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ABSTRACT

REAL-TIME SIMULATION OF SOIL-TOOL INTERACTION USING
ADVANCED SOIL MODELS

Gurbuz, Micahit
Master of Science, Civil Engineering
Supervisor: Assist. Prof. Dr. Onur Pekcan

September 2019, 97 pages

Excavation work is one of the main elements needed in construction fields. To meet
such a huge demand, a large number of excavators are working all over the globe. In
addition, researchers and companies put enormous efforts to develop more efficient
excavator models. With the advancement of technology, autonomous systems have
become popular and ideal way to upgrade machines for faster, cheaper and safer
production. Not surprisingly, there have been many attempts to develop fully
autonomous robotic excavation systems and this has become one of the trending topics
in the earth-moving industry. There are some key challenges in developing an
autonomous excavation system. For example, accurate and fast prediction of resisting
soil forces on the excavator bucket plays a crucial role in developing unmanned
excavator systems. Current studies provide unrealistic and/or computationally
expensive soil-tool interaction models. This study represents a new method to solve
the interaction of excavator bucket and soil in real-time with acceptable accuracy.
Through the developed accurate real-time soil-tool interaction simulation, it is also
aimed to make further progress in virtual reality systems requiring real-time

simulations, cabin simulators, and computer games.



Keywords: Excavator Simulation, Soil-tool Interaction, Unsaturated Soils, Real-time

Simulation
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Oz

ILERiI ZEMIN MEKANiIGi MODELLERiI KULLANILARAK GERCEK
ZAMANLI ZEMIN-ARAC ETKILESIiM SIMULASYONU
GELISTIRILMESI

Gurbuz, Mucahit
Yuksek Lisans, Insaat Miihendisligi
Tez Danismani: Dr. Ogr. Uyesi Onur Pekcan

Eylul 2019, 97 sayfa

Kazi isleri, insaat sahalarinda en ¢ok ihtiya¢ duyulan is kalemlerinin basinda yer
almaktadir. Bu ihtiyaci karsilamak iizere, diinyanin her yerinde ¢ok sayida ekskavator
calismaktadir. Bunun yani sira aragtirmacilar ve sirketler daha etkin ekskavator
sistemleri gelistirme tizerine ¢calismalar gerceklestirmektedir. Gelisen teknolojinin de
yardimiyla, otonom ekskavator sistemleri kazi islerinde sagladiklari hiz, ucuzluk ve
giivenlik nedeniyle, ideal ve popiiler bir iiretim hedefi olmustur. Sasirtici olmayan bir
sekilde tam otonom robotik ekskavator sistemleri tizerine bircok deneme gergeklesmis
ve bu denemeler kazi-dolgu sektoriindeki en popiiler konu basliklar: arasina girmistir.
Bu sistemlerin gelistirilmesi esnasinda gelistiricilerin karsilastiklar1 bazi zorluklar
dikkat cekmektedir; Ornegin insansiz ekskavator sistemi gelistirilmesi yoniindeki
onemli noktalardan birisi, hizli ve tutarli bir sekilde zemin tepki kuvvetlerinin tahmin
edilmesidir. Giincel caligmalar gercek¢i olmayan ve/veya yiiksek islem giicii
gerektiren zemin-ara¢ etkilesim modelleri sunmaktadir. Bu tez gergek zamanl ve
kabul edilebilir tutarlilikta sonuglar veren yeni bir zemin-ekskavator kepgesi etkilesim

metodu onermektedir. Bu tutarli ve gergek zamanli zemin-arag etkilesim metodu ile

otonom ekskavator sistemlerinin yani sira, ger¢cek zamanli modelleme gerektiren sanal

vii



gerceklik sistemleri, kabin egitim simiilasyonlar1 ve bilgisayar oyunlar1 gibi alanlarda

ilerleme saglanmas1 hedeflenmektedir.

Anahtar Kelimeler: Ekskavator Simulasyonu, Zemin-Arag¢ Etkilesimi, Doymamis

Zeminlerde Zemin-Arag Etkilesimi, Ger¢ek Zamanl Simiilasyon
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CHAPTER 1

INTRODUCTION

1.1. Problem Statement

Increasing demand in the construction sector creates a requirement for earth removal
works. As a natural outcome of this, a large number of excavators are running around
the world every day. Among those excavators, hydraulic ones have become more
compelling earth-moving machines. A typical hydraulic excavator and parts are
shown in Figure 1.1. Like human arm, hydraulic excavator’s front manipulator (boom,
arm, and bucket) has a capability for flexible movements, which makes it possible to

handle earth-moving tasks in a natural and easy way.

Cab

Engine

P
AN |

» Counterweight
Swing

Bucket
Track

Figure 1.1. Hydraulic excavator (Hidromek A.S., 2017)

Nowadays, there is a considerable effort to develop more powerful and competent
earth-moving systems, i.e., with an increase in the productivity of operators, reduction

of the fuel consumption, amplification of the workability of machines and



withstanding extreme weather conditions to be used in excavations more effectively.
One of the solutions found to achieve this goal is to integrate unmanned (robotic)
hydraulic excavators to the construction works. Studies show that with robotic
excavators, excavator motions are faster, more power-efficient, and smoother
compared to actual excavation performed by a human operator (Kim et al., 2013). To
develop an unmanned excavator, accurate prediction of resistive soil forces in real-
time is required, which was originally achieved by the experience of operators. In
Figure 1.2, a block diagram of a recently introduced autonomous excavation approach
Is presented in the form of a closed-loop control framework (Dadhich et al., 2016). As
clearly understood from this figure, real-time and realistic soil-tool interaction models
should be implemented to develop excavator simulations, which can also be used for

operator training cabins, computer games, and virtual reality-based systems.

1. Acceleration 4. Lift complex
2. Brake 5.Tilt  stochastic

3. Steering' J interaction

Inputs frompm—m—m——m4m o —m™m™m N\ ~=-=---- o .
Operafor™ ! e
G, (| G, G, P
P 1
: ——————
unknown
unconstant
G, <

Figure 1.2. Control block diagram of a loading process. Gi is transfer function for i=c (controller), m
(machine), p (process/pile) and s (sensors) (Dadhich et al., 2016)

Understanding the behavior of soil-tool interaction for surficial soils with their non-
linear behavior is one the most challenging subjects of Geotechnical Engineering field
as it requires knowledge from various fields such as Soil Mechanics, Mechanical

Engineering and Hydraulic Engineering. This fact was also emphasized by numerous



research studies, such as Hemami et al. (1994), Singh (1997), Blouin et al. (2001),
William Richardson-Little & C. J. Damaren (2005), etc., conducted to investigate soil-

tool interaction behavior.

In fact, a recent study by Xi et al. (2019) highlighted the importance of the weight of
the excavation system used in the moon missions. As this can also be extended to Mars
missions (Bonitz et al., 2009), every single mass and size increase can result in a
tremendous amount of launch and operational costs’ increase. The transportation cost
approximately covers half of the total mission costs (Boles et al., 1997). Therefore, it
is necessary to come up with the a precise and reliable outcome to design the
excavation system which will be used on the Moon, Mars or any other out-earth
investigations. Another point is that as it is too hard to create an environment like the
moon, where gravity is 1/6 of that of Earth’s, which has a high vacuum, and extreme
atmospheric condition, there is a strong need to eliminate laboratory tests and rely on

analytic and numerical methods.

The major challenge is measuring and verifying the performance of excavation tools
interacting with the soil, which is generally under the effects of dynamically changing
unsaturated soil forces. In essence, three major approaches have been taken to
comprehend the soil-tool interaction: (i) laboratory experiments, (ii) analytic methods
and (iit) numerical simulations. In addition to very few laboratory works reported in
the literature, research studies on this problem successfully yielded various
computational methods over the last three decades. Still, the majority of them are too

complicated and therefore computationally expensive.

Although with the help of simplifications and generalized formulations, classical
methods have a significant role in this area. They are solving problems when one needs
real-time excavation models for autonomous excavators (Skonieczny, 2018), but
numerical methods such as Discrete Element Method (DEM) and Finite Element
Method (FEM) are still computationally expensive and time-consuming. In addition,

current analytical methods are not suitable for real-time simulations as they were not



developed for solving whole excavation processes, i.e., digging, sweeping, loading,
and unloading. Dadhich et al. (2016) stated that even if there were remarkable efforts
on developing such models, a decent soil-tool interaction model has not been

developed yet.

1.2. Objectives of the Research
With this study,

e accurate prediction of soil-tool interaction force for soils including the effects
of water and velocity,

e simulation of soil-tool interaction in real-time (~25 frames/sec),

e covering whole excavation processes (digging, sweeping, loading and
unloading),

e realistic visual behaviors for excavated soil,

have been targeted.

1.3. Scope of the Research

A computer program for modeling the soil tool interaction has been established within
the scope of the research. This software takes soil types and excavator bucket
geometry as inputs, providing flexibility to work on different excavators and soil
types. With the help of a joystick (as a controller), excavator’s front manipulator
(boom, arm, bucket) movements can be controlled in real-time. According to the
movement of the bucket, the software calculates and displays forces acting on the
excavator bucket. For calculation of resistive soil forces, a novel approach has been
proposed, where conventional soil mechanics concepts like Rankine’s earth pressure

theory and cavity expansion theory are used. Within the scope of this research,



additional effects like the existence of water and velocity of the bucket penetrating

into the soil are also taken into account.

1.4. Thesis Outline

This thesis consists of five chapters, which start with an introduction of the problem

statement, objectives and the scope of this work. The rest of the thesis follows the

outline stated below:

Chapter 2 presents an overview of the literature related to excavation works
including the theory of forces and stresses induced around earth moving
machines and their modeling.

Chapter 3 provides the details of the method proposed in this thesis. It provides
the fundamentals of equations used to simulate the forces developed around
the excavator and the effects of water and velocity. In addition, the stages of
the excavation are presented here in detail.

