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Abstract

The design of dippers for cable shovels has essentially remained unchanged
for the last 100 years. In the past 10 years, shovel manufacturers have started
taking another look at dipper design, resulting in changes that address some of the
wear conditions and material-retention problems responsible for most of the
maintenance and operational costs. However, with the exception of added lateral
curvatures to the front and corners of the dipper, most of the basic features

including geometry and functionality remain essentially unchanged.

This research examines the criteria for a better cutting dipper design and
suggests an alternative design approach for use in ground conditions where
cutting of virgin ground rather than scooping of blasted material is required. The
criteria include the dipper capacity, digging force, trajectory, wear and damage,
which, as indicators of dipper performance, can be thought of in terms of three
basic considerations: power (energy consumption), volume delivered (production)
and lifespan (wear and strength). The approach basically consists of 3D solid
modeling and the simulation of a shovel’s duty cycle, in which shovel kinematics,
and ground-dipper interactions are primary considerations. The research aims at
an improved geometry which will improve performance considerably without

changing any configuration of the current shovel design.

A3 yd3 prototype dipper was fabricated to match a Dominion 500 cable
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shovel for field testing. This proposed design and the original configuration, that
came with the Dominion shovel were tested in the field. The test results gave
some indication that performance improvements are possible for the scale dipper

geometry tested.

The shovel size-performance relation was reviewed and analyzed. It was
found that various shovel and dipper sizes share the same or similar
configurations, which exhibit similar performance patterns in similar mining
conditions. This sets the path for future researchers to scale proposed geometric

designs from a prototype size eventually to ultra class sizes.
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List of Symbols

2D Two-dimensional

3D Three-dimensional

A Cross-sectional area of the handle sticks or bail bracket

Apait Cross-sectional area of the bail bracket.

Arandie Cross-sectional area of the handle sticks.

a.ay Dipper acceleration’s x and y components, respectively

¢ Soil cohesion

d Cutting depth.

E Young’s modulus of the handle or bail material.

Epair Young’s modulus of the bail material.

Erandie Young’s modulus of the handle material.

F Crowding or hoisting force

Fy Hoist force.

F Supporting force normal to the handle.

e x component of each force

(Fh)reference Hoist force at the reference position.

(FDreference Crowd force at the reference position.

F.F, Functions of h and I to determine the dipper position x and vy,
respectively

S y component of each force.

G Weight of the handle, dipper and material.
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GF

h(t)

IR

1)

Gauge Factor
Acceleration due to gravity

Cable release length measured from the tangent point on the

sheave to the bail point
Cable release length at time

Effective cable release length, from the sheave shaft point to the

bail point

Hoist cable release length at the digging start point.
i" h discretion.

Hoist cable release length at the digging end point.
Peak hoist force

Suspended load

Sequence index

Increment rate

Handle extension length

Handle crowd length at time ¢

Effective handle extension length measured from the saddle

shaft to the bail point

Handle crowd length at the digging start point.
Failure surface length.

Arm length of the weight referencing the bail point.
i" 1 discretion.

Handle crowd length at the digging end point.

Arm length of the supporting force referencing the bail point.
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Iz Arm length of the total resistance referencing the bail point.

L, Soil-tool contact length.

M Distance from saddle shaft to the sheave shaft.
N, Soil cutting force cohesive factor

N, Soil cutting force surcharge factor

N Soil side cutting force cohesion factor.

Ny, Soil side cutting force frictional factor.

Ny Soil cutting force gravitational factor

P Total tool cutting force

0 profite Angle of the polar coordinates

q Surcharge pressure acting on the soil surface
R Total resistance.

ry Distance from saddle shaft (point) to the handle direction (line)

passing the bail point

r2 Sheave radius

Ry failure surface resistance.

R, Gauge resistance

R Line resistance

T profile Radius of the polar coordinates.
t Time

Viy Excitation voltage

Vi Hoisting speed.

Y Crowding speed.
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Dipper velocity’s x and y components, respectively
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Eftective width of the side zone.

Coordinates of any point on the dipper or handle in the digging

plane

Coordinates of the bail point in the dipper local coordinates

Coordinates of the bail point in the digging plane
Coordinates of the trajectory followed by the bail point.
Cartesian x coordinate of the spiral

Coordinates of the saddle shaft point in the digging plane.
Coordinates of the sheave wheel center in the digging plane.
Cartesian y coordinate of the spiral

Dipper rake angle

Handle angle referenced to the horizontal

Effective handle angle, from the saddle shaft to the bail point
referenced to the horizontal

Difference between boom angle and effective handle angle

The read-out of the inclinometer on the handle
Orientation where the inclinometer on handle is zero

Soil density
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AB Difference between handle angle and effective handle angle

I Measured strain
Ebail Strain on bail bracket.
Ehandle Strain on handle sticks.

n yveasuresent  The read-out of the inclinometer on the bail

W NEUTRAL Orientation where the inclinometer on the bail is zero

n The cable direction

K Rupture surface inclination

M Boom angle

3 Blade direction, an angle from the horizontal

p The instantaneous attack angle.

o The normal pressure acting on the internal shear surface and
7 Internal friction angle

X Slope of ground surface
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Chapter 1

Introduction

1.1 Significance of the problem

Electric cable shovels are the most extensively used high volume excavators in
open pit mining. Previous work to improve the production capability of these
units focused on updating their mechanical and electrical components and
optimizing utilization and operational approaches. Little work has been done to
improve dippers and their ground interactions. With the trend towards higher
production forcing the development of ever bigger, faster and smarter cable
shovels, the need exists to move beyond the aging geometry of the dippers, which

have been relatively unchanged for the past 100 years.

In the Athabasca oil sand deposits of Northern Alberta, Canada, mine
operators employ the biggest cable shovels with dipper capacities upwards of
44 m’. However, the wear and impact associated to ground-equipment
interference problems plague these monster class shovel dippers, and have
continually done so for the past decade. The manufacturers’ variations have
concentrated on internal wear and material retention issues, but have not
considered the actual kinematics and major external problems, such as
dipper-crawler collision and poor dipper-ground interaction. These problems
will result in a relatively shorter dipper life, shorter maintenance period, higher

digging energy requirement and lower productivity. A simple dipper design
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improvement relying heavily on geometric change may result in greater

performance improvements with relatively little cost.

1.1.1 Cable Shovel performance

Cable shovels built by Bucyrus and P&H are proving successful in tar sands

environments, although there are also plenty of large hydraulic machines
operating there as well (Wolf, 2001). Compared to other loading/digging

machines, they are of high production and low cost (HPLC). Shovel performance
is one of the key criteria dominating oil sand operations in the Athabasca deposit.
Figure 1-1 illustrates the model with the largest population in Northern Alberta,

