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ABSTRACT

In most mine clearing or earth moving equipment such as bulldozers, the
working tool is a blade. The blade geometry and operating conditions, such as cutting
speed, cutting angle, and cutting depth, have a great effect on overall machine
productivity. Most of the published experimental studies confirm these effects.
However experimental studies are expensive and their results are highly dependant
on the accuracy of measurement devices and the reliability of experimental
procedures employed. Numerical techniques have recently shown more promise
especially with the current increase in computational power and development of
more sophisticated material models. However in order to simulate the soil-tool
interface process accurately, careful selection of the appropriate material model for
the so1l and the interface is required. This should, ideally, be based on a reasonable

number of material parameters that have direct physical meaning,

In this study a review of the available constitutive models for soil (particularly sand)

and soil-tool interface was carried out. This review study concluded by selecting the
so called hypoplastic model as the most appropriate to simulate the sandy soil
behavior over a wide range of stresses. Some modifications were carried out on this
selected hypoplastic model to optimize it for simulation of the soil-tool interaction
process, which is characterized by monotonic loading and high deformation. The
modified model was verified numerically and then implemented into the finite
clement method via an ABAQUS user defined subroutine UMAT. Then the

implemented model was verified through analysis of some benchmark problems and

results were compared with results from different classical failure criteria. The finite
clement analysis revealed the high performance of the hypoplastic model in
simulating sand behaviour. Finally an analysis of various factors affecting soil-tool
interaction was carried out in both two-dimensions and three-dimensions. Results
revealed the significant effect of both geometry and operating conditions on blade
cutting forces and confirmed the ability of the finite element method to analyze the

soil-tool interaction process.
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NOTATION

The following symbols are used in this thesis, and are defined where they
first appear in the text. Some symbols have been assigned more than one meaning,

but it will be evident from the context.

Notation

Speed effect coefficient of adhesion
Adhesion stress for a soil-metal interface
Radius of the intersection between the CSS and the 7 -plane

Soil-metal adhesion when v = 1m/s

Compression index

RKF parameters

RKF parameters

Soil cohesion

Relative density

Cutting depth

Principal stretching components

Stretching measure

Incremental stiffness modulus or Young’s modulus
Initial tangent elastic or Young’s modulus
Secant elastic modulus

Tangent elastic modulus

Void ratio

Initial void ration of a sand sample

Void ratio change rate

Critical void ratio

Initial value of the critical void ration
Lower bound void ratio

Initial value of the lower bound void ratio
Upper bound void ratio

Initial value of the upper bound void ratio

(kPa)

Proportion void ratio at mean skeleton pressure p

Void ratio at zero pressure
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CXp Exponential function

Deformation gradient

F, Deformation gradient at the beginning of an increment
fa Density function

fo Soil-metal friction stress (kPa)
fs Stiffness function

H Tensorial function represent the hypoplastic equation
h Sample (soil bin) height

hy Granulate hardness (kPa)

I Unit matrix

h,1,,14 Tensor invariants

k Generic sub-step number

1{0) Linear tonsorial function of stress tensor

L Sample (soil bin) length

L, Distance between the blade and the left boundary

/ Blade flat part length

In Logarithmic function

M Critical state line slope in the p-g diagram

max Maximum of two values

min Minimum of two values

N(o) Nonlinear function of stress tensor

n Hypoplastic material parameter

ns Number of sub-steps
) Pressure stress or stress level

Dg Mean skeleton pressure

q Deviator stress

R Rotation tensor

R Blade radius of curvature

r; Norm of the difference between two different order RK results
T} Dimensionless time ratio of the generic substep &
TOL Error tolerance

Notation -



t, Time at the beginning of sub-step n

f el Time at the end of sub-step n

tr Matrix trace

7 Displacement function

V Soil volume in a specimen

Va Volume of air in a soil specimen

Vs Volume of solid particle in a soil specimen
Vy Total voids volume in a soil specimen