Chapter 4 presents the simulation tool and its graphical user interface. The
results of simulation models and their comparison with the experimental
studies are also presented in this chapter.

Chapter 5 summarizes the main points of this study, highlights the key
conclusions and future works related to the modeling work and its applications
in the field.






CHAPTER 2

RELATED WORKS

Understanding the fundamentals of excavator soil interaction governs the
development of an accurate model depicting field simulations. Within this scope, this
chapter mainly provides the related studies to develop the theory for modeling the
excavator, the soil and their contact. The chapter starts with outlining the forces acting
on the excavator bucket, then provides the essentials of the soil-tool interaction
models, illustrating different approaches to fully comprehend the physics of the
phenomenon. An extensive set of methods proposed for understanding the mechanism
behind soil tool interaction are explained in this section. The proposed methods suffer
from various disadvantages: they are challenging to implement in computer
environments, their validation is hard to achieve, their precision is quite dependent on

the simplifying assumptions, etc.

2.1. Forces Acting on the Excavator

When the excavator is an action, it interacts with the soil through its bucket. Therefore,
forces acting on the bucket during the excavation process needs to be well understood.
The main sources of these forces are the resistance of soil and the forces applied by
the excavator’s hydraulics through its boom and arm. The others are generally induced
by the interaction through interfaces. Another characteristic of these forces is that they
are generally dynamic in nature and generally depend on the physical features of both

excavator and bucket, and mechanical properties of soil.

In the literature, forces acting on the bucket are generally divided into categories to
investigate them separately. Hemami et al. (1994) defined these five main categories
of forces induced on the excavator, all of which need to be considered to advance the



excavation process during modeling (Figure 2.1). In this figure, “f1” is the weight of
soil accumulated in the bucket, which changes continuously during an excavation. “f2”
is compacting/passive resistance of soil in front of the bucket surface. If there is no
action for pushing and/or compacting the soil in front of the bucket blade, then it
becomes zero. “f3” is the force generated by friction between soil and bucket walls.
The direction of the force is the same as the velocity vector. “f4”is the force required
to shear the soil, which is mainly responsible for cutting the soil to be excavated.
Finally, “fs” is the force required to move (raise) the portion of the soil material in
front of the bucket, which is displaced by the buckets’ movement. Although all forces
are generally required for precise modelling of soil tool interaction, Hemami et al.
(1994) stated that f3 and fs could be ignored in calculations when their magnitude and

corresponding effects are compared to other ones.

Tra jector;""-“,__

Figure 2.1. Five main forces acting on a bucket during excavation (Hemami et al., 1994)

The next sections summarize some of the previous studies commonly referred in the
literature. It is important to note that although they were performed to solve soil-tool
interaction problem covering the critical forces, most of them are very complex

models which are generally computationally expensive and/or impractical for real-



time automatic control. Moreover most of them do not cover the whole excavation

processes (digging, sweeping, loading, and unloading).

2.2. Fundamental Earth-moving Equation (FEE)

Fundamental Earth-moving Equation (FEE) is aimed to observe the resistive forces
exerted by soil to wide cutting blade taking into consideration of soil and blade
properties. Soil’s cohesion, weight, frictional elements and adhesion between soil and
blade are analyzed in order to compose a formula that can calculate resistive forces
more accurately. The Fundamental Earth-Moving Equation presented by Reece's
(1964) is given in Eq. 2.1,

f = ¢bN; +yb*N, + qbN, + c,bN, (2.1)

where;

f: tool cutting resistance (N/m),

c: cohesion (N/m?),

Co: SOil to metal adhesion (N/m?),

y: soil’s density (N/m?),

q: surcharge pressure (N/m?),

b: tool depth (m),

Nc, Ny, Ng, No: factors of cutting angle, soil failure angle, tool-soil friction

angle and soil friction angle, respectively.

This equation was formed based on Terzaghi’s Bearing Capacity formula. It is a
suitable way to solve the resistive force on a wide cutting blade, and generally
beneficial for bulldozers. However, there are some accuracy problems when it comes

to excavators and movement of the bucket.



2.2.1. Extended Fundamental Earth-Moving Equation

FEE is valid for flat blades moving horizontally in the soil and cannot be applied to
sloped terrains. The reason behind this is that FEE was developed for agricultural tools
which generally work on horizontal surfaces. However, in the case of excavation, the
terrain is usually sloped and the soil is captured by blade accumulation. Cannon (1999)
made some modifications on the FEE in order to make the equation applicable to

sloped soil environments.

In FEE, as the flat blade moves, material that slides along the failure surface creates a
wedge as shown in Figure 2.2. To find the forces that affect the soil-tool behavior, the
failure surface is approximated as a plane. The resulting forces acting on the wedge

are defined as in Figure 2.3,

Wedge

Applied Force
Failure Surface

direction of travel
[——

Figure 2.2. The wedge created by the forces generated by the movement of the flat blade (Cannon,
1999)
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Figure 2.3. Forces acting on the wedge (as cited in Cannon, 1999)

where:

R: reaction force of the soil against the sliding wedge,

W: weight,

Q: the surcharge force,

CaLt: the adhesion force of the soil acting on the tool,

cLy: the shear force of the material away from itself, which is a function of
the cohesiveness of the material,

F: force exerted by the tool against the wedge.

The equation describing F in the original FEE (Eq. 2.1) is rearranged as;

F = (ygd?N, + cdN, + qdN, )w

N = cotp + cotf
Y 2[cos(p + &) + sin(p + &) cot(B + ¢)]

N - 1 + cotfcot(fB + ¢)
¢ cos(p + 6) + sin(p + &) cot(B + @)

N = cotp + cotf
T cos(p + &) + sin(p + &) cot(f + ¢) (2.2)

11



The changes made in the original FEE are outlined as follows;

e Instead of being distributed evenly over the wedge, the surcharge is assumed
to be only on the bucket side of the bucket tip (Figure 2.4). The surcharge (Q)
and the weight of the soil behind the bucket tip (W1) form swept volume (Vs)

which is shown in the shaded area in Figure 2.4.

Wy W,

»
Oy
9
o
_9_
=

Figure 2.4. Wedge model that accounts for the material being retained in the bucket (Cannon, 1999)

e The slope of the terrain is taken into consideration. Force distribution of the

sloped terrain can be seen in Figure 2.5.

Figure 2.5. Wedge model that accounts for the material being retained in the bucket, on sloping
terrain (Cannon, 1999)
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Then the modified version of the FEE becomes;

F = (d*wygN,, + cwdN, + V;ygN,)
_ (cotp — tana)(cosa + sina cot(B + ¢))
W 2[cos(p + &) + sin(p + &) cot(B + ¢)]
N — 1 + cotBcot(f + ¢)
¢ cos(p + &) +sin(p + &) cot(B + ¢)
N = cosa + sinacot(f + ¢)
T cos(p + 6) + sin(p + &) cot(B + ¢) (2.3)

2.2.2. FEE-Based Models

After the proposal of FEE and its modifications, a large number of FEE-based models
were developed to obtain soil-tool interaction forces accurately. These models provide
equations to obtain the draft force with different combinations of the critical forces
explained at the beginning of this chapter. They differ from each other depending on

the forces considered in the model (Skonieczny, 2018).

Table 2.1. FEE-based models and the key forces they include (Skonieczny, 2018)

FEE-based model Gravity Cohesion Surcharge Adhesion Inertia
Reece, 1964 \ \ V \
Shazali, Osman, 1969 \ \ V \
Gill & Vandenberg, 1968 \ \ \
Godwin & O’Dogherty, 2007 \ \ \ \
Zelenin, Balovnev, & Kerov,
1992 v v v
McKyes, 1985 v \ V
Swick & Perumpral, 1988 \ \ \ \ \
Willman & Boles, 1995 v v

13



These forces described in Table 2.1 are explained below:

- Gravitational Force: Gravitational force is one of the significant forces when
moving the earth surface is considered. Almost all force equations include
gravitational force and forces related to it. For the Swick and Perumpral
method which includes all the key forces, it is obvious that gravity (in terms
of depth) is the most significant component when calculating total force
(Wilkinson & DeGennaro, 2007).

- Cohesion: Movement of the earth surface is simply due to shearing of the soil
and shear force is directly related to the cohesion. This parameter is used in all
draft force models and actively contributes to the total force. The total resistive
force increases with the increase in cohesive force. Figure 2.6 shows the
variation of the total force in soil with zero and non-zero cohesion (Tsuji et al.,
2012).

51 C=0.0N
Cy=55x103N
Cu=7.0x 103N
| l.w,r W'
= R W“N‘ [’4 I
T : \ "‘. N 'l
< Ll
10 = »’aw»ﬁ\ﬁ;‘.‘& "
il i
,‘J‘? f,\l ,M\;ﬂ\ oy V‘ /'.'tﬁ”.lp"lﬁv"h"‘ "A | ﬁ
A
;,W

Figure 2.6. Total resistive force vs. lateral excavation distance in different cohesive force parameters
(Tsuji et al., 2012)
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- Adhesion: Soil adhesion between soil and tool generated by Laplace pressure
and meniscus tension (Tong et al., 1994). In the calculation of the total draft
force, as the buckets have an almost smooth surface, its contribution is smaller
when comparing the cohesion and surcharge loads. Therefore, some of the
methods do not include this effect (Hettiaratchi et al., 1966).

- Inertial Force: Inertial force becomes significant for the soil-tool interaction
when cutting speed is high. However, excavations are done at low speeds in
general, therefore, it can be omitted (Wheeler & Godwin, 1996). Table 2.1 also

shows that most of the models do not include the inertial force.

- Surcharge Force: As the tool proceeds and accumulates the soil, soil presses
down the cutting plane and the total draft force increases. For the cohesionless
soils, surcharge force exponentially increases throughout the cutting phase and
becomes the most significant contributor to the total resistance force.
Therefore, it is not reasonable to neglect this key force (Skonieczny, 2018).