the P&H 4100 TS/BOSS shovel, which was specifically designed for oil sand

operations.
S.Sheave oo
4. Boom Wheel
\\\ K
2. Counter >+ Carbody B L
weight ; < 6. Cable
! : s 10. Pitch
' ,“ Bracg
&. | : o
:l, NN g ,’/’ 3
] % 7. Handle a
11. Saddle ’,' '.'
Block 8. Dipﬁer 9. Bail
~~~~~ 1. Crawler Point

Figure 1-1: Schematics of the P&H4100 BOSS cable shovel (Courtesy of JPi
geo-industry engineering consultants)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The common nomenclature of the cable shovel shown in Figure 1-1

summarized in Table 1-1.

Table 1-1: Main parts of a cable shovel

is

Part Action | Description
1 Crawler Propel The track is propelled back or forth to relocate the
shovel.
The rotating of carbody allows swinging the
2. Carbody Swing | boom, handle and dipper to dumping spots or
back to face.
3. Counter i Attached to the rear end of the carbody to balance
Weight the weight of boom, handle dipper and material.
Attached to the front end of the carbody and
4 Boom i erected at around 45 degrees to which the handle
' and cable are attached. It remains stationary to the
shovel carbody during the operation.
5. Sheave )
Wheel - Support and deliver the cable.
6. Cable Hoist Hoist or lower the dipper.
7. Handle Crowd | Retract and extend the dipper in and out.
8. Dipper | Dig/Dump | Dig the face and dump the load.
9. Bail i The connection point between the cable and
Point dipper.
10. Pitch i A pair of steel bar to connect the dipper and the
Brace handle.
11. Saddle i A pair of sleeves shafted on boom to hold the
Block handles.
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Typical shovel operations include:

e Digging: to break the face and fill the material into the dipper by the

motion produced by cable hoisting and handle crowding,

e Propelling: to reposition the shovel close to the face or travel in the

pit,
e Dumping: to unload the dipper, being triggered by latch releasing,

e Swinging: to swivel the upper works, allowing positioning the

handle and dipper for digging or dumping.

Such a shovel accounts not only for a huge proportion of an open pit mine’s
capital investment, but also for a major portion of the operating costs. The
shovel’s productivity directly influences mining production rates. Therefore,
mines often assign more trucks than the theoretical truck number calculated with

the production matching (over-truck) to maximize the shovels’ efficiency.

From operational experiences, a shovel’s key performance indicators (KPI)
such as productivity, cost, operational flexibility, reliability, and availability have
been used to evaluate a shovel’s performance (P&H, 2001A). Table 1-2 shows

some of these principal indicators and their relation to dipper performance.

Most of shovel performance indicators described in Table 1-2 are related to
dipper performance. The definition of a ‘good” dipper design is one with high
payload, short cycle time, high fill factor, low maintenance and operating cost,
low digging resistance and low down-time. Currently, manufacturers pay more
attention to improving a shovel's electric/electronic performance rather than

optimizing dipper shape configuration.
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Table 1-2: Shovel Performance Indicators

General . _ Dipper
Indicators Indicators Description related?
Payload Material loaded in dipper Y
Production | Cycle Time The time to complete a dig-dump cycle | Y
Fill Factor The _ratio of loade.d volume over Y
nominal dipper capacity
Capital Shovel purchasing cost N
Cost Maintenance Maintenance Cost Y
Operation Operating Cost Y
Digging The resistant forces from face Y
Resistance overcome by hoist and crowd forces
Operation | Downtime Machine failure time Y
Travel Speed | The speed at which the shovel moves N

1.1.2 Shovel dipper design potential

A potential improved dipper design would approach better performance evaluated
via a set of appropriate performance indicators. To increase production at an

identical or lower cost, reducing the resistant digging force is a priority.

An improved dipper design should yield the following benefits (P&H,
2001B) (ACARP, 2002):

(1) Reduced digging resistance

Improved attack angles along trajectories resulting in lower digging

resistance.

(2) Smooth digging process
A resistance plot that is smooth and flat, with fewer spikes, resulting in

structural longevity.
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(3) Better fill performance
The filling is faster and the fill factor (filled volume divided by nominal

capacity) is higher.

(4) Better dump performance

The dumping is smooth and has less harsh impact on the truck body.

(5) Less energy required
A reduced energy requirement for operation of the shovel in terms of both

continuous output and instantaneous power surges.

(6) Less dipper wear
Less wear due to less stressful ground-tool contact, resulting in longer

dipper life, less maintenance and replacing time.

1.2 Cable shovel dipper

1.2.1 Cable shovel dipper components

As illustrated in Figure 1-2, the cable shovel dipper consists of
(1) Teeth and lip system,
(2) Front wall, including wear protection rib and heel,
(3) Side wall,
(4) Back Wall,
(5) Bottom Door and

(6) Attachment and Connection.
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(6) Attachment

Figure 1-2: A two-dimensional illustration of typical cable shovel dippers

Figure 1-3 illustrates two frequently used terminologies for shovel ground
engaging tools (G.E.T.). The tooth angle is denoted by a -, rake angle is denoted by
a and defined as the angle formed between the level ground line from the leading
edge of the dipper tip to the point at which an individual rack pinion tooth
contacts the dipper handle rack. As the rake angle is adjusted up or down, the

tooth angle adjusts with it (P&H, 2001B).

Figure 1-3: Definition of the rake angles, a: rake angle, a,: tooth angle
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Figure 1-4 illustrates a traditional generic dipper. The three dimensions of a
dipper are width: from side to side; height: from the front wall to back wall; depth:
from the ingress to the egress (the front and back walls are also known as the

bottom and top walls).

Back Wall «----- .

.---> Side Wall

SRR

APANAN\N \

\

Y ta e s

RN

<€<— Width —> \___> Front Wall

Figure 1-4: A three-dimensional illustration of typical cable shovel dipper

1.2.2 Performance indicators

The Australian Coal Association Research Program (ACARP) (2002) summarized
the performance indicators (P1) for the analysis of physical dipper models:

(1) Production,

(2) Payload,

(3) Fill time,

(4) Cycle time,

(5) Fill energy and

(6) Digging resistive forces.
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In this present study, the payload, fill time and digging resistive forces will

be adopted in the performance evaluation.

1.2.3 Dipper design focus

To clarify the dipper design objectives, it is assumed that the shovel’s geometry
and structure remain unchanged. This study and the subsequent study could focus
on redesigning the following constituents:

(1) Three-dimensional geometry

(2) Rake angle and tooth angle

(3) Front wall profile, either straight or curved from top to bottom

(4) Dipper back wall and attachment arrangement with respect to handle

end connection points

Although the shovel design itself has advanced over the past 100 years, little
work has been done on the ground-engaging-tools. In this present study, geometry,
and front wall profile were primary concerned for a novel design which
potentially greatly improve the shovel’s performance, even if the original shovel

configuration is retained.

1.2.4 Dipper design approach

In recent years, computer simulation techniques have dominated the industry’s
approach to system and product designs. These have many obvious economic and
logistical advantages over physical modeling approaches; however, verification is
still a field application. The sheer size of a full-scale physical prototype and the
expense of building one force many shovel manufacturers to rely on the feedback
of customers, often on an as-built basis, where failure has dire consequences on
the manufacturer-operator relationship. Consequently, physical models are

frequently much smaller than the full proposed design, and scaling then becomes
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an issue in the prediction of the full-scale-version’s performance. Another
problem involves simulation within the walls of an experimental facility versus
the undisturbed virgin ground conditions of the field.  Predicting the
performance without some scaled field testing is virtually impossible; predicting
the effects of scaling is difficult, and, perhaps most of all difficult is the need for
both the manufacturer and the operator to take a leap of faith before any new

design can make the transition to manufacture and utilization.

An integrated methodology is anticipated for industries to implement a total
solution such that advanced computer techniques; simulation, optimization,
modeling and field testing are seamlessly incorporated, allowing for the creation

of an innovative ultra class dipper design in a cost-effective and reliable manner.

1.3 Dipper-ground interactions

Digging behavior as an interaction between the shovel and the ground is aftected
by both machine characteristics, such as geometric configuration, drive power and
tool shape, and ground properties such as density, void ratio, moisture content and
strength. The interactions between these characteristics and properties affect the

machine’s performance.

During a shovel digging cycle, the teeth and lip break the ground, filling the
bucket while the dipper moves along an operator-controlled trajectory.
Consequently, the bank face takes on a new profile similar to the above trajectory.
Two principal actuating forces and one normal support force from the saddle
block are exerted on the handle and dipper (See Figure 1-5), the sum of those
components is equal to the sum of the handle and dipper’s weight and the digging

resistance.
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(b) Variation of the attack angle when the blade moves vertically

Figure 1-5: Diagram of the dipper-ground trajectory and interaction

A simplified digging model is shown in the circle in Figure 1-5 in terms of a
straight rake intersecting the ground at a given attack angle. The digging force or
resistance is a function of the material, digging depth and the attack angle. The
smaller the attack angle the lower the digging resistance. Although this diagram is

not an accurate model to predict digging forces, the diagram does show a

11
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relationship between attack angle and the digging force required. Generally, from
90° to 0°, for a given rake length, the digging effort will decrease while the attack
angle decreases. However, it is not feasible in reality to always achieve the lowest
attack angle due to invoking severe wear on the rake front. In chapter 5 the
discussion will analyze the relationship between the dipper geometry and digging

trajectory.

1.4 Research objectives

The objectives of this research are to
(1) Propose an amalgamation of several established design tools to develop
an alternative dipper design approach, integrating 3D solid modeling,
kinematics simulation, computer-aided analyses, physical modeling and

field testing;

Very little work on the shovel dipper design approach was revealed from
literature searches. Shovel manufacturers tend to keep their design approaches
and methodology as part of their confidential intellectual property. Other
researchers have shown little interest in this field due to the small machine

population and the difficulty of gaining permission to perform field tests.

Due to the sheer expense of fabricating an ultra or even intermediate class
dipper, a model on such a scale is not feasible for an academic research program.
As a result, the performance of a developed scale model was compared to
reported larger sizes from the literature and access to ultra class operating mining

shovels.

(2) Suggest a design with a novel geometric shape for an ultra class shovel,

12
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which has the potential to reduce digging resistance and energy
requirements without affecting the main attached shovel structure and the

corresponding drive systems.

As an example of output, a proposed dipper design for an ultra class shovel
in an oil sands operation is developed utilizing the above approach. The design

focuses on shape reconfiguration for an improved operational performance.

1.5 Hypotheses

To narrow the focus of the research, two hypotheses were made before any
proposed work was carried out:

(1) A dipper shape configuration affects efficiency dramatically. An

improved dipper profile can reduce digging resistance, wear, cycle time

and energy and decrease maintenance periods, and with a reduction in

wall thicknesses can increase payload and production.

Undoubtedly, the variation of the dipper shape will change the way the
dipper interacts with the ground. As a result, the ground digging resistance, the
wear and damage on the dipper body may increase or decrease depending on how
the new shape is correlated to the ground profile and material properties. For a
given set of ground conditions and shovel, there theoretically exists an optimum
shape configuration that provides the best overall performance. However, not only
1s the approach to an improved shape very difficult, but also the methodology to
evaluate the improvement an even bigger challenge. Once a feasible design
approach and evaluating methodology can be established, current dipper designs

could be improved for better performance.

(3) A scaled physical model would perform in the same way as a proposed

13
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ultra class scale.

As a part of the methodology to develop a design concept, physical
prototypes are used to evaluate performance at a scaled size. If the result from a
scaled evaluation is favorable, the application to the full size dipper can still not
be made without an in-depth analysis as to the validity of scaling up. If this
hypothesis is shown to be potentially valid, the cost of building full size dipper

design prototypes could be saved.
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Chapter 2

Background

2.1 Research on shovel dipper design

Little work on the cable shovel dipper design has been reported in the literature
due mainly to corporate manufacturer intellectual property issues. Compared to
other high populated machine, the cable shovel dipper attracts very little attention

from both researchers and manufacturers.

Whittingham (1971) built a laboratory model to test the pitch variation
(changing the length of the pitch brace) for dipper teeth relative to the movable
surface. He proposed a cable-controlled variable pitch dipper with 108° range.
This design prevented dipper heeling which results from a conflict between the
dipper heel and ground and provides a longer cleanup radius for a given shovel
advance, so that a shorter swing angle and increased production were achieved.
Shovel advance refers to the shovel’s incremental movement for the dipper to

reach the face.

ACARP(2002) made a series of physical dipper models to investigate the
relationship between some key design factors: length:width:height ratios, bail
(bailless) positions, tooth angle and arrangement, and the shovel’s performance in

term of payload, fill time, energy required, tooth force.
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The key findings of this work provide a series of key dipper design
principles, which are subject to a provisional patent held by GBI Consulting Pty
Ltd.

(1) When looking into the mouth of the dipper, the height / width ratio will
depend on what is being dug, such that:

® (Coal-1.0
® Soft Digging - 0.75
® Blocky Digging - 0.6

If a range of ground materials are being dug, a mine either needs multiple

dippers or utilizes a height / width ratio of 0.65 - 0.70

(2) The dipper needs to be designed in such a way so as to minimize the
void volume at the corners of the open mouth with the back wall as a

percentage of apparent material volume.

® The dipper needs to be as shallow (distance from teeth end to door)

as possible.

® The height from teeth to door should be at least twice as long as the
height at the rear of the dipper.

(3) The length and orientation of the dipper back need to be designed in
such a way as to minimize the void space when the spoil flowing into

the dipper.

(4) Rounded (high radius) corners should be utilized wherever possible.

The shape of the back needs to be rounded to account for the shape of

16
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spoil flowing into the dipper.

(5) A minimum rake angle of 75° is recommended. Higher angles provide

improved productivity but will also increase heel wear. This angle can

be increased if the design allows the heel to be further from the face.

(6) The tooth angle and rake angle need to be balanced to maximize

productivity and minimize heel wear. More work is needed in this area

on a site by site basis but as a starting point a rake angle of 80° and tooth

angle of 65° are recommended.

(7) The hoist rope connection needs to be as far back as possible; at least in

line with the rear of the dipper.

P&H (2001B) suggested starting points for adjusting the tooth angle and

rake angle (see Table 2-1).

Table 2-1: Suggested minimum tooth angle and rake angle

Hard Rock digging Medium Digging
Tooth Angle 46°-48 ° 48 °-50 °
Rake Angle 57°-59° 59°-61°

Although little literature is available on the front wall profile, the

compromise between digging performance and heel life was mentioned in all

above research. For example, the variable pitch dipper (Whittingham, 1971) tried

to increase the rake angle for better digging and decrease the rake angle for heel

protection. ACARP (2002) research suggested a 75 © degree rake angle for an

acceptable productivity and 80 ° for a balance between the productivity and the

heel wear based on the field experiment.
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2.2 Current dipper design review

Dipper profiles have had a box shape until recently. As summarized by ACARP
(2002), Whittingham (1971), P&H (2001B), traditional dipper design has some

generic drawbacks (see Figure 2-1):
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Figure 2-1: A generic dipper concept

0

(1) Tooth angle and rake angle: With a straight front wall, the compromised
tooth and rake angle result in a high attack angle during the tucking or

initial digging (see Figure 2-2).

(2) Heel: With a straight front wall, the heel is vulnerable to the ground wear
and damage, it is not cost-effective to increase the tooth angle and rake
angle as desired for a reduced digging resistance because of rapid

increase of wear and damage on the front (see Figure 2-3).

(3) Corner: For a flat front wall. the corner wear is significant as the corner
keeps touching the side material when the dipper penetrates in the face

made of non-blasted material.

18
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(4) Back wall: The cubic shape of the traditional design may lead to void

space around the top area of the back wall.

igh attack angle

Figure 2-2: A high attack angle deceases digging performance

Interference

Digging Face

Figure 2-3: Face interference leads to heel wear and damage.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



P&H MinePro Services launched the P&H Optima® plus dipper line for
both P&H shovels and other non-P&H shovels in 2000 (see Figure 2-4). This
design was introduced to attempt to provide a better balance for digging and
loading, had an improved geometry for fast filling and easy, even-pass, resulting
in increased production (P&H, 2001C). The dipper kit for P&H 4100 XPB allows
expanding or reducing their payload capacity from 63 cu yd to 80 cu yd. (Coal
age, 2001). P&H (2001C) claimed this dipper has three outstanding design

features:

(1) A curved side-to-side front profile reduces ground engaging impact and

avoids corner wear.
(2) A smaller height-to-width ratio improves material filling.

(3) A shortened latch keeper reduces latch wear and damage, decrease the

down time.

Figure 2-4: P&H Optima® Plus dipper (P&H, 2001C)
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Bucyrus International at the same time developed the FastFil® series of
dippers (see Figure 2-5) for their shovels, which improved the fill factor (ratio of
the filled volume to dipper capacity) (Bucyrus, 2003). The FastFil® series

essentially has a similar specification to that of P&H, but has the following

features:
(1) A higher tooth angle in addition to the laterally curved lip and front wall.
(2) A trapezoidal back to reduce void space.
(3) A shortened back wall to reduce dipper weight and reduce void space.

(4) Bailless design, the dipper is not held by a bail frame but a pair ot wheels
through which the hoist cables are attached.

/o\ (@) O\ ’P
©
!

Figure 2-5: Bucyrus Fastfil dipper (Bucyrus, 2003)

ACARP also developed a conceptual design based on their experimental
results (see Figure 2-6). This design is very similar to Bucyrus’s Fastfil dippers,

except for a flat front wall. No literature reveals the relationship between these
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two designs.

Figure 2-6: ACARP Concept dipper (ACARP, 2002)

ESCO, a Portland, Oregon-based tool company (originally AMSCO of
Manitoba, Canada), developed the Maxi-Pro series shovel dippers, which featured
a curved lip (side to side) and high wear protection (ESCO, 2002) (no figure

available).

Based on above review, it is anticipated a dipper front wall that can not only
achieve a high digging performance but also a long heel life. All previous dippers
have straight front walls (from the teeth to the door latch). Therefore, a curved
one may have great potential to satisfy both criteria (high performance and long

heel life).

2.3 Other Ground Engaging Tool (G.E.T.)

Relatively more information has been published for the hydraulic excavator and

loader G.E.T. than for the cable shovel dipper.

22
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Unlike the dipper for an electrical cable shovel, the GE.T for a hydraulic

shovel or front end wheel loader is normally known as the “bucket’.

The buckets for hydraulic shovel, backhoe and front end loader perform in a
similar way to cable shovel dippers. Hydraulic front shovels and backhoes are
often assigned to harder material digging jobs so that their buckets are normally
compact, solid built and of high height:width ratio. By comparison, the front end

loader bucket is of low height:width ratio and less solid built. (see Figure 2-7).

For hydraulic excavators, various bucket designs are in wide use. In general,

manufacturers offer digging buckets for (Caterpillar, 2005)

® General purpose

They are designed to improve performance in moderate-to-easy to penetrate
soils that are not highly abrasive. These buckets take advantage of the easier
to load soil by using a larger tip radius to get more capacity for each bucket

width.

® Heavy duty

These buckets are designed to work in all but the most abrasive work
conditions. They are more durable than the general purpose buckets. For a
given width they have a smaller tip radius. This insures good loadability in
difficult to penetrate soils. They have thicker base edges and larger teeth

than the general purpose buckets.

® Heavy duty rock

These buckets are designed for the most severe rock conditions. They offer
the same capacity, tip radius, and tecth as the heavy duty buckets, but
material thickness has been increased and wear plates are larger than the

heavy duty buckets.
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® C(leaning

This is a wide, shallow bucket designed for cleaning ditches and slope work.
It is also good for grading in light materials. They may not have teeth or side

shrouds.

Front Piece

(a) Hydraulic backhoe bucket (b) Hydraulic front shovel bucket

(c) Front end loader bucket

Figure 2-7: Various hydraulic shovel and loader buckets
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Kuhn and Wardecki (1983) described typical hydraulic shovel buckets and
worked out a comparison of various bucket configurations with various rock
masses. One of his conclusions was to emphasize the importance of the selection

of the right bucket for a given set of ground mass properties.

Howarth et al. (1987) described dragline bucket filling characteristics by
carrying out field and laboratory studies of the relationship between the drag and
carry angles (see Figure 2-8). Favorable angle combinations which result in
minimum volume lost and volume waste (space not utilized) were found for

different materials.

Hoist Cable

Carry Angle

Figure 2-8: Dragline bucket (Howarth et al.,1987)

Rowlands and Just (1992) described the performance characteristics of dragline
buckets by building three experimental rigs, one at a 1:32 scale, one at a 1:12.5

scale and one at a 1:6 scale.
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These arrangements yielded valuable data resulting in an improved
understanding of dragline bucket-filling behavior and allowing for an improved
bucket whose top matches the shape of the ground material at an angle of repose.
They also compared the test data to the performance data from a full scale bucket
in operation. One important conclusion that is meaningful for this study is that the

scaled test version of the bucket can be very helpful for a full scale new design.

2.4 Previous work related to dipper design

2.4.1 Digging kinematics

Several researchers have worked out models for cable shovel kinematics and
dynamics relationships. Daneshmund and Hendricks (1993) developed a
simplified generic kinematic model for shovels. In their work, the position of the
dipper was determined by the geometry shown in Figure 2-9, in which M is the
length of the shovel boom from the crowd arm attachment to its end; # is the

length of hoist rope, and / is the crowd arm extension.

In the model, the handle was considered as a beam that was assumed to be
extended and retracted though a pivot point on the boom. The sheave wheel radius

was neglected and assumed to be a point.

Utilizing this model, the shovel dipper kinematics was summarized with the

following equations:

!
x:Fv(h,[):xo +£§-{HCOSA+[12 —(M~ I _h_) ]a sin A
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Where:

aXY a}'

F\’! Ft\’

1
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y:]?_r(h,l)zyo+%—h—sinl—£lz—ﬁM = )] cos A

4M*

(2.2)

vr :ﬁ = aF‘ ﬁ—f— aF\’ i] (2.3)
S oodt oh dr Ol dif

OF oF

v, ZQ:_*@+E.-_‘ﬂ (2.4)
Toodr oh dt ol drt

- O dh Ol 29
' di oh dt 0Ol dt

dv.  0Ov. ov.
=—1 = "@+—-‘—ﬂ (2.6)

“dt oh dr ol dt

Dipper acceleration’s x and y components, respectively
Functions of h and | to determine the dipper position x and y,
respectively

Hoist cable release length

Handle extension length

Time
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Vi Vy Dipper velocity’s x and y components, respectively

Xy Dipper position in the digging plane coordinates
X0.V0 Saddle block shaft position.
/. Boom angle.

The above model is summarized as follows:
e The handle and dipper position is a function of the handle extension
and the hoist cable release length.
e The dipper velocity and acceleration are a function of the crowd

and hoist velocity and acceleration.

\\
?
C D

Figure 2-9: Simplified shovel geometry (Daneshmund and Hendricks, 1993)

2.4.2 Digging forces

For the purpose of dipper investigation, the handle-dipper forces equilibrium is of

primary concern in considering shovel digging behavior. To generalize the
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problem, the forces illustrated in Figure 2-10, in which Fj is the support force
perpendicular to the handle from the saddle block, F, is the crowding force
generated at the crowding motor, £} is the hoisting force generated at the hoist
motor, Gy is the gravity force of the dipper plus the handle acting at its composite
centroid. G, is the gravity force of the material in the dipper acting at its centroid,
F. and F,, are the cutting resistance forces generated at the working face in the X
and Y directions, £, is the frictional force acting on the external front dipper wall,
N, is the normal force acting on external front dipper wall, F}; is the frictional
force acting on the internal front dipper wall and N is the normal force due to the

material moving in the dipper acting on the internal front dipper wall.

Member (1986) outlined the forces acting on the front attachment shovel. He
used the equilibrium of forces to determine the shovel’s digging forces. He

considered the bucket dynamics in several key positions:

(1) When digging activity is just about to start, until the dipper stick is in the
vertical position;

(2) When digging is well in progress, until the dipper stick is at about 45
degrees to the vertical,

(3) When digging is about to be completed, until the dipper stick is
approaching the horizontal;

(4) Free in the face, until the stick at a set angle to the boom.
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Figure 2-10: Dipper-handle free body diagram and the acting forces

Henami (1992) did more extensive work with hydraulic loaders; he devised
kinematic and dynamic models for a load-haul-dump unit (LHD) used in

underground mines.

In Figure 2-10, the weight of the dipper and handle G, and G, are constant
and that of the ground mass in the dipper G, increases during digging. The
centroid of the mass in the bucket obviously varies too but keeps within a small
range. Regarding the handle, dipper and mass in the bucket as a single body with
weight G, in this study, the changing position of the centroid for the body was

neglected due to its insignificant influence on the force equilibrium.

The frictional force and normal force acting on the outside of the front wall
result from flowing material moved with the digging action. For non-blasted
material, the amount of the falling, flowing material is a minor contribution to the
force equilibrium. Nevertheless, the amount and moving direction of the falling

material are unpredictable.
The resistive forces F. Fo, N, Fjare the components of total digging

resistance R, the opposite of the digging effort described by the dipper-ground
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interaction model in later discussion.

Therefore, the hoist force, crowd force, handle support force, gravity and a
combination of the resistive forces are considered in a model shown in Figure

2-11.

Figure 2-11: a modified dipper-handle free body diagram

2.43 Dipper - ground interactions

The shovel’s digging process consumes a large amount of energy in operation,
resulting in machine wear and adverse impact on the moving structure. Extensive
field research has been done on ground-tool interactions. Model-based analysis of
the dynamics of earthmoving can be applied to equipment design, system
identification, performance monitoring, simulation, and control. Knowledge of the
forces encountered by a tool in earthmoving operations can be useful for tool and
machine design. The interactions between a tool and a medium can be divided
into three actions: penetration, cutting and loading (see Figure 2-12) (Blouin,

2001).
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a) Penetration b) Cutting ¢) Loading

Figure 2-12: Fundamental Earth-moving actions (Blouin, 2001)

Penetration, the simplest activity of soil breakage, is to penetrate the blade in
to the soil along the blade direction. Cutting is to break the soil via moving the
bucket through the soil. Although penetration and cutting are distinct actions, the
resistive forces observed while cutting were found to be of the same nature as
those encountered during penetration (Zelenin et al., 1985). Loading is to fill the

broken soil into the bucket (Blouin, 2001).

The cutting action was of greatest concern in this study as it accounts for the

largest portion of the shovel digging behavior.

During the last four decades, the methodologies used in modeling soil
cutting have progressed from an experimental approach, to 2D/3D analytical
methods, to finite element methods and recently, discrete element methods. The
theory involved covers Terzaghi’s (1943) passive earth pressure theory,

elastro-plastic mechanics, and plastic flow, rheology and particle mechanics.

The magnitude of forces required to cause soil failure is a function of the
shear strength of the medium and the dimensions of the ruptured surface. (Blouin,

2001).

With respect to the digging process, the ground mode!l describes how the

ground will fail and yield. The most common soil failure model is the shear stress
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and shear strength theory.

In 1776 Coulomb noted that there exist two mechanical processes that
determine the shearing strength of a material. One process (friction) is
proportional to the pressure acting perpendicular to the shearing surface. The
other process (cohesion) seems to be independent of normal pressure. Coulomb

modeled the shear strength, t of a soil as the sum of these two components:

t=C+0otang (2.7)
where
C cohesion,
o the normal pressure acting on the internal shear surface and
17 internal friction angle

Table 2-2 shows typical values of cohesion (C), and angle of internal friction

(p) for some commonly mined soft materials.

Osman (1964) analyzed a wide cutting blade scenario via checking two
theories for passive pressure, (a) Coulomb’s solution for granular material and (b)
Ohde’s (1938) logarithmic spiral method (see Figure 2-13). The boundary
condition at failure in Coulomb’s theory was assumed to be a plane surface from
the blade tip to the free surface. The inclination of the plane was governed by the
minimum force. The material failure boundary in Ohde’s theory was composed of

a logarithmic spiral and a plane surface identical to that postulated for long
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retaining walls.

Table 2-2: Properties of some typical soft mined materials (Singh, 1995),
(Dusseault and Morgenstern, 1978) *

Material | Cohesion(kPa) | Friction Angle(degree)
Lean Clay 17.2 17.2
Heavy Clay 68.9 34
Dry Sand 1.0 28
Sandy Loam 1.7 29
Coal 0 30
Oil sand* 0 20-60

Osman concluded that Coulomb’s wedge solution holds good for smooth
blades of small attack angles working in cohesionless materials. The dipper soon
becomes very smooth after launching into operation due to high abrasiveness of
the oil sand. Not like the actions of ripping and tillage, the digging in oil sand is
mainly an action of the cutting or peeling that carries relatively small attack
angles. Dusseault and Morgenstern (1978) concluded that the oil sand is
cohesionless. Therefore, the oil sand digging scenario matches this conditions that
Osman proposed based on the facts of the shovel digging action and oil sand

properties.
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(b) Logarithmic spiral rupture surface

Figure 2-13 : A 2D scheme for soil cutting

Reece (1965) recognized that the mechanics of earthmoving are similar in
many respects to the bearing capacity of shallow foundations on soil as described
by Terzaghi (1943). He proposed the following equation for universal

ground-breaking force estimation.

P ={rgd®N, +cdN, +¢,dN, +qdN I, (2.8)
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where
¢ Soil cohesion
Soil-tool adhesion
Tool working depth
Acceleration due to gravity
Soil cutting force adhesive factor

Soil cutting force cohesive factor

Zzz=m ap

Soil cutting force surcharge factor

B

Soil cutting force gravitational factor

~

Total tool cutting force

Surcharge pressure acting on the soil surface
w Tool width

Soil density

Rupture surface inclination

p Rake attack angle

N,, N, N, and N, depend not only on the soil friction strength, but also on

the tool geometry and tool to soil strength properties.

As the tool surface is normally very smooth in contrast to the soil so that the

adhesion is not significant, the component ¢, dN ,in Equation 2.8 is often neglected.

Based on Osman’s work, Hettiaratchi and Reece (1974) developed charts to

determine factors N N, N,. This method is not convent for iterative simulation.

Both graphical and analytical methods were used to determine the factors for
the trial wedge model. One of those was to determine the factors by seeking the
minimum digging effort. This method will be discussed and developed further

later in chapter 4.

Hettiaratchi and Reece (1967) also proposed a three-dimensional model as
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shown in Figure 2-14.

Figure 2-14: 3D scheme of soil-cutting model (Hettiaratchi and Reece, 1967)

In the three-dimensional model, the composite cutting force, P, is the sum of
the component P for cutting the middle zone, and twice that of P, for cutting the

two side zones:

P=P +2P, (2.9)

The two-dimensional methods previously mentioned are appropriate for
calculating P, and equation 2.9 was proposed for calculating the cutting forces for

the side zones.

P, =lld+qlrglf wN_ +ewd'N_K,. 2.10)
where
d Tool working depth.
-1 .
K, _ tan Kk sin pcotk

=
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Ny Soil side cutting force cohesion factor.
N, Soil side cutting force frictional factor.
w’ Eftective width of the side zone.

d

1 . 1 7 . _sind o1 T . . sind
~tanksinlo+ |0 +@+—+sin” | —— | |[sin” |6 +¢@+— +sin -
2 2 2 sin@ 2 2 sing

The N factors in above equation can be analytically determined using the N

factors for a two dimensional soil cutting model (McKyes, 1985).

In the general case, the two dimensional analysis developed above is
insufficient. However, McKyes (1985) notes that in the case a tool has side-walls
(as with excavator buckets) the walls help push the soil into the bucket and
constrain the failure to a volume directly ahead of the bucket. This suggests that in
this case a two dimensional analysis will suffice if a typical excavator bucket is

used.

2.5 Soft rock and oil sand

2.5.1 Soft rock in comparison to hard rock

There are no set guidelines in specifying between soft and hard rock. Miners use
mass strength, block size, weathering and fracture density to derive an index for
determining whether blasting is needed. In the shovel digging context, the
relatively soft ground material that need not be blasted before digging is normally

regarded as soft rock or soil.

Ideally un-blasted soft bank face material that consists of fine and even size

material takes a similar profile as the dipper moves through it along a set digging
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trajectory. The dipper will often need to move along an extended path to peel off
the material from the face. In this action only a small amount of loose material

flows down on the bank toe (see Figure 2-15).

Next Digging

Virgin Face

Muck pile

Figure 2-15: Un-blasted soft material face

In contrast to an un-blasted soft material face, a blasted face which consists
of uneven blocks of rock requires a different mode of excavation. The dipper will
normally move a very short distance (approximately 2~3 times of the dipper
depth). A large amount of fragmented rock falls down at the face toe and
accumulates in a rock pile. The digging action is more like scooping loose
material. While the rock pile is cleaned, more rock falls down with or without

minor digging in the face itself (see Figure 2-16).
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Figure 2-16: Blasted rock face

Another significant difference between the two types of digging is the

influence of volume expansion, which is often indicated with the swell factor

(SF).

The swell factor is defined as

_ Bank Material Density (2.11)

SF = ,
Loose Material Density

The un-blasted material will swell dramatically while it moves into the

dipper after being broken from the face.

In contrast to un-blasted material, blasted rock swells to some degree within

the bank after blasting. This leads to different filling behavior from the soft

un-blasted material.

In this research, soft rock and soil conditions are assumed, where the muck
pile at the face toe is small compared to the dipper capacity. The loading action is

fulfilled by cutting through the virgin face.
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2.5.2 OQil sand

Alberta’s oil sand deposits are some of the biggest oil sand reserves in the world
and represent a major source of oil. Canada’s crude bitumen exists entirely in
sedimentary formations in three regions: the Athabasca, Cold Lake, and Peace

River oil sand areas (National Energy Board, 2000).

The oil sand deposits are composed primarily of quartz sand, silt and clay,
water and bitumen, along with minor amounts of other minerals, including
titanium, zirconium, tourmaline and pyrite. Although there can be considerable

variation, a typical composition is:

® 75 to 80 percent inorganic material, with this inorganic portion

composed of 90 percent quartz sand.
® 3 to 5 percent water.

® 10 to 12 percent bitumen, with bitumen saturation varying between zero

and 18 percent by weight.

The bulk density of uniformly graded rich oil sand ranges from 2.05 to 2.18

g,/cm3 .

A key aspect of the oil sand reservoirs is the presence of bound formation
water, which surrounds the individual sand grains as layer. The bitumen is trapped
within the pore space of the rock itself. This is similar to most conventional oil
reservoirs, and the reservoir rock is said to be "water-wet", that is, each sand grain
is surrounded by an envelope or film of water about 10 nanometres thick. The
presence of the water layer around the grains enables the bitumen to be recovered
more easily since the bonding forces between the bitumen and water are much
weaker than those between the water and the sand grains (National Energy Board,

2003).
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Figure 2-17 shows the in-situ structure of oil sands (Dusseault and
Morgenstern, 1977). The pore liquids are saturated with gas containing 75% to
90% methane and 10% to 25% carbon dioxide under in situ conditions (Kosar,
1989).. The porosities of the high-grade oil sand are around 25 to 35%. This high

porosity shows a lack of cementation and hence cohesion in the oil sands.

Silty layer
largely oil
free

Bitumen

Surrounding

. . Water
Grain-to-Grain

Contact

Figure 2-17: In-situ structure of oil sands (Dusseault and Morgenstern, 1977)

In-situ, the pore fluid, particularly the bitumen, contains significant
quantities of dissolved gases which, upon release of confining pressure, come out
of solution. The relatively low permeability of the oil-rich sand does not permit

rapid dissipation of evolved gas and the net outward pressure results in gross
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fabric disruption by expansion. Once the structure is broken, the trapped gas will
escape rapidly, resulting in a speeding swelling. This will be considered in

chapter 5 where expansion causes capacity issues for dipper designs.

As it is near impossible to sample in-situ oil sand without disturbing the
material with release of gases and expansion of the structure, Dusseault and
Morgenstern (1977) conducted drained and undrained triaxial tests on
recompacted rich oil sand with 13.5% bitumen content. The triaxial tests were run
at around 4°C. The results showed a Mohr-Coulomb failure envelope for
undrained rich oil sand which can be described as follows (see Equation 2.12,

Figure 2-18).

7, =1.13¢,"" (2.12)

0.83
/,’ t,=1.130,
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Figure 2-18: Failure envelope of recompacted rich oil sand undrained triaxial tests

(Dusseault and Morgenstern, 1977)

43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dusseault and Morgenstern (1978) suggest zero cohesion for densely
recompacted oil sand. However, in-situ oil sand often shows very high slope
angles. A Mohr-Coulomb plot of triaxial test data from the Canadian oil sands
shows a surprisingly high tangent angle of friction at low confining stresses

(Dusseault, 2001).

Typically, in-situ undisturbed oil sand will have a friction angle of 50° to 60°;
it is reasonable to use a friction angle of 50° for undisturbed oil sands (Collins,

2005), ( Morgenstern and Scott, 1997).

2.6 Summary

Very little literature directly pertaining to shovel dipper design has been reported.
Nevertheless, all published previous work noticed the conflict between rake angle
and dipper life (wear). Side-to-side curvatures have been adopted in the most
recent dipper designs (to 2006), however, no tooth-to-heel curvature concept has
been proposed. The tooth-to-heel curve concept may potentially solve the conflict
between digging performance and dipper life. This research therefore focuses on

development of a design concept incorporating this front wall curvature.

Only ACARP (2002) published a dipper design approach that is 100%
physical test based. There are no combinations of analytical or simulation
methodologies reported as manufacturers are over concerned over intelligent
property protection, and other researchers show little interest due to the

development expense involved.

In addition to an experimental dipper design approach, the research here is
an analytical study of a proposed dipper design, based on the shovel kinematics,
dipper geometry, ground conditions and dipper-ground interaction. To reach the

objective of the study, an approach that integrates the kinematic analysis, digging
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simulation and prototype test will be proposed.

Since the target material for the proposed dipper is oil sand, the properties of
oil sand were reviewed. As a kind of soft rock or soil, oil sand in Northern Alberta
has different behavior to that of the blasted rock mining context. In-situ, the pore
fluid, particularly bitumen, contains significant quantities of dissolved gases
which, upon release of lateral ground confining pressures during excavation,
come out of solution. The relatively low permeability of the oil-rich sand does not
permit instantancous rapid dissipation of the evolved gas and the net outward
pressure results in gross fabric disruption by expansion once it resides in the

dipper body.

Some literature on shovel digging kinematics and ground - tool interactions
were reviewed. Previous shovel kinematic models were over simplified with
respect to geometry and action. This research will devise a model that fully

represents the shovel’s geometry and action.

Although, there are advanced methodologies that can be used for ground
breaking analysis, the trial wedge which is based on shear strength and shear
stress théory is suitable for oil sand digging analysis. This method will be
discussed and developed further later in chapter 4. It is simple and hence fast to
run and widely accepted as accurate for oil sand modeling purposes. There are
some modifications that will need to be applied to the model to be applicable for
cable shovel digging actions as this machine’s digging behavior is beyond the

previous trial wedge ground breaking model.

To validate the concept of a curved (teeth to heel) front wall that will
increase rake angle whilst decreasing heel wear or damage, a digging simulation
approach that incorporates digging kinematics, ground conditions, dipper-ground
interactions and force equilibrium will be proposed in subsequent chapters.

Previous research with respect to the above is lacking in the literature and hence
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provides the scope for this work.
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Chapter 3
Digging Kinematics

3.1 Cable shovel geometric model

3.1.1 Assumptions

Only two main manufacturers, Bucyrus International (formerly Bucyrus Erie) and
P&H Mining Equipment (Harnischfeger Corporation), remain in the cable shovel
market around the world. Each has kept to its own classical mechanical shovel
configuration although dimensions and electronics have advanced in recent years.
As the P&H 4100 BOSS shovel is extensively used in Northern Alberta oil sand
operations, this configuration was used as a basis for dipper modeling. As such

it was assumed that:

(1) The shovel main structure and associated components are rigid.

(2) The shovel’s main structure remains stationary during digging operations,
while the dipper and handle assembly is allowed to move through the face
defining the shape of the dipper front; the crux of this research.

(3) The shovel operates in homogeneous isotropic oil sand ground material.

(4) The working mining face dimensions are appropriate for oil sand

geotechnical stability and the shovel operating geometry (see Figure 3-1).

From these assumptions, the shovel action was modeled based purely on
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geometrical restrictions. A geometrical shovel model was input into an analytical

shovel kinematic model written in MatLab (see Appendix A.1).

v 19m
8.5nT
74
/
&
/ 19.7m
/// 15.1m
10m
/
& /
60° X

11.6m

Figure 3-1: Schematic of shovel and working face

3.1.2 Shovel position in cylindrical coordinates

Normal cylindrical coordinates use (7, 6, z) to represent a point in 3D space (see

Figure 3-2 (a)).

To make a smooth transition from the two-dimensional shovel model
developed by early researchers and from range diagrams freely available to the
mining industry from the manufacturer of the shovel via equipment specification
sheets, a special coordinate system was established (Figure 3-2 (b)) where x, y and
6 are employed as the notation system. For this study, the cylindrical coordinates

are denoted as (x, ). 6).

In this coordinate system, the notations for a two-dimensional kinematic
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model are unchanged in the x-y plane. With the introduction of the third
coordinate 6 that is the shovel’s upper body swing angle, a three-dimensional

representation of the shovel motion was effected.

Z Y
/_/\7‘ r0,z) //\7‘ x,3,6)
& ’ Y k/
/ Nk N
Lt
by « by x
(a) Normal cylindrical coordinates (b) Self-defined cylindrical coordinates

Figure 3-2: Representations of cylindrical coordinates

In the numerical model and evaluation, the full mechanism of the hoist and
crowd system was modeled without simplification. For example, the geometric
relations at the saddle block and sheave point were more accurately modeled

rather than simplified as points as had been done in earlier research.

3.2 Cable shovel kinematic model

3.2.1 Dipper motion geometry

The coordinate origin was defined as the shovel’s revolving center projected onto
the horizontal ground surface (see Figure 3-1). In the digging plane (X-Y plane),

as shown in Figure 3-3, the rotation center of the saddle block, O, and the rotation
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center of the sheave point, P°, are fixed but vary in the third dimension as the

swing angle § changes, Figure 3-4.

Y Dipper handle
N Local coordinates Hoist
X’
extension X
~
>
(0,0

Figure 3-3: Shovel dipper geometry in x-y pane

The handle is connected to the boom via the saddle block so that the
distance (OA) from the bail point A to the shipper shaft, point O, is not equal to
the crowd extension O’A, OA can be calculated via triangle OAO’, where OO’ is

fixed during a given unit digging operation.

The rope is tensioned or released via the sheave wheel so that the point of
tangency (P) is not fixed, and the location P can be determined via triangle APP’,

where PP' is fixed during a given unit digging operation.

The position of the dipper is represented by point A (the bail point), as the
geometry of the dipper relative to this point remains unchanged during operation.
Two given variables, crowd extension length and hoist cable release length, allow

the dipper’s position in the digging plane to be determined at any time.
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Saddie block
Center: O

\%
>

Figure 3-4: Shovel dipper geometry in x-z plane

As shown in Figure 3-5, given the coordinates of point A, the coordinates of
any point on the dipper or handle in the digging plane can be determined from the

local coordinates.

Y?

Y

A Bail point

A(xp. yo)
X
Horizontal
: ~
(0,70) ¥ > X

Figure 3-5: Local dipper coordinate transformation to the digging plane
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3.2.2 Derivation of the dipper motion function

Figure 3-6 illustrates a geometric representation of the shovel’s digging motion.
The dipper position (the bail point) can be determined at any time by using the

triangle side lengths printed in bold lines in the figure.

Y
N

Figure 3-6: Geometric derivation of the dipper motion function

Given the input of crowd extension length, 1, and cable release length, h, two

motion edges of the triangle, h” and I’, can be determined; thus, angle /3; and the
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location of the dipper point A can be determined at any instant.

The boom angle is a constant and defined as in Equation 3.1:

A — tan—l [yum'z//e - .y\/r('m’(' j

x.\(uldlu - x.\huave

The effective cable release, h’ and eftective crowd extension, 1" are

R=h*+nr}

and
In triangle OAP,
B, = cos“(llszM2 — h'zj
2Mmr
Thus,
By =4-p,
In triangle OAQO”’,

ZOAO'= AB = tan (r7')

and the handle angle is

B=B-AB
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The dipper bail point position is given by the coordinates

_ '
Xo =X, T1'cO8 B,

o (3.8)
y() = y.\‘add/c +l sin ﬁl .

After substituting / 'and /3, within equations 3.2 through 3.6,

2

e Par’+M -1 -r | . P4y’ +M -1 —r’
Xy =X, qpt I 1| €O ' - [+sinA |1- . :

2x Mx|I’ +1 2xMxyP+r

(3.9)

P+rl+ M -1 _rzz]—cos/l 1_[12 1l A MR- J

_ [2, 2|
yO _y.\u(ld/c+\/l +}"| Sll’l)
2x Mx lz+r]2 2x Mx 12+r|2

(3.10)

As shown in Figure 3-5, the coordinates of any point on the dipper or handle

can be determined by using the following matrix equation:
X cosfBsinB x| |x
= . Tt (3.11)
y —-sinf8 cosB | y Yo

where

h Cable release length measured from the tangent point on the
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¥y

F2

Xy

X v’ y 3
X0, Yo
Xsaddle. Ysaddle

Xsheave, Vsheavee

B
Bi

B:
4B

/.

sheave to the bail point

Effective cable release length, from the sheave shaft point to
the bail point

Handle extension length

Effective handle extension length measured from the saddle
shaft to the bail point

Distance from saddle shaft to the sheave shaft.

Distance from saddle shaft (point) to the handle direction
(line) passing the bail point

Sheave radius

Coordinates of any point on the dipper or handle in the
digging plane

Coordinates of the bail point in the dipper local coordinates
Coordinates of the bail point in the digging plane
Coordinates of the saddle shaft point in the digging plane.
Coordinates of the sheave wheel center in the digging plane.

Handle angle referenced to the horizontal
Effective handle angle, from the saddle shaft to the bail

point referenced to the horizontal

Difference between boom angle and effective handle angle

Difference between handle angle and effective handle angle

Boom angle

These motion equations were modeled with a program written in MatLab (see

Appendix A.2)
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3.3 Digging spatial characteristics

3.3.1 Shovel duty cycles

Three common shovel-truck digging/loading methods are normally used in open
pit operations (see Figure 3-7): Single truck back-up, double truck back-up,
single truck drive-by. After a number of digging and loading cycles, the shovel
will have to advance closer to the face (see Figure 3-7 (d)). No matter which
loading method is employed in a mining operation, the single volume for each
shovel advance is of a similar shape as shown in Figure 3-8. This volume is
formed by the surface of the previous cut and the shovel’s incremental reach range

after the advance.

QURE T
@% T R2§‘> T
LA LN LA RS R A [y@

LRI AR AR

(a) Single Truck Backup (b) Double Truck Backup

HUNL ML

—> T

< (<]
LA R LA AL LA L0 L O R LA AR RN AR RN AR RN ARRA N

(c) Single Truck Drive-by (d) Shovel Repositioning

ll_'i'_l.'J_l

Figure 3-7: Shovel-truck digging/loading methods
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Figure 3-8: 3D digging volume for a shovel move

3.3.2 Digging motion range

Most manufacturers suggest a range of digging motions for a given shovel model

in the specification sheet, which is effectively a range diagram of the dipper’s

cutting tip. However, the mathematical method used to find this range is not

published. It is unknown whether manufacturers measure these ranges from their

shovels or calculate/simulate via a computer. In this research, a MatLab program

was applied to establish range parameters (see Appendix A.3).

Here in evaluating the shovel’s digging motion range the dipper profile was

represented with a polygon as was the shovel boom, body and crawlers. Using the

following boundary criteria, a motion range was discerned for the P&H 4100

model shovel targeted:

The handle can be extended or retracted, being constrained solely by the
rack teeth extent on the handle;

The cable can be pulled until the bail collides with the point sheave;

The cable can exert only a pulling force;

The boom is protected from the dipper by the bumper blocks on the
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boom when the dipper is in the tuck position;
e The dipper and the handle are not allowed to collide with the boom, body,

crawler and sheave.

Figure 3-9 illustrates the motion range for a P&H 4100 model provided by
