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Summary

The use of surface floating dredgers in deep inland reservoirs and continental shelves, either for
dredging or mining purposes, is restricted by several operational limitations. Use of smaller
surface floating dredgers in deep inland reservoirs is constrained by the ladder (a long truss like
structure ‘arm’ that supports the excavation tool) length. Bigger dredgers have operational
restrictions and mobilization problems. In shelf areas, the dredging operation is less precise due
to currents, winds and waves. The floating pipelines, floats and winch wires are obstacles to
navigational paths for other surface vessels. High investment costs are involved in the
construction of bigger high capacity dredgers. It is difficult to modify such systems once they are
constructed. The limitation of the existing technology served as the main motivation to design an
active legged submersible dredger/ miner, which is described in this thesis. The designed vehicle
is named the ‘Golden Tortoise’ because it simulates the belly crawling motion of a tortoise or
turtle. A full scale prototype vehicle was manufactured by Excavation & Equipment
Manufacturing (P) Ltd., (EEM (P) Ltd.) India. The prototype vehicle is suitable for operation in
deep inland reservoirs up to a depth of 50 m and is designed to excavate sand, silt or clay

mixtures in various proportions.

Parametric performance models were developed to evaluate the locomotion, excavation and
transportation processes of the designed vehicle. Periodic gait plans were developed for straight
line and curvilinear locomotion on natural terrain. Experimental validation of the theoretical gait
plans was performed, which showed that the average slip was about 20 % at the foot/ soil
interface in medium to relatively fine sands. Parametric models were developed for the
evaluation of the locomotion cycle time of the designed vehicle. The locomotion cycle time was

also measured from the gait plan tests and was found to be an average of 30 seconds. The static



load incident at each foot as a function of the vehicle weight and the leg joint parameters was
predicted by developing a two-dimensional model based on simple beam theory. Prototype tests
were performed to measure the static load incident at each foot as a function of the leg swing
angle. The maximum static load measured due to weight of the vehicle was approximately 13 kN.
The subsequent soil settlement and failure were estimated based on the theories of elasticity and
plastic equilibrium as well as the shallow foundation theories. The dynamic load as a function of
the leg actuating hydraulic cylinders was also considered for predicting the soil response.
Comparisons between the different performance parameters of tracked vehicles and the designed
legged vehicle were made. The shear stress—shear displacement relationship for different types of
terrain was considered to predict the traction available for each foot during locomotion under
different slip conditions. It was observed that the foot with grousers (lugs or teeth underneath the
foot) provided more tractive effort compared to a tracked vehicle of similar dimensions and

weight in cohesive soils.

Parametric performance models for the designed excavation system were developed based on the
theories of earth moving machinery and their dynamics. The performance of the designed
excavation system was evaluated based on the excavation production, spillage generated and the

excavation power required under varying operational and soil conditions.

Parametric models were developed for evaluation of the designed pump-pipeline system by
integrating the two-phase flow theories developed by various previous researchers. The models
predict the total head loss in the pipeline system and hence the required pump power and also the
limiting settling velocity condition and thereby the chances of pipeline blockage. In the present
design this means that the suitable pipeline diameter is between 0.15 to 0.3 m to achieve a

production of 61 m*/ hr with a maximum volumetric concentration of 18 %. The mean mixture

i



velocity in the pipeline should vary between 2 to 5 m/sec to achieve the desired production and
avoid pipeline blockage. A conceptual model was developed showing the complex

interrelationships existing between the dredging and locomotion processes.

The results from this thesis can now be used to design the requisite controllers for the automatic

operation of the ‘Golden Tortoise’.
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CHAPTER 1
INTRODUCTION

1.1 Introduction

Submersible dredgers/ miners are bottom moving remotely operated vehicles. The performance
of a submersible dredger/ miner is judged by the ability of the vehicle to perform locomotion on
unstructured to partially structured submerged natural terrain, while excavating and transporting
the excavated material to the surface, at a desired rate and concentration level, with a given
power supplied through an umbilical cable. Suitable positioning and navigational equipment is
required for locomotion of the vehicle along the desired path with minimal error. ‘Autonomy’ to
a desired level, is necessary for the effective and efficient working of the vehicle. The vehicle is
launched in and recovered from the working environment. Either an onshore support station or a
support vessel is indispensable for such operations. A submersible dredger/ miner can thus be
divided into the following systems of 1) hull, 2) excavation, 3) transport, 4) locomotion, 5)
positioning and navigation, 6) instrumentation, automation and control, 7) power, and 8)

auxiliary — launching and recovery.