Vi Volume of water in a soil specimen

v Sliding peed (m/s)
Wi Lateral bound width

W2 Blade cutting width

W Spin tensor

Wjj Spin tensor measure

X Position coordinates

LY, Size of k+1 sub-step

AT}, Dimensionless sub-step size

At Time increment or interval

Ae Strain increment

A€, .4 Finite strain increment

Q Angular velocity tensor of a material

a Hypoplastic material parameter

s Hypoplastic material parameter

Bap Drucker-Prager material angle of friction
B Parameters for the RKF

Be Mohr’s-coulomb material angle of friction
/4 Blade cutting angle

) External frictional angle for a soil-tool interface
OEy Volumetric strain increment

OY max Maximum shear strain increment

Oy Kronecker's symbol
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£ Strain rate tensor

€, Initial strain state tensor
E),E9,E;3 Principal strain components
Eif Strain measure

E, Lateral (radial) strain

E, Volumetric strain

Vertical (axial) strain

V Poisson’s ratio

Oq Soil-metal friction angle

@ Soil internal frictional angle

n Stress ratio

D¢ Critical friction angle

7, Reference angle of the stress point on the deviatoric plane
A Ay Ay Eigenvalues of the stress tensor
K Soil-Tool frictional coefficient

o] Effective stress

o Stress rate

a° Jaumann stress rate

o Stress ratio

& Deviatoric stress ratio

01,0, ,073 Principal stresses

o, Axial stress component

o, Initial stress state

c, Stress at increment n

o, Normal stress

o, Radial stress component

1 Tangential stress or shear stress
4 Dilatancy angle

Vap Drucker-Prager dilatancy angle
Ve Mohr’s-coulomb dilatancy angle
* Denotes an ABAQUS command or option
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ABBREVIATIONS

The following abbreviations are used in this thesis, and are defined where they first
appear 1n the text. Some symbols have been assigned more than one meaning, but it

will be evident from the context.

TC Triaxial compression
TE Triaxial extension
CTC Conventional triaxial compression
CTE Conventional triaxial extension
RTC Released triaxial compression
RTE Released triaxial extension
HC Hydrostatic compression
CSL Critical state line
CSS Critical stress surface
RKF Runge-Kutta Fehlberg integration scheme
ODE Ordinary differential equations |
TOL Allowable error tolerance for the RKF integration scheme
RK Runge-Kutta integration scheme
MP Crank-Nicolson (Mid-Point) integration scheme
EF Euler-Forward integration scheme
EB Euler-Backward integration scheme
HKS ABAQUS/Standard by Hibbitt, Karlsson & Sorensen,
FEM Finite element method
Abbreviations



Chapter 1

INTRODUCTION

Land reclamation is an important step in the development of new or
expanding societies. This reclamation may include earth digging and moving,
establishing roads, opening irrigation trenches and clearing mines that may be left
during a war. This in turn makes new land available and safe for industry,
agriculture, housing and other infra-structure development. Mechanical equipment is
one of the most important and powerful tools for achieving land reclamation in a

productive and efficient manner.

In most mine cleaning and earth moving equipment such as motor graders, scrappers

and bulldozers, the working tool is a blade or tillage. Blade geometry and operating
conditions, such as cutting speed, cutting angle, and cutting depth, have a great effect
on machine productivity. In order to obtain optimum performance with lower power
consumption in cutting and digging, an experimental evaluation of the various
interaction parameters should be carried out. Experimental results can give some
insight into the geometry and operating conditions effects, but this way may be
expensive, time consuming and limited. With increasing computing power and
development of more sophisticated material models, numerical simulation methods
now show more promise in providing new and improved insights. Constitutive
stress-strain laws, or models of engineering materials, play a significant role in

providing reliable results from any solution procedure. Their importance has been
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enhanced significantly with the great increase in development and application of
many modern computer-based techniques such as the finite element, finite
difference, and boundary integral equation methods. However it has been realized
that the advances and sophistication in computational solution techniques have far
exceeded our knowledge of the behaviour of materials defined by constitutive laws.
As a consequence, very often, results from a numerical procedure that may have used
less appropriate constitutive laws can be of limited or doubtful validity. Hence

selecting the correct or most appropriate available material model is of prime

importance in achieving reasonable results from a numerical simulation.