P&H (2001C). The MatlLab program developed to establish the P&H 4100
shovel’s motion range, output an envelope for the dipper tip. Figure 3-10. A
comparison shows that the simulation derived here matches the manufacturer’s
solution. Moreover, the simulation result here provides a full motion envelope

instead of only part of the motion range reported by the manufacturer.

Figure 3-9: P&H 4100 digging envelope (P&H, 2001C)
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Figure 3-10: P&H 4100 shovel digging motion ranges created by collision detection

It should be borne in mind that the full range of motion shown in Figure 3-10
reveals that multiple sweeps and hence dipper loadings from the same shovel
position are obviously possible, confirmed by common operational mining practices

in the field.

3.3.3 Minimum tuck profile

The digging motion range diagram established above depicts an envelope that
constrains the dipper’s motion in the vertical plane. To evaluate the dipper’s
motion in a horizontal plane close to the ground, a minimum tuck profile was

evaluated via collision-detection techniques in MatLab ( see Appendix A.4).

The problem of collision detection between moving objects is fundamental to
simulations in the physical world. This problem has been studied in a number of

different research communities, including robotics, computer graphics,
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computer-aided design, and computational geometry. The basic idea of collision
detection is to disassemble the geometrical surface into smaller shapes (mesh) and

detect whether the side of one triangle passes through the area of another triangle.

As shown in Figure 3-11 (a), in a two dimensional case, the detecting
program written for this research checks whether any vertex of a triangle on the
surface of the dipper is located within the area of another triangle on the surface

of another object while the dipper moves.

Draw a free line cross vertex Q of the second triangle, if there are two

intersections between the free line and sides of the first triangle, for example Q°
and QM, and 'Q'Q”’z‘Q’Q‘_F‘QQ”

triangle ABC. Thus, two triangles (objects) collide.

, the vertex Q is located within the area of

In a three dimensional case (b), determine the intersection of a side of the
second triangle, for example, intersection X between plane ABC and line OP.
Using above two dimensional method to check whether X is located within

triangle ABC. If so, two triangles (objects) collide (see Figure 3-11 (b)).

MatLab has built in a function to check whether a point is located within a

polygon and make this detection easier.

(a) Two dimensional (b) Three dimensional
collision detection collision detection

Figure 3-11: Basic collision detection techniques
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The minimum tuck position while the upper body is parallel to the tracks
allows the dipper to be drawn between the tracks, whereas when the shovel body
is oriented in the diagonal direction the dipper is able to interfere with the track

position (see Figure 3-12).

o
% . :
Q
‘ o
Q)
0314
~ 1 2
. / -
Diagonal profile > 3403 —™"
(A-A) Increment

Figure 3-12: Dipper-track interference and the minimum tuck position

In Figure 3-12, position 1 represents the upper body when parallel to the track
centerline; position 2 represents the upper body when parallel to the diagonal

(A-A) (see Figure 3-13 for corresponding track profiles).
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Figure 3-13: Shovel crawler 3 views and diagonal profile (A-A)

A collision trace profile marked on the bearing ground surface is shown in

Figure 3-14 illustrating for any point on the profile the closest point that the

dipper teeth can touch while the shovel’s upper body is slewed at a given angle, 6.

Figure 3-14: P&H 4100 shovel’s minimum tuck position projected on the

ground: Positions 1 and 2 are the same as that in Figure 3-13
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3.3.4 Shovel advancing steps

As shown in Figure 3-7 (d), the shovel regularly advances to the face after a
number of digging cycles. The distance of the advance depends on the shovel
geometry, shovel motion range, minimum tuck profile and mining face
dimensions (15 metres high, with a 60° face angle are common for oil sand).
Combining the dipper’s motion range, minimum tuck profile and face geometry,

the shovel’s advancing step was identified.

The generated digging envelope, minimum tuck position profile, shovel
configuration, and the working bank dimensions were transferred to AutoCAD to

simulate the shovel advancing.

As shown in Figure 3-15, the shovel’s advancing step can be graphically
derived by using geometrical constraints. Here, it was found that the incremental
distance for the P&H 4100 shovel advancing step is 3.77 metres, again keeping in
mind that multiple sweeps of the face and slewing positions for one shovel

location are possible between advances.
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Figure 3-15: Shovel’s range diagram and repositioning increment
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3.4 Determine trajectories

As determined above, for a P&H 4100 shovel operating in a 15m, 60° mining
face, the maximum advancing step is 3.77 m. As a result, an overall sum of

incremental cutting depths between shovel advances is 3.77m (see Figure 3-16).

Figure 3-16 shows the trajectories for cuts 1 through 4 required to advance the

mining face by 3.77 m.

The following criteria determine the shape and depth of each trajectory,
where the material in the dipper is loose compared to the material in the face
being in-situ.

® Strip volume = dipper capacity/swell factor

® FEach cutting starts at the toe and ends at the crest.

For each cut, it is assumed that both crowding and hoisting motions are
maintained at a constant speed during the digging action. In the real world. the
driving motors first overcome the inertia of the components from zero speed
through to a constant operational speed. The time the driving motors spend on
accelerating is very short and considered here as negligible for the analytical

model devised here for the digging simulation.

Thus, for each cut, the hoist cable release length, h, and the handle crowd

length 1 was described as follows:

h(t)=h, +v,t (3.12)
(y=1,+vt (3.13)
Where
hy hoist cable release length at the digging start point.
65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



h(t)
lo
1)
Y

vh

handle crowd length at time +.
handle crowd length at the digging start point.
hoist cable release length at time ¢

crowding speed.

hoisting speed.

time starting from the tuck moment.

Discretizing ¢, h and [ as n of t;, h; and /;

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

1,=0

(hn - hO)f
/ i

n

h =hy+v,-t, =hy+

ho=hy+(h, —hy)-i/n(i=0,n)

1,=zo+v,-t,:zo+(["tﬂz

n

i

=1+, =1,)i/n(i=0,n)

i b discretion.

hoist cable release length at the digging end point.

Sequence index
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1/ ‘. .
[, i"" [ discretion.

Iy handle crowd length at the digging end point.

Substituting 4; and /; in Equations 3.9 and 3.10, a bail point trajectory is

obtained.

x! = F,(h1) (3.16)

Where
x!,y" coordinates of the trajectory followed by the bail point.

F\F, dipper motion functions (Equations 3.9 and 3.10).

The dipper tip trajectory (x,.y,) was obtained from Equation 3.11. The sum

of the dipper tip points resulted in the establishment of the digging trajectory.

Given constant crowding and hoisting speeds, a start point (xy,y,) and an end
point (x,y,), the trajectory generating MatLab program (see Appendix A.5)
outputs a digging trajectory including the data of x; y;. /., A, [f;that will later be

used for further dipper-ground interaction study.

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Top view

¥
H
i
+
i
1
t
t
1
1

cut) 15

Initial .
Front view Final

Profile Profile
! Bench
E (xnyyn,) Height
' h :hn 15m

(X0, Y0)
: h:hu :

00" =y

Figure 3-16: Cutting trajectories in two-dimensional sequences

3.5 Summary

The motion functions based on the P&H 4100 model shovel were first derived.
Given a handle crowd length and hoist cable release length, the position of the

bail point was determined by using the functions, allowing the position of any
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point on the dipper or handle including tooth tip to be determined using a

transform matrix.

Based on shovel digging motion functions, the shovel geometrical
constraints and the mining face dimensions were investigated. In addition, the
collision detection method was applied to find the shovel motion range in both
vertical and horizontal plan. Utilizing both ranges, a maximum shovel advancing
step was determined based on the geometrical constraints and an idealized

operation pattern.

After obtaining the geometrical relationship and the digging motions, the
digging trajectories were generated for the P&H 4100 model shovel working in a

typical oil sand mining face.

The geometrical relationship between the shovel dipper and the ground is an
important factor in any dipper-ground interaction analysis. The generated digging
trajectories provide all the required geometrical information for the digging
simulation which consisted of a series of instantaneous dipper-ground interaction

snapshots.

Previous simplified shovel motion functions output inaccurate dipper motion
tracks. No literature revealed the relationship between the shovel motion
functions, face geometry and shovel geometry. In short, all the work in this
chapter pertained to developing the modeling tools necessary for generating the
accurate digging trajectories for current dipper geometry and the later study of

dipper-ground interactions for a dipper of alternative geometry.
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Chapter 4

Shovel-Ground Interaction

4.1 Dipper-ground interactions

4.1.1 Dipper-ground geometry

Every two adjacent trajectories in the same shovel slew orientation that were

represented in Figure 3-16 form a single digging strip (see Figure 4-1).

Figure 4-1: Geometrical relationship of the dipper-ground interaction
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4.1.2 Ground properties

Since this research focused on the dipper performance for oil sand ground
condition, the oil sand material properties described in Table 4-1 were applied to a
dipper-ground interaction model devised to account for the generated digging

forces.

Table 4-1: Oil sand properties (Morgenstern and Scott, 1997) (Collins, 2005)

Parameters in the
Properties
model
Cohesion (C) 0 kPa
Friction Angle (¢) 50°
Adhesion (C,) * 0 kPa
Tool-oil sand friction angle (J)** 37°
In-situ density (y) 2000kg/m’

* The adhesion between the oil sand and the tool (C,) is normally smaller

than the cohesion (C) so that in this case it was taken as 0.

** The tool-oil sand friction angle is of the steel with the disturbed oil sand.
[t was thought reasonable to use Dusseault and Morgenstern’s (1977)
determination of peak friction angle for compacted oil sand to represent hard

digging conditions in this unconsolidated material.
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4.1.3 Dipper-ground interaction

Singh (1995) applied an approximate equilibrium wedge model to the mechanics

of a flat blade penetrating soil (see Figure 4-2).

The blade resists the soil with a force equal to the sum of the perpendicular
force that the blade provides the (soil-tool) frictional force and the (soil-tool)
adhesion. Similarly the soil resists shearing by a force equal to the (soil-soil)

frictional force and the cohesion along the entire failure surface.

‘Q

Figure 4-2: Static equilibrium approx. of a failure surface, after Singh (1995).

The force equilibrium equations for this model (neglecting adhesion) are:
> f.=Psin(p+8)+C,L cosp—R, sin(k +p)—CL, cosk =0 (4.1)

> f, =Pcos(p+8)-C,L sinp+R, cos(k +9)—CL, sink +W +Q=0 (4.2)

Solving for P,
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_ W +Q+Cd[l +cotr(k + )]+ Cadll - cot p(i + )] 4.3)
- cos(p + ) +sin(p + J)cot(x + @)

d cutting depth.

Ly failure surface length.

L, soil-tool contact length.
P the digging effort.

Q surcharge pressure.

Ry failure surface resistance.
W weight of the soil wedge.
K failure surface angle.

p the instantaneous attack angle.

The shape of the resulting failure surface is such that the force required to
produce failure is minimal. While the failure surface angle x varies from 0° to
90°, the digging effort P also varies, where the most likely value of k is found for

a minimum value of P.

Figure 4-3 illustrates an example of a straight blade cutting though the soil.

In this example, the soil would fail at a 38°plane where 4.1 kN would be

required to cut the soil.
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Total digging effort (kN)

0 10 20 30 40 50 60 70 80 90
Angle of failure plane x (Degree)

Figure 4-3: An example of determing the angle of failure plane.

Coulomb's shear strength relation simplifies the ground surface to be
horizontal and utilizes a surcharge pressure g to simulate an irregular or sloping
surface. In any case the surcharge is simplified as being evenly distributed. This
approach does not work well for this study as the dipper motion and the mining

face profile vary from one digging cycle to another.

As shown in Figure 4-4, the major difference to previous models was that
the mining face is never horizontal. A moditfied model was developed in this
research to evaluate the instantancous ground digging effort, Figure 4-5. This

model did not neglect the adhesion between the tool and soil.

Figure 4-4 illustrates the base geometrical relationship between the shovel
handle, front wall (blade) and the face orientation. Figure 4-5 illustrates the
modified trial wedge model developed here with the required parameters defined

in Equations 4.4 through 4.10.

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Horizontal

L4

~N B

-

Handle ) ~

\4\
Y ‘ 9 f
\ . Trajectory
N / \ ¢ ; Direction

,'{ \ !

/ | ! Blade
! .+ _ Direction
/ \ A

Horizontal

X

7~

Figure 4-5: Static equilibrium as an approximation for the failure surface.
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Weight of the wedge:
W = %;/ga’2 (cot p +cotk) (4.4)

Blade length penetrating the ground:

L = _d (4.5)
sin p
Ground failure surface length:
L, = _d (4.6)
sink
Force equilibrium:
fo =0 (4.7)

Psin(p+6 - x)+C L cos(p—k)—Rsin(k +¢@+x)—CL, cos(k + x)=0

Pcos(p+6—x)-C,L sin(p—x)+ Reos(k +@ + x)~CL, sin(k + y) =W =0

Solving for P,

P W+1)+(Q2)
cos(p+0 —y)+sin(p+6 —y)cot(k + @ + x)

(4.9)

Where

_ Cd[sin(rc + x)+cos(k + y)cot(k + @ + x)]

(1

sink
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@)

_ Cud[sin(p —y)—cos(p—y)co(k +¢ + x)]

sin p

Given the blade width is w, the digging effort is:

Where

fe

X

7+ @) +@)]w

B cos(p+0 —y)+sin(p+d — y)cot(k +@ + y)

x component of each force

y component of each force

dipper rake angle

blade direction, an angle from the horizontal

slope of ground surface

(4.10)

Varying the value of x between 0 and 90 degrees, the most likely value of

the angle of failure plane, x, is found at the minimum value of P (see Figure 4-3).

4.1.4 Digging forces

With the prediction of the total digging effort P, we now have an estimate of the

total digging resistance, R.

R=-P

4.11)

Figure 4-6 shows the forces acting on the dipper and handle. Note that as the

material flows in the dipper, the center of gravity of the dipper-load must change.
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In contrast to the overall weight of the dipper and handle, the weight of the
flowing material is small. Therefore, the displacement of the centre of gravity was
considered negligible in this analysis. The centre of gravity for the dipper shape

was also applied to the loaded material in the dipper.

As shown in Figure 4-6, the digging resistance, R, is depicted at the top of
the teeth. This does not mean the model only considered the force to be applied at
the teeth. From the digging model described by Equation 4.11, the digging effort P
accounted for the force to break the ground and the friction force generated
between the tool and the ground. To be more realistic, the point of action for the
sum of the resisting forces will change within the top portion of the front wall of
the dipper. However, as the variation of the point of action is small, for this
research it was assumed that the sum of the resistance forces, R, acts at the tip of

the teeth.

Figure 4-6: Handle-dipper digging forces

Figure 4-7 shows the resulting equilibrium model from which both crowd

and hoist forces were determined.
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Figure 4-7: A simplified equilibrium model for the dipper system

Where
Fy, hoist force.
Fy crowd force.
F supporting force normal to the handle.

G weight of the handle, dipper and material.

/ handle crowd extension length

I distance from the force G to the bail point.

Ip distance from the crowd force Fj to the bail point.
Iy distance from the total resistance R to bail point.
R total resistance.

From the force and moment equilibrium for this model, we obtain:
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2.1 =0

F,cosn—Rcos(y —p+68)+F,cosfB+F sinf=0 (4.12)
21 =0
F,sinn—Rsin(y —p+8)+F sinB+F cosf-G=0 (4.13)

Z Moment =0
El,+Gl,-Rl,-Fl=0 (4.14)

Solving for F}, Fsand F};:

P [Rsin(y - P.+5 -, +(Gl, ~ Rl )sin(B ~n) (4.15)
' Isin(B —17)+1, cos(B +77)

F = [RSin(X —-p+o —77)+GCOSU][ + (Glu _Rlle)sm(ﬁ _77)[ _ (Gl(,‘ _R[/e)

lsin(ﬁ—n)+l,, cos(B +n) -1, sin(ﬂ—n)+1,,3cos(/3 +n) [,
(4.16)

B Rcos(x—p+5)—F,cos[3—Fx sin 3

cosn

F,

i

(4.17)

The result of F; and F; out of Equations 4.15 and 4.16 can be applied into
Equation 4.17.

4.2 Digging simulation
Simulation techniques have been widely used in system and product designs.

These approaches have many advantages over physical modeling. Although a
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physical prototype model is an essential step for a final product, simulation can
still be very helpful in understanding the performance of an object in a feasibility
study. In this research, the physical modeling approach has its limitations as well:
due to the sheer size and expense of an ultra class dipper, a prototype can only be
a fraction of the size of the final product, so that the performance, as may be
measured by a physical test, can not be expected to be identical to the
performance of an actual full scale dipper. Therefore, particularly where cost is a
concern, simulation modeling provides a good design approach for preliminary

phases in endeavours such as dipper design.
To this end, during simulation the system considered:

(1) The geometrical position of the dipper defined within the x-y
coordinates and the corresponding attack angle, rake angle, handle

angle.
(2) The geometry of the face (ground), before and after the digging.

(3) The geotechnical properties of the face material being excavated. The
objective being to evaluate the resistance forces on the ground engaging
tools. From one simulation iteration to another, the dipper trajectory
output allowing definition of a new face profile was used as the input

for estimating the face resistance in the next iterative cycle.

(4) The required hoisting and crowding forces necessary with respect to an

iterated face resistance prediction.

The outputs from the simulation were set as the critical parameters in

improving shovel dipper design.

e Digging resistance: the sum of all the forces from the ground reaction

that need to be balanced by the hoist and crowd forces.
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e Required crowding and hoisting forces.

In the simulation, the digging process was discretized in a series of » steps.
For each step, the trajectory data such as handle extension length, handle angle,
tooth tip x and y co-ordinates were retrieved. From these, the digging
performance indicators such as digging resistance, crowd and hoist forces were

determined via the simulation models (see Figure 4-8).

For example, a trajectory information generated in Chapter 3 was stored in a
format of n (number of time steps) rows and five columns (/;, A; 5, x; and y)).
Each row represented the geometrical information at a given digging position
for a given time step. The additional required input for the dipper-ground
interaction model was the dipper-ground geometrical information and the ground

material properties, such as cohesion, adhesion and friction angle.

The dipper-ground interaction model output the digging effort comprising
the digging resistance, the weight of the dipper, material and the handle. With the
digging effort estimated by the dipper-ground interaction model, the crowd and

hoist forces were determined.
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Cutting depth Horizontal depth
Figure 4-8: Step-wise digging simulation

The digging simulation procedure is as follows (see Figure 4-9):
(1) i=0

2) i=i+l

X, —X

i+l -1

(3) E =B +a.x, = tan‘lle;p, =y, —(B +a,) (see Figure 4-4

and Figure 4-5)

4 d = \/(x, —x") +(y, = yr) (see Figure 4-8)

(5) Varying « to seek xy(see Figure 4-3)

a  j=0
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b. j=j+1

c. K =j/m*90°

d Calculate: P; using equation 4.11

e. if j=m then goto (3) else goto a
(6) P=minimum(P;(x; j=1I to m))

(7) G=dipper weight + handle weight + QOre weight where: Ore
weight=i/n*Payload

(8) Using Equations 4.16 and 4.17 to calculate F}, Fj.
(9) if >=n then go to (10) else go to (2)

(10)Output the result and end.

Where 7 is the indexing of the simulation time steps; n is the number of
the simulation steps; j is the indexing of the trial calculations for a minimum

P; m is the number of the trial calculations for x at which the ground will fail ;

and the previous trajectory is (x”, y/”).
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Figure 4-9: Data flow for the digging simulation

Here the above model was established with a few subroutines and spreadsheet
formulas in Excel and VBA that would iteratively allow successive digging
trajectories and reaction forces to be determined, establishing the front wall shape
for the dipper to be defined for less face reaction and machine interference (see

Appendix B).
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4.3 Shovel simulation software

The above discussion outlined a procedure for shovel digging simulation.
However, without a proper interface, the mere program code for these
formulations and simulation can not provide explicit inputs and outputs for
researchers to use. The MatlLab programs developed in the previous chapter,
although comprising mathematical functions that are very powerful which
can export static vector graphics, were in a form difficult to create a
user-friendly and interactive interface. For this purpose, some of the
kinematic simulation code was transplanted into Microsoft Excel VBA to

enhance the interactive nature of the shovel digging simulation program.

Figure 4-10 illustrates the interface of the software. The kinematic
functions, shovel digging simulation and ground properties and reaction were
developed as modules using VBA. The base shovel geometrical information

and graphical representation were stored in the Excel sheet directly.

Input cells defined the shovel geometric configuration and the ground
materials properties. Button and slider controls were used to control the
shovel manually or start the simulation. Dropdown lists were used to select

the predefine actions.

The software was designed to be straight forward and easy to use. One of
the most important outputs, the digging force plot, was directly output to the

screen updated simultaneously when starting a new duty cycle simulation.

Some simulation outputs, such as the trajectory, dipper velocity and
dipper-ground geometry were stored in the Excel sheet and made accessible

once a given simulation was completed.

Any given dipper configuration was imported into the software manually.

Since the shovel digging simulation software was based on a two dimensional
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model, the two dimensional dipper profile and a width of the dipper were

required by the software to run an iteration.

Ultra class cable shovel performance analysis

Shovel action

Option i Qperation Status
Track | 138" -1 Snapshot ;‘Er?xét;gge:{g Teeth Penetration:  p.0ft

Dipper ,ﬁgﬁiﬁ-’wwub;j Replay Lﬁ;dv.;navﬁorﬂv';é Bucket Fill. g%
Weight 2977000 |bs Attack Direction™ @0

Footprint G.E.T.Direction® 24.0°

Handle ext. 2821t Cable release 44.271 Swing Angle (0-360") Track pitch (-30~307 Lateral pitch (-30~30")
TR »: 28% < » 40% ' » 0.0 o § . 0.0 . [ ]
Reset i

Ground reaction
Digging foice History"

Ground Max Deforination round Coendition .
i Ground Type Oil Sand > *10008 ;
Blast Result Average ¥ 2
B stio
Chimate Dry I pres ’
Specific Dens’ny’ 1.80 loose 200 .
Modulus: 20 ksi 20
Friction Angle 50.0 deg 180
Cohesion” 00 psi 2
Comp. Strength” 200 psi 108
200
Deformation Statistics 308
Max of Max deform 1.96 mch ; Duratien
Average deform 1.03 inch ~—Resistance Crovwd o Hoigt:
Max of Min Deform 0.00 inch

_Duty cucle|

Figure 4-10: Shovel simulation software
Once a dipper design was imported into the software, the digging forces were
used to evaluate the dipper performance, compared to the benchmark created by
running the original dipper configuration. Machine inference was checked via

simulating the dipper in the position of concern (e.g. tucked and over a track

corner).
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4.4 Simulation outputs

As an example of the simulation output, the curves of the blade (rake)
direction §;, attack angle p; and ground slope y;i against time i*4¢ (i=0 to n)

were plotted (see Figure 4-11).

120

Digging angles (Degree)

_40 1 L A 4
0 2 4 6 8
Duration (Second)
¢ - —p

Figure 4-11: Digging angle variation

Given a constant hoist and crowd speed and ignoring the dynamic
response of the system, the dipper tip velocity was estimated via equation
4.18. For a typical oil sand, the P&H 4100 shovel normally operates at a
crowd speed of about 0.5m/s speed. To obtain a trajectory prescribed in

Chapter 3, a hoist speed of about 1.7m/s is required (see Figure 4-12).

v = \/(y/ _y/-]) +(y\' _—xlAl )_ (418)

' At
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— Dippertip = —=Hoist =« Crowd

Figure 4-12: Crowd, hoist and dipper tip velocity

Figure 4-13 shows the digging force plots from the simulation
prescribed in Figure 4-9. For the hoisting force, tension is positive. For the

crowding force, compression is positive.

Using the trial wedge cutting model, the total digging effort is obtained
given the handle orientation and the digging depth. Thus, the crow and hoist

forces are obtained using the free body diagram of the handle and dipper.
The resistance illustrated in

Figure 4-13 is not merely the digging resistance from the face, but the
combination of the digging resistance and the weight of the handle, dipper

and material that the hoist and crowd forces must overcome.
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Figure 4-13: Simulation output: digging forces generated for cutting oil sand
The output of the simulations can be used to evaluate the new dipper
performance, compared to the benchmark created by running the original dipper

configuration. In Chapter 5, the result from the simulation will be used to evaluate

the performance of a traditional dipper and a curved front dipper design.
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Chapter 5

Cable Shovel Dipper Design

5.1 Design criteria and focus

Since the objective of this research is to suggest an alternative front wall shape to
potentially improve the dipper design for an existing ultra class cable shovel, any
suggested changes should have a minimum if no influence on the shovel operation.
Based on this consideration, the following criteria were set before any further

research work proceeded:

e Consistent capacity: the dipper capacity should remain roughly identical
to the original configuration so that any new design will match the
original truck fleet for which the given mining operation originally
purchased the shovel.

e Consistent weight: the new dipper weight should be roughly identical to
the original design so that the shovel balance is maintained without
adjusting the counterweight.

e Back attachment: the new dipper should fit the original handle
attachment with minor or no modification.

e Cutting tip: the tooth tip should be close to the relative original position

to minimize its influence.
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In chapter 1, the main elements of a dipper design were identified as

e Three-dimensional geometry and ratios of height to width to depth,

e Dipper and teeth angles,

e Front and side wall profiles, ( linear or curved), mouth to door, or side to