2.3. Energy Dissipation Method

The energy dissipation method (Vahed et al., 2008) mainly focuses on the soil
deformation, considering different soil types and geometry of the soil disturbed by the
excavators. To understand the behavior of the soil during the excavation process, an
energy-based algorithm was used. The advantage of this method is that there is no
need to deal with the complicated modeling of forces. The model relies on the
measured energy formula, which is created directly by measurements. The total

measured energy formula (Eq. 2.4) is shown below;
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where Em indicates the total measured energy, Ek is the kinetic energy, Ep stands for

potential energy, and Ep indicates dissipated energy.

The total measurement energy can be calculated using the measurements of bucket
force in the sweeping phase, in which bucket moves along a straight line. Em can be
integrated by the simple work formula (Eq. 2.5), where the work is calculated by

integrating the force F(x) over displacement x;

a

Wab=EM=jF*dx (2.5)
b

The area under the graph in Figure 2.7 is used to find energy.

Force <
A Energy oule) = J- F.dx
0
F(x) :
|
|
| .
0 X P Displacement

Figure 2.7. Energy as the integral of force versus displacement (Vahed et al., 2008)

To obtain input energy for storing the data in an array of Ewm, energy can be
approximated by using the Trapezoidal Rule (Eg. 2.6);

16



(xn - xn—l) * (Fn - Fn—l)

Wy, = Ey = > (2.6)
where n is the sampling interval.
The general kinetic energy formula (Eqg. 2.7) is;

where Er is the rotational energy, and Er denotes translational energy.

Because sweeping phase is assumed to be a horizontal straight line, rotational energy

is neglected when calculating the Kinetic energy.

Ex = Er = =mV? (2.8)

To approximate the kinetic energy, mass and velocity arrays should be created. They
can be formed by the formulas (Eqg. 2.9, and Eq. 2.10) below;

Vyp =V, =———"— (2.9)

where Ts is the sampling period.

(xn - xn—l) * (Hn + Hn—l) ¥l

. Yy (2.10)

Massqyy = Ey =

17



where H is vertical displacements, [ indicates constant bucket width, and y stands

for the soil density.

Based on the equations above, the kinetic energy (Eq. 2.11) at any sampling interval

can be calculated by;

(xn - xn—l) * (Hn + Hn—l)

To find the potential energy limit equilibrium algorithm is used. During on-line
estimation, the potential energy of any sample can be found using the equation below
(Eq. 2.12);

The accumulated mass is calculated above using Eq. 2.10 and the estimated height “h”

can be found using limit equilibrium analysis.

E, = ((xn - xn—l) *Z(Hn + Hn—l) «1*y)gh ( 2.13)

The dissipation energy can be found by reversing Eq. 2.4;
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where E,, is measured, and Ep and Ey can be calculated using Eq. 2.11 and Eq. 2.13.

From the dissipation energy formula, resistive force can be calculated using work-
energy theorem. With all the equations outlining the components of energy, this
method is a practical one to investigate the behavior of the soil during excavation.
Using the above relations, the observation process of the soil-bucket relationship is
simplified. However, the disadvantage of this method is that it only observes the soil
movement during the sweeping phase. The entire trajectory of the bucket in the soil is
not taken into consideration. Although this method is advantageous during the
sweeping phase of the excavation, it is not useful when it comes to other phases of the

bucket movement.

2.4. Learning-Based Method

The aim of learning-based method (Singh, 1995) is to invent methods for a robot to
find resistive forces during excavation, starting from the analysis of a flat blade’s
movement in soil and to improve this analysis iteratively to find the movement of an
excavator. In this method, a sensor-equipped excavation robot can determine the soil
properties and excavate a specific amount of soil. In addition, inclination and the
uneven composition of the terrain are also taken into consideration. To analyze the
resistive forces of an excavator bucket in uneven terrain, an experimental system
consisting of a hydraulic robot with an excavator bucket, a force sensor, a sandbox
and a laser range scanner to produce an elevation map of the terrain, were set up
(Figure 2.8). Data collected from this experiment were used to form a function

approximation scheme that can predict resistive forces.
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Figure 2.8. Testbed (Singh, 1995)

In learning based method, an equation to predict the resistive forces was proposed;

Alkl + -+ Ankn + Wlkn+1 + -+ kan+m == F ( 215)

where F stands for resistive forces, A implies robot’s action, W is the world’s state,
and the pair of n and m is the number of variables needed to encode A and W,

respectively.

The shape of the terrain shown in elevation map that is formed by the laser range
scanner is recorded while the excavator bucket moves along a path. The system

parameters can be interpreted more easily from Figure 2.9.
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Figure 2.9. State of terrain and elevation profile. (a) only part of the terrain is represented. An
excavation trajectory is represented by a, di, d in (b). The world state is represented by a linearized
elevation profile, I;, along the trajectory (b) to be excavated and across the excavated area, cj, in (C)

(Singh, 1995)

For every dig, a and I; are fixed, and the values of ds, d, c1, C2, ¢3 can be different from
the previous dig. For each dig, the force readings, a, 1;, d1, d2, C1, C2, Czare stored in an
array named as G. G was improved with the knowledge gained from the examination

of the mechanics of excavation.

Some learning methods are used to approximate the resistive force F. In memory-
based learning; there are local models from which data can be approximated. Local
Weighted Regression (LWR) was used in this method to get an approximated data
graph. It is known that the approximations of local models are more accurate than

global models’ ones.
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Another learning method used in this approach is the back-propagation neural network
method. In this method, sample inputs and true outputs were shown to a network to
achieve the network to learn by adjusting its weights. Although this is an accurate way
to predict forces acting on excavator bucket surface, it is not a practical way or

applicable on simulation environment.
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CHAPTER 3

EXCAVATOR - SOIL MODEL

Considering the disadvantages and complexities of the models proposed in the
literature, this study proposes a new method for the modelling of soil-tool interaction.
This chapter presents the details of the implemented method to accurately model
excavator soil interaction (also referred to as soil - tool model) and to apply it to the
practical problems encountered in the field. The chapter starts with the fundamental
assumptions and presents the equations necessary for modelling of soil considering
the near surface effects including velocity and water. It also includes the phases of
excavation together with the geometric details of the excavator bucket.

3.1. Force Prediction

Major forces acting on the excavator bucket during the excavation process are
summarized in Chapter 2 of this thesis. The forces fi, f2, and f4 presented in Figure 2.1
are active forces due to bucket weight, compacting resistance, and cutting force,
respectively. The method proposed in this study solves compacting resistance with
lateral earth pressure theory and cutting force with cavity expansion theory. Moreover,
the excavation process is divided into several phases where different forces become
effective on different phases.

3.1.1. Excavation Phases

Excavation phases can be defined as states of the excavator bucket in soil creating
different kinds of forces during the excavation process. To develop more accurate

excavator simulations, excavation processes must be examined more realistically.
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Although there are some studies in the literature to outline these phases (Blouin et al.,
2001; Kim et al., 2013; Park, 2002), they do not adequately address the excavation
process. As a result of the observations made at the construction sites (Figure 3.1), it
IS seen that the excavation process consists of four main phases, which are (i) digging,
(ii) sweeping, (iii) loading, and (iv) unloading, in the order of occurrence. Considering
the prediction of forces, in this chapter, only the first three phases, presented in Figure
3.2 are discussed. Since unloading phase is more related to the visualization than rather

the force prediction, this phase is covered in the visualization part.
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Figure 3.1. Observation on excavation phase in the field
(1) initial state, (2) digging, (3) sweeping, (4) loading, (5) final state
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Figure 3.2. Excavation phases and active force components on each phase

There are three main forces acting on the excavator bucket, which are listed as (1)
passive lateral earth pressure, (2) tip resistance, and (3) soil weight. In this thesis,
cavity expansion theory is used to calculate the tip resistance, as will be explained in
Section 3.1.4. Since the shear stress and the frictional forces are included in the
formulation of cavity expansion theory, they are not considered separately when
modeling excavation phases. There are mainly two considerations behind the
designation of main forces that act during the excavator bucket-soil interaction,
namely the movement of the bucket and the properties of the soil. These are further

explained for each phase in the following parts.
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Phase 1: Digging

Digging phase can be described as penetration of the bucket to the soil until the bucket
reaches the desired depth. In this phase, the bucket does not move the soil in the
horizontal direction. Therefore, passive lateral earth pressure does not act as a bucket
force. Separation of the soil occurs in this phase, however, the soil is not accumulated
in the bucket. Hence, the soil weight is not considered in the calculation. As the soil
failure plane has not been formed yet on the trajectory of excavation tool, excavator
bucket separates the soil, and this separation causes a tip resistance, which makes the
tip resistance to be the only force affecting the soil-bucket interaction model. In short,

there is only one active force in digging phase, tip resistance denoted with number (2).

Phase 2: Sweeping

In the sweeping phase, excavation tool moves laterally to separate the soil and
accumulate the material in the bucket. As in digging phase, bucket tip travels through
virgin soil zone. For that reason, tip resistance has an impact on soil-tool interaction.
The horizontal movement of the excavation tool causes the formation of the passive-
lateral earth pressure because the soil in front of the excavator bucket resists against
bucket motion. Soil accumulates in excavator bucket and to carry the accumulated
soil, excavation tool creates a force against soil weight, which means that the soil
weight also affects the soil-tool interaction. To summarize, the forces denoted as (1),

(2), and (3) are all acting in sweeping phase.