1.1 AIM OF THE THESIS

It is clear that for both mine clearing and earth moving equipment soil-tool
interaction is an important phenomenon. Achieving higher performance of these
machines can be done through an investigation of the physical and design factors that
affect the soil-tool interaction process. However as stated previously experimental
study 1s expensive, limited by measurement accuracy and time consuming; an
alternative way of studying the soil-tool interaction problem is to use numerical
simulation in combination with the modern computing power and advanced
constitutive stress-strain laws,

The main aim of the thesis is to simulate the soil-tool interaction numerically using
the finite element technique, primarily in fully drained sands.
The main aim can be subdivided into further sub-sections:
1. Review of the available models of studying soil-tool interaction.
2. Review of the available constitutive models for simulating sand to select the
appropriate model for simulation.
3. Implement the selected model into finite element code.
4. Review of the available simulation software capabilities of simulating the
so1l-tool interaction process.
5. Investigate the validity of the implemented model and the simulation of the
interaction.

6. Studying different factors affecting the soil-tool interface process.
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1.2 BACKGROUND

The Middle East is one of the most heavily mined regions in the world. Egypt
1s one of the countries that have the largest number of landmines. It alone has one
quarter of the world's landmines buried in 1ts deserts, most leftover from the Second
World War. Figure (1.1) represents the most mine infected areas from the Egyptian

western desert.
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Figure (1.1) The Western Desert area where mines remain from World War 11

Over the past decades, the gravity of this problem has unfolded as landmines have
caused the death or injury of thousands of people in the Western Desert, Sinai and
Suez Canal zones. In addition, landmines have disrupted economic development
efforts in these parts of the country. Out of a total of about 110 million landmines
planted around the world, Egypt has 23 million, 1.e.; 20% of the total number of
landmines, spreading horror and the imminent threats of loss of life and property in
the east and west parts of the country. Undoubtedly, the presence of this huge
number of landmines on the Egyptian territory has resulted in the disruption of
various development operations in both Eastern and Western Deserts. Many people

are killed or injured, handicapped as a result of the explosion of these mines.
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Despite being the most reliable method of mine clearing, hand prodding is dangerous
and slow. However, mechanical clearance in support of manual clearance can be
cheaper, significantly safer and improve safety for civilize the area. It is also faster
than manual demining alone. Hence any improvements in demining techniques or

methods of design and analysis have the potential to provide huge benefits to Egypt’s

economy and population. This then was the motivation to undertake the current

study.

1.3 MECHANICAL MINE CLEARING TECHNIQUES

A number of mechanical mine clearing options have been constructed for
military use. However military devices are designed to clear a navigable path through
a field rather than remove all the mines in the area, they cannot currently clear whole
fields with reasonable accuracy and at a price required by civilian governments.
Some techniques based on mechanical equipment are more applicable to

humanitarian mine clearance. These techniques can be classified as follows:

Rotary tilling drums: It consists of tillers attached to a rotary drum mounted to an

excavator, a tank chassis or bulldozer style prime movers. The advantage that the

tiller drum has over large flails is that it does not remove the soil but actually
prepares the soil for the next stage of clearance, this being sifting, manual, or other

such clearance methods.

Flails: Similar to the mini-tiller, Figure (1.2), can be mounted on to a tank chassis

proving very successful for the clearance of anti-tank and anti-personnel mines.

Ploughs: Can be useful in humanitarian demining to provide quick access through
mined areas to minimize civilian casualties and allow quick access to critical
resources such as food and water. An armored bulldozer with a blade can provide
similar capability. The full-width mine plough is moved by a tank or armored
bulldozer. It is V shaped and clears ground to a depth of 30 centimeters, pushing
earth and mines to the side as shown in Figure (1.3). However it requires great
horsepower to push the plough at the required depth. Armored bulldozers are usually

commercial types with extra protection for the operator. The bulldozer blade pushes
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earth and mines to one side by angling the blade. Both bulldozers and ploughs suffer

the disadvantages that the mines will usually still be armed after they have been

'ploughed'.

The rake plough: Specially designed for desert environment, it uses tines, which
allow sand to pass through, but not mines, Figure (1.4). It is unsuitable in other

terrain.

Sifting: Can be mounted to the front of an armored bulldozer and follows behind the
tillers, flails and in some cases ploughs. The sifter lifts and screens the soil so that
any mines, or parts thereof, left in the ground are uncovered. After the sifter has
processed the ground, the land is ready for final manual clearance or returned to
agricultural use etc. The sifter also leaves the ground totally prepared as a seedbed

for planting.