side,

e Dipper attachment arrangement referring to the handle’s connection
points,

¢ And bail position.

To create a new design to potentially perform better in oil sand, two key
design features were investigated, while all other original constituents kept

unchanged or adopted previous research outcomes.

e Front wall tooth-to-heel profile, favoring a curved one.

Since the longitudinal (tooth-to-heel) profile of the dipper was identified
in this research as the most likely factor to affect digging forces, the study
concentrated on the effect of a single curved front wall profile. Side to side
curvatures and lip/teeth arrangements were not investigated, but kept the
same as the original configuration, so as to concentrate on the effect of
varying the front wall shape to closely match the trajectory output from the

previous digging simulations.

e Back wall skewness.

Given the effect of curving the front wall generated a tighter egress
(smaller open area) from the dipper compared to the mouth, it became
evident that to maintain a minimum of compounding shape factors that
would confuse a comparison of original to proposed front geometries there
was a need to revise the orientation of the dipper back to maintain
unrestricted material egress during dumping. This was a concern over

operational considerations for the physical field test than the outcome of the
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simulation analysis and as such regardless of the back configuration, the
front wall curvature as indicated by simulation was kept constant once
established. Another operational purpose of the back wall skew was to

reduce the void space when loading.

5.2 Variation of the front wall

5.2.1 Trajectory and front profile correlation

As both dippers and handles are symmetrical for either the P&H double-stick or
the Bucyrus single-stick original configurations and due to the dipper’s geometric
characteristics, it is rational to develop and analyze a concept profile in two
dimensions first.

As discussed previously, a curved profile has the potential to improve the
conflict between dipper digging performance and heel wear. However, what kind
of curve should be proposed is the question. The analysis in chapter 3 shows
trajectory shape but did not give a mathematical formula. Those trajectories will
now be generalized as a mathematical form and a corresponding dipper front wall

shape proposed in a similar form.

In chapter 3, the procedure to generate trajectories suggested four digging
trajectories were required to complete a volumetric sweep before advancing the
shovel. The actual shovel operations, however, have many possible trajectories
enclosed within the reach envelope of the shovel. To remain representative, a
trajectory at the mid location of all possible trajectories was selected as a

reference to establish the shape of the dipper front profile (see Figure 5-1).
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Figure 5-1: A selected digging trajectory as a reference to design
dipper front

The assumptions with which these trajectories were generated were:
e Constant crowding speed

e Constant hoisting speed

To obtain the trajectory shown in Figure 5-1, the two speeds were kept as a

constant ratio.

Basically, for these trajectories, the digging radius (from the tooth tip to
saddle shaft) increased as the dipper was hoisted. Although this is not any

standard form of the mathematic spiral, it may be generally referred to as “spiral™.
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It may be described as a logarithmic spiral which has constant growth of

radius due to the constant crowd speed.

Mathematically, these curves can be expressed by:

b6 .
r — a'e profilee (51)

profile

or
- b6 rofile
xproﬁle =da: COS(Qproﬁle ) e’
bo (5.2)
— : “Vprofile
yproﬁ]c =d- Sln(eproﬁle ) e "
where
Xprofile Cartesian x coordinate of the spiral
Vprofile Cartesian y coordinate of the spiral
Tprofile Radius of the polar coordinates.
0 orofile Angle of the polar coordinates
p

To generate a spiral dipper front, the shaft of the saddle block was set up
at the rotation center of the spiral. Then the handle extension length was set a
9.7=((11.3+8.1)/2) metres which is at the middle point of the handle
extension/retracting range for the specific trajectory shown in Figure 5-1, for the

P&H 4100 model shovel.

To further narrow the variables affecting the front profile, some previous
dipper design criteria were adopted:
e Lip angle: Keep tooth tip position unchanged, lip height unchanged
and utilize 10 ° lip down pitch angle according to ACARP (2002). Hence,
the end point of the curved segment was found.

o [Effective rake angle for cutting: ACARP (2002) found the
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productivity , the digging volume (Bank cubic meter) per unit time
(hour), increase significantly while the tooth angle passes over 60°.
When the tooth angle is approaching 70 °, which is identical to 80° of
rake angle given a 10° lip angle (see Figure 5-2), the productivity
increases in-significant. Bucyrus has adopted the outcome of the
research in their recent dipper products, using a 70° tooth angle.
Although this is only available performance data with respect to the rake

angles, in this research, it assumes to be valid.

£2900
5 2800
)
%.2700
22600
3
3 2500
* 2400
2300

40 50 60 70 80
Tooth attack angle (deg)

Figure 5-2: A relationship between the tooth angle and productivity
(ACARP, 2002)

o Effective rake angle for heel wear: ACARP (2002) found that there is no
significant heel wear until the tooth angle reaches 60° (see Figure 5-3).
The 60° of tooth angle is identical to 70° of rake angle given a 10° lip
angle. Figure 5-3 indicates a significant increase of the dipper wear that
means a significant decrease in the productivity due to the longer
machine down-time. It is therefore a compromise between the
productivity and wear like most engineering decision. This is also

applicable to select a tooth angle.
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Considering that the oil sand is more abrasive than clay and other soft
weathered rock, the 60° (or less) of the effective tooth angle would

potentially be suitable for a dipper specifically for oil sand .

=S A NN
S G O U O O»

Wear index #

50 60 70 80
Tooth attack angle (deg)

N
o

Figure 5-3: A relationship between the tooth angle and the wear (ACARP, 2002)

The logarithmic spiral front does not include the lip system, the design of the
lip and teeth are outside the scope of this investigation and discussion (see Figure

5-4).

ac Horizontal

Figure 5-4: Two-dimensional dipper profile design
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So far, the start point becomes the only variable element for the proposed
spiral front wall. Once a start point is located by rpand 8, and the end point is
located by r;and 6, a logarithmic spiral dipper front wall may then be obtained

from:

I a-e"”
nh=a: e’
Solving for a and b
o
a=———
Oolnrl—]nro (53)
0,6,
e
Inr, —Inr,
h=—H~—2 5.4
0, -0, (54

With the variation of a and b in the above equations, a set of curves were

compared and analyzed, as shown in Figure 5-5.

Figure 5-5: Possible variations of a front wall profile
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5.2.2 Sensitivity analysis

In order to find a relationship between the dipper performance and the spiral
parameter proposed previously, three new profiles and the original dipper front

were evaluated (see Figure 5-6).

AC=0m (Original)
AC=0.2m(Spiral)
AC=0.4m(Spiral)
AC=0.7m(Spiral)

el et

Figure 5-6: Variation of the start point and the profile

To make the problem clearer, the different curvature start points were represented
by a variable, AC, the distance from a new start point to the original heel along a
line parallel to the door floor (see Figure 5-6: V). To evaluate each configuration

with following performance criteria were used:
(1) Attack angle

Normally the smaller the attack angle, the lower the cutting resistance.

Therefore attack angle could be a measurement to estimate the dipper digging
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resistance. Figure 5-7 illustrates the simulation output for the variation of the

attack angle during the digging with respect to each design configuration.

From Figure 5-7, it was found that even the first configuration step
change (AC=0.2m) resulted in a significant improvement of attack angle.
Beyond AC>0.4m, the attack angle kept decreasing but was not significant.
The curves for AC=0.4m and AC=0.7m are very close during the whole
digging process. In this scope, AC>0.4m, the improvement on the attack
angle can hardly pay back the over-modification (compared to the original)
that may lead to many other issues. Therefore, AC=0.4m can be a
compromise between the improvement of the attack angles and the impact to

the original shovel structure.

40.0
=0
ﬁ 30.0
2L
=
< 20.0
-
8
< 100 T
0.00.0 Z'ODiggir‘}gODuratic?riQs) 8.0
Vv "UDiggir‘fnguratic?ri\(s) oY
— Origin= ~ AC=0.2m - - -AC=0.4m — — AC=0.7m

Figure 5-7: Comparison of attack angles referenced to the
original configuration

(2) Heel-ground clearance

The heel-ground clearance is well known in the mining industry to be

very closely related to heel wear, damage and significanyt shovel downtime.
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A mining face can never be expected to be perfect, homogenous and isotropic
and there exists unpredictable falls of ground and deformation at the face. As
a result the heel will undoubtedly make contact with the ground. Despite this,
relative heel-ground distance (clearance) to the original configuration
represents a good measure to evaluate heel life as greater clearance intuitively
means less chance of ground contact. Figure 5-8 shows the simulation output
reflecting that the proposed configurations all provide greater heel — ground

clearance compared to the original configuration with increasing AC.

All curves in Figure 5-8 provide positive clearance during the digging
process. Theoretically, there won’t be any collision between the heel and the
ground. However, in a real case, the post-digging ground profile will not fully
follow the digging trajectory due to in-homogeneousness and anisotropy of
the ground. There may also fall some material from face during the digging
process. Therefore, the heel will touch the ground material more or less
depending on the heel-ground clearance. Less clearance will lead to higher
possibility of the interaction between heel and the ground material. However,

it is impossible for this study to predict the relationship quantitively.

Heel-ground distance (m)

0 I J T T
0 2 4 6 8
Digging Duration (s)
—Original — — AC=0.2m -.-.AC=0.4m -~- AC=0.7m

Figure 5-8: Theoretical heel-ground clearance plots for different profile
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(3) Dipper-crawler interference

As shown in Figure 5-9, the spiral front will reduce the dipper-crawler

interference.

Less dipper-crawler interference means the dipper can move closer to the
shovel tracks. Thus, the shovel can move closer to the face and can clean the face
toe. The closer the shovel advance to the face, the longer advance distance the
shovel obtain. The longer distance the shovel advances, the less frequent the
shovel is required to advance. The less frequent the shovel advance (traveling),

the higher utilization (productivity) the shovel obtain.

With variation of heel retraction, expressed as AC, an inferred relationship
from the simulation results showed an improvement on dipper-crawler

interference is obtained (see Figure 5-10).
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Figure 5-9: Dipper-crawler interference
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Figure 5-10: Reduced dipper-crawler interference
(4) Digging forces

From the digging simulation, digging force plots for both original and
proposed profiles were obtained. As the proposed profile has a higher (effective)

rake angle, it has the potential for improved digging performance in terms of

digging forces.

McKeys (1985) concluded that the round shape soil digging tool performs in

a very similar way as does a straight tool illustrated in Figure 5-11.

Ground surface

\ Effective
N # attack angle

Equivalent
« _ blade shape

Failure

\
plane

Round shape
digging tool

Figure 5-11: Equivalent tool shape for the round shape tool (McKeys, 1985)
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During the shovel digging process, for a curved front dipper, as the digging
depth increases, the equivalent digging blade varies in length and orientation. By
using McKeys” method, the modified trial wedge model that was developed for a

straight tool can be applied to the proposed curved front dipper (see Figure 5-12).

Ground
surface

. Effective attack
Effective attack

/-\Effective attack angle: 16°

angle: 9°
angle: 6°
igging depth Digging depth .
&go.égm P 0.6m Digging

depth
1.2m

Equivalent
blade

Curved front Curved front Curved
blade blade front
blade

Figure 5-12: Effective attack angles and digging depths for a curved front

For example, applying the profile 3 from Figure 5-6: V in a dipper design,

the effective rake for the curved profile is about 80°. Comparing to a original

P&H design with 65° rake angle, the new design has a peak hoist load at 2100kN

that is 200 kN lower that the original design at 2300 kN (see Figure 5-13).
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Figure 5-13: Simulated digging force plots for original vs proposed configurations

In Figure 5-13, the hoist force keeps increasing due to the growing cutting
depth during the simulation. As a result, the highest hoist load happens at the
greatest cutting depth. Although this is a little different from the real case, the
simulations show a change from a flat front profile to one that has a spiral
curvature. The output shows that the latter configuration will potentially yield

performance and maintenance improvements over the original.

5.3 Additional Geometry Considerations

In introducing a curved dipper front, issues of flow through the shape due to the
expansion and flow properties of excavated oil sand well known in the Northern

Alberta mining industry were qualitatively identified by experienced operators at
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mine sites. These issues, although not the focus of this thesis work were necessary
to address in order to facilitate an operable field scale test dipper.  The field test
scale dipper was designed to allow an evaluation of the curved front shape
without the impact of other geometric concerns. In order to ensure that the
proposed shape would not be hindered by capacity or flow, the project sponsor,
JPi asked for two geometric considerations to be made related to the back (a skew)
and side walls (a trapezoid), allowing the front curvature to be tested unhindered
by these other effects and at the same time effect an improved flow of material
from the design compared to the original configuration. It should be recognized
that the basis for these design inclusions outlined in 5.3.1 and 5.3.2 were more
qualitative from field experience by the sponsor and not based on engineering and
mathematical principles as with the front curvature above. The two sections that
follow attempt to simply justify the reasoning behind the capacity considerations

made by the sponsor.

5.3.1 Back wall

As mentioned before, a consequence of the proposed change to the front wall is
the dipper’s ingress area becomes larger that the egress. Moreover, the generated
mismatch between the front and back walls leads to a void space (black area in

Figure 5-15 (a)) inside the dipper.

A skewed back wall may solve both problems for the same fragmented
material considered at its natural angle of repose. Firstly, the degree of skewing
was determined such that the ingress and egress cross sectional areas were
matched. Secondly, this simple geometric change also results in Figure 5-15 (b)

where the void space (black area) is now smaller than that in Figure 5-15 (a).

Given free flowing face cut material, a slope at the natural angle of repose of
the material is created as a cap to the material that has already flowed into the

dipper. When the toe the slope is established in contact with the back wall, a void
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space is introduced.

(a) Curved front profile with original back  (b) Curved front profile with skewed back

Figure 5-14: The void space and the skewed back wall geometry change

The slope of the stack pile is controlled solely by the material angle of
repose from front to back and relatively flat from side to side parallel to the lip.
Not like the hydraulic shovel buckets, cable shovel dippers use the stroke volume

as the nominal capacities (light, medium and dark gray areas respectively).

The geometrical area shown in the dipper side profile can be used to

estimate the void space ratio. The void space ratio is defined as follow
Void space ratio =Void space/Dipper nominal capacity

As shown in Figure 5-15, when no skewness on the back wall, the ratio of

the big shadowed area (triangle) to the light gray area is 5%; when 5°skewness |,

the ratio of the small shadowed area (triangle) to the medium gray area is 1.8% ;

when 10°skewness, there is no void space in the dipper.

Given that the stack pile slope is 2:1 (SAE standard for excavator bucket
capacity), the relationship between the void space ratio (the void space versus

dipper nominal capacity) and the degree of the skewness was represented in
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Figure 5-16, in which the void space approaches zero as the back wall skew angle
approaches 9°.

e—=t=———2

Handle orientation
when dumping

Figure 5-15: The void space and the skewed back wall geometry change

Void space in dipper

0% 1 ] i
0 2 4 6 8 10

Back wall skewness (degree)

Figure 5-16: The void space and the skewness of the back wall
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5.3.2 Side walls

In situ material, when mined, will swell from 10 to 60%, depending on the type of
material and fracture frequency. In hard rock operations, the swell factor is
commonly between 30% to 50%, meaning that one in-situ unit will swell to a
volume of 1.3 to 1.5 units. In soft rock and soil operations, the swell factor is
commonly between 10 to 30% (Hartman, 1992). For oil sand, the swell factor is

about 1.3 (Morgenstern and Scott, 1997).

Unlike blasted hard rock face material which expanded during blasting,
virgin oil sand face expands on excavation and dipper filling. Peculiar to oil sand
is the unique expansion effect due to oil sand gas relief often causing oil sand to

become a solid lump (loafing) in the dipper on release.

For normal unconsolidated sandstone material, the swell factor is normally
25% for heaped volume versus bank volume. The frequent used swell factor for
oil sand is normally 30%. Hence the swelling factor due to the gas relief for oil
sand is about 5%. Gas relief is a time dependent function such that it is estimated
by oil sand mining operators that about 50% of the gas relief occurs during the
dipper loading/dumping cycle. If the dipper can provide enough space in the
rear or stde geometry, approaching say an additional 3% buy volume, it will
prevent the in-dipper oil sand from loafing. This technique has been proven out by
field application to hydraulic shovel buckets currently in oil sand operation

(Joseph, 2001).

Figure 5-17 demonstrates the concept of introducing trapezoidal side walls

where the wings provide greater space for expanding material.
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Figure 5-17: Trapezoidal angles applied to oil sand dippers

Figure 5-18 shows the relationship between the angle of the trapezoidal side
walls and the increased dipper capacity. In contrast to the original right angled
dipper design, the trapezoidal design increases capacity. Unlike the concept of
reducing void space above, this configuration provided for greater space for the
oil sand to occupy on expansion. In this context it is assumed that the dipper
would fill, constrained by the ingress and then the extra space would allow the oil
sand to expand in volume to prevent it from becoming a loaf. The result of this
analysis showed that for an additional trapezoidal angle of 5°, there would be a

3% increase in overall volume, sufficient to address the concern.

The swelling occurs along the whole cycle of the oil sand processing. The
first swelling occurs while the oil sand breaks out of the working face; then the
relief of the gas leads to the volume to expand. During the transportation, sizing,
crushing, and slurrying, the volume of the oil sand keeps increasing. However, it
is only the in-bucket expansion due to the gas relief that results in the loafing

effect.
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Figure 5-18: Increased capacity due to trapezoidal side walls

5.4 Cold weather digging

The climate of the Athabasca region is continental sub-Arctic with cold winters
and warm summers. The mean annual temperature in Fort McMurray is 0°C
(Morgenstern and Scott, 1997). Winter temperatures drop as low as -45°C and
weeks of -30 to -40°C are not uncommon. From November through April,
temperatures seldom rise above freezing. Plant productivity is maintained
throughout the winter months, although periods of extended cold take their toll on

men and machines, affecting mine output (Morgenstern and Scott, 1997).

If the shovel keeps digging in the same face during the winter season, the
face material will not freeze. In this case, the shovel would operate similar to that
under summer conditions. The worst scenario is a non-active face that has not

been disturbed by any machine in winter.

In summary, there is minimal concern for oil sand digging during winter,

especially utilizing an ultra class shovel.
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5.5 Three-dimensional dipper models

Major equipment manufacturers have recently adopted three-dimensional design
and modeling tools for both parts and assembly design. Software such as
Solidworks, is widely used by mining equipment manufacturers. In this research,

Solidworks was adopted as a three-dimensional design and modeling tool.

5.5.1 A generic dipper model

A generic dipper was first modeled to learn the methodology of 3D modeling and
design. The generic design that was most frequently utilized in the past one
hundred years to about 2001 is a box shape (see Figure 5-19). Each wall of the
dipper is basically a straight or flat piece of cast/fabricated steel; a curved shape
has been applied at the corners to facilitate smoother stress transitions. The
digging analysis performed earlier showed that the straight design was less
suitable for digging un-blasted material due to its large contact area during the
digging process. This design introduces a conflict between the dipper and the
shovel tracks. As well, an improper geometry ratio was prone to result in a void
space during filling. Both end users and manutacturers have recognized these
issues and have made some effort to redesign the unit in the past 5 years since

2001.
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Figure 5-19: A generic three-dimensional dipper model

5.5.2 Current ultra class dipper models

To further analyze the features of current dippers, the two latest dipper designs
from major shovel manufacturers were modeled and reviewed. The Bucyrus
FastFil® was modeled (see Figure 5-20). This dipper, with a 46 yard® capacity,
has been used with the Bucyrus 495BII HF shovel at oil sand sites. The OEM
identified this design’s three principal features: a curved front wall from side to
side (laterally), a shortened back wall, and a trapezoidal mouth shape. The first
feature has been well accepted by shovel operators as it qualitatively improves
digging performance. The objective of the trapezoidal concept is to reduce the
void space inside the dipper during the loading. This concept might work in the
case of blasted rock, but in oil sand, it might not work as well due to the

expansion effect resulting from oil sand gas relief.
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Figure 5-20: A three-dimensional model of the FastFil ®
(Bucyrus, 2003)

Similarly, P&H has developed the Optima Plus ® for their 4100 BOSS
shovels at oil sand sites. As shown Figure 5-21, the dipper features a curved front
wall and a shallow height. As with Bucyrus’s lateral curve design, P&H’s curved
design works well in the oil sand digging. A wider but shallower profile is
presumed by the OEM to perform better with oil sand, as it may need shorter time
and less energy to fill, however, as with other recent developments there has not
been any literature that proves this; the wider dipper may potentially result in high

digging resistance and impacts on the handle and frame.

Figure 5-21: A three-dimensional model of P&H Optima plus® (P&H, 2001C)
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The models of these two dippers differ not only in their geometry but also in
the number of teeth. The Bucyrus’s FastFil® has six teeth while the P&H’s®
Optima Plus has eight. Currently, ESCO provides both P&H and Bucyrus the
teeth and adapters. So far, no research has attempted to correlate dipper
production to the number of teeth, and the end users (mines) have not compared
the two dippers side by side. In this research, the number of the teeth is not
considered, but the relative scale ratio of tooth size and spacing to lip size from
the original to proposed curved configuration was essentially kept constant in an

attempt to remove this as a factor in evaluating the curved front performance.

Despite the above differences, the two current main production dippers of
P&H and Bucyrus have some common problems, among which dipper-ground
interactions and dipper-shoe interference are two of the most important.. In
addition to the dipper’s performance benchmark, which includes variables such as
digging resistance and energy consumed, the heel life or heel damage is a very
important factor that contributes to a dipper high maintenance schedule. Moreover,
during a dipper’s operation, a median cannot be found where the shovel’s
production and the dipper’s heel life are both improved. With a smaller attack
angle the digging force decreases while the heel interference with ground or
shovel shoes increases. Based on this fact, some very recent but unproven concept
base dipper profiles developed by the project sponsor, JPi geo-industry
engineering consultants, particularly for front profile and material flow were
developed, the front shape engineering and concept proving of which was the
focus of this thesis. These entire composite designs are outside the scope of this

work but are worth mentioning their development existence.

5.5.3 JPi concept dipper models

The first objective of a new concept dipper design adopted by JPi was to

minimize the influence on the original shovel, so that a new design could be
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easily applied to an original shovel. As shown in Figure 5-22, the first version of
the new dipper had a totally different front element but kept all other elements in a
generic dipper unchanged (Joseph and Hansen, 2001). For example, the means of
attaching a new dipper to a P&H 4100BOSS shovel remained exactly the same as
that of attaching a traditional generic dipper. Even the door for an original P&H

4100 dipper was reused in the design.

Figure 5-22: The first trial of the new concept dipper

This concept design was introduced to the mining industry for comments
through three-dimensional print models (Shi and Joseph, 2004). Feedback was
encouraged from all parts of the industry including shovel operators, mine

management and manufacturing engineers.

Most comments were summarized in three points:
e The curved front could potentially improve digging-performance, and a
prototype test would be a must.
e The retracted heel design would improve the dipper’s life and decrease

maintenance intervals.
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e The smaller egress might result in blockage during dumping cycles.

As shown in Figure 5-23, a concept of the skewed back wall was shortly
after introduced with the curved front wall. The skewed back wall led to a match
of the dipper ingress and egress area such that any blocking problems could be

eliminated.

Figure 5-23: A curved and skewed dipper model

The trapezoidal profile was then introduced, Figure 5-24 to provide the
excavated oil sand room for expansion such that the loafing phenomenon would

be alleviated.

Figure 5-24: A curved, skewed and trapezoidal dipper model
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A later development previously unmentioned but considered by the sponsor
