slice has already dilated, there will be 

no water flow to the pores.  

 

The grain force (in longitudinal direction) is 

only calculated via the ratio of areas of the 

blade and the side of the soil slice. 

Then K
4
 can be calculated as:

[Eq. 54]

When these correlations (Eq. 53 and Eq. 54) 

are substituted in the formulas Eq. 51 and  

Eq. 52.  

 

And the K
1
 value is substituted into K

2
 via 

mathematical substitution, an equation with 

only one variable (K
2
) arises.

Figure 10. Permeability (k) on towing force.
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Beyer, W. (1964). On the determination of hydraulic 

conductivity of gravels and sands from grain-size 

distributions, Wasser-wirtschaft-Wassertechnik 14, 

pp. 165–169 (in German). 

CROW. (2004). Handboek ZandBoek. Delft,  

The Netherlands.
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dominating the whole excavating process of 

saturated sand, use of this simulation software 

is unfortunately still discouraged.

Recommendations
The way the passive soil stress on both sides 

of the soil slice is implemented needs an 

extensive verification. The results on total 

towing force as well as the grain stress 

pattern and pore pressure development in the 

soil around and in front of the plough have to 

be validated. Numerical software might be 

suitable to perform potential flow calculation 

around this plough geometry. 

Model scale experiments may provide a 

proper verification method to check whether 

the final result of the calculation algorithm is 

correct. A dredge flume tank and a centrifuge 

tank can be used to simulate the trenching 

operation at a model scale. By equipping the 

plough with (grain) stress sensors and (pore) 

pressure sensors, the stress development on 

the blade and the share of the plough could 

be verified.

This force prediction algorithm as provided 

here is only suitable for calculations in sandy 

soil. In offshore environments usually not only 

pure sand but also silt content, clay fractions 

or clay layers will be in present as well. 

Besides that, different sand types and 

compaction levels will be present at different 

depths. Effects of these irregularities are not 

incorporated in the algorithm yet.  

 

The applicability of the tow force calculation 

algorithm will increase if these different soil 

types are taken into account. More research 

on this topic is required.

CONCLUSIONS

Because a subsea plough will operate in fully 

saturated soil, it can be concluded that the 

cutting forces during sand cutting are 

dominated by pore pressure stresses caused 

by dilatancy of sand grains. Only in loose sand 

friction of sand-machine interaction plays a 

more significant role. 

The parallel resistor method provides very 

reasonable results on the pore pressures, when 

compared to the potential flow FEM 

calculations as done for 2-D cutting blades by 

Miedema, (1987, 2001). In order to verify the 

exact 3-dimensional flow of water to the shear 

zone of a submarine plough, a potential flow 

calculation might provide more understanding. 

The 2-Dimensional cutting theory does not 

include 3-dimensional edge effects on both 

sides of the excavated soil wedge. Hence, 

grain force inside the soil wedge will mobilise 

a stress component lateral to the running 

direction of the plough (Y-Z). The lateral 

outward stress will induce a shear stress (X-Y) 

between both sides of the soil wedge and the 

walls of the trench. The lateral stress 

component can be included in the equilibrium

of forces as proposed in Eq. 56. It is not 

possible to exactly measure force components 

from real-scale measure ments or model 

experiments. However, pragmatic coefficients 

to match the final result of the tow force 

calculation best to reality have been 

determined. Perhaps a DEM (discrete element 

method) model or a MPM (material point 

method) simulation could help to quantify the 

3-dimensional stress development inside the 

soil wedge. Unfortunately these simulation 

software packages do not yet incorporate pore 

pressures. Since pore pressure development is 