Single or double rollers: Are particularly effective for proofing roads which are
suspected of mine contamination. Rollers can be most effective in the early stages of
humanitarian operations to allow the establishment of supply routes. Smaller rollers
can casily be manufactured to achieve low costs and easy repairs. Numerous roller
systems exist, but they tend to be heavy and require a powerful prime mover. Rollers
are also sensitive to terrain and can be defeated by 'smart' mines, which do not

explode on first contact.

In this study a bulldozer blade was considered for its wide range of applications in

soil-tool interaction.
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Figure (1.3) Plough with V type dozer blade
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Figure (1.4) Rake plough mounted on a tank

1.4 CLASSIFICATION OF EARTH WORK

A soil-machine system in a broad sense might refer to any of the following

systems, by Jie Shen and Radhey Lal Kushwaha (1998):

1. Sotl-agricultural machinery

The dynamic response of soil to farm tractors 1s one main factor in determining their
overall interactive performance. The interaction between tillage tools and farm soil is

of primary interest to the design and use of these tools for so1l manipulation.

2. Soil-military machinery

A variety of military tanks, tracks and other special-purpose vehicles operated on off-
road ground are typical components in such a system. Another instance consists of
the working tools of machines for laying antitank mines or digging trenches, and the

associated ground.

3. Soil-forest machinery

The success of a power-driven tree planter depends upon primarily the interaction

between its working tool and the soil during the digging process. The soil

e ————————————————————————————————
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compaction caused by machines in harvesting practices may have a detrimental

eftect on forest productivity.

4. Soil-mining and construction machinery

Hydraulic excavators and bulldozers are widely accepted for quarrying, mining,

earthmoving and construction applications. The performance and efficiency of these

machines are dependent upon the interaction between soil and the working tools:

shovel or blade.

1.5 FACTORS AFFECTING THE PERFORMANCE OF EARTH
WORK MACHINERY

So1l-Tool interface importance appears not only in mine clearing but also in
earth moving equipment used for constructing the foundation pits, trenches, earth

embankments, dams, leveling work, and roadbeds, where destruction and separation
of soil from the ground mass is required. The productivity of mine clearing and earth
moving equipment depends on soil properties, operating tool geometry, and

operating conditions (cutting speed, cutting angle, and cutting depth).

The performance of earth-moving machines is affected by the following physical and
mechanical properties of soil and tool design and operating condition. These are
included here to give the reader a feel for the complexity of the modeling required

and will be described in more detail in the literature review in Chapter 2.

Physical and mechanical properties of soil

e QGranular composition, i.e. percentage by weight of particles of various size

e Volume mass ¥, i.e. mass of 1 m’ of soil, taken in a natural state, together
with pores.

 Porosity, defined as the volume of pores filled with water and air, expressed
in percent of the total volume of soil.

e Cohesion of soil, which is characterized by the effort required to overcome

the adhesion between particles and their relative displacement.
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o Plasticity, which is property of soil to change its shape under external forces
and to preserve this shape upon removal of the forces.

e Bearing power, which is the property of soil to resist destruction when acted
upon by external loads.

o Friability, which is defined as the capacity of soil to increase its volume upon
destruction.

e Angle of accumulation of cut soil.

o Angle of internal friction.

Tool design and operating conditions

e Tool width

e Tool curvature
o Cutting edge

e (Cutting angle
e Cutting depth
o Cutting speed

e Surface roughness of the cutting tool

1.6 OUTLINE OF THE THESIS

In Chapter 2, a review of the different methods used in studying the soil-tool
Interaction is presented. In Chapter 3, a description of soil properties and most
common experimental tests are presented along with a comparison study of the
available constitutive models for sand. In Chapter 4, a review of the proposed
constitutive model for simulating sand is carried out then the model is modified to
account for monotonic loading. At the end a validation study of various available
integration schemes used in the numerical simulation of the modified model is
carried out. In Chapter 5, implementation and validation of the implemented model
through analysis of some benchmark problems are presented. In Chapter 6, an
extensive study of soil-tool interaction in 2-dimensions is presented and then
extended to the 3-dimensional study. Chapter 7 represents summary and concluding

remarks along with some hints of the expected future work.
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Chapter 2

LITERATURE REVIEW

2.1 CHAPTER SYNOPSIS

In this chapter the soil-tool interface process is described and a review of

different approaches (experimental, analytical and numerical) previously attempted
in the literature in studying soil-tool interaction is presented. A review of the

available numerical interface models is also described. A description and review of

sand material properties and models is given separately in Chapter 3.