The basic mobility requirement for a submersible dredger/ miner considers the performance of
the vehicle in soft terrain and obstacle negotiation and avoidance. The performance of the
excavation system is judged by the excavation production, the spillage generated, and the
excavation power required for a particular soil type. The performance of the transportation
system is determined by its ability to transport the excavated material at a given rate and solids

concentration without pipeline blockage.



The locomotion, excavation and transportation processes of a submersible dredger/ miner are
interrelated with each other in a very complex fashion. Identification and modeling of such
complex interrelationships is essential for the overall performance evaluation of any submersible
dredger/ miner. Adequate knowledge about the locomotion, excavation and transportation
processes together with the soil mechanical aspects of these processes for a submersible dredger/

miner is essential prior to the modeling of the interactions between these processes.

A survey of the state of the art about the available technologies including surface floating
dredgers, submersible dredgers and trenchers, other deep dredging/ mining techniques and
legged robots were performed. The review helped in understanding the limitations of the existing
technologies and hence the necessity of development of new technology. A short description of
the issues concerning the locomotion, excavation and transportation processes of a submersible
dredger/ miner are presented in this chapter. The contents of the thesis are outlined in this

chapter as well.

1.2 Motivation for the Research

The worldwide demand of potable and irrigation water and hydro-electric power plants led to the
construction of dams and associated reservoirs in the 20 th century, with depths varying between
20 and 120 m. The flushing gate systems of such reservoirs are sometimes not effective in
removing the sediments, resulting in cumulative sedimentation effects both around the flushing
gates and in the reservoirs. Surface floating cutter suction dredgers are used to clear this
sedimentation in shallow reservoirs, while grabs, airlift systems and submersible centrifugal
dredge pumps are used for deep reservoirs [Richardson, 2002]. Small surface floating dredgers
are constrained by their ladder (a long truss-like structure ‘arm’ that supports the excavation tool)

length while big ones are unable to operate in such small confined areas (Figure 1.1). The



absence of good approach roads makes it difficult to transport big dredgers to such sites and
some may be just too big to be transported over land. Modification of such big vessels is difficult

if not impossible.

Grabs lack accuracy and precision and the average production is very low. In airlift systems,
compressed air is introduced in a vertical closed conduit which transports the excavated material
to the surface as a three phase flow. The use of airlifts, though well known in dredging and
mining operations from great depths, is a very low efficiency system. Van der Steen [1989]

suggested the use of submersible dredgers for deep inland reservoirs.

Figure 1.1 Small and big surface floating dredgers (Courtesy EEM, India and THC, The
Netherlands)

In shelf areas dredging is done for maintenance of navigational channels, reclamation works,
beach replenishments, new construction and mining purposes. Shallow and deep water dredging
and trenching operations are necessary for offshore oil and gas and telecommunications
_industries. Increasing demand and depletion of land mineral resources is leading the world to
consider the ocean as a future source of minerals [Barker et al., 1990; Denovan, 1996; Desa,
1999; Kuo, 1994; Mangkusubroto, 1995; Moon et al., 1997; Scott, 2001]. Surface floating cutter

suction and trailing suction hopper dredgers are primarily used for dredging and mining



operations in offshore areas, which have several limitations due to 1) effect of currents, waves
and winds, 2) presence of long floating pipelines, anchor and winch wires, and 3) depth of

operation.

Currents, waves and wind forces can cause large motions of these dredgers and hence of the
dredging tools at the seabed [Herbich, 2000; Nakamaru et al., 1992]. Such motions decrease the
production or cause damage to the ladder structure and the excavation tools. Surface floating
dredgers commonly operate in moderate sea state having significant wave height from 1.25 to
2.50 m with sea state code number 4 (Tupper, 2000, p 92). Surface floating dredgers may
effectively operate up to moderate breeze condition (Beaufort scale 4) having wind speed of 5.5
to 7.9 m/sec (Tupper, 2000, p 86). These values are representative values. Exact values will

depend on the design of a particular dredger.