Phase 3: Loading

In this phase, the bucket makes a rotation movement to accumulate and carry the
excavated soil. Therefore, soil weight is the primary force effect on the bucket. It is
assumed that as the bucket rotates, where bucket tip starts to point upwards, bucket tip

resistance and lateral earth pressure decrease linearly and become zero when the

27



bucket tip reaches to ground surface. For the bucket tip resistance, the movement
where bucket tip travels horizontally in virgin soil zone changes and with rotation, soil
tip starts to travel in the already-failed zone. For simplicity, it is assumed to be a linear
change in bucket tip resistance. For the lateral earth pressure, lateral movement of soil
continue at the bottom level with rotation and stops at the top level. Besides, the
bucket’s bottom plate separates excavated soil from the subgrade when the rotation is
completed. Therefore, lateral earth pressure also becomes zero when the separation is
completed. Again, it is assumed that the decrease in lateral earth pressure in the
loading phase is linear. In short, similar to sweeping phase, the active forces in the
loading phase are (1), (2), and (3) in the loading phase. The only difference is that

forces (1) and (2) are linearly decreasing in this phase.

3.1.2. Soil Parameters

Soil parameters, undoubtedly, have a significant effect on soil behavior and its
response during the excavation process. The simulation, should accept different
combinations of soil parameters and provide reliable results. To more realistically
model widely encountered soils in the field, in this study, sand and clay types of soils
are mainly considered. For practical purposes, there are some ranges defined for soil
parameters for specific soil types. For clayey soils, there are five soil types taken into
account, which are very soft, soft, medium stiff, stiff, and very stiff. Similarly, for
sandy soils, there are five soil types ranging from are very loose, loose, medium dense,
dense, and very dense. The initital engineering properties, which are imaginary, of

each soil type are provided in Table 3.1.
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Table 3.1. Soil parameters used for simulation

Soil Type v (kN/m®) Ysat (KN/m®) ¢' (kPa) o' (°)
Clayey Soils
Very Soft 16 18 0.1 16
Soft 17 19 5 18
Medium Stiff 18 20 8 20
Stiff 19 21 10 22
Very Stiff 20 22 15 24
Sandy Soils
Very Loose 15 16 0.1 28
Loose 16 18 0.1 29
Medium Dense 18 19 0.1 33
Dense 20 22 0.1 39
Very Dense 21 23 0.1 41

3.1.3. Lateral Earth Pressure

Lateral earth pressure is the pressure that soil applies in the horizontal direction,
which depends on the movement experienced by the tool in the soil. The term passive
lateral earth pressure demonstrates the lateral earth pressure when the tool moves into
the soil, which compresses the soil mass. When the bucket of the backhoe excavator
iIs moved through the material, the soil in front of the bucket will try to resist the
movement. While cutting the soil, these resistive forces can be calculated through the

passive lateral earth pressure as their behavior is very similar.
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Figure 3.3. Representation of passive lateral earth pressure

In the literature, two methods are accepted to determine passive lateral earth pressure,

which are:
Q) Coulomb’s Passive Lateral Earth Pressure Theory, and
(i)  Rankine’s Passive Lateral Earth Pressure Theory.

Coulomb’s Passive Lateral Earth Pressure Theory is also known as the limit
equilibrium approach, which was proposed for retaining structures by Coulomb
(1776). This approach calculates lateral earth pressures through the equilibrium of
forces acting on the earth retaining systems. Generally, frictional force between the
soil and structure, cohesion of the material itself, adhesion happening between
material and structure, weight of the structure, and resistive force of the soil against
structure form the basis of these equilibrium calculations. Coulomb found the

coefficient of passive lateral earth pressure as in Eq. 3.1.

sin?(a — ¢)
sin?a sin(a + 8) |1 — Jsin(qb + 8)sin(¢ + B) (3.1)

sin(a + &)sin(a + B)
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where ¢ is the angle of friction between material-material, & is the interface friction
angle between material-structure, « is the angle of the interface from the horizontal,

between structure and material, and {8 is the angle of backslope.

Rankine’s Passive Lateral Earth Pressure Theory, unlike Coulomb’s Theory, assumes
the structure is frictionless, i.e., § = 0°, and the interface between material and
structure is vertical, i.e. a, = 90°. In addition to these assumptions, when the angle of
backslope is zero, i.e., § = 0°, the equation to calculate the coefficient of passive

lateral earth pressure can be simplified in Eq. 3.2.

1+ sing
=— 3.2
P 1 —sing (32)
Coulomb’s Theory does not calculate the passive resistance correctly, which comes
with an error on the unsafe side as it fails to predict the geometry of the curved failure
surface (Knappett & Craig, 2012). Therefore, Rankine’s Theory is used to predict

lateral resistance during horizontal movement of the excavator bucket.

Formulation of the Rankine Passive Lateral Earth Pressure (Rankine, 1891) is given

as:

oy, = 0,'K, + 2c'\/K, (3.3)

where o, is passive lateral earth pressure, o, is effective vertical stress, K, is the

coefficient of passive lateral earth pressure, and ¢’ is cohesion parameter of soil.

The purpose behind the usage of the effective vertical stress and drained domain in
the case of soil cutting is explained by McKyes (1985) in “Soil Cutting and Tillage”
through two main reasons. The first reason is that excavation operations are mostly

done in the upper layer of the soil. Because upper layer is not generally saturated, total

31



strength parameters are not convenient for the excavation process. The second reason
is that in the case of undrained saturated fine-grained soil the effective friction angle
(9" is predicted with an error, which means assuming a wrong failure plane in the soil
body (Figure 3.4). Consequently, soil cutting forces and volumes can be calculated
incorrectly.

p, ; x:;;zv/
Blade —>

Figure 3.4. Different failure planes for different angle of friction values (McKyes, 1985)

3.1.4. Tip Resistance

Tip resistance of an excavator bucket is an important component when examining
bucket forces. According to Park (2002), penetration force (R,) is formed by the
addition of bucket teeth resistance (R,;) and separation plate resistance (Rs). The

formulation of the penetration force is given in Eq. 3.4.

R, = Ry + Rps (34)

Separation plate resistance has a formula (Eq. 3.53.5) that combines the normal

pressure (pn) acting on the plate with adhesional (ca) and frictional () force elements.
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Rps =R =¢s As = (cq + prtand )Ag (35)

where p,, = yz when separation plate is horizontal, p,, = K,yz when separation plate
is vertical, Ay is area of the separation plate, z is the depth of tip from the ground

surface, K, is lateral earth pressure coefficient at rest.

The bucket teeth resistance (R,.) is the part that is related to the tip resistance. There
are some discussions about whether the bearing capacity method or the cavity
expansion method should be used when studying tip resistance where both methods
have their own advantages and disadvantages (Mayne et al., 1999). Cavity expansion
method is chosen for investigating the tip resistance in this study. The excavator
bucket-soil penetration usually happens at an inclined surface where in bearing
capacity theory, the tool is assumed to be penetrating the soil in a perpendicular
direction. Therefore, bearing capacity theory is not used for the tip resistance

calculation.

Cavity expansion theory overcomes all the disadvantages of the bearing capacity
theory. It is used for observing how a cavity grows and how much force is needed to
enlarge it while penetrating the soil. Also, the inclination of the surface is not a
problem when using cavity expansion theory thanks to the abilities of the theory to be
applied any arbitrary angle.

Cavity expansion theory assumes the device that forms the cavity to be spherical or
cylindrical. Therefore, in the calculation process of the resistance of a bucket tip, some
approximations concerning the shape of cavity have to be made as shown in Figure
3.5.
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Figure 3.5. Approximations concerning cavity shape (Park, 2002)

In approximation A, the cavity is not large enough to take into consideration of the
bucket teeth but only large enough to measure the area on the top of the bucket teeth.
In approximation B, the cavity approximation is too large compared to the real bucket
teeth cavity. The approximation C is a better option because it is not too large or too

small. It is an approximation in between A and B, and it is the one used in this study.

In the cavity expansion process, the initial values of the radius a, and pressure p, are
not provided, therefore an assumption is needed (Figure 3.6). These initial

assumptions are;

(3.6)

where o4, 0,, 03 are the stress acting on the bucket tip in all three directions.
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Figure 3.6. Cavity expansion model (Li et al., 2016)

To solve this problem, the process of the penetration of the bucket teeth to soil should

be examined thoroughly as can be seen in Figure 3.7.
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Figure 3.7. Steps of the bucket teeth penetration process (Park, 2002)

In step 1, only the bucket teeth are penetrating to the soil. Initial cavity a, is marked
by a red circle and the initial pressure p, is the earth pressure at rest. As the bucket
teeth proceed to penetrate in step 2, initial cavity starts to grow and expand until it
reaches to the red circle’s size. The cone penetrates to soil at depth d. In step 3, the
cone tip marked by the smaller circle is now taken as another initial cavity a, for the

step 4. In step 4, it can be seen that the initial cavity grows for bucket teeth to be fully
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in the soil and takes the shape of the approximation C. In steps 5 and 6, earlier steps

are simply repeated.

The formula used for the bucket teeth resistance (R,.), presented in f, using cavity

expansion theory can be written as (Eq. 3.7);

¢ +p-tand

Figure 3.8. Bucket teeth resistance (Park, 2002)

Ry, =ngq¢ Ae = n[p + (¢, + ptand )cota]A, (3.7)
where n is the number of teeth, p is the cavity pressure, c, is adhesion, ¢ is the friction

angle, ais tip semi angle, A; is tip area. The formula of the cavity pressure p (Eg. 3.8)

is;

_ (Y +@—1)py))

3.8
(m+a) ( )
where m is equal to 1 for a cylindrical cavity, 2 for a spherical cavity.
_2rcxcosd (3.9)
1 —sing
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_1+sing

a—m (310)

Po=0y =Yy *z (3.11)

3.1.5. Bucket Fill Ratio and Bucket Weight

During the digging process, current bucket fill ratio is continuously calculated by
dividing current soil volume inside the bucket to the maximum capacity volume (Eq.
3.12). Current soil volume inside the bucket is equal to multiplication of the bucket
width and the area between trajectory line (generated by bucket tip path) and the
ground level, which is shown in the Figure 3.9.