2.2 METHODS OF STUDYING SOIL-TOOL INTERACTION

As mentioned in the introductory chapter, Soil-Tool interaction is affected by
several physical, design and operating factors. The methods of studying soil-tool

interaction may be classified into three types:

Experimental study: using an indoor soil bin equipped with a blade or cutting tool

carrying device and measuring instruments to account for different forces acting on
the tool.

Analytical approach: the soil in front of the tool is broken up into several parts each
of which is considered as a rigid object. The limit equilibrium method is applied to

analyze the force balance in the entire system.

2 Literature review 10



Numerical approach: the soil-tool interaction is analyzed using numerical methods

such as finite difference, finite element or boundary element.

Each of these methods has its advantages and limitations as will be shown in the

following,

2.2.1 EXPERIMENTAL STUDY

Most of the experimental studies previously done were mainly carried out for
the verification of either mathematical or finite element models. In this section a
review of the experimental studies in the literature is reported to assess the different

factors affecting the soil-tool interaction process.

Yong and Hanna (1977) provided an experimental study of a simple flat straight

blade in interface with a clay soil using an indoor soil bin. The study focused on the
effect of cutting angle on both draft (horizontal) and vertical forces applied on the
cutting blade. The study shows that the cutting angle has a significant effect on blade
cutting forces. This conclusion was drawn using a relatively small blade frontal

displacement (8 cm).

Spektor and Katz (1985) presented an experimental study on the frontal resistance
forces in soil cutting, with emphasis on the dependence on tool displacement during
the loading and unloading stages under quasi-static and dynamic regimes. Laboratory
tests were conducted on undisturbed sand soil, using specially developed equipment,
and showed that:
1. During the loading stage, at pre-limiting levels of the resistance force, the soil
undergoes both reversible and residual deformations.
2. At the onset of the unloading stage, the restoring force undergoes a
downward jump.
3. The limiting value of the frontal resistance force increases considerably in the
cutting velocity interval of 0.1 to 3-5 mm/s; at higher velocity, up to 25mms,
this force increases slowly.

4, The frontal resistance force is linearly related to the tool width and non-

linearly to the depth of cutting.
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Mouazen and Nemenyi (1999) used a 25-m long soil bin to study the effect of narrow
tillage tool cutting angle on the subsoil. The results also show a significant eftect of
the tillage tool angle of cutting on cutting forces in both draft and vertical directions.
To study the effect of cutting speed, Rosa and Wulfsohn (1999) designed a high-
speed monorail system to drive narrow tillage tools through a 9-m long linear soil
bin. The monorail system was shown to be capable of driving tools at a maximum
draft force of 1.5 kN at a maximum steady speed of 10 m/s over a distance of the
order of 1-3 m. The study which was focused only on the effect of cutting speed
shows severe changes in cutting forces with relatively low change in cutting speed. A
detailed experimental study was carried out, AboElnor, et al. (1998) to investigate
the effect of different operating conditions on cutting forces using 5-m long indoor

so1l bin shown 1n Figure (2.1).

Figure (2.1) Indoor soil bin (after AboElnor, et al. 1998a)

| dozer blade

angle adjusting mechanism
force transducer
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main carriage
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Figure (2.2) Dozer model (after AboElnor, et al. 1998a)
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The dozer model arrangement, Figure (2.2) was capable of changing blade cutting

angle, depth and speed for different blade geometry and measures both draft and

vertical forces acting on the cutting blade through a 4-m travel distance.