Long floating pipelines, floats, anchors and winch wires cause obstacles to the navigational paths
of the other surface vessels. The floating pipeline operation can be disrupted during inclement

weather.

The dredging projects of the past decade were carried out at an ever increasing depth and scale
[Verheul et al., 2004]. The average depth of the continental shelves is about 70 m and the
maximum depth is about 200 m. The dredging depth of the present day surface floating dredgers
(excluding grabs) is < 100 m [Vlasblom, 2000, 1999]. ‘Vasco da Gama’, the world’s largest
trailing suction hopper dredger has a maximum dredging depth of 155 m [Ports and Dredging,
2003]. Boskalis Offshore BV and Tideway used a remotely operated grab and drag system for
excavation of glory holes in the offshore White Rose Oil Fields located approximately 350 km

east of St. John’s, Newfoundland, Canada [Web page 1.1]. The excavation of the glory holes is



to a depth of 120 m, but this grab and drag system has the capability to reach up to 1000 m
(Figure 1.2). This system is very accurate and effective for excavation of glory holes or pipeline
related works, where the excavated material is not transported to the surface, but is not a suitable

option for transporting large quantities of material to the surface.

It is evident from the above discussion that a submersible dredging/ mining platform is a suitable
technology, to be used in deep inland reservoirs, shelf areas and tidal inlets. Such a system has
the following advantages 1) less effect of surface currents, waves and winds on a submersible
system, 2) large part of the delivery pipeline is under water, 3) no anchor or winch wires are
necessary, 4) less disturbance to other surface vessels, and 5) depth of operation can be more

than surface floating dredgers.

Figure 1. 2 Remotely operated grab Figure 1.3 Sub sea crawler
(Courtesy Boskalis Offshore BV and Tideway) (Courtesy IKS and NIOT)

The submersible dredgers/ miners available in the present day global marketplace are remotely
operated vehicles used for harbor dredging or mining activities in the shelf areas [Boezeman et
al., 2000; Deepak et al., 2001; Deepak et al., 1999; Handschuh et al., 2001; Jonge et al., 2001;

Nakamaru et al., 1992;Van der Steen, 1999-2000; Vlasblom, 2000]. Most of them use tracks for



locomotion (Figure 1.3) A self movable type submersible dredging robot has been developed by
Mitsubishi Heavy Industries Ltd. for dredging sands deposited in the storage dams of hydro-
electric power staﬁons [Tsuji, 1995]. Tracks are robust, speed effective and easy to control, but
require a continuous rolling contact. With varying terrain slopes, tracks are unable to keep the
vehicle body horizontal and in extreme cases may be unable to negotiate the slopes. The
excavation tool deviates from the desired trajectory if the vehicle body is not horizontal, thus
lowering the accuracy of the dredging operation and the average production. Legged locomotion
is preferred over unstructured and unprepared natural terrain as it is effective in obstacle
avoidance and slope negotiation. Legs are however difficult to control especially with the
increase in the design complexity. They also have speed limitations. Speed is not an important
criterion for dredging/ mining operations in a given workspace, but is important when the vehicle
traverses between widely separated workspaces. The vehicle body can be kept horizontal with

individual leg movement, which is preferred for dredging or mining operations.

For most legged vehicles, each leg has two phases 1) ‘support phase’, where the leg is in contact
with the ground and 2) ‘transfer phase’, where the leg is not in contact with the ground. The gait
planning i.e. the pattern of leg placement determines the time for the ‘support phase’ and the
‘transfer phase’ of a particular leg. The number of legs in contact with the ground thus
determines the normal load incident at each leg [Caurin and Giirman, 1994; Nagy et al., 1992].
The gait planning should be done carefully, particularly for soft terrain, so that the normal
pressure distribution at the foot/ soil interface does not produce undesirable settlements and soil
failure. Such problems are greatly reduced when the support and transfer phases of all the legs of

a legged vehicle are coincident.