05—

Ground Surface

Acup
05—

Bucket Tip Trajectory I A A

Depth (m)

Figure 3.9. Area between the bucket tip trajectory and the ground surface

V
Briu(%) = chr

cap

100 (3.12)
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where V., is the current volume inside the bucket and V., is the capacity volume of

the bucket.

For the vertical force reaction, bucket weight has the major contributon during the
loading phase. Bucket weight is calculated from multiplication of current soil volume
inside the bucket with unit weight of the soil (Eq. 3.13).

Whucket = Vsoit * Veur = Vsoit * (Bfill * Vcap) (3-13)

where Bg;; is the current bucket fill percentage.

3.1.6. Water Effect

There are many studies about the reactions of soil to water. Although there are some
research works which examine the undrained soil’s behavior in static condition, there
are not many studies investigating the undrained soil’s reaction during the excavation

process.

It is known that the pore water pressure (u), reduces the shear strength in granular
materials by decreasing the effective confining stress. Therefore the formula to find

the shear strength in cohesionless soils can be written as (Eg. 3.14).

T =o0'tang’ = (0 —u)tang’ (3.14)

where 1 is the shear strength, ¢’ denotes effective normal stress, ¢’ stands for effective

angle of friction, and u is the pore water pressure.
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3.1.6.1. Excavation in Unsaturated Soils

Solving the behavior of soil-tool interaction for surficial soils with their non-linear
behavior is a very challenging topic. A significant number of studies have been
conducted to understand soil-tool interaction behavior, and some methods have been
developed for over half a century (Cannon, 1999; Reece, 1964; Singh, 1995; Vahed et
al., 2008). However, very few investigations of soil-tool interaction in unsaturated soil
have been conducted. Even though most analyses are based on saturated soil
mechanics principles, the majority of the earth land surface is composed of unsaturated
soils. Moreover, excavations take place in the top layer of the soil, which is assumed
to be unsaturated. Therefore, ignoring or not focusing on the water-related issues is
not a good practice in reality. A considerable number of researchers have proved that
prediction of resistive forces which have been calculated by conventional saturated
soil mechanics methods can differ on the non-conservative side when dealing with
unsaturated soils. Although the rest of the thesis represents equations for saturated
soils and the simulation tool does not include them, calculation of key forces for the

excavation in unsaturated soils are summarized in this part.

3.1.6.1.1. Soil Weight

One of the key forces acting on the excavator bucket during digging is the weight of
the soil accumulated in the bucket. To obtain more accurate results (ygq: IS
conservative), unsaturated unit weight should be used as the excavation process is in
unsaturated regions mostly during the earthmoving process, instead of dry or saturated
unit weight. As it was stated by Head (2006), soil’s unit weight for the unsaturated

case can be calculated using the following formulation;
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G+ Sxe)yy

3.15
1+e ( )

where y is unit weight, G is specific gravity of solid particles, S is degree of saturation,
Y. is Unit weight of water (equals to 9807 N/mq), and e is void ratio. Unit weight of
soils can easily be obtained in any geotechnical laboratory. One can measure y, G, w

in the labratory, then calculate S and e using phase relations such as Eq. 3.15.

3.1.6.1.2. Shear Strength

Eq. 3.14 can be extended to include suction in the case of unsaturated soils. Bishop
et al. (1960) advice to use following widely accepted approach which is called

effective stress approach for unsaturated soils;

T=c +[0—u, + x(ug —uy)ltang’ (3.16)

where 1 is the shear strength, c' is effective cohesion, ¢' is effective angle of internal
friction, o is total stress, uw IS pore water pressure, Ua IS pore air pressure, IS a Soil
parameter depending on the degree of saturation, the soil type, the moisture hysteretic
state and the stress conditions. The term (u, — u,,) is called matric suction, and it
replaces pore pressure of classical soil mechanics as the stress parameter governing

the behavior of unsaturated soils.

In unsaturated soils, the water pulls the particles of the soil closer, and shear strength
increase occurs. Many attempts have been made to determine y value theoretically or
empirically. Majority of these studies established a relation between  and the degree
of saturation. Coleman (1962) found out that the x parameter is related to soil structure
as well. Some other researchers tried to relate y with capillary models, but they have
failed. Khalili and Khabbaz (1998) proposed an accurate relationship, presented in
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Figure 3.10, between y value and the ratio of suction over the air entry suction value
which can be extracted from soil water characteristic curve (SWCC) of the soil (Figure
3.11).

—0.55

= [%] (3.17)

where { = matric suction and s, = air entry suction.

0-8F - Best fit
06
X
04
02
0 1 1 1 1 1 1
0 2 4 6 8 10 12 14

Figure 3.10. The relation between » and the suction ratio (triangular, square and circle points are the
experimental data points) (Khalili & Khabbaz, 1998)
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Figure 3.11. The soil-water characteristic curve with its parameters (Zhai & Rahardjo, 2012)

The shear strength equation for an unsaturated soil exhibits a smooth transition to the
shear strength equation for a saturated soil. As the soil approaches saturation, the pore
water pressure, Uw, approaches the pore-air pressure, Ua, and the matric suction, (Ua —
Uw), goes to zero. The matric suction component vanishes, and Eq. 3.16 transforms
into the equation for a saturated soil.

Another version of the shear strength equation for unsaturated soils based on the
independent state variables approach developed by Fredlund et al. (1978) represented
in Eq. 3.18 and the failure envelope can be seen in Figure 3.12;

1=c + (0 —uy)tand’ + (u, — u,,)tang? (3.18)

(where ¢? = angle of internal friction with respect to matric suction)
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Failure envelope .
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Shear stress, T
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Figure 3.12. Mohr-Coulomb failure envelope for unsaturated soils (D. G. Fredlund & Rahardjo,
1993)

Although this approach has been widely promoted in the literature, it has very little
application in practice. The main reason behind this situation is a requirement of
extensive and time-consuming laboratory testing to find the material parameters,
especially for fine-grained materials with a very low coefficient of permeability.
Determination of ¢? needs expensive and sophisticated equipments that require a
level of expertise to handle the experiment. For the time being, this is far beyond the
traditional geotechnical laboratories.

Moreover, there is a limitation due to the high variability of ¢” vs. suction.
Measurable suction range is limited to conditions where the suction range used in the
laboratory to predict ¢? is the same as expected in the field (Khalili & Khabbaz,
1998). On the other hand, with the effective stress aproach (Eq. 3.16), the prediction
of shear strength in unsaturated soils can be made without having sophisticated

laboratory tests. The only different parameter used in the estimation of unsaturated
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shear strength is the air entry value other than saturated shear strength parameters, and
this air entry parameter can be calculated relatively easily in any soil mechanics

laboratory.

Some experimental studies have been made to have better understanding of the change
in shear strength value concerning the change in matric suction or degree of saturation.
Escario and Saez (1986) shared their results on shear strength change concerning
suction with different normal stress values (Figure 3.13). Fredlund et al., (1989) study
concluded that the relationship between shear strength and matric suction is somehow

non-linear as can be seen in Figure 3.14.

o-u,: kgfem?

7.5
ar /‘.‘b

60
| ///j//j__“:“s
30

. kg/em?

U, —u,: kgfem?

Figure 3.13. Shear strength vs. suction for different normal stress values (Escario & Séaez, 1986)
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Figure 3.14. Non-linearity in shear strength vs. Suction (Fredlund et al., 1989)

3.1.6.1.3. Lateral Earth Pressure

For saturated soil mechanics, all stresses in Eqg. 3.33.3 are effective stresses in a
drained analysis. This can also be done for unsaturated soils if effective stress
approach (ESA) is used. Alternatively, in the case of independent state variables
approach (ISVA) (Figure 3.15, Eq. 3.18), as well as with ESA, the effect of suction
can be converted into an increase in total cohesion (c) as Eq. 3.19 and Eq. 3.20, and

use Eq.3.3 3.3 with total stresses.
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Figure 3.15. Active and passive earth pressure for saturated and unsaturated soils (Fredlund &
Rahardjo, 1993)

ESA: c=c"+ (ug — uy)xtaned’ (3.19)

ISVA: c=c"+ (u, — uy)tang® (3.20)
It is possible to select various distributions for matric suction with respect to depth.
As we deal with the very top of the soil section which is contacts with air, in this study

matric suction was selected to be linearly decreasing with depth until it becomes zero

at the water table. The equation can define any matric suction distribution;
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Figure 3.16. Matric suction profile (Fredlund & Rahardjo, 1993)

(g = )y = fu (g = (1 = 2) (321)

Then, passive pressure can be written as below;

ap = (0 — ug)Ky + 2¢' K, + 2, (uq — wydntane® (1 - 2)/K, (3.22)
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Figure 3.17. Passive pressure where matric suction is decreasing linearly with depth (Fredlund &
Rahardjo, 1993)

To obtain total horizontal earth pressure integration of Eq. 3.22 over depth is required.

Then total passive pressure equation for unsaturated soils become (Pufahl et al., 1983);

N HZ2 , H?
P, = ”QT‘P-F 2¢'\[KpH + 2, (ug — wy)ntang®\[K,(H — =) (3.23)

3.1.6.1.4. Tip Resistance

The formulation provided in Section 3.1.4 was developed for saturated soils. Using
the same formulas for unsaturated soils may lead to misrepresentations in estimating
force. Besides, some experimental studies revealed that the effects of suction may
cause the tip resistance to be doubled (Russell & Khalili, 2006). Therefore, neglecting
this influence is not logical. For the calculation of tip resistance in unsaturated soils,

the effective stress defined in Section 3.1.6.1.2 should be used.
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There are constant and linearly decreasing approaches for the suction distribution, as
mentioned in Section 3.1.6.1.3. For the cavity expansion theory, Russell and Khalili
(2006b) stated that there is no considerable difference between these two distributions.
Therefore, the formula (Eq. 3.24) has been constructed for constant suction
distribution. However, as there is not much difference, they can also be used for

linearly decreasing distribution case.