is shown in Figure 5-25. The flare in the dipper design results in a tilt angle of
both side walls; from the ingress to the egress, the side walls tilt outward of about
1 or 2 degrees, was similar to the tilt angle suggested for hydraulic shovel buckets
(JPi, 2001). The intention here was to generate still more room for oil sand

expansion in the dipper shape.

Figure 5-25: A curved, skewed, trapezoidal and flared dipper model
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Chapter 6

1/20'™ Scale Prototype Field Tests

6.1 Dominion 500 shovel

To further demonstrate the new concept’s viability, a 3 yd®, 1/20™ scale model of
an ultra class scale dipper was fabricated to match a Dominion 500 cable
shovel ,Appendix C, which still had its original AMSCO 2 yd® dipper, Figure 6-1.
In the shovel and dipper manufacturing and mining industries, capacities of
shovel dippers are cited in yd® as a standard rather than m’. The sponsor, JPi and
its fabrication partners absorbed the entire cost of fabricating the dipper, and the

refurbishing cost of the 1949 shovel.

Figure 6-1: Dominion 500 shovel during transportation
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The 3 yd® fabrication targeted testing of the curved front, although a skew,
flare and trapezoidal geometry change were also included by the sponsor, who
also wanted to see the test proceed with unrestricted material flow when dumping.
Only the curved front feature was investigated as the focus of this thesis. In this
respect, the rest of dipper shape was considered merely a holding structure for the
front curvature, to compare with the performance of the flat front used in the

original 2 yd* AMSCO dipper of the Dominion 500 shovel.

The Dominion 500 was identified as having the same operating action and
geometric orientation as the P&H 4100 modern ultra class shovels at 1/20 of the

dipper scale, Figure 6-2, (Dominion, 1957).
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Figure 6-2: Two dimension model of Dominion 500 shovel (units in feet)
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Figure 6-3: Comparison of the geometrical configuration between
JP1 and original dippers

6.2 3 yd’ dipper design

6.2.1 Dipper design

Given the front curvature concept design from the modeling exercises performed
earlier and with the sponsor’s addition of the geometric flow oriented changes, a
prototype was blueprinted by the sponsor. Due to the use of lighter materials and
rolled fabrication rather than casting processes, the dipper capacity was increased
to 3 yd’ (see Appendix D), or 50% more than the original AMSCO dipper
capacity of 2 yd*, for the same overall weight as exhibited by the 2yd’ original.

Figure 6-4 shows the design of the dipper that was fabricated. The back
attachments were identical to the original dipper to facilitate use with the

Dominion 500 shovel with no changes to the shovel’s operating configuration.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68.67)

0 ]U\

rt——— (62.09) ——

Figure 6-4: Testing dipper design based upon steel-plate (Dimension in inches)

6.2.2 Door design

As shown in Figure 6-5, a specific door to match the dipper was also fabricated.
The door adopted the same mechanism as that of the original dipper for the
Dominion 500, which is also similar to those used in modern ultra class shovels,
but here one that would not impede the operating action of the existing test

shovel.
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Figure 6-5: A door for the testing dipper (Dimension in inches)

6.2.3 Dipper and door virtual assembling

To validate the design for the fabrication, a virtual assembly in SolidWorks of the
dipper body, and door parts was done before the physical work was performed.

Figure 6-6 shows the completely assembled dipper.

Starting with static virtual assembly, some design features were validated for

the fabrication:

¢ Dimension matching between parts
e Static geometric relationships

e Material weight estimations.
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Figure 6-6: Test dipper and matching door prior to physical assembly

An interactive rendered model was set up by using Solidworks Assembly.
Two snapshots are presented in Figure 6-7, showing the door both opened and
closed to reveal the dimensional match. By using the interactive model, the dipper

door and latch bar motion were mimicked for operational confidence.

R AN

Figure 6-7: An interactive rendered model using Solidworks Assembly
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6.2.4 Prototype dipper fabrication

Figure 6-8 shows the dipper being fabricated. Table 6-1 provides a summary of

the dipper’s specifications.

Figure 6-8: The 3 yd3 dipper being built in the workshop

Table 6-1: The Prototype Dipper’s Specifications

Weight (including door) 6800 Ib
Nominal capacity 2.98 yard®
Maximum width 62 in
Maximum height 58 in
Maximum depth 68 in

As shown in Figure 6-9, Hensley teeth were attached to the lip system (see
Appendix E), such that the number and spacing were commensurate with the lip

coverage for an ultra class P&H 4100 Dipper.
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(Units in inches)

Figure 6-9: Dipper teeth adpater (Hensley, 2003)

6.3 Field test

6.3.1 Sensor placement

Two types of sensors were employed in the field test: strain gauges and

inclinometers. The sensor arrangement is illustrated in Figure 6-10.

Two inclinometers were used to measure the orientations of the handle and
the hoist cable from which the dipper (tip) position can be determined at any
instant. One inclinometer was attached to the bail that has the same orientation as
the cable. The other was attached to the side of the handle. A pair of uni-axial
strain gauges was mounted on the top and bottom of the handle respectively close
to its front end where the gauges would not be damaged by the saddle block
action and falling material. Another pair of strain gauges were mounted on the
neck of bail that is the longitudinally uniform portion. In this study, as only the
crowd force and the hoist force as relative measures were targeted, it was assumed
that the stress within the handle cross section is uni-axial and symmetrical and the
stress within the bail neck cross section is uniform. The original dipper was tested

first then the new dipper replaced the original dipper and was tested.
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T

(a) Sensor arrangement and locations

Inclinometer

(b) Location of sensors on the bail

Figure 6-10: Field test sensors and arrangement (dimension in inches)

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.3.2 Sensor and instrumentation detail

6.3.2.1 Sensors

The Strain-stress field in the handle stick and the bail bracket were assumed to be
simply uni-axial. The measurement results were used obtain an idea of the relative
loading magnetite during digging operation versus free suspended load when not
engaged in the face. Uni-axial gauges were adopted to measure the crowding
force on the handle and the hoisting force on the bail. As both the preparation of
the gauges had to be done in the field, the Smm strain gauge that is relatively easy

to operate was select and mounted on the handle and the bail.

In the test, the NE-FA-5-120-11 strain gauge (Showa Measuring Instruments,
Japan) was employed for all strain measurements, and the AccuStar® Electronic
inclinometer (Sherborne Schaevitz, United Kingdom) was used for measuring the
handle and bail inclination. The basic parameters of those sensors are shown in

Table 6-2 and Table 6-3.

Table 6-2: Parameters of the Showa NE-MA-5-350 Strain gauge

Gauge Length Smm
Gauge Resistance 120 ohm
Gauge Resistance Tolerance +/-0.5%
Gauge Factor 2.14 (Nominal)
Gauge Factor Tolerance +/-1%
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Table 6-3: Parameters of the AccuStar® Electronic inclinometer

Total Range +/-60 degree

Linear Range +/-45 degree
Threshold 0.001degree

Scale Factor 60 mV/degree +-10%
Voltage Supply +/-12V

Four strand cables, three of which were used, served as the signal leads to
the data acquisition terminals. This configuration reduced the lead wire resistance
effect to a minimum. The two inclinometers were connected by two separate

cables attached to the handle and bail.

6.3.2.2 Data acquisition

National Instrument SCXI-1000 chassis (NI, 2005) with three sets of SCXI-1314
(NI, 2005) and SCXI-1520 (NI, 2005) were employed as the data-acquisition
system. Each strain gauge module, SCXI-1520 with a SCXI-1314 mounting
terminal block, had eight channels such that a total of 24 channels were available
with the DAQ system. Two of them were rewired and re-configured to be
compatible with the inclinometer transducers while all other channels were by
default in a quarter bridge strain gauge signal configuration. The local mine safety
code required that no one but the shovel operator was allowed on the board during
operation; therefore, a 802.11g wireless network was employed to remotely
control the DAQ host computer which was located in the shovel maintenance

house.

As illustrated in Figure 6-11, the strain gauges and inclinometers were
connected to the DAQ chassis via the lead wire (represented by the dash line); the

DAQ unit scanned the data into each channel and sent the resulting data package
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to the host computer at a rate of 10-100 Hz. The host computer ran as a blind
server while another remote computer provided the interface to fully control the
DAQ software and the data recording. The laptop communicated with the host

computer via remote connection protocol carried on 802.11g.

Sensors

802.11g
wireless

Dagq:
SCXI-1000,
SCXI-1520
SCXI-1314
Host PC

On shovel board

Figure 6-11: DAQ system configuration

6.3.2.3 Wiring and protection

The strain gauges were connected to the strain DAQ system by using a quarter
bridge configuration with a dummy gauge installed on the wiring end terminal for
each channel to compensate for temperature fluctuations. The Excitation voltage
was 2.5V, with a voltage gain of 1000, and the signal filter was set to 20 Hz.

For the inclinometers connected to DAQ system, the gain factor was set to 1,
with no filter and no excitation voltage (0V). The wiring terminals which
incorporated the dummy strain gauge were disconnected and rewired to fit the

inclinometers’ voltage signal.
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In the test, one of challenges while collecting data was protecting both the
sensors and the cables as all sensors were attached to the shovel’s moving and
ground engaging parts. The sensor and attached cables could be easily destroyed
during operation if they were not protected properly. For example, as shown in
Figure 6-12, a set of welded steel tubes and plates was utilized as shielding for
strain gauges mounted on the dipper body. These gauges as yet unmentioned
were installed for data gathering which will be used in another project, targeted at
the structural integrity of the test dipper, but outside the auspice of this thesis.
This latter data is the property of the sponsor.

Sensor & Wire
protection tube

Figure 6-12: Test wiring and cable protection

6.3.3 Test sequences

Four types of shovel operation were employed during the test. The first two were
performed to discern the hoist and crowd forces during static snapshots of in and
out of face activity with no dynamic material reaction from the face. This

knowledge would be helpful during the interpretation and analysis of the dynamic
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data.

(1) Duty cycle static loading without face activity

Here, the dipper was incrementally raised and held in an equilibrium
position with no dipper load from the tucked to the maximum horizontal stick
position at full extent in 7/8 angle increments to evaluate the empty dipper’s static

empty loads by position (see Figure 6-13).

Figure 6-13: Dipper test: n/8 angle increment

(2) Duty cycle static loading with face activity
The dipper was incrementally raised and held in an equilibrium position with
a proportional dipper load from the tuck to the maximum horizontal stick position

at full extent, in /8 angle increments. No dynamic face activity at measurement.

(3) Duty cycle dynamic loading with face activity
The dipper made complete duty cycles, making digging passes through to

full load and dumping release to a side pile. The objective was to evaluate the

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



integral effect of both the dead weight, payload and the dynamic face activity (see
Figure 6-14).

(4) Dipper motion ranges
The dipper was pushed as close as possible to the ground and as close as

possible to the shovel tracks to evaluate the degree of dipper interference with the

ground or tracks.

Working Face

_____

[l

T = = =

Dumping Pile

Figure 6-14: Dominion 500 field test digging and dumping plan

6.3.4 Test site and face conditions

The test site was located in an inactive pit at Suncor Energy, Fort McMurray,
Appendix F. The face material comprised oil sand with a varying bitumen content

of 7% to 12%. The floor consisted of mainly limestone and a small amount of the
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clay. The face height was about 10 m. Generally, the face was typical of the oii
sand mining conditions that ultra class mining shovels deal with every day. Figure
6-15 shows the mining face at the time of testing.

The physical properties of the oil sand are summarized in Table 6-4 (Suncor,

2005).

Figure 6-15: Oil sand face condition at Suncor Energy test site

Table 6-4: Physical properties of the oil sand in situ (Suncor, 2005)

Specific density 1.9~2.1
Bitumen content 7%-12%
Water content 5%-8%
Friction angle of the material 22°-60 °
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6.3.5 Testing with the original dipper

The test was initially conducted with the original AMSCO 2 yd® dipper in
accordance with the guidelines described above. The static test followed the
procedure outlined above while the dynamic test was evaluated by using real
shovel digging passes, with which the operator was well experienced. The
operator had over 40 years of experience of operating shovels or draglines, 10
years of which were with similar oil sand conditions. His qualitative feedback
regarding the digging conditions revealed that the oil sand face was not as easy to
dig as it looked, so that a greater degree of hoist force was needed to cut through
the virgin face than had been expected. But this was the same experience for the

original and test dipper.  Figure 6-16 illustrates the shovel in operation.

Figure 6-16: The Dominion shovel in the oil sand operation
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6.3.6 Testing with the prototype dipper

The operator’s qualitative feedback regarding the new dipper’s performance
indicated that he thought the new unit required less hoist force than the original
dipper but required an increase in the crowd force. This gave pre-analysis
indication of what should be looked for when looking at the hoist and crowd data.
A decrease in the hoist force had been expected for this dipper design, due to the
directional change invoked by the curved design directing the front in the
direction of motion through the face material. But the increase in crowd force

needed some analysis and explanation.

Qualitative observations of the tests found that the dipper generally ran more
smoothly than the original dipper. The new dipper more easily scooped and
cleaned the material around the shovel tracks; the digging in the face appeared

consistent at any orientation.

The dump flow out of the dipper, an additional concern by the sponsor
which was addressed by the skew, trapezoidal and flare geometry changes has a
flowing characteristic and certainly did not release material as a solid lump. In
this latter concern, which was only evaluated qualitatively, the sponsor gained the

information they needed to progress with the design.

Figure 6-17 illustrates the new dipper attached to the Dominion shovel. The
JPi instrument truck beside served as the control cab for manipulating all the data

recording remotely.
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Figure 6-17: The concept JPi prototype dipper on a Dominion 500 shovel

6.4 Data analysis

Data from strain gauges on the handle and the bail, inclinometers on the handle

and the bail were analyzed.

6.4.1 Transformation

6.4.1.1 Strain and stress

(1) Signal to strain

The output signals from the DAQ were in units of voltage that were
transformed into micro strain via a LabView program using Equation 6.1. In this
case, the lead wire resistance was assumed to be zero as the three-wire

configuration canceled most of its influence.
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ks T P A (6.1)
GF-(1+4V.) R,

V/:'X STRAINED V/:'X UNSTRAINED
where
€ Measured strain
.GF Gauge Factor
R, Gauge resistance
R Line resistance
Viy Excitation voltage
Viignat Signal voltage
Vr Reference potential

(2) Strain to stress
The generic expression for tension or compressive stress on the handle and

bail is given as

oc=F-¢, (6.3)
where
E Young’s modulus of the handle or bail material.
o Stress in the handle or bail.

In the handle, the strain/stress on the top and the bottom of the structure
would be different if a bending moment occurred along the sticks. Since the
objective of this research was not to perform a stress field or structural analysis of

the loaded shovel components, but merely to gain a relative change form the
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original to the prototype dipper configuration in terms of crowd and hoist forces
to operate the two, the effective strain in the stick cross-section was taken as the
average of the strain on the top, €, and the strain on the bottom, &, as shown in

Figure 6-18:

& t+é
e =21 2

: (6.4)

(3) Stress to force
As show in Figure 6-18 and Figure 6-19, the force passing through the sticks

and bail sheave bracket was

F=0-4
F=E-A-¢ (6.5)
where
A Cross-sectional area of the handle sticks or bail bracket
F Crowding or hoisting force

Figure 6-18: Handle sticks and cross-sectional shape
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Figure 6-19: Bail strain gauge position and cross-sectional shape

(4) Calibration

When the handle is oriented at the horizontal and the dipper is free of the
mining face, Figure 6-20, the model shown Figure 4-7 becomes the one

shown in Figure 6-21.

- V72"

Figure 6-20: Hoist and crowd force strains calibration position
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X

Figure 6-21: Hoist and crowd strain calibration model

2, =0

Fysint = 2) = F

2f, =0

Fyeos(1=2)+ F, =G

Moment =0

Gl,+Fl, =Fl

Solving the above equations for Fj, and F;

F :G (l_l(z)
’ (lsinn—l,, cosn)

F, =-Gcosn =1,
l (lsinn—lp cosn)
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In the static test without face activity, the handle would be held horizontally

without load in the dipper, G is the sum of the weight of the handle and dipper,

and the handle extension length would be given by the two inclinometers’

measurements.

above equations.

Thus, both hoist and crowd forces can be determined via the

At any instant, the reference bail strain, &.,1, and reference handle strain,

&r-nandle WOUld be given by

(F;r )rufurumu = Ehu/l Ahu//gr—luul

(E )['U/L'ryn('y = E handle A/umdlu & r—handle

Rearrange these two equations,

(F‘h )rc/crcncu

gr—hull

(]7/ ) reference

€ r—handle

Ehall Abull =

handle Ahuml/u =

(6.11)

(6.12)

Thus, in any other case, the hoist force and the crowd force can be determined

by using,

Apandle
Epair
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]711 = Ehull Ahallghu/[

F =E

nandie Apandie € handie

Cross-sectional area of the bail bracket.
Cross-sectional area of the handle sticks.

Young’s modulus of the bail material.

(6.13)

(6.14)



Ehandle
Ebail
Ebail
Ehandle

Ehandle

(E1 ) reference
(E )rcfcruncu

Young's modulus of the handle material.

Strain on bail bracket at the reference position.
Strain on bail bracket.

Strain on handle sticks at the reference position.
Strain on handle sticks.

Hoist force at the reference position.

Crowd force at the reference position.

6.4.1.2 Dipper position

The output of the inclinometers was the relative inclination referenced to a neutral
direction where the attached inclinometer’s center line pointed vertically
downwards. The neutral directions for the handle and cable were selected at about

the half of the handle and cable angle range to make full use of the measuring

range for motion in either direction from neutral:

where

s

n

ByeuTRAL
PMEASUREMENT
N NEUTRAL

N MEASUREMENT

ﬁ = ﬂ.’\'l:'(r"lY(’Al, + ﬂMI:’A(f.\'UR/:’;\{[;'.’\"I' (6 l 5)

N =N aperwar T Mavsireamyt » (6.16)

The handle direction

The cable direction

Orientation where the inclinometer on handle is zero
The read-out of the inclinometer on the handle
Orientation where the inclinometer on the bail is zero

The read-out of the inclinometer on the bail
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The cable rotation range

NECTRAL
The handle rotation range

Neutral orientation where
the inclinometer reads zero.

Figure 6-22: Handle and cable orientation referenced to a neutral orientation.

As discussed earlier, the bail point can be determined with the handle
extension length /4 and the hoist cable release length /. Figure 6-23 (a) illustrates
the Dominion 500 shovel’s geometrical configuration. As shown in Figure
6-23(b), — 000" =x+p-n; —00"0O’= -2, — 0’00 =2-f. Since M is a constant,
OO0’ and O’O” can be determined in - OO’'O". In _O”P'P, O"P can be
determined by using r> and ~ OO "O". Similarly, in ~ 0’4’4, A’O’and AO’ can
be determined by using ; and — 00’0
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/

X

(b) Dominion 500 shovel boom, handle, dipper, cable geometrical model

Figure 6-23: Determination of the dipper-handle position from the
inclinometer measurements
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Given measurements 8 and #. the handle extension length / and the hoist

cable release length 4 can be determined by using the following equations.

[ =00-4'0

M sin(n - 1) g
] = - 6.17
sin(1-p)  an(B 1) ©17

h=0'0"-0'A-0"P

M Sin(/l - ﬁ) T "
- _ _ 6.18
sin(f—B) tan(n-pB) tan(y -1) (6.18)

where

h Cable release length, from the tangent point on the sheave
to the bail point

h’ Effective cable release length, from the sheave shaft point to
the bail point

) Handle extension length

M Distance from the saddle shaft to the sheave shaft

Ty Distance from saddle shaft (point) to the handle direction
(line) passing the bail point

ro Sheave wheel radius

X0, Vo Coordinates of the bail point in the digging plane

)i} Handle angle referenced to the horizontal

n Cable angle

J Boom angle

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Thus the coordinates of the bail point (A) can be determined by using

Equations 3.9, 3.10 and 3.11.

6.4.2 Visualization of data

The recorded data were transferred into Microsoft Excel, compiled and input into
specific visualization software developed with Microsoft Excel VBA, appendix G.
Thus, the test data introduced into the visualization software could be retrieved

and observed interactively.

In Figure 6-24, the top panel of three illustrates the instantaneous shovel
working conditions translated from the sensors’ readings. Because the crowd and
hoist forces are related to the shovel action and the dipper position, the force plots
alone are not sufficient to represent the relationship between the shovel action and
the crowd and hoist force reaction at a given instant. In order to represent the
relationship, a shovel action animation was programmed in Visual Basic to show
the shovel’s behavior with two synchronized pointers to indicate the crowd and
hoist forces respectively. The instantaneous hoist force, crowd force, and their
counterpart face resistance forces, which are the sum of the overall weight and the
ground resistance, are illustrated by both graphic vectors and the numerical
representation of the direction and scale. Correlating lines (magenta) on the crowd
and hoist force plots in the next two panels provided a visual confirmation with
the data itself. The second and the third panels present the crowd and hoist force
plots for a given recording period, which can be selected by clicking the record

name in the record list on the top left.

To allow the specific shovel action to be visualized, scroll bars were applied
in the software to enable any instant of shovel activity to be observed. Both the
shovel animation and the force charts were synchronized with the scroll bars and

pointers. Moreover, for a selected record, three replay modes were provided in the
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software to demonstrate the continuous change at various face action speeds,

JPi new dipper project field test report

Ty 13 038 Trn e
Perind: | 10:45:424M+ 147.93333: Slow replay > ! Normal replay >> 1 Fast replay >>> Step

| 4 ]

Crowd 44%,

@ 1] J oo —tp Hejat farce ?
Hoist: 0% - -
% ] 2 Ji00%
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Figure 6-24: Dipper test result visualization modeling software for
the new dipper configuration
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6.4.3 Test analysis

6.4.3.1 Static test results

As outlined in Figure 6-13, static tests were performed in n/8 handle increments
from the tuck position.. As both the original AMSCO dipper and the prototype
were the same mass, about 3000kg each, and attached to the shovel handle
identically, it is not surprising that the static test results were independent of the

dipper front profile.

Figure 6-25 illustrates two cycles of the static test during which the dipper
was increasingly raised and held at a range of positions from the tuck to the

maximum horizontal stick position, in /8 handle-angle increments.

The hoist force generally played a much more important role than crowding
in implementing the digging actions. For example, in P&H 2800 XPB, there are
two 2x533kw motors used for hoisting; there is only 1x300kw motor for crowding.

The plots in Figure 6-25 show a similar scale.

The maximum empty suspended mass was found to be about 8,500kg for
both configurations. This included the suspended mass contribution of the handle

and bail. The horizontal empty suspended mass was found to be about 5000kg.
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Figure 6-25: Static test without load in the dipper

Further static tests are shown in Figure 6-26; the first two cycles are still the
static test without a load in the dipper, and the third is the static test with a
proportional capacity load in the dipper, where the dipper was allowed to evenly
take material during its sweep action up the face to the horizontal handle position.
The increment in the hoist force between the two tests was about 5000 Ib, which
was directly proportional to the payload in the dipper. The frequent spikes in the
crowd force plot are most likely signal noise and face impact forces during the
dipper motion; this issue is beyond the scope of this research, but may be of

interest for future work.
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Figure 6-26: Static test without load (first two cycles) and with
incremental load in the dipper (third cycle)

In interpreting the crowd force, ‘positive’ means a tensile force and

‘negative’ means a compressive force.

6.4.3.2 Comparison of the original to the proposed dipper shape

Some elementary comparisons between the original and concept dippers were

made before the field test and some performance comparisons after the test.

(1) Weight and capacity

The original dipper, made of cast steel, had thick walls, while the concept
dipper, made of fabricated steel, had thinner walls. Since it is the dipper teeth that
break the ground, the thickness of the dipper wall has a minor influence on the

hoist and the crowd forces. In this study, it was assumed that the difference in wall
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thickness would not impact digging resistance.

The original dipper had a nominal capacity of 1.53m’ (2 yd®) while the new
dipper for the same configuration had a nominal capacity of 2.29 m’ (3 yd’) at
about the same mass of 3000kg.

Generally, the hoist force required for the concept dipper should be greater
than that for the original dipper; the difference should be around 0.76m> (1 yd*)
multiplied by the oil sand density.

(2) Geometrical configuration
Figure 6-27 shows that the new dipper had almost the same geometrical
configuration as that of the original dipper. The dipper heel was located at about

the same position in both configurations referencing to the attachment.

One noticeable difference is that the old dipper has longer teeth than the new
one. This results in a difference in the tip point. Because the most important factor