The existing legged submersible dredgers perform locomotion by the successive movements of
two hydraulically operated frames to which passive legs (legs are actually not responsible for the
locomotion, but provide the support only) are attached [Nakamaru et al., 1992; Verheul et al.,
2004]. The principle of operation of such passive legged vehicle is shown in Figure 1.4.

Vehicle supported on main legs

attached to the main frame.
Dredging operation executed.

Walking frame moved forward.

Walking frame lowered on ground.

Main frame lifted off the ground.

Main frame moved forward.

I I_-_. Main frame lowered. Advancement

| of vehicle by one step size.

i

'
B Lt

Step

Figure 1.4 Principle of operation of passive legged vehicle (1 Walking frame, 2 Walking leg,
3 Main frame, 4 Main leg, 5 Ladder assembly, 6 Cutter head)

The legs of each frame are in continuous contact with the ground. But it is difficult to operate
such vehicles in undulating terrain, where the vehicle body must be kept horizontal for effective

dredging or mining operations (Figure 1.5 and Figure 1.6).



The Ship Research Institute, University of Gdansk has designed an unmanned autonomous
remotely operated vehicle (AROV), which has three legs for support on the sea bottom
[Narewski et al., 2002]. This will be used for deep-sea nodule mining operations [Narewski et al.,

2002].

Figure 1.5 Futuba-2 Figure 1.6 Tripod (Verheul et al., 2004)

The limitations of the existing technologies led to the development of the new active legged
submersible dredger/ miner described in this thesis. A full scale prototype vehicle was
manufactured by Excavation & Equipment Manufacturing (P) Ltd., (EEM (P) Ltd.) India. EEM
(P) Ltd. is an inland dredging company from eastern India, which has designed, built and
operated small modular surface floating dredgers for the last 26 years. The conceptual and the
overall design of the active legged vehicle were developed by the author within the scope of the
present research. The basic strength calculations for the different structures, hydraulic and
electric power requirements and circuits design, cutter drum and cutter drive design, pressure
vessels design and the leg linkage design were done by the author. The centrifugal dredge pump,
the eductor pump and the cutter blades were the standard dredger components developed and
designed by EEM (P) Ltd., which has been used in the surface floating inland dredgers designed

and manufactured by EEM (P) Ltd. for many years. The design of the mechanical load cell and



the hydraulic load cell along with the test set up were performed by the author. During the annual
visits to the workshop of EEM (P) Ltd. in India, the author supervised the manufacture of the

designed vehicle and also carried out the different prototype tests as described in this thesis.

The designed vehicle is known as the ‘Golden Tortoise’.

1.3 State of the Art of Technologies
1.3.1 Surface Floating Dredgers

The common types of surface floating dredgers used for general dredging works and mining

purposes are shown in Figure 1.7.
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2 Cutter Suction Dredger 4 Bucket Chain Dredger 6 Floating Grab Dredger

Figure 1. 7 Different types of surface floating dredgers

Suction dredgers, cutter suction dredgers and bucket wheel suction dredgers are commonly used
for alluvial and offshore mining purposes [Herbich, 2000, 1999]. Suction dredgers are used for
mining free flowing material like sand and gravel from depths of 18 to 20 m below water level

[Herbich, 2000, 1999]. Cutter suction dredgers are useful in mining alluvial tin, placer gold, sand



and gravels. Bucket wheel suction dredgers are used for marine alluvial or elluvial' deposits and
are able to cope with various kinds of clays and indurate’ sands [Herbich, 2000, 1999].
Simulation studies with a computer model developed by the Centre for Dredging, Texas A & M
University, showed the feasibility of using a bucket wheel dredger together with a hydraulic
transport system for mining tin ore from the ocean floor at depths greater than 50 m [Albar et al.,
2002]. Clam-shell buckets with screening systems can be used for mining underwater sand and

gravel from a depth of approximately 50 m.

1.3.2 Submersible Dredgers/ Miners

The world’s first submersible dredger was operated by two onboard operators [Bascom, 1970].
This submersible dredger had a dredge ladder with a rotating cutter and a pump. Air and
electricity were supplied to the dredge from the shore. The machinery compartment, pump,
operator’s compartment, ladder and cutter were mounted on a Caterpillar D-9 track type tractor

carriage [Bascom, 1970].