An empirical equation (Eq. 3.24) for cavity expansion pressure has been developed
using a reasonable fit to results of tests on sand. represents constant suction spherical
cavity expansion results in the po (initial total cavity pressure) — onim (net limiting

radial stress) plane for different values of xs or xy and D.

o riim (kPa)
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Figure 3.18. Spherical cavity expansion results for drained conditions and a range of D, and ys values
(Russell, 2004)

0’ riim = (16.3 — 18.6InD,)p’ " exp(2.1D,) (3.24)
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Change in suction stresses do not affect net limiting radial stress dramatically unlike
D:. Therefore, the formula has only parameters Dy and p’o. Eq. 3.24 can be used instead
of Eq. 3.8 for the unsaturated soils to predict tip resistance of the excavator bucket
while digging.

For shallow depths, which is mostly the case for excavation, tip resistance can be more
than double concerning their saturated or dry values when saturation ratio is less than

0.1 as can be seen in Figure 3.19.
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Figure 3.19. Comparison of cone penetration test results with spherical cavity expansion results
(Russell & Khalili, 2006)

3.1.7. Velocity Effect

The dynamic effects in the excavation process are examined by conducting
experiments and making predictions using related formulas. According to McKyes
(1985), the effect of the velocity differs with soil type. Unlike in cohesive soils, in

cohesionless soils, shear rate does not have a significant impact on the strength of the
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material. These types of soils are affected by the inertial forces that can be calculated
by considering the influence of the acceleration. However, in cohesive materials, the
shear strength depends on the shear rate and not on the inertial forces that are affected

by the changes in the velocity.

Wheeler & Godwin (1996) used an experimental setup to understand velocity effect
for the earth-moving related problem, and compared the results of the experiments to
the predicted data. These experiments are conducted for the frictional and cohesive
soils, and the velocity range used in the experiments is varied from 1 to 20 km/h. The
results of these experiments and comparisons between the results and the predicted

data in graphical form can be seen in Figure 3.20 and Figure 3.21.
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Figure 3.20. Force vs. velocity graph for frictional soils (Wheeler & Godwin, 1996)
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Figure 3.21. Force vs. velocity graph for cohesive soils (Wheeler & Godwin, 1996)
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It can be seen that the increase in velocity affects the horizontal force with a small
amount, in both frictional and cohesive soils. However, in the case of vertical force,
the frictional soil has a more dramatic change than the cohesive soil with the

increasing velocity.

Qinsen and Shuren (1994) came up with a conclusion saying that for low velocities,
draft force acting on the tool surface is not significant, and as other studies supported,
velocity becomes a significant parameter when its value is high as can be seen in
Figure 3.22.
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Figure 3.22. Resistive force vs. velocity for both experimental and predicted data with Qinsen &
Shuren Model (Qinsen & Shuren, 1994)

Abo-Elnor et al. (2003) investigated the impact of the velocity and acceleration on
blade cutting forces using finite element methods. The forces of sandy soil in the
horizontal direction were observed at constant velocities of 10, 30, 50, 100, 200 mm/s

by running different models of finite element. Results are presented in Figure 3.23.
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Figure 3.23. Draft force vs. blade displacement at different constant velocities (Abo-Elnor et al.,

2003)

It is observed that the velocity introduced to a soil at-rest increases the draft force
initially, but as the blade moves through the soil, this effect vanishes. Therefore, it can

be said that the draft force is affected by the acceleration, and constant velocity does

not have an impact on the draft force.

In the light of the previous studies, it is found appropriate to assume that soil reaction
due to speed increase is insignificant for the scope of earthmoving machines and
therefore simulation tool does not consider the effect of velocity. Nevertheless, it
should be considered that experimental studies show that excavation force is a
function of velocity (F = B, + B, * v + B3 * v> where B values are regression

coefficients and v is velocity) (Onwualu, 1998).

3.2. Visualization

3.2.1. Failure Plane

During the digging process, it is assumed that the soil shows passive lateral resistance.

Terzaghi (1943) provided a solution for defining the failure plane, which is called the
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log-spiral method where the failure plane has a logarithmic spiral shape, and moments
and forces are calculated accordingly. McKyes (1985) advises to use this for the shape

of excavation failure plane.

Figure 3.24 shows the general shape of the failure line for passive soil failure. For
each & line, like |AD|, 6 remains the same between the boundaries and in the region

ABC. & lines are straight and make 2 angle at the intersection with a n line, like [BC|.

</
—dr;' rdé

Figure 3.24. Characteristic failure surface shape (McKyes, 1985)

Using geometry on the small triangle which has sides -dr and rd g, this relationship is

calculated using Eq. 3.25,

—dr = rdfcot2u = rdftang

r = Cye 9tané (3.25)

where Cs is a constant of integration that can be evaluated at a boundary.

To investigate the soil cutting problem using vertical rigid walls’ movement in the soil
and to further validate the Terzaghi’s approach, Maciejewski et al. (2003) used an
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experimental setup in the laboratory, of which experimental details are shown in
Figure 3.25. The bin dimensions were 2m long, 0.6m wide and 1.2m deep. The soil
used in the experiment has y = 16.8 kN/m?, ¢ = 27°, ¢ = 30 kPa. The test equipment
had the capability of moving 400mm horizontally and 100mm vertically into the soil.
A failure plane was obtained as shown with a red line in Figure 3.26. Failure line was
identified with the help of image processing techniques. Figure 3.27 reveals the
comparison of the experimental failure plane with the log-spiral failure plane,
indicating that there is a very good agreement. To date, the log-spiral method has been
the best method in the literature to explain failure plane generated during the digging
process.

Figure 3.25. Experimental setup: (1) vertical plate; (2) load cells; (3) rigid frame; (4) hydraulic
cylinders (horizontal, vertical and rotational) (Maciejewski et al., 2003)
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Figure 3.26. Failure plane
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Figure 3.27. Comparison between Log-Spiral and Experimental Failure Planes

3.2.2. Bucket Capacity

Bucket capacity is the maximum volumetric measurement of the material that bucket
of the backhoe excavator can store. It can be calculated in two different ways, which
are (i) struck capacity, and (ii) heaped capacity. Struck capacity is the capacity that
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the bucket is filled until the struck plane, which is represented in Figure 3.28. Heaped
capacity is defined as the summation of the struck capacity and the capacity of the
excess material that is heaped on the struck plane. There are two global calculation
methods to determine heaped capacity. These methods are listed as, SAE J296: “Mini
excavator and backhoe bucket volumetric rating”, an American standard, (SAE
Internationals, 1999) and, CECE (Committee of European Construction Equipment),
a European standard (Gaurav, 2008). According to the SAE J296, excessed material
heaped on the struck plane is at 1:1 angle of repose, while that of one is at 2:1
according to the CECE.

Struck plane

Struck
Capacity

Figure 3.28. Bucket struck and heaped capacities (Park, 2002)

The heaped capacity is given in Eq. 3.26,

V=V, +V, (3.26)

where V;, is the heaped capacity, V; is the struck capacity, and V, is the excess material

capacity.

Dimensions of the bucket and heaped material are given in Figure 3.29.
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Figure 3.29. Bucket capacity rating (a) according to CECE (b) according to SAE (Gaurav, 2008)

Then, the struck capacity and excess material capacity are formulated in the Equations
3.27 to 3.29 for Struck Capacity, Excessed Material Capacity (V) according to SAE
J296 standard, and Excess Material Capacity (V) according to CECE standard,
respectively. In this research, the value of maximum bucket capacity provided in the

manual of the simulated bucket was utilized.

Struck Capacity (V;):

Vs = Parea (M) (3.27)

e Excess Material Capacity (V) according to SAE J296 standard:

L,We*  w;?
==L L 3.28
Ve < 4 12 (3.28)
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e Excess Material Capacity (V) according to CECE standard:

L,Ws*  w;®
=== --L 3.29
Ve < 8 24 (329)

In the field, it is observed that different soil types give different bucket fill reaction
during digging process. In the clayey (cohesive) and stiff domain, heap height
generated in the bucket is higher than the sandy (cohesionless) and loose domain.
Water inclusion has also an important effect on the heap height generated over the
bucket. If the digging is made on the saturated sand, the heap height is less than the
dry case. On the other hand, during the digging in the saturated clay domain, heap

height is higher than the dry case.

These effects should be included both in the bucket capacity, bucket weight and

visualization calculations.

3.2.3. Unloading of Bucket

It is accepted that the amount of soil in the excavator bucket will linearly decrease
during unloading as shown in (Kim et al., 2013). This approximation is validated by
field observations made by the authors (Figure 3.31). Unloaded soil will create a heap

with slope on its sides equal to the angle of repose.
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Figure 3.30. Linear decrease on volume during unloading (Kim et al., 2013)

Figure 3.31. Field observation for unloading

The angle of repose value is related to the internal friction angle of soils. Ghazavi,
Hosseini, & Mollanouri (2008) provides a formula to obtain the angle of repose from

the angle of friction given in Eq. 3.30.

6 = 0.36¢ + 21.2 (indegree) (3.30)

During dumping, the volume of the soil inside the bucket (\Vh) decreases linearly as a

function of bucket angle (a). It is assumed that soil creates a heap with width greater
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than or equal to the bucket’s width, and side angles equal to the angle of repose, like

the examples given in Figure 3.32.

The simulation tool, developed within the scope of the thesis, does not have the
unloading phase of the excavation process. However, research and comments on this

subject provided to give idea for future studies.

Fine sand
35° \
Coarse sand Moist sand
A LA Angular pebbles Water-saturated
45° \ P e T o SN

Figure 3.32. Heaps formed with an angle of repose (Buildsum, 2014)

62



CHAPTER 4

SIMULATION TOOL AND RESULTS

This chapter presents the software form of the equations presented in Chapter 3 that
belongs to the stages of the excavation. To use the software in a friendly way and to be
used in a simulator, a graphical user interface (GUI) is also provided here. With the
complete framework, the results are obtained for illustrative case studies to outline the
success of the simulation of the excavator. To validate the outcomes, results obtained
from the literature studies are used. It is important to highlight that simulation tool, which
is designed for validation of the proposed method, does not cover all titles mentioned in
the Section 3. Simulation algorithm flow (Figure 4.1) shows the related sections used to

develop the tool.