that influences the digging resistance is the tooth angle referenced to the handle,
the difference in tooth length is not a high concern. Besides the capacity
difference, the new dipper was pitched by using the end slots of the original pitch
brace while the original dipper used one slot further in, so that the effective pitch

brace was shorter, Figure 6-28.
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(b) Top view comparison

Figure 6-27: Comparison between the original dipper and the new dipper

@

B

Used by the original dipper: 0.93m

DO OQ)

Used by concept dipper: 1.03m —l

Figure 6-28: Pitch brace used by both the original and concept dippers
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(3) Duty cycle key snapshots

As shown in Figure 6-29 and Figure 6-30, 8 key points of a shovel duty
cycle were illustrated by the snapshots from the shovel animation. When the
dipper is located at the tuck position, the dipper is held by the handle and
supported by the ground, thus the hoist force is about to increase from zero and
the crowd force reaches a positive peak. While the dipper is moving and filling ,
the hoist force increases and the crowd force becomes positive. The hoist force
reaches a peak when the dipper is at —n/8 where the crowd force reaches a
negative peak. Then the hoist force decreases to a relatively constant level until
the dipper dumps its load; simultaneously the compressive crowd force decreases

and then stays relatively constant.

Hoist Force (kg)

rrr

Back to  Digging Maximum End of Swing to Start to End of
tuck in face resistance digging dump dump dumping
12000 e\ - -

% 10000 4
< 8000
Y 6000 -
f B NNy
= ; j A
£ 0 \" " bk i
g -2000 § e |
< -4000 ‘& "‘"‘ ; , '
-6000 - ‘ | v
-8000 -
-10000
12000 = e e i — JRURL S PR
0 50 100 150 200 250

Duration (Second)

Figure 6-29: Hoist and crowd force plots for the original AMSCO 2yd® dipper
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Figure 6-30: Hoist and crowd force plots for the JPi concept dipper

(4) Hoist force

As shown in Figure 6-29 and Figure 6-30, two sets of hoist force plots for

the two dippers were compared. It can be concluded that

The new dipper took a greater load without a significant increase in the

face resistance forces. The average stabilized suspended mass (dashed

lines) increased from 8,000kg to 9,100kg. The concept dipper has

0.76m> (1 yd® ) more capacity. If the extra capacity is filled with loose oil
sand, the extra weight is 0.76m**2000kg/m’/1.3=1176kg, where
2000kg/m’ is the bank density and 1.3 is the swell factor. The difference

of 1,100kg is about equal to the extra oil sand weight in the new dipper.

The new dipper has a lower peak hoist force, which was the sum of the
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weight and the maximum digging resistance in the face.

e The hoist force during the digging period did not vary between the two
designs; however, the new dipper, being somewhat wider than the
original dipper, seemed to have a qualitative smoother hoist force plot.

e  Other parts of the plots corresponding to dumping, swinging and tucking
are almost identical between the two dippers, which should be expected

as the two dipper weights and modes of attachment were matched.

(5) Crowd force

As in Figure 6-29 and Figure 6-30, the two sets of crowd force plots for the

two dippers were compared, concluding that

e The crowd force for the new dipper indicated more negative
(compressive) values than that of the original dipper, so that the new
dipper required more crowd effort to implement the digging action. The
teeth on the concept dipper were oriented as an extension of the
curvature, rather than providing more of a rake angle (an error in the
fabrication process) so that the crowd force required was greater.

e There were less frequent impact peaks that occurred for the new dipper
than the original. Since some of them may be due to the digging impact
and some others seem to be signal noise for the original dipper in this
study, it is unknown as to the exact cause and so no further comment or

explanation is possible on these peaks here.

(6) Summary

A summary of the two tests is provided in Table 6-5.
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Table 6-5: Dipper test results summary

Performance Original Dipper | New dipper
Average stabilized §uspended mass 5,000kg 5,000kg
(empty dipper)
Average stabilized suspended mass
(full payload) 8,000kg 9,100kg
Average Peak hoist equivalent mass 14,000kg 13.400kg
Average payload 3,000kg 4,100kg
Average cycle time 29s 28s
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6.5 Conclusions

At this point, the results from the field test of the two dippers’ performance show

some advantage of the new concept design over the traditional.

Visually and qualitatively, an improved curved front, from lip to latch keeper
results in a smoother interaction with the ground, matched to the shovel’s range of

motion.

In addition to having a higher capacity, the new concept dipper decreased the
hoist force surge so that the digging actions became smoother. The cycle time

remained essentially unchanged.

At a small size level, for the given test shovel, the Dominion 500, the new
concept dipper appears to perform in a very similar way in which that the original
dipper perform. Although the new dipper capacity increased by 50%, the hoist

force didn’t increase that much. On this aspect, the new dipper performs better.
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Chapter 7

Correlating to the bigger size

7.1 Objective

If the test results from the scaled field test showed that the proposed dipper design
performance was an improvement over the original design, can we conclude that a
new concept ultra-class dipper would perform better than the traditional box
shaped ultra-class shovel dipper still in many operations? Here, only ultra class
box dippers pre 2001 models were considered as too many new variables are

introduced with the post 2001 models of Bucyrus and P&H.

This question can not fully be answered without further analysis and a full
ultra size prototype test. However, if a relationship between dipper performance
and dipper size from the available data can be established, this would assist in
designing a new concept ultra class sized dipper based on the performance and

comparison of smaller versions of similar design.

The work shown in Figure 7-1 illustrates an approach to make use of the

available shovel performance data to this end.

A literature and industry search for performance data representative of power
draw from shovel monitoring systems or hoist and crowd forces from strain

gauging. Table 7-1 provides a summary of the available and anticipated data.
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Figure 7-1: Process of scaling
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Table 7-1: Summary of available shovel performance data

. Status Available | Hoist/crowd | Power Source
Dipper now force draw
Smal} Stze Yes Yes No Field test
Traditional
Small size, Curved Yes Yes No Field test
Med{u.m S1Ze, Yes No Yes Literature
Traditional
Medium size, No - - Further field test
Curved
Ultra class Monitoring
Traditional Yes No Yes results
Ultra class, Curved No - - Further field test
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7.2 Shovel analogy

If minor geometric differences are ignored, the first criteria that allows a
relationship to be found between the performance and size of dippers is that the
shovels must share the same structure, geometry, and mechanical configuration.
Fortunately, over the last few decades, the shovel has not changed much. The only
obvious difference is the two different crowding mechanisms: a rope drive from
Bucyrus and a gear drive from P&H. As for the accompanying dippers from the
two manufacturers, the only important improvement (or revision) is the side to
side curvature. This is supposed to reduce the initial ground impact by engaging
the teeth in sequence from the center to side. Data for these newer model dippers
is not available and only the more traditional dipper shapes have data reported and

available here.

All performance data used in this section came from P&H medium-sized or
ultra-sized shovels. The performance data from the field test for the small size
range were based on the Dominion 500 shovel. Therefore, an analysis is needed to
show that the Dominion shovel has either the same or an acceptably similar

configuration to the P&H shovel.

Figure 7-2 illustrates the comparison of the geometry configurations: The
top right and bottom left projection of the Dominion 500 is scaled by 2.85 times
to match the P&H4100.

The projection lines show that the Dominion shovel has a very similar
configuration to that of the current P&H shovel, although the Dominion 500 is
over 50 years old. The crowd mechanism, double stick and gear drive are also the
same. The signiticant mechanical difference is that the P&H shovel crowd gear is
located on the bottom of the handle while the Dominion shovel crowd gear is
located on the top of the handle. The significant geometrical difference is that the

Dominion shovel handle is proportionally longer than the P&H shovel handle.
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From the Dominion 500 field test animation, it was found that except for the static
test, the handle was seldom fully extended during the digging cycles. Therefore,
the above difference did not appreciably affect the comparison between two

shovels.
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Figure 7-2: Geometrical analogy of P&H 4100 BOSS and Dominion
500, actual scale.
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7.3 Performance analogy

7.3.1 Hoist performance

Figure 7-3 shows a segment of the shovel hoist force plot of the Dominion 500
shovel with the original dipper. Figure 7-4 shows a segment of hoist motor current
plot for a P&H 2300 shovel (Hendricks and Scoble, 1990). Figure 7-5 shows a
segment of hoist motor current plot of the P&H 4100 shovel (Joseph and Hansen,
2002).

Hendricks and Scoble (1989 and 1990) carried out an analysis of shovel
performance monitoring. In this work, the electric motor power draws of the P&H
2300 mining shovel were recorded and analyzed. They concluded that the

armature current of the motor is proportional to the output torque or force.

For all three performance plots, four phases and eight key points were

identified and are marked as such on each.

[. Digging in the face
(1) Tuck in the face toe
(2) Peak force due to the dipper, handle and hoist drum inertia.
(3) Peaking force due to the maximum ground digging resistance
(4) Digging

II. Out of face and swing to dump
(5) Hold the dipper and handle and swing to the dumping spot

(6) Before dumping
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[1I. Dumping
(7) After dumping
IV. Returning to the tuck position.

(8) Hold the dipper and handle, swing to the digging face and lower the

dipper to the tuck position.

The significant difference between the hoist force plot and the hoist motor
current plots are the current plot has higher magnitude surges when the dipper and
handle change motion direction. For example, when the dipper has been lowered
to the tuck position to commence a cycle, there is a surge on both types of plot.
However, the current surge has a much higher magnitude in contrast to the force
surge monitored on the bail. This is because the hoist motor has to resist the
inertia of its own rotor, the transmission, the drive drum, the bail and the dipper
while the hoist force monitored at the bail was influenced only by the inertia of

the dipper and the handle.

From the plot for the P&H 4100 shovel combined with a video record, it was
identified that the operator consistently lowered the dipper slightly after the
dipper was pulled out of the face. As a result a clear flat segment that shows in

other plots the loaded swing phase is not evident.

In a summary, although the hoist current and the hoist force monitored on the

bail exhibit slightly different features, these plots show very similar patterns.
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Figure 7-3: A segment of the digging cycle for the Dominion 500 shovel
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Figure 7-4: A segment of the digging cycle for a P&H 2300 shovel (Hendricks
and Scoble, 1990)
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Figure 7-5: A segment of the digging cycle for the P&H 4100 shovel (Joseph
and Hansen, 2002)

To compare these hoist performance plots it would be clearer to transform the
motor currents to a force. The method that was used to calibrate the strain
gauges was also used to transform the current to the force. Similarly, in Figure 7-4
and Figure 7-5, the phase II during which the dipper was fully loaded and the
handle was held steadily at the horizontal was identified as a reference. In
accordance with Equation 6.9, the ratio of Fj, over G with respect to the cable

angle # is described in Table 7-2.

Table 7-2: Hoist force in relation to the weight of dipper, handle and material

Cable direction (1) | P&H 2300: F;/G | P&H 4100: F)yG
90° 0.85 0.83
95° 0.85 0.83
100° 0.85 0.84
105° 0.87 0.85
110° 0.89 0.87
115° 0.92 0.90
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When the handle of the P&H 2300 and 4100 held at the horizontal and fully
extended and ready to dump (see Figure 7-6), the cable direction is about 105°.
Over a number of the duty cycles, an average hoist motor current for free
suspension and peak hoist motor current is obtained. By using the ratios shown in
Table 7-2, the suspended load (hoist force) is obtained, thus the peak hoist force

was obtained by scaling (see Table 7-3).

=105°

il

Figure 7-6: P&H 2300, P&H 4100 shovel loaded and suspended position

A summary of the three shovels’ specifications and hoist performance are
illustrated in Table 7-2. The dipper capacity and the weight of the dipper and
handle were taken from the manufacturers’ specification sheets, (P&H, 1990 and
2001C). It is assumed that the dippers were loaded at the nominal capacity and for

a loose material density of 1700kg/m3 .
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Table 7-3: Different sized shovels’ specification and performance

(Dominion, 1957) (P&H, 1990 and 2001C)

Model | 1y hinion 500 P&H 2300 P&H 4100
Spec./Perform:
Dipper capacity (m’) 1.53 2yd®) 23 (30yd’) 44 (57.5yd%)
Dipper width (m) 1.2 2.9 3.6

Payload (kg)

(1700kg /m§) 2,600 39,000 75,000
Dipper handle weight 5.400 65,000 119,500

(kg) ' ’ i
Suspended load (kg)
(loaded)* 8,000 90,480 165.325

Peak hoist force (kg) 14000 125,280 285,560

(Digging)**

* When the handle is held at the horizontal and the dipper is fully loaded and
free of the ground.

** When maximum digging resistance occurs.

Using the data from Table 7-3, the relationships between dipper capacities,
suspended load and peak forces were plotted in Figure 7-7. The two curves show
that the hoist force is proportional to the dipper capacity. In other words, given a

material, the hoist performance and the shovel size has a linear relationship.

Figure 7-8 illustrates the peak hoist force increment rate from the free
suspended load (hoist force) of the three shovels. The definition of the increment

rate in the figure is given by
IR=(H,-H)/H *100% (7.1)
Where

IR increment rate

H, peak hoist force
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H; suspended load

The P&H 2300 shovel exhibited a lower increment rate. This can be
explained as the P&H 2300 shovel data used in the study were from a different

mine site where the ground material was relatively easier to break.

300,000

—+&@—— Suspended load ’-
250,000
v i Peak force /

Do
200,000 } (Diggmg) | A

150,000

Hoist forces (kg)

100,000

50.000

Dipper Capacity {(m)

Figure 7-7: Dipper capacity versus the suspended load and the peak force
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Figure 7-8: Different shovels’ peak hoist force increment rate

7.3.2 Crowd performance

During the digging cycle, most of the energy was consumed in hoisting; only a
small portion of the energy was consumed in crowding. Despite this, the crowding

performance of each shovel should be reviewed.

Figure 7-9 illustrates a segment of the hoist force crowd for the Dominion
500 shovel. Here the tensile forces are positive and the compressive forces

negative. Figure 7-10 illustrates a segment of the hoist motor current plot for the

P&H 2300 shovel.

Generally, the two shovels were operated very similarly, with the crowd
force and the crowd motor current plots exhibiting similar patterns. Like the hoist
motor current plot, due to the inertia effect of the motor and transmission, the

crowd motor current plot shows higher frequency and magnitude of fluctuation.
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Figure 7-10: A segment of the crowd motor current plot for the P&H2300
shovel (Hendricks and Scoble, 1990)

7.4 Normalized performance

Figure 7-11 illustrates three hoist performance plots for three different shovels,
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the hoist force plot for the Dominion 500 shovel and the hoist motor current plots
for the P&H 2300 and 4100 shovels. Although some shape similarity can be seen

in the three separate plots, it is hard to identify common characteristics due to

different units and scales.

In this evaluation, the three sets of hoist performance data that are of varying
shovel size data source were normalized by using a normalizing factor that is the
free suspended load expressed as hoist force or motor current. The average free

suspended force or motor current for the different shovels are summarized in

Table 7-4.

20000 - - - T -

16000 - ;
5 12000 1 | 3}
vs ] s Foyowd v
A (TR A Y | ey
i Vel S [P

4000 x : ‘\ ", y‘& \ Y{ L l’ e

0 - - v _— w - % \w
0 20 40 60 80 100 120 140
Time (Second)
(a) Dominion 500 shovel hoist force plot
2000

=
=
=

=
S

g

Crowd motor current(A

£

0 20 40 60 80 100 120 140
Time (Second)

(b) P&H 2300 shovel hoist motor current plot

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hoist motor currenl (A

Time (Second)

(¢) P&H 4100 shovel hoist motor current plot

Figure 7-11: various shovel hoist performance plots

Table 7-4: Shovel performance data normalizing factor

Shovel performance Data NOgiZ?(l)ifing Units

Dominion 500 hoist force 8000 kg
P&H 2300 hoist motor current 1300 A
P&H 4100 hoist motor current 1100 A

The resulting normalized performance data obtained were plotted in Figure

7-12, enabling the three sets of data to be compared in the same chart.
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Figure 7-12: Dominion 500, P&H 2300 and 4100 shovel normalized hoist
performance index plots

From Figure 7-12, it is obvious that the Dominion 500 and P&H 4100
shovels have very similar digging cycle shapes. Some cycles are almost identical.
The P&H 2300 has smaller peak values than the other two shovels. This is likely

also due to the different working geology conditions.

7.5 Conclusions

The review of several models of mining shovel, from small to ultra class size, has
shown that shovels have not changed much with respect to geometric
configuration and driving mechanisms. The literature on shovel performance
shows that the performance indicators such as the hoist force or motor current

maintain a proportional relationship as the unit size increases.

Based on above discussion, one encouraging message is that the performance
of a revised dipper design for the same working geology may not be affected

much by the size of the shovel and dipper. From the performance of the prototype
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dipper at 1/20 of the ultra class dipper size, a larger size of the same design has
the potential for similar performance. Although only a physical test can ultimately
prove this hypothesis, this analogy minimizes the initial risk of moving to an ultra

class dipper.
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Chapter 8

Conclusions

8.1 Main conclusion

8.1.1 Dipper-ground matching

This study proposed a curved front wall dipper. One of the outstanding features of
the dipper is that the dipper would better match the range of the motions of a
cable shovel. Mathematically, a logarithmatic spiral curve was adopted in the

conceptual design for digging oil sand.

The typical cable shovel digging trajectories operating in cutting oil sand is
approximated by a spiral curve. The logarithmatic curve used as the profile of the
front wall of the dipper was derived from the dipper motion parameters and the
original dipper configurations. One significant benefit of the curved shape is that
the dipper retains a consistent position relative to the ground profile. This means
less dynamic impact from digging actions. The curved shape maintains the dipper
rake angle while keeping the heel out of the face. This leads to a reduced digging

resistance without shortening the dipper’s life.
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8.1.2 Less interference

The curved front wall design reduced both the dipper-ground and dipper-track
interference. An important feature of the curved front wall is that the heel is

retracted naturedly without decreasing the rake angle.

Dipper-ground and dipper-track interference is a critical issue for the cable
shovel to maintain high production and infrequent maintenance intervals. Both
types of interference or collision will result in damage on the dipper heel, while
dipper-ground inference increases digging resistance. The dipper-track
interference will lead to an improved dipper tuck position preventing the shovel

from colliding its tracks.

With the design, both types of collision problems appear to be improved. A

closer tuck position and a greater heel-ground clearance are obtained.

8.1.3 Prototype field test result

A smaller scaled shovel (Dominion 500) was able to operate with a
non-traditional dipper shape. The curved front wall dipper that increases
capacity by 50% was successfully attached to and operated by the shovel. This

enables a comparison of the two dippers in identical operating conditions.

The field test output showed that the new concept dipper did not introduce
greater digging resistance in contrast to the original dipper, although the dipper
capacity was increased by 50%. The test also showed smoother hoist force

performance with the new dipper compared to the original.

The crowd force for the new dipper was larger than that for the original one.

Although this was probably introduced by the wrong tooth direction, more study
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should be carried out to confirm the impact of the curved front to the crowding

system.

8.1.4 Scaling performance trends

The sheer size and fabrication expense of an ultra class dipper dominates over
validation of a new concept dipper through scaled prototype tests. By reviewing
and analyzing performance data from a series of shovel sizes, the relationship
between shovel size and shovel performance was inferred. This gives confidence
in reducing the risk for a developer to scale a new design from a small prototype

size to one that is larger.

8.2 Research contributions

8.2.1 Shovel simulation formulation and software

A kinematic shovel model that accurately represents shovel digging behavior has
been developed in this thesis. The kinematic equations have been derived and are
ready to use for further research. Based on the kinematic model, a dipper-ground

interaction model was developed.

A series of simulation software were developed in this study; a group of
MatLab programs for shovel kinematics, shovel digging simulation software and
test data visualization software. The kinematic and the shovel digging simulation
software were developed for analyzing shovel digging behavior in an un-blasted

face. These tools will be useful for further research in dipper design.
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8.2.2 A curved dipper concept

Based on the earlier work of the sponsor, JPi, a curved dipper concept was
introduced and the prototype put to task in a field test. The design primarily
included:

e A curved front wall using a logarithmatic spiral formula.

e A skewed back wall

8.2.3 A dipper design approach

The contribution of dippers to shovel production has historically not been fully
investigated by shovel manufacturers or researchers. A specific model was
developed based on an existing ultra-class shovel operating in oil sand conditions.
The simulation work of this model led to a better understanding of the dipper’s

performance.

Three dimensional solid modeling techniques were adopted to draft the

dipper for fabrication from the modeling output.

The prototype test procedures outlined in the study provide a logical
methodology to set up a test, collect and process the data. It was shown that using
two inclinometers to locate the dipper position was easier to implement than the
traditional method that uses two displacement sensors for the handle extension

length and the cable release length.

The dipper design approach is illustrated in Figure 8-1.
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Historical Computer
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Import new Operator Prototype
design concept Feedback test

Figure 8-1: The dipper design approach

8.3 Future work recommendations

8.3.1 Future shape concept

Shovel manufacturers suggest that a side-to-side (laterally) curved dipper
gradually engages the ground so that digging resistance increases more gradually
than for a flat front dipper. Here the tooth-to-heel (longitudinally) curved dipper
reduces the attack angle while continuing to protect the dipper heel. The potential
of a combination of these two features in a double curved dipper concept has been
suggested by the project sponsor with a combination of both lateral and
longitudinal curves. This concept is reinforced by the common experience that a
bowl-shaped hand yard shovel works better with clay and soil while a flat shovel
works better with dry sand and gravel. As shown in Figure 8-2, a double curved
front element has already been taken to the conceptual shape stage. This is
outside the scope of this thesis. The biggest drawback of the concept is the

complexity of fabrication, and for an ultra class dipper, the problem would be
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magnified during assembly. The dimensions of an ultra class dipper in this format
are beyond the maximum casting capability of foundries so that the front wall
would have to be cast in pieces and welded together. This would certainly require

considerable structural integrity considerations.

Figure 8-2: A double curved dipper model (courtesy JPi)

8.3.2 Structural considerations

This research did not cover the analysis of the material, strength, and thickness of
the dipper body. Some in-depth work should be done to improve the suggested
design based on the stress distribution while digging. Strain data was collected
during the field test from gauges mounted on the body of the test dipper and is
available as a starting point for the next research project that will follow this work.
The three-dimensional solid model already available through this work makes this
task easier with the application of appropriate boundary conditions. The field-test
results and the FEA results could then be correlated accordingly to improve the

design.
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Appendix A

MatLab codes for shovel kinematic models

A.1 Shovel geometrical model and constants

%pFile Name: shovel constant.m
%Use: be called by other kinematic simulation programs to set up shovel geometrical model
and constants.
%Description: this program initializes the shovel geometrical parameters as MatLab
variable.

%global constant

global ncount

global boom_angle

global pivot2sheave

global sheaveradius

global jointZhandle

global pivot_x

global pivot_y

global sheave_x

global sheave y

global min_angle

global max_angle

global min_handle

global max_handle

global min_hoist

global max_hoist

global saddle gear radius
global bench_height

global min_teeth_position
global min_cutting_handle
global soil profile

global cutting_point

global dipper_heel

global door_end

global dipper_lu

global boom_font_angle
global boom_front_point
global track_front_length
global crawler_width

global track_width

global crawler length
global dipper_width

global front_track center
global front_track radius
global front_track_slope_start
global front_track slop end
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global track_height
global crawler_xy
global dipper_far range
global relocation_step
global cutting_height
global dipper volume
global loose factor

ncount=100;
boom_angle=(42.7/180)*pi;
pivot2sheave=14.312;