The concepts of remotely controlled unmanned submersible dredgers working in seafloor
leveling, precision trenching and excavation processes came around the early 1970s [Article in
World Dredging & Marine Construction, 1973]. Various types of submersible dredgers including
towed, self-propelled, buoyant submersibles and control habitats together with different lifting
methods for mining poly-metallic sulphide nodules present at the sea bottom were also evaluated
in the early 1970s [Denovan and Norman, 1996]. Most of the designs included some kind of
bottom excavation and preparation device together with a segmented steel riser and an airlift

system for the transportation of the excavated material [Denovan and Norman, 1996]. Remotely

! Weathered material which is still at, or near its point of formation. The term is especially applied to deposits of
economic substances.
2 Soft sediments hardened due to pressure and cementation.
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operated submersible vehicles were also used for subsea sampling and mining placer gold and
diamonds [Denovan and Norman, 1996]. The existing submersible tracked and legged vehicles

were already discussed in section 1.2.

1.3.3 Subsea Trenchers

The company named SMD Hydrovision from the United Kingdom makes underwater tractors
and ploughs for cable and pipeline burial and jetting machines with tracks or skid systems
[Webpage 1.2] (Figure 1.8).The trenching machines developed by Dutch Sea Cable BV move
either by wheels or skid systems and excavate material using high pressure jets, knives or
specially designed chain cutters [Webpage 1.3]. There exists an extensive list of companies and
the type of underwater equipment they manufacture [Webpage 1.4]. Underwater vehicles with
skids are towed vehicles, which are ideal for cable and pipeline burial work, but are not effective
for underwater dredging or mining platforms. For cable and pipeline burial works, the
submersible vehicle usually moves along a desired path, whereas for dredging/ mining
operations the submersible vehicle has move in a given workspace. Task planning for dredging/

mining operations with the towed vehicle will thus be difficult.

Figure 1. 8 Subsea tractors and ploughs with skids (Courtesy SMD Hydrovision, UK)
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1.3.4 Other Deep Dredging or Mining Technology

Excavation in deeper water is frequently observed in offshore oil and gas, telecommunications

and mining industries, for which different technologies are often used.

Formerly most small-scale deep dredging was performed by diver-operated airlifts [Hill, 1983].

Airlift pumps are being taken into consideration in deep sea mining and transport of manganese
nodules from depths down to 5000 m [Weper, 1982]. The offshore diamond mining industries in
Namibia and South Africa used airlift systems in the early days which were gradually replaced
by remotely operated underwater vehicles [Denovan and Norman, 1996]. Submersible dredge
pump systems are also used for dredging operations. The remotely operated water tight
submerged pump system known as ‘Punaise’ can dredge sediments from the sea floor, in large
harbors and near the intakes of power stations without affecting navigation or being impacted by

storms [Williams, and Visser, 1997] (Figure 1.9).

Figure 1.9 Punaise system (Williams, and Visser, 1997)

1.3.5 Robotic Vehicles in Hazardous and/ or Unstructured Environments

Robotic vehicles are used in nuclear, construction, offshore and chemical industries and in space
applications. They are also used for underwater inspection and monitoring, forestry work,
military operations, terrestrial mining etc. Considerable information about different types of

legged robot is available [Webpages 1.5, 1.6, and 1.7]. Endo et al. [2000], Halme et al. [1999],

12



and Leppénen et al. [1998] have worked on hybrid land locomotion of wheel-legged robots.
Greiner et al. [1996] developed crab-like autonomous legged underwater vehicles for mine
hunting in the surf zone. A lobster-like bio-mimetic autonomous underwater vehicle with eight
legs has been developed by Northeastern University [Witting et al., 2000]. An aquatic bottom
robot developed for measuring sea bottom roughness has six legs, each having two degrees of

freedom and a pinned foot [ Akizono et al., 1997].

1.3.6 Comparisons between Available Technologies

The comparisons between 1) surface floating dredging or mining vessels and submersible
systems, 2) submersible tracked, legged vehicles and vehicles with skids, and 3) airlifts and

submerged centrifugal dredge pumps are shown in Tables 1.1, 1.2 and 1.3 respectively.