4.1. Modelling and Simulation Tool

The flowchart of soil tool model, the fundamentals of which was explained in Chapter 3,
is prepared and coded within the MATLAB environment as an excavator-soil interaction
platform. This platform takes all the inputs including the bucket geometry, the type of soil
and the state of ground water table, etc., at the beginning. The flowchart of the software,
which calculates the forces, corresponding movements of the bucket and the overall

motion commands at every frame is given in Figure 4.1.
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Figure 4.1. Simulation algolrithm flow
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4.1.1. MATLAB/GUI

MATLAB software has been chosen to develop soil-tool interaction algorithm,
because exploring data, creating algorithms, and visualization in 2-D are easy with
MATLAB’s open architecture which provides early insights and numerous
advantages (Dukkipati, 2010). Algorithms developed with MATLAB can easily be
shared with other researchers thanks to its open and transparent architecture (Leite,
2010). The algorithms have been implemented on the main body of MATLAB code,
and GUI is provided to get user inputs such as bucket geometry and soil type.
Excavator tool-soil interaction simulations have been performed in two-dimensional
scale. Forces acting on the excavator bucket in horizontal and vertical directions have
been recorded in every frame. Moreover, real-time simulation with results is displayed
on GUI. The produced GUI uses joystick inputs to control boom, arm and bucket
movements for real-time simulation. A sample model of digging process is displayed

in Figure 4.2.
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Figure 4.2. Sample screenshot from GUI
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4.1.2. Joystick Input

It is aimed to have a real-time simulation in this research. Joystick or keyboard inputs
can be used for controlling an excavator in real-time simulation. With the help of a
controller device, users can control the boom, arm, and bucket movements of an
excavator. Bodson (2003) provides a way to give inputs to the MATLAB environment
using a joystick. As this thesis provides a real-time simulation on MATLAB, the
controller enables the user to gain an appreciation for challenges of control. Manual
control with a joystick is an excellent opportunity to have a better insight for both
understanding soil behavior and control of the excavator itself. Figure 4.3 provides a

sample screenshot of excavation control through joystick.

[Bucket Fill Ratio
%0.44

Bucket Hinge Forces

Leftward Force=160 kN
= Upward Force=71.2 kN
Moment=249 kN.m

Figure 4.3. Controlling a simulated excavation operation through a joystick

4.2. Simulation Results

The results of the simulation studies, i.e., the vertical and horizontal resistive forces
acting on the bucket are presented for different scenarios, along with the defined
trajectory displayed in Figure 4.4, are given from Figure 4.8 to Figure 4.16. This
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trajectory is obtained through digging the soil at an angle of 80° and two different
rotations of the bucket that brings its flat part to angles of 0° and -60° with the
horizontal plane (Figure 4.5). The bucket moves with a constant time steps. Soil
parameters used for each soil type listed in Section 3.1.2, which are dry and saturated
forms of both cohesionless and cohesive soils. The relative density of sands changed
from very loose to very dense, while consistency of clays varied from very soft to very
stiff. The bucket geometry and bucket tip dimensions can be seen in Figure 4.6 and
Figure 4.7, respectively. It is important to note that the bucket width has been selected
as 1 m. The cutting force is the resultant total force on the bucket hinge where positive
horizontal component (fx) is rightward and positive vertical component (f;) is
downward. The program can be adjusted for other bucket types, which is planned for

future studies.

05—

Ground Surface

05—
Bucket Tip Trajectory

. . s
-------

Depth (m)

Figure 4.4. Bucket tip trajectory for simulated case
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Figure 4.5. Digging and rotation of bucket to load soil into the bucket

Figure 4.6. Bucket geometry (side view) for simulated case
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Figure 4.7. Bucket teeth geometry and details for simulated case
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Figure 4.8. Simulated resistive forces for cohesionless dry soil
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Figure 4.9. Simulated resistive forces for cohesive dry soil
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Figure 4.10. Simulated resistive forces for cohesionless saturated soil
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Figure 4.12. Simulated resistive forces for different cutting depths in medium stiff clayey soil
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Figure 4.13. Simulated resistive forces for different friction angles
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Figure 4.14. Simulated resistive forces for different cohesion level
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Figure 4.15. Simulated resistive forces for different soil densities
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Figure 4.16. Simulated resistive forces for different bucket widths
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It is important to highlight some points on the simulation results. For example; when
cutting depth is doubled, draft force is not doubled, it becomes approximately four
times higher and the relationship is not linear when cutting depth is below 0.8m
(Figure 4.12). As another example; when bucket width is doubled, the draft force
becomes less than twice of the initial (Figure 4.16). It is also interesting that cohesion
increase results in a high increase on horizontal force component, while vertical force

component value stays almost same (Figure 4.14).

4.3. Validation Studies

To validate the performance of the simulation developed in this study, comparisons
with data obtained from a field experiment, the soil-bin experiments, the results of
finite element simulations, discrete element simulations, and finally the results from
as a classical method, widely accepted fundamental earth-moving equation model
(FEE), were conducted. As Figure 4.17 shows, the new results of this simulation are

compared with the four primary soil-tool interaction investigation methods.

_I Soil-Tool Interaction Investigation I—

I Mathematical Modeling I I Experimental Analysis I

P ——

Classical Soil Critical State Scaled Full Scale
< Mechanics > Soil Mechanics FEN-=LIEM Model Tests Tests
Asn;{ﬁgﬁ' Numerical Solution Soil Bin Field
(Charts) (Computer) Experiments Experiments
< ” R S 1 Experimental
| Establish Design Relationships I Bl

Figure 4.17. Soil-tool investigation methods (Ani et al. 2018).
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4.3.1. Comparison with Field Experiment Data

Obermayr et al. (2013) performed an experimental site study on examining the
reaction force of cohesionless soils during real excavation. Figure 4.18 shows the
experimental setup. A circular trajectory followed by the bucket with the rotation of
the arm. During the excavation process, forces generated in hydraulic cylinders were
measured and converted to bucket forces. The same soil profile was generated, and
the simulation followed the same excavation trajectory Table 4.1. Results can be seen
in Figure 4.19 and Figure 4.20.

Table 4.1. Simulated trajectory and soil properties imported from the field experiment

a(®)  d(m) #(°) y(KN/m3)  c(kPa) Soil Type Condition

poorly graded gravel

30 0.5 44.8 16.5 0.5 with silt

dry

a = Rake Angle, d = Cutting Depth, ¢ = Friction Angle, v = Unit Weight, C = Cohesion

It is observed that they follow almost similar trends during an excavation for both soil
tool model and the experimental data, although there are some differences. Besides,
these differences are attributed to both experimental data’s precision and the soil
properties used in the experiments as they used a soil which was not well defined in

terms of engineering properties.
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Figure 4.18. Experimental setup (Obermayr et al., 2013)
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Figure 4.19. Normalized horizontal reaction force (fx) comparison between experimental and
simulation data
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Figure 4.20. Normalized vertical reaction force (f;) comparison between experimental and simulation
data

4.3.2. Comparison with Soil Bin Experiment Data

Soil bin experimental setup is used for obtaining the resistive force of the soil against
tillage tools, excavator bucket, and cutting blade. Researchers used these data to
understand and verify the accuracy of the data obtained using finite and discrete
element methods or classical methods like FEE (Ani et al., 2018). In the literature,
Boccafogli et al. (1992) established a soil bin facility to verify the classical wedge
model; Qinsen and Shuren (1994) used a soil bin and bulldozer blade to verify their
analytical model; Tagar et al. (2014) conducted an experimental soil bin setup to
observe resistance force on tillage tool inside a soil with three consistency limits
(sticky, plastic and liquid) and Xi et al. (2019) used soil bin test to compare classical
methods’ results with experimental data on lunar surface where gravity is 1/6 of the

gravity on the earth.
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Qinsen & Shuren (1994) used a soil-bin test apparatus to obtain experimental data
where setup can be seen in Figure 4.21. The dimensions of the soil bin are 30m x 1.2m
x 1.0m. A specific type of sandy clay (‘Loess’, from northwestern China) has been

used Table 4.2. Cutting process has only the sweeping phase for this experiment.

Table 4.2. Simulated trajectory and soil properties imported from the soil-bin experiment

a(®)  d(m) #(°) y(kKN/m3)  c(kPa) Soil Type Condition

loess (silt-sized

4 . 2 1 2
> 0.03 8 6 0 sediment)

dry

a = Rake Angle, d = Cutting Depth, ¢ = Friction Angle, y = Unit Weight, C = Cohesion

Figure 4.22 reveals that testing with a cutting depth of 30mm and specific gravity of
1.85g/cm? shows that the maximum predicted draft force is almost the same with the
experimental data. The simulation’s output shows a good agreement with the

experimental data.

78



Figure 4.21. Experimental setup: 1, cutting blade; 2, octagonal ring dynamometer; 3, height
adjustment apparatus for blade; 4, vehicle pushing the blade forward; 5, soil bin (Qinsen & Shuren,
1994)
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Figure 4.22. Comparison between soil-bin experiment and simulation data
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4.3.3. Comparison with FEM

As a secure and relatively new numerical method, the finite element method is also
used by researchers dealing with soil-tool interaction subject (Abo-Elnor et al., 2003;
Mouazen & Neményi, 1999; Rosa & Wulfsohn, 1999). With a good FEM model, it is

possible to investigate the process and observe parameters affecting the draft force.