sheaveradius=1.287;
joint2handle=2.77,
pivot_x=8.48;
pivot_y=9.98;

sheave x=18.998;
sheave_y=19.686;
min_angle=-(90+13)/180*pi;
max_angle=20/180%pi;
min_handle=6.359;
max_handle=13.159;
min_hoist=3.06;
max_hoist=19.171;
saddle_gear_radius=0.46;

bench_height=15;

bench_angle=50/180%*pi;

min_tuck position=9.414;

min_cutting_handle=6.647,

cutting_point=[2.868;0.385]:

dipper_neck=[1.897;-1.068];

dipper_heel=[0.805;-4.04];
dipper_front_points=[dipper_heel,dipper_neck,cutting_point];
door_end=[-2.85;-2.903];

dipper_backtop=[-1.342;0.332];

boom_font_angle=49.2/180*pi;
boom_front_point=[9.777,8.526];

track_front_length=5.24;
crawler width=12.78;
track_width=3.505;

crawler length=11.58;
dipper_width=3.6;

front_track center=[4.02;1.22];
front_track radius=1.22;

front_track slope start=[2.496:2.86];
front_track_slope end=[4.485;2.337];
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track_height=3.03;

crawler_xy={'ARC'.[4.4849:2.3371:6.39],[4.1287:0;6.39].[4.020;1.2091;6.39],1.22
'LINE',[4.1827453146371454:0.06.39],[-3.3832433291252602:0.0:6.39],[1.0
'ARC',[-3.3832433291252602:0.0:6.39].[-5.2496:0.4477:6.39],[-3.3832;4.113805;6.39],4.113
8

'LINE'[-5.2496:0.4477:6.39].[-5.8466032321804828:0.7516547126646161:6.39],[1,0
'ARC',[-5.8466032321804828;0.7516547126646161;6.391.[-5.5799336245416367;2.4818284
553750072:6.39].[-5.4285426196615036;1.5728571359922849:6.39],0.9214923 199999999
'LINE',[-5.5799336245416367;2.4818284553750072;6.39],[-3.481932493906982;2.83 12547
712923539:6.391.[].0

'ARC',[-3.481932493906982;2.8312547712923539 ;6.39].[-2.8060797935492441:2.8871520
954766332:6.39],[-2.8060797935492441;-1.226652904523366 1:6.39],4.1138050000000002
'LINE',[-2.8060797935492441;2.8871520954766332;6.39].[2.2867691741233811;2.8871520
954766332;6.391.[1,0
'ARC',[2.2867691741233811;2.8871520954766332;6.39],[2.496021585090558;2.860097757
271935:6.39].[2.2867691741233811;2.0643910954766329;6.39],0.822761
'LINE.[2.496021585090558;2.860097757271935;6.39],[4.484905796073746;2.33706730363
24172:6.39],[1,0};

% start_point=[15.8;0];
% end_point={24.2;15];

dipper_far range=[9.4155,9.6112,9.8105,10.01,10.217,10.425,10.638,10.854,11.075,11.299,1
1.528,11.761,11.998,12.24,12.487,12.738,12.995,13.257.13.524,13.795,14.074,14.359,14.648
,14.947,15.246,15.555,15.87,16.196,16.52,16.856,17.205,17.55,17.909,18.274,18.642,19.025
,19.413,19.805,20.1,20.347,20.587,20.822,21.051,21.274,21.492,21.703,21.907,22.106,22.29
8.22.484,22.663,22.835,23.001,23.16,23.311,23.456,23.594,23.725.23.849,23.965,24.074,24.
176.24.27,24.357,24.437,24.509,24.573,24.63,24.679,24.721,24.755,24.781,24.8,24.811,24.8
15,24.81,24.798,24.779,24.751,24.716,24.674,24.623,24.566.24.5,24.427,24.347,24.259,24.1
64,24.061,23.951,23.834,23.709,23.578,23.439,23.293,23.141,22.981,22.814,21.297,20.751;
0.0069432,-0.068329,-0.13976,-0.22696,-0.2904,-0.36948,-0.4443,-0.51473,-0.58061,-0.661
79,-0.71817,-0.78956,-0.85582,-0.91678,-0.99223,-1.0421,-1.106,-1.1639,-1.2156,-1.2608,-1.
3191,-1.3705,-1.4148,-1.471,-1.5004,-1.5411,-1.5737,-1.6168,-1.6325,-1.6579,-1.6924,-1.699
,-1.7139,-1.7186,-1.7129,-1.7139,-1.7036,-1.6819,-1.4998,-1.2451,-0.98519,-0.7201,-0.44997
,-0.17494,0.10486.0.38931,0.67826,0.97159,1.2692,1.5708,1.8764,2.1859,2.499,2.8156,3.13
55,3.4587,3.785,4.1142,4,4461,4.7806,5.1176,5.4569,5.7983,6.1416,6.4868,6.8336,7.1819.,7.
5315,7.8822.8.234,8.5865,8.9397,9.2935,9.6475,10.002,10.356,10.71,11.063,11.417,11.769,1
2.121,12.471,12.821,13.169,13.516,13.86,14.204,14.545,14.884,15.22,15.555,15.886,16.215,
16.541,16.864,17.183.17.5,17.812,17.665,17.804]
max_bank_toe radius=15.8;

% bank_height=15;
relocation_step=3.5;

cutting_height=15;

dipper_volume=55;
loose_factor=1.15;
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A.2 Dipper position determination

%PFile Name: dipper_position.m

%Use: to determine the position of a point on the dipper.

%Description: this program uses dipper motion equations 3.9, 3.10 and 3.11 derived in
Chapter 3.

%Input: host cable length, handle crowd length and the point on the dipper.

%Output: dipper position, dipper and handle angle.

function {x,y,alpha,beta]=dipper_position(lc,Ih,point)

echo off;

% retrieve the constant

shovel._constant;

lc1=sqrt(lc.”2+joint2Zhandle”2);

Ih1=sqrt(lh."2+sheaveradius”2);
alphal=acos(min{(lc1.~2+pivot2sheave”2-1h1./2)./(2*pivot2sheave*ic1),1));
alphal=boom_angle-alphal;

theta=atan(jointZhandle./Ic);

alpha=alphal-theta;
betal=acos(min((lc1."2+1h1.”2-pivot2sheave”2)./(2*1h1.*Ic1),1));
betal=pi-(betal-alphal);

theta=atan(sheaveradius./lh);

beta=betal-theta;

x=lc1.*cos(alphal)+pivot x;

y=lc1.*sin(alphal )+pivot_y;

if nargin==
[points_series,n]=transmit_all(x,y,alpha,point)
x=points_series(1,:);
y=points_series(2,:);

end

% error Out of Range

i=find(lc< min_handle | Ic>max_handle |Ih< min_hoist| Ih>max_hoist);

x(i)=-1000;

y(i)=-1000;

alpha(i)=-1000;

beta(i)=-1000;

return

A.3 Dipper motion range

%pFile Name:dipper_range.m
%Use: generating the dipper motion range in vertical plan.
%Description: the program uses the method described in Chapter 3.3.2 to find the motion
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range .
%Input: reference point (dipper tip or any other point on dipper) and number of cycles
% Qutput: motion range coordinates.
function [x,y,lc.lh,alphal=dipper_range(point,icount)
shovel constant;
x=(1;
y=1l:
Ih=(};
le=(];
if nargin<1
icount=ncount;
point=cutting_point;
elseif nargin<2
icount=ncount;
end
alpha=linspace(min_angle,max_angle,icount);
point(3)=1;
fori=1 : icount
lc(i)=min_handle;
while le<=max_handle
[x(i),y(i).Ih(i),beta]=dipper_angle_position(lc(i),alpha(i));
trans_matrix=trans2D(x(i),y(i),alpha(i));
dp_lu=trans_matrix*[dipper_backtop(1);dipper_backtop(2);1];
ri=dp_lu-boom_front_point;
{theta,r]=cart2pol(r1(1).r1(2));
if x(i)<-100 | theta>boom_font_angle
lc(i)=lc(i)+0.02;
else
break ;
end
end
if point(1:2) ~=0 % not joint point, transmit
trans_matrix=trans2D(x(i),y(i).alpha(i));
d=trans_matrix*point;
x(=d)
y(1)=d(2);
end
end
for j= icount:-1:1
i= 2%icount-j+1;
le(i)=max_handle;
while Ic>=0
[x(),y(i),Ih(i),beta]=dipper_angle position(lc(i),alpha(j));
if x(1)<-100 % | jp(:.3)>max_hoist+0.01 | (lc-min_handle>2 & jp(2)<1)
le(i)=lc(i)-0.02;
else
break
end
end
if point(1:2) ~=0 % not jopint points transmit
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trans_matrix=trans2D(x(i),y(i).alpha(j));
d=trans_matrix*point;
x(M=d(1)
y()= dQ);
end

end

X(2Z¥*icount+1)=x(1);

y(2*icount+1)=y(1);

return

A.4 Dipper minimum tuck profile

%File Name: dipper_tuck_position.m

% Use: generating the dipper minimum tuck profile on the bearing floor.

%Description: the program uses the method described in Chapter 3.3.3 to find dipper
minimum tuck position.

%Input: swing angle, and dipper front wall profile in a series of points

% Output: tuck positions.

function [tuck_position,lc,handie_angle]=dipper_tuck_position(theta,dipper_front_points)
shovel_constant;
theta=abs(theta);
points=[];
ii=0
it size(dipper_front_points,2)<10;
for i=2:size(dipper_front_points,2);
n=fix(norm(dipper_front_points(:,i)-dipper_front_points(:,i-1))/0.05);
points(1,ii+1:ii+n)=linspace(dipper_front_points(1,i-1).dipper_front_points(1,i).n);
points(2,ii+1:ii+n)=linspace(dipper_front_points(2,i-1).dipper_front_points(2,i),n);
ii=ii+n;
end;
end;

for i=1:size(theta,2)

tuck position(i)=min_tuck_position;

while tuck position(i)>=min_tuck_position
% Handle Position
[jointx.jointy,lc(i),lh,handle_angle(i)]=handle_position(tuck_position(i),0,cutting_point);
trans_matrix=trans2D(jointx,jointy.handle_angle(i));
dipper_pts=trans_matrix*[points(1,:);points(2,:);repmat(1,1,size(points,2))};
rx=sqrt(dipper_pts(1,:)."2+dipper_width~2/4);
deta=atan(dipper_width/2./dipper_pts(1,:));
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thetal=theta(i)+deta;
theta2=theta(i)-deta;
pts_left=[rx.*cos(thetal):dipper_pts(2.:);rx.*sin(thetal)];
pts_right=[rx.*cos(theta2):dipper_pts(2,:);rx.*sin(theta2)};
interference=0;
pts=[pts_left,pts_right];
for j=1:size(pts,2)
if pts(3,j)<crawler width/2 & pts(3,j)>crawler_width/2 -track_width
if isinshape(crawler_xy,pts(..,j)) ==
interference=1;
break;
end
end

end
z=crawler_width/2;
if interference==
for j=1:size(pts_left,2)

if  abs(pts_left(3,j)-pts_right(3.j))>eps & ( pts_left(3,j)<crawler_width/2
pts_left(3,j)>crawler_width/2  -track_width) | (  pts_right(3.j)<crawler_width/2
pts_right(3.j)>crawler_width/2 -track_width)

x=pts_left(1.j)-(pts_left(1.j)-pts_right(1,)))*(pts_left(3.j)-z)/(pts_left(3,})-pts_right(3.j));

y=pts_left(2,j)-(pts_left(2.j)-pts_right(2,j))*(pts_left(3.j)-z)/(pts_left(3.j)-pts_right(3.)));
if isinshape(crawler_xy,[x;y]) ==
interference=1;
break;
end
end
end
end

if interference==
tuck position(i)=tuck_position(i)+0.05;
else
break;
end

end
end
return

%

function [in_out]=isinshape(shape,point)
in_out=0;
point=point(1:2,1);
n=0 ;
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cross_y={1;
for i= 1. size(shape,1)
if stremp(shape{i,1},'LINE")
pl=shape{i,2};
p2=shape{i,3}:
if abs(p1(1)-p2(1))>eps & point(1)>=min(p1(1),p2(1)) &
point(1)y<=max(p1(1),p2(1))
y=p1(2)-(p1(2)-p2(2))*(p1(1)-point(1))/(p1(1)-p2(1));
if n==0 | y~=cross_y(end)
n=n+1];
cross_y(n)=y;
end
end
else % arc

pl=shape{i,2};
p2=shape{i,3};
ct=shape{i,4};
rad=shape{i,5};
if rad>abs(point(1)-ct(1))
y1=ct(2)+sqrt(rad*rad-(point(1)-ct(1))"2);
y2=ct(2)-sqrt(rad*rad-(point(1)-ct(1))"2);
al=cart2pol(p1(1)-ct(1),p1(2)-ct(2));
a2=cart2pol(p2(1)-ct(1),p2(2)-ct(2));
a=cart2pol(point(1)-ct(1).y1-ct(2));
if mod(al-a+2*pi,2*pi)>=0 & mod(al-a+2*pi,2*pi)<=
mod(al-a2+2*pi,2*pi)
if n==0| y1~=cross_y(end)
n=n+1;
cross_y(end+1)=yl;
end
end
a=cart2pol(point(1)-ct(1),y2-ct(2));
if mod(al-a+2*pi,2*pi)>=0 & mod(al-a+2*pi,2*pi)<=
mod(al-a2+2*pi,2*pi)
it n==0] y2~=cross_y(end)
n=nt1;
cross_y(end+1)=y2;
end
end
end
end

ifn==
if (point(2)>min(cross_y(1),cross_y(2)) & point(2)<max(cross_y(1).,cross_y(2)))
in_out=I;
end
break;
end
end
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return;

A.5 Trajectory generating program

%PFile Name: cutting_trajectory.m

% Use: generating the trajectories of the dipper tip or the heel.

%Description: with the start and end points, hoist and crowd speed, the program generates
series of hoist and crowd length; then call the program “dipper_position™ to obtain the tip and
heel positions.

%Input: start and end points of the trajectory, hoist and crowd speeds, number of steps

% Output: trajectories coordinate, hoist and crowd length.

function
[x.v.lc,Ih,alpha,v,dipper_angle.cutting_angle,xx,yy.t]=cutting_trajectory(start_point,end_point
.vh,vc.icount)
% retrieve the constant
shoveL_constant;
[jx1,jyl.icl.lhl,alphali=handle_position(start_point(1),start_point(2),cutting_point);
[x2,jy2,1c2,Ih2,alpha2]=handle_position(end_point(1).end_point(2),cutting_point);
if nargin<3

vh=2;

ve=vh*abs(lc1-lc2)/abs(lhi-1h2);

icount=ncount;
elseif nargin<4

ve=vh*abs(lc1-1c2)/abs(lh1-1h2);

icount=ncount;
elseif nargin<5

icount=ncount;
end
T=max(abs(lh1-1h2)/vh,abs(lct-1c2)/vc);
t=linspace(0, T.icount);

lc=min(repmat(lc2,1.icount),linspace(lc1.lc1+vc*T,icount));
Ih=max(repmat(lh2,1,icount),linspace(lhl,lhi-vh*T,icount));

[x.y.alpha,betal=dipper_position(lc,lh,cutting_point);
[xx,yy.,alpha,beta]=dipper_position(lc,Ih.dipper_heel);
[dipper_angle,r]=cart2pol(x-Xx,y-yy);

v=0;

cutting_angle=0;
[v.cutting_angle,x1,yl]=dipper_velocity(lc,lh,vc,vh,cutting_point);
Return
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A.6 Dipper motion velocity

%File Name: dipper_velocity.m

% Use: calculating dipper’s linear velocity given the hoist and crowd speed.

%Description: this program uses the finite differential method to calculate the linear velocity
of a point on the dipper. In a time tag, the change of hoist cable length and handle crowd
length are constant due to both constant speeds, thus, the new dipper position can be
determined using equation 3.9, 3.10, and 3.11; the dipper displacement can be obtained by
calculating the position change; then the velocity can be determined using the dipper position
change divided by the time tag.

%Input: hoist speed, crowd speed and the reference point

% Output: dipper velocity, direction, and x, y components.

function [v,angle,x,y]=dipper_velocity(lc,lh,vc,vh,local_point)
%5 retrieve the constant
shovel_constant;
if nargin<$
local_point=[2.868:0.385;1];
else
local_point=[local_point(1);local point(2);1];
end

if size(ve,2)<size(lc,2)
ve=[vc,repmat(vc(end),1,size(lc,2)-size(vce,2))];
vh=[vh,repmat(vh(end),1,size(1h,2)-size(vh,2))];
end

pivot=[pivot_x;pivot_y];

[ipx.jpy.alpha,beta]=dipper_position(lc,lh);

for i=1:size(lc,2)
trans_matrix=trans2D(jpx(i).jpy(i),alpha(i));
point=trans_matrix*local point;
gama=alpha(i)+pi/2;
contact_handle=pivot+[saddle gear radius*cos(gama);saddle gear radius*sin(gama)];
joint_point=[jpx(i);jpy(i)];

VC=[vc(iy*cos(alpha(i));vc(i)*sin(alpha(i))];
VH=[vh(i)*cos(beta(i));vh(i)*cos(beta(i))];

[v(i).angle(i)]=plane_point_velocity(contact_handle,VC,joint_point,VH,point);
x(i)=point(1);
y(h)=point(2);

end
return
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A.7 Sample outputs of the Kinematic model

® Dipper kinematic simulation result

-¢ Figure 1
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Idealized digging trajectories and sequence

-} Figure 4
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-} Figure 5
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Appendix B

Shovel Action Simulation Software

Ultra class cable shovel performance analysis

Shovel action

Option
Track ! 138" hd
Dipper { 62 yd?* ']

Weight 2977000 lbs
Footprint 97042 n?

Handle ext. 42.2f

Cable release 17.31t

Operation

Swina Anaie (0-360%

Snapshot [‘Em}] bl
Replay | Toad variation <} Buck

ot Filt
Attack Direction®
G.E.T.Direction”

Track pitch (-30~30% Lateral pitch (-30~30%)

A xjem IS UL Al oo JCLI B3 R A 4 a2l
Reset J/
Footprint ieading
. 150& 150 !
10 190
20 90
50 63
. W —— o—
6 o4 :
BRI el e PEARAS 06 A TE I8 &a
i L0t Track o Right Trick il ef Track -~ Right Track:
Longitudinal Track Pressure Pressute Across Track Width
68.0 a.0 00
Unit: psi Avg: 342 Max: 682 Min: 0.2 Left: 33.7 Right: 30.7 Front: 121 Rear: 493
Variation Undate _L~]
Ground reaction
Ground Max Deformation Ground Condition Digging fpece History”
Ground Type Coal e 1000
Blast Result Average =]
Climate Dry Ihé s
Specffic Density 1.11 loose Lo
Modutus 81 ksi w00
Friction Angte 33.0 deg 20077 _.
Cohesion 00 psi o
Comp. Strength 1450 psi
p. Streng psi e
Deformation Statistics 400 T
Max of Max deform (.43 mch Duratien
Average deform 0.26 inch - Resistance Crowd Hoist :
Max of Min Deform 0.00 inch
Dutv Cucle

Maneuver
shovel action

Track-ground
interaction

Shovel digging
forces

Shovel digging
simulation

® This software combines the Visual Basic for Application (VBA) programs

and Excel spreadsheet formulas to run the shovel digging simulation. The

kinematic functions were transplanted from MatLab to the VBA; the user

friendly interface was established with VBA too. The dipper-ground

204

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




interaction analytical model and free equilibrium model were established with

the spreadsheet formulas.

robatPD ker (PDFMaker xla]
@ VBAProject (P8H Cable Shovel.xls)
- &5 Microsoft Excel Objects
8] Ground (Ground)
&) ph4100 (PH4100TS)
@ Thisworkbook
= &5 Forms
frmContact
B frmMasstype
frmPosture

- «& Module1

® Visual Basic for Application (VBA) project properties
B Ground: ground material properties
B PH4100: user interface sheet
B Forms: interactive dialogue boxes

B  Modules: common used subroutines.

®  Duty cycle simulation

Sub Name: Duty cycle()

Use: run the digging simulation.

Description: this program uses methodology described in chapter 5 to run the digging
simulation cycles. The formulas input in the spreadsheet were the same as those equations

derived in chapter 5 so that there is no explicit expression of the equations in the program

codes. The shovel animation the digging force plots were synchronized with the simulation
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progress.

Public Sub DutyCycle()
" On Error GoTo giveup:
col = Me.Range("snapshot").Column
row = Me.Range("snapshot").row
'snapshots
Call cmdReset_Click
"ActiveWindow.ScrollRow = 1
k=0
choistl = Me.Cells(row, col + 1)
hextent] = Me.Cells(row. col + 2)
penetration} = Me.Cells(row, col + 7)
fillfactor] = Me.Cells(row, col + 6) * 100
attackdirection1 = Me.Cells(row, col + 5)
choist2 = Me.Cells(row + 2, col + 1)
hextent2 = Me.Cells(row + 2, col + 2)
penetration2 = Me.Cells(row + 2, col + 7)
fillfactor2 = Me.Cells(row + 2, col + 6) * 100
attackdirection2 = Me.Cells(row + 2, col + 5)
Fori=0To 30
cHoist = (choist2 - choist1) * i/ 30 + choist!
hExtent = (hextent?2 - hextent1) * i / 30 + hextentl
Call HandlePosition(hExtent, cHoist)
Me.txtFillfactor = (fillfactor2 - fillfactor1) * i / 30 + fillfactor]
Me.txtPenetration = (penetration2 - penetrationl) * i / 30 + penetration|
Me.txtAttack = (attackdirection2 - attackdirection1) * i / 30 + attackdirection]
k=k+1
Me.Range(Me.Names("resihistory™)).Cells(k, 1) = Me.Range(Me.Names("resistance"))
/ 1000 * 0.4536
Me.Range(Me.Names("resihistory")).Cells(k, 2) =
Me.Range(Me.Names("crowdforce")) / 1000 * 0.4536
Me.Range(Me.Names("resihistory")).Cells(k, 3} = Me.Range(Me.Names("hoistforce"))
/1000 * 0.4536
DoEvents
Next i
Forj=3To 8
choist] = Me.Cells(row + j, col + 1)
hextent]l = Me.Cells(row + j, col +2)
sAnglel = Me.Cells(row + j, col + 4)
penetration] = Me.Cells(row + j, col + 7)
fillfactorl = Me.Cells(row + j, col + 6) * 100
attackdirection! = Me.Cells(row + j, col + 5)
choist2 = Me.Cells(row + j + I, col + 1)
hextent2 = Me.Cells(row +j + 1, col + 2)
sAngle2 = Me.Cells(row +j + 1, col + 4)
penetration2 = Me.Cells(row +j + 1, col + 7)
fillfactor2 = Me.Cells(row +j + I, col + 6) * 100
attackdirection2 = Me.Cells(row +j + 1, col + 5)
Fori=0To 10
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cHoist = (choist2 - choistl) * i/ 10 + choist]

hExtent = (hextent2 - hextentl) * i / 10 + hextentl

Call HandlePosition(hExtent, cHoist)

SwingAngle = ((sAngle2 - sAnglel) * i/ 10 + sAnglel)/ 180 * 3.1415926

Me.txtFillfactor = (fillfactor2 - fillfactorl) * i/ 10 + fillfactor]
Me.txtPenetration = (penetration2 - penetration1) * i / 10 + penetration|
Me.txtAttack = (attackdirection2 - attackdirectionl) * i / 10 + attackdirection]
DoEvents

Next i

Next j

"ActiveWindow.ScrollRow = 39
Call Deformation

Giveup:
Application.ScreenUpdating = True
End Sub

Public Sub Update()
If BodyWidth = 0 Then Me.initialize
Range(Me.Names("swingangle")) = sAngle
Range(Me.Names("pitchangle")) = pAngle
Range(Me.Names("lateralpitch")) = LateralPitchAngle
Range(Me.Names("crawlercenterx")) = CrawlerCenterX
Range(Me.Names("crawlercentery™)) = CrawlerCenterY
Range(Me.Names("bodycenterx")) = BodyCenterX
Range(Me.Names("bodycentery")) = BodyCenterY
Range(Me.Names("handlecenterx")) = HandleCenterX
Range(Me.Names("handlecentery")) = HandleCenterY
Range(Me.Names("dippercenterx")) = DipperCenterX
Range(Me.Names("dippercentery")) = DipperCenterY
Me.Range("payload") = Me.Range("bucketcapacity”) * Ground.Range("density")

1685.5 * Val(Me.Range(Me.Names("bucketfill"))) / 100

*

"stickweight = Range(me.names("stickwieght"))
"Refresh track range
Fori=1 To Range(Me.Names("trackrange")).Columns.Count
Range(Me.Names("trackrange")).Cells(2, 1) =
Range(Me.Names("trackrange")).Cells(1, i)
Next i
"Validate track range
Do While Range(Me.Names("px1z1")) < 0 And Range(Me.Names("px1z4")) <0

Range(Me.Names("trackrange")).Cells(2, 1) =
Range(Me.Names("trackrange")).Cells(2, 1) + 0.1

If Range(Me.Names("trackrange")).Cells(2, 1) >=
Range(Me.Names("trackrange")).Cells(2, 2) Then

MsgBox "The shovel can not stand at all under this condition !", vbOKOnly.
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"Warning"
Exit Sub
End If
Loop

Do While Range(Me.Names("px2z1")) < 0 And Range(Me.Names("px2z4")) <0
Range(Me.Names("trackrange")).Cells(2, 2) =
Range(Me.Names("trackrange")).Cells(2, 2) - 0.1
If Range(Me.Names("trackrange")).Cells(2, 2) <=
Range(Me.Names("trackrange")).Cells(2, 1) Then
MsgBox "The shovel can not stand at all under this condition !", vbOKOnly,
"Warning"
Exit Sub
End If
Loop

Do While Range(Me.Names("px1z1")) <0 And Range(Me.Names("px2z1")) <0
Range(Me.Names("trackrange")).Cells(2, 3) =
Range(Me.Names("trackrange")).Cells(2, 3) + 0.1
If Range(Me.Names("trackrange")).Cells(2, 3) >=
Range(Me.Names("trackrange")).Cells(2, 4) Then
Range(Me.Names("trackrange")).Cells(2, 5) =
Range(Me.Names("trackrange")).Cells(2, 5) + 0.1
Range(Me.Names("trackrange")).Cells(2, 3) =
Range(Me.Names("trackrange")).Cells(2, 5)
Range(Me.Names("trackrange")).Cells(2, 4) =
Range(Me.Names("trackrange")).Cells(2, 5)
End If
If Range(Me.Names("trackrange")).Cells(2, 5) >=
Range(Me.Names("trackrange™)).Cells(2, 6) Then
MsgBox "The shovel can not stand at all under this condition !", vbOKOnly,
"Warning"
Exit Sub
End If
Loop

Do While Range(Me.Names("px1z4")) < 0 And Range(Me.Names("px2z4")) <0
Range(Me.Names("trackrange")).Cells(2, 6) =
Range(Me.Names("trackrange")).Cells(2, 6) - 0.1
If Range(Me.Names("trackrange™)).Cells(2, 5) >=
Range(Me.Names("trackrange")).Cells(2, 6) Then

Range(Me.Names("trackrange")).Cells(2, 4) =
Range(Me.Names("trackrange")).Cells(2, 4) - 0.1
Range(Me.Names("trackrange™)).Celis(2, 5) =
Range(Me.Names("trackrange")).Cells(2, 4)
Range(Me.Names("trackrange")).Cells(2, 6) =
Range(Me.Names("trackrange")).Cells(2, 4)
End If
If Range(Me.Names("trackrange")).Cells(2, 3) >=
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Range(Me.Names("trackrange")).Cells(2. 4) Then
MsgBox "The shovel can not stand at all under this condition !", vbOKOnly.
"Warning"
Exit Sub
End If
Loop

Call GetTrackRange

"savefile
Dim filename As String
filename = Environ("temp") & "\loadmap.bmp"

trackspan = Range(Me.Names("trackspan"))
tracklength = Range(Me.Names("tracklength"))
maxload = Int(Range(Me.Names("maxload")) + 1)
minload = Int(Range(Me.Names("minload™)))

ncounter =0

If BMPInfo.biHeight = 0 Then Call buildBMPhead
For intRow = | To BMPInfo.biHeight
zz = (intRow / BMPInfo.biHeight) * trackspan - trackspan / 2
For intColumn = 1 To BMPInfo.biWidth
xx = (intColumn / BMPInfo.biWidth) * tracklength - tracklength / 2
PP = pxz(xx, Zz)
pb = Int((pp - minload) / {(maxload - minload) * 255)
If pb <0 Then pb = 0: If pb > 255 Then pb = 255
pdata(intColumn - 1, intRow - 1) = pb
ldata(intColumn - 1, intRow - 1) = pp
ncounter = ncounter + |
DoEvents
Next intColumn
Next intRow

Call SaveMap(Me.optColorLoad. Value, filename)
Me.loadmap.Picture = LoadPicture(filename)

Me.lblmaxload = Format(maxload, "0.0")

Me.lblminload = Format(minload, "0.0")

Me.lblmiddleload = Format((minload + middleload) /2, "0.0")

End Sub
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Appendix C

Dominion 450/500 Shovel and Dipper Specifications
“DOMINION450 SHOVEL

i,

12 & 1%
Cubic Yards
Dipper Capacity

1i Cubic Yord Dippes 1i Cubic Yard Dipper
BE."  SHovir BDOR 131 08l 1ONG HHFT DRERER SUICKS T4V DIFPER STHIKS
ROOM, ARGLE Lo £ 58 Post o 88t . &
Iy c|m;” Radicr TR - D ST TA [ 2y o’T 1w ¥ fC
& Cregrance Heign ERNE S I A B i & W et oW o
C | Moximum Diggisg fadive . 3y LR R 4" ™ Sl ea oo o
£ Maximym Radive o Level of flour EXUE N A R SR S - AR SRR AT A PR i S NP F A L 1 M S 1 M
LA : Daptn Sotow Boome AN AT 4 98 T8 Q; LI AR O OO PO D N
G Minimum Bodius 61 teves sf Hisor F XN SRR L AR M S I SR S A S SO S S N MO SN S S
B Moimom Dumpitg Clearonce BOr ooy &Ti 3y 4701 47y i nTiaw 3n’ 3 T W W
§ 1 mavimem Dumpidy Eadice 3OE ¥ UL T MW o et v w1t N BT 1Tt
£ Masimen Dipging Weght FZANE A A N AR S R LA TR I D) n“% ¥ 8 9T 07 w o
oy
DO o S 3
CLEARANCES “DOMINION" 4350 WEIGHY AND GROUND PRES ;lj_.,
1 51 s 3 N H .
i : i l:m E;:d\:_':v :a:'; :: ;; ;,, Dippar Size | Werking Weight Grawld Pwivre
Mo Greroll Width of Cuf PN Wiad | of Showat | om M Teead
Mo Qemud] Widtk at Trends e e o i N
< 3 P Cieawonce Goder Ratetns Bure ¥oe _ VT
@ Owses Beignn of Tsb & 3 e ¥4 ERES LI | Y tons 8. Fe
s . reast Drar st Shwars e . [T ‘ S
o H § Mimsmume Lleotante Untes sk 1w 3 Co T EERIERUTNN IR S TS
il M t o leagh Ower Treads w6 -
N H u Wiath of Stuadarg Teesd ¥o3
2y

WORKING SPEEDS

e
, HOISTING v 247 Brum 200 B oper Min 15,000 1bs. single line pull [For Claruhedl botk Drumsf.

i‘,g. 217 Drum 175 B per Min. 17,000 Lbs. single fine pudl (Hoist for Shovel or Draglinel.
VAT Trem 135 FLoper Min. 72,000 Lbs. single Boe pull For Drog Coble on Draglinel faa
IOOM HOIST v Single Line speed 35 1. per minute. T . -
Booming time for 50 F1. Crune Boom trom 50 Fr. Radios to 15 Ft, Radius < 1 sunute,
IRAVEL — 1 mite per hour SWINGING -—14 revolutions per minute.
!‘ H
® AUTOMATIC BUTTON CONTROLLED DIFFER TP ® CPHIONAL 33" WIDE IRFADS
. ; ¥
o8 FULL PNEUMATICALLY CONTROUED FRICTIONS AND STEERING, & CHAIN CROWD.

)
b}

SPRING 1OALED AUTOMATIC BRAKES HOPHIONAL ‘%

* The Dominion 450 and 500 shovels share the same infrastructure except for a
bigger engine on the 500.
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Appendix D

1/20™ Prototype Dipper and Door Specifications

OF P SPROHAAITED.

James Progithin Int'l

3 Cubic Yard
Dipper for
Dominion 500 Shovel

LPFLICATO

DG 40T SCALE DRAVESG

‘A" dipper assembly |~
CREE i
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Dipper Parts List
# Description ACAD File Fabrication Qty
1 | Dipper Assembly dipper 11 DWG - 1
2 | Top (Back) wall backwall DWG Curtting 1
3 | Side walls sidewalls DWG Curtting 2
4 | Side lips sidelips.DWG Curtting 2
S | Front lip frondip. DWG Curtting i
6 | Teeth (including adapters) tooth DWG From market 5
7 | Bottom {Fronr) wall frontwallLDWG Cutting 1
8 | Back Casing backeasing DWG Cutting 1
9 | Brace Lug Bushing brace lug busing DWG Cutting+Drilling 4
10 | Brace Block brace block. DWG Machining 2
11 | Door Hinge Bushing door_hinge_bushing DWG | Cutting+Drilling 4
12 | Handle Lug Bushing handle_pin_bushing DWG | Curting+Drilling 2
3 | Back Remnforcement Frame backFrames. DWG Cutting S
14 | Back Arrangement back arrangement.DWG | - i
Door Parts
# Description ACAD File Fabrication Qty
1{Assembly door.DWG - 1
21Latch latch. DWG Cutting=Grinding 1
3|Latch Lever latch lever. DWG Cutting 1
4{Latch Bracket latch bracket DWG Cutiing-Bending 1
S|Adjusting Block adjusting block.dwg Machining 1
6{Bottom Plate door plate. DWG Curting 1
7|Door Lug door ug. DWG Cutring+Drilling 4
8| Arm Frame (Inside) door arm Framel. DWG Cutting-Bending 2
9|Amm door arm.DWG Cutting 2
10{Arm Frame {Outside) door arm Frame2. DWG Cutting+Bending 2
11|Lawh Guide 1 latch guide 1. DWG Cutting+Welding 1
12|Latch Guide 2 larch guide 2 DWG Curting+Welding 1
13|Adjusting Bolt and Nuts 10"x Dia 0.94” - - 1.3
14|Lever Balt and Nut 3"x Dia 0.94" - - 1
15|Lever Bolt and Nut 3"x Dia 0.94" - - 1
16|Chain Shack - - 1
17|Door Arm Assembly Door Anm Assembly DWG |- 1

* The "cutting profile.dwg" includes all steel sheets' profile being cut.
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Dipper

Top {Back) wall
Side walls

Side lips

Front lip

Teeth {including adapters)
Bottom (Front) wall
Back Casing

Brace Lug Bushing
10 Brace Block

11 Door Hinge Bushing
12 Handle Lug Bushing
13 Back Reinforcement Frame
14 Back Arrangement

00N R WA

Door

Latch

Latch Lever

Latch Bracket
Adjusting Block
Bottom Plate

Door Lug

Arm Frame {Inside)
Arm

10 Arm Frame (Outside)
11 Latch Guide |

12 Latch Guide 2

13 Adljusting Bolt and Nuts
14 Lever Bolt and Nut
15 Lever Bolt and Nut
146 Chain Shack

00N OO BN

James Progithin Int'l

Dipper Assembly
3 cubic yard

PROPRIETARY AND CONFIDENTIAL

gz ‘:ws B dipper&door I N

DO DT SCAE LrAw G

scaEis | [resi
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Appendix E

Hensley Tooth and Adaptor Specifications
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Appendix F

New dipper Test Location

~ R 310 WAM

JPT Bucket Test Location
LAD-SRE 27 TP 2

LD

T
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Appendix G

New dipper Project Field Test Visual Report

¢ Using original dipper

| JPi dipper project field test report !

SR Sewrephys | Nemalwphyo | Fanpyo | swp |

Ll
ez

Direction {demea) Feore itz

Hoist Force
[ £ 16T 153 233 289 320

g
.
A
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e Using New dipper

JPi new dipper project field test report

Sowrephy> | Nomalrephy:: | Fassepayser | swp

Creavds
e af -
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e -
% i Ll
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Appendix H

JPi (2001) New Dipper Concept

le

50"

on current buckets
on proposed design = 567
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Appendix |

Visible Weakness of Current Dipper Designs

® High wear or damage in the heel area

® Teeth damages due to high attack angle
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® The damage of the door close to heel area

® Refurbished heel protection band
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® Refurbished latch keeper
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Appendix J
P&H 4100 Hoist Motor Armature Current Record
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