Experimental testing of the effect of blade geometry and operating conditions on the

cutting forces using loose sand soil type led to the following conclusions:

o Effect of cutting speed

The effect of change of blade cutting edge length “a” on both draft and
vertical forces under different cutting speeds is shown in Figure (2.3). The figure

reveals that as the cutting speed increases, draft force increases and vertical force

decreases. Also blades with long flat cutting edge are better in low speeds.
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Figure (2.3) Effect of cutting speed (after AboElnor, et al. 1998a)
o Effect of cutting angle

The effect of change of blade cutting angle on both draft and vertical forces
for different blade cutting edge length “a” (in mm) is shown in Figure (2.4). As

shown in this figure, blades with long flat cutting edge are better whatever the cutting

angle,
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o Effect of cutting depth
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Figure (2.5) Effect of cutting depth (after AboElnor, et al. 1998a)
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Figure (2.5) presents the relation between both draft and vertical forces and

cutting depth at the blade flat part of length of a = 30, a = 40, and a = 50mm. As
shown from the figure, by increasing the cutting depth the draft force and vertical

force increase. The rate of increase of the draft force is very high, by about 400 %,

compared with the rate of increase of the vertical force, which is about 150 %.

In conclusion, an experimental study is limited by its expense, time and measurement
accuracy at high cutting speed and large cutting depth; analytical and numerical

approaches are an alternative.

2.2.2 ANALYTICAL APPROACH

A conventional analytical method has been used to develop two- and three-
dimensional models based on Terzaghi’s concept of passive earth pressure, Atkinson

(1993). These models are based on the assumptions that soils are homogenous,

1sotropic, semi-infinite and ideal plastic.

Limit equilibrium is one of the most important analytical approaches. The basic idea
behind it is that the soil and tool (or machine) are considered as a whole. Force
equilibrium equations over the entire system are established with soil being in its
limit state where its resistance becomes large. From the equilibrium equations, forces
acting on a tool or a machine can be obtained. It should be kept in mind that the limit
equilibrium method could be used to obtain information about the maximum forces
that can be generated inside the soil body without providing much of a clue about
how the soil body deforms. This is due to the fundamental assumptions embedded in

the limit equilibrium. These assumptions give the method a very simple form but it is

quite limited in its ability to analyse the deformation in the system.
In general, the basic assumptions for a limit equilibrium method are:
(a) The soil is considered as a rigid material, that is, it is not deformable.

(b) The soil might fail inside the soil body and/or at a metal-soil interface. For
the failure inside the soil body, one or several parts of soil may slide over a
potential failure surface; while with the failure at the interface; soil may slide

over a metal-soil interface.
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(c) The pattern of one or more failure surfaces inside the soil body is assumed or
predetermined depending on the application. In fact, different investigators

have proposed many possible failure patterns in the past. Each pattern may

involve one or more unknown parameters leading to a series of potential
failure surfaces. The unknown parameters are determined by performing an

optimization to find the most critical failure surface that generates a minimum

reaction force in a tool or machine.

(d) The forces interacting on a failure surface in the soil body are determined by

the Mohr-Coulomb criterion:;

T=c+0, tang
where: 7 and o, = tangential and normal stresses, respectively

¢ = Cohesion of soil

¢ = Internal friction angle of soil

(¢) The forces interacting on a metal-soil interface are determined by the
following criterion:
T=a+0, tand
where: a = Adhesion at a soil-tool interface

0 = External frictional angle at a soil-tool interface

On the basis of the above assumptions, the limit equilibrium method can be applied.
However the two most important factors in this approach are:
(a) Shape of soil failure surfaces: The shape is normally proposed on the basis of

empirical observation or data, and is very crucial to the success in applying

the limit equilibrium to an analysis of soil-machine systems.

(b) Equilibrium equations: For two dimensional cases, the equilibrium equations
in the horizontal and vertical directions can be established by considering
each individual so1l block separated by failure surfaces in the soil body or

metal-soil interfaces.

For three-dimensional cases, the equilibrium equations are set up in horizontal,

sideways and vertical directions. By solving these equations, we can obtain useful
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force information in a soil-machine system such as the draft or penetration force of a
work tool. In the past three decades, numerous studies have been conducted in
applying the limit equilibrium method to the soil-tool interaction problem. The most

significant ones are summarized below with a focus on the shape of soil failure
surface.

The logarithmic spiral method, which was originally developed for the evaluation of
soil loads in civil engineering, Terzaghi (1959) has been used extensively in
calculating soil resistance to tillage tools, as shown in Figure (2.6). The soil in front
of a tool and above the failure s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>