Abo-Elnor et al. (2004) shared the results of their studies with FEM based soil-tool
interaction. They modeled an environment consist of sandy soil with y = 16 kN/m®
and ¢ =30° as shown in Figure 4.23. A 600mm width cutting blade has been used to
cut soil plane for 50mm. Simulation has been run on the sweeping phase only where

there is no digging and loading phases.

Table 4.3. Simulated trajectory and soil properties imported from the FEM model

a(®)  d(m) #(°) y(KN/m3)  c(kPa) Soil Type Condition

75 0.2 30 16 0.1 karlsruhe sand dry

a = Rake Angle, d = Cutting Depth, ¢ = Friction Angle, y = Unit Weight, C = Cohesion

Figure 4.24 shows vertical force outputs during the cutting process for both the FEM

model and simulation are very close to each other.
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Figure 4.23. FEM model prepared by Abo-Elnor et al. (2004)
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Figure 4.24. Comparison of vertical forces during excavation with simulation data and FEM-based data
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4.3.4. Comparison with DEM

As the computer power increased during the last decade, DEM simulations (Jiang et
al., 2017; Mak et al., 2012; Obermayr et al., 2011; Coetzee and Els, 2009; Shmulevich
et al., 2007; Gaurav, 2008) gained popularity on analyzing complex interactions such
as excavation and performed successfully. However, it is hard to construct a DEM
model, and it can take too long to analyze a short period. It performs particle-based
analysis, and when tiny particle like those of the soil is the case, it requires more

computer power and time.

Franco et al. (2007) performed a DEM analysis with a cohesionless soil domain. Unit
weight was selected as 17 kN/m3. Same procedures have been applied with the
simulation developed within this study, and the results are listed in the following table.
For the reason that the simulation proposed in this thesis has some fundamental
assumptions which may not be realistic for very shallow depths (<0.5m) due to
varying soil properties and behavior, difference level with the DEM results came up
high as can be seen in Table 4.4. Still, DEM is extremely time consuming compared

with the soil tool model developed in this study.
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Table 4.4. Comparison of reaction forces with different cases for the DEM analysis and the

simulation

Difference Difference

a(®) #(°) d(m) Fmem(KN) Fzsim(KN) Fxoem(KN) Fxsim(KN) FA(%) FL(%)

72 14 0.15 0.36 0.37 1.23 1.02 2.9 -20.9
72 18 0.15 0.45 0.44 1.47 0.80 -1.2 -82.9
72 25 0.15 0.4 0.37 1.32 1.06 -7.9 -24.8
72 31 0.15 0.55 0.29 1.76 1.25 -87.9 -40.4
72 35 0.15 0.42 0.23 2.13 1.55 -80.2 -37.2
72 18 0.1 0.17 0.14 0.63 0.46 -19.1 -38.4
72 18 0.2 0.82 0.64 2.57 1.32 -27.7 -95.3
45 18 0.15 1.07 1.05 1.17 0.67 -1.7 -73.5
63 18 0.15 0.65 0.62 13 0.90 -4.3 -44.1
90 18 0.15 -0.03 -0.04 1.73 1.39 17.3 -24.8

a = Rake Angle, ¢ = Friction Angle, d = Cutting Depth, F.oem = Vertical Cutting Force in DEM,
Fzsim = Vertical Cutting Force in Simulation, Fxpem = Horizontal Cutting Force in DEM, Fxsim =
Horizontal Cutting Force in Simulation

4.3.5. Comparison with FEE

Ni et al. (2013) stated that when the excavation depth was increased, the digging force
also increases gradually. To reveal this fact, the results of a simulation with a widely
accepted Fundamental Earth-Moving Equation (FEE) model was represented.
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Table 4.5. Simulated trajectory and soil properties imported from the FEE model for horizontal force

comparison
a(®)  d(m) #(°) y(kKN/m3)  c(kPa) Soil Type Condition
80 0.6 24 20 15 very stiff clay dry
80 0.8 24 20 15 very stiff clay dry
80 1.1 24 20 15 very stiff clay dry

Figure 4.25 shows the trajectories of three digging operations which were performed
with different digging depths and different spans. Comparison of bucket forces
calculated from the FEE model and the simulation is displayed in Figure 4.26. As can

be seen, there is a good agreement between these two data sets.

Depth z/[m]

-

-1.5

Span x/[m]

Figure 4.25. Trajectories of bucket tip (Ni et al., 2013)
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Figure 4.26. Comparison of reaction on cohesive-stiff soil with the same trajectories between
extended FEE model and the simulation developed in this study

Another study with Fundamental Earth-Moving Equation (FEE) was conducted by
Patel and Prajapati (2012). Changes in total resistive force with the same trajectory
and different soil friction angle has been displayed. Applying the same procedure in
the method represented in this study, almost the same results were obtained (Figure
4.27).

Table 4.6. Simulated trajectory and soil properties imported from the FEE model for comparison of

force change with the soil friction angle

a(®)  d(m) #(°) p(kN/m®)  c(kPa) Soil Type Condition

45 0.3 44 28 25 hard clay dry
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Figure 4.27. Comparison of total horizontal force (Fx) change in different soil friction angle between
FEE model and the method represented in this study

Results show that the new method developed in this study can be an excellent
alternative to predict resistive forces generated during the excavation process. There
are some minor differences with experimental data, which is tolerable considering the
field applications where a high accuracy may not be achieved due to variations in soil
material properties. As the problem is very complex, a computationally inexpensive

model with a reasonable accuracy can be accepted.
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CHAPTER 5

SUMMARY, CONCLUSIONS AND FUTURE WORKS

5.1. Summary

Excavation is one of the main demanding tasks in construction fields. To handle this
requirement, a vast number of excavators are operating around the globe. Researchers
and companies put a lot of efforts to develop more efficient excavator models. With
the advancement of technology, autonomous systems become a trendy and ideal way
to upgrade machines for better efficiencies. Not surprisingly, there have been
considerably many attempts to develop a fully autonomous excavation system.
Unfortunately, these attempts did not conclude well as there are no fully autonomous
excavators working on sites yet. Considering underlying reasons, some key challenges
appear, one of them being the reliable estimation for soil-tool interaction behavior.
The complexity of the problem makes it harder to generate an accurate model
considering all the variables affecting the excavation operation. Current solutions are
generally computationally expensive, which is not suitable for real-time applications.
Moreover, the offered models do not cover the whole excavation phases (digging,
sweeping, loading, and unloading).

In this research, a new method has been developed to have an accurate prediction for
soil-tool reaction forces, real-time solution for the visualization process, and
excavator-soil model which covers whole excavation phases. A computer program has
been written in MATLAB environment, which can be used to gather information
including the soil properties and display forces generated during an excavation in real-
time. The excavator simulator models the excavations for various types of soils
including sands and clays with varying relative densities and consistencies,

respectively.
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5.2. Conclusions

The simulation studies are made through the graphical user interface. The calculated
responses are observed through graphical user interface in addition to the visual
outputs. The validation studies are done using five different resources available in the
literature, which are namely the field experiment data, Soil Bin experiment data, the
data obtained through finite element methods and discrete element methods, and
outcomes obtained through fundamental earth moving equation. The following

conclusions are drawn when the results obtained are investigated in detail:

e The major advantage of the proposed method is its time relaxation during the
excavation process when compared to other proposed solutions. This can be
thought as a very good achievement as the current trend in such simulation
tools is to have a very quick response, i.e., almost real time, with a reasonable
accuracy.

e Comparison with the field data showed that the excavation tool simulation
developed in this study follows almost similar trends with the experimental
data. Although there are some differences in terms of magnitudes of the forces
they are attributed to soil properties used in the experiments.

e Comparison with the soil bin experiment shows a good agreement with the
experimental data, which is a practically significant achievement.

e The outputs of the finite element method in terms of vertical force during the
cutting process are very close to ones obtained through the soil tool model.

e The discrete element method outputs are somewhat different from the ones
developed in this thesis. The reasons may be that the assumptions of the soil
tool model may not be realistic for very shallow depths (<0.5m) due to varying
soil properties and behavior, which needs to be investigated in the further
studies.

e Finally, comparison of bucket forces calculated from the Fundamental Earth
Moving Equation model shows that there is a very good agreement between

these two models.
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In short, results of the simulation studies show that the new method presented in this
research have a good agreement with experimental and other widely accepted force
calculation models’ data. However, when the cutting depth is so small (< 0.2m) or
bucket width is small (< 0.1m), the algorithm gives conservative responses which are
not close to experimental results. Considering these, the effects of dynamic forces
including the impact forces, the effects due to water may be improved. Some

improvements are planned on algorithms to overcome this situation in future studies.

5.3. Future Work

Considering the need for automated machines to be used in construction fields, there
are many research studies that can be performed as a follow up for this work. An

incomplete list of them are itemized below:

¢ In addition to automated excavation systems, this new method can be used to
develop efficient operator training simulations, computer games, and virtual
reality-based simulations. In the future study, the authors will attack soil-tool
interaction in 3-D scale with an accurate prediction of resistive forces and
visual deformations in the excavated region.

e Besides, in the future phases of the simulation studies, the software needs to
be able to predict the phase of the bucket, i.e., digging, sweeping, loading,
unloading, according to surface orientation, bucket orientation, velocity,
moving direction. Active force combination needs to be arranged
automatically with the current phase.

e When the surficial soils are considered, effects of unsaturated medium,
especially in dynamic nature, can be embedded to the software to more
accurately capture the field behavior.

e The material library considered in this study can further be enhanced

considering various types of soils especially cobbles, boulders, etc.
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considering the fact that excavator companies are currently focusing more
efficient models to be used in fields comprising of such soils.

The geometry of different buckets should be embedded to the software to cover
wide range of excavators used available in the construction market.

The response of the excavator operator also needs to be considered when
designing the software, therefore developed GUI should be modified based on
the UX-User Experience.

Comparison of the results with developed software and the field data can be
enhanced through the sensors embedded into the excavators bucket to measure

the field response during excavation.
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