Table 1.1 Comparison between surface floating and submersible dredgers/ miners

Surface floating dredgers/ Criteria Submersible dredgers/ miners
miners
Yes : Affected by waves, winds and Less affected
currents
Yes Navigational restriction to other No
surface vessels
Yes Dredging depth limitations Less limitations
Affected by environmental Production output Less affected by environmental
forces forces
More Environmental impacts Less
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Table 1. 2 Comparison between submersible crawlers, vehicles with skids and legged

vehicles
Criteria Submersible Submersible vehicle | Submersible legged
crawlers with skids vehicles
Self propelled Yes No - towed vehicle Yes
Robust and easy to control Yes Not applicable as Robustness and
vehicle is towed control depends upon
complexity of leg
design
Requires continuous contact Yes Yes No
with terrain
Speed effective Yes No No
Effective in slope negotiation | No — once the design No Yes
on natural terrains limit is exceeded
Obstacle avoidance on No No Yes
natural terrains
Vehicle body can be kept No No Yes
horizontal

Table 1.3 Comparison between airlift and submersible centrifugal dredge pumps

Airlift Criteria Submersible centrifugal
pumps
High Energy consumption Low
Low Solids removal High
No Constant flow rate Yes

The comparisons show that a submersible legged platform is effective for dredging or mining
operations in deep inland reservoirs and shelf areas. Submersible centrifugal dredge pumps are

more effective in transporting solids than airlift systems.

1.4 Statement of the Issues

This section presents a brief review on the locomotion systems commonly used by off-road and
submersible vehicles, the excavation tools used for dredging or mining purposes and the
transportation techniques used for carrying the excavated material to a desired point. A brief
review of the previous works done on the locomotion, excavation and transportation processes is

also added. This review helps in the selection of the suitable locomotion, excavation and
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transport systems for the designed vehicle and also in the development of the performance

evaluation models for such processes.

1.4.1 Locomotion System and Process

The common types of locomotion systems used by different on-land off-road vehicles and
bottom crawling submersible vehicles are 1) tracks, 2) wheels, and 3) legs with skids or feet at

their ends. The merits and demerits of such systems were already discussed in section 1.3.6.

Extensive work has been done on land locomotion using legs, wheels, tracks and hybrid systems
over prepared and unprepared terrains [Amar, 1993; Cubero, 2000; Gee-Clough, 1991; Gerhart
et al., 2000; Halme et al., 2000; Lagnemma and Dubowsky, 2002; Leppénen et al., 1998; Sasaki
et al., 1991; Wettergreen, 1995; Wong, 1993; Zhaung et al., 1990]. Such works included the
kinematics and kinetic modeling of the designed vehicle as well as the prediction of the vehicle
performance by considering the mechanical properties of the terrain and its response to vehicular
loading i.e. ‘terramechanics’. For legged vehicles, gait planning as well as the static and dynamic
stability issues are also major research concerns [Dudek and Jenkin, 2000; Halme et al., 2000;
Lagnemma and Dubowsky, 2002; Leppénen et al., 1998]. The static and dynamic stability of a
vehicle is determined by the position of the centre of gravity of the vehicle in relation to the

support polygon created by the legs touching the ground.

The performance evaluations of on-land off-road vehicles were based on three different
approaches of 1) application of the theory of elasticity and plastic equilibrium [Bekker, 1956;
Wong, 1993], 2) empirical approach [Turnage, 1978; Wong, 1993], and 3) parametric modeling
approach [Bekker, 1969; Wong, 1989]. The types of vehicle performance analyses performed by

these approaches are discussed in detail by Wong [1993]. The theory of elasticity and plastic
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equilibrium produces approximate results for tracked and wheeled vehicles because of the
oversimplification of the assumptions used for such analyses. Empirical methods are simple to
use and are used for the performance evaluation of vehicles with similar design features or those
that have been tested under similar operating conditions but cannot be used for evaluations of
new designs. The parametric methods evaluate the vehicle performance based on the
measurement of terrain response under loading conditions similar to those exerted by an off-road
tracked or wheeled vehicle and on the detailed analyses of the mechanics of the vehicle-terrain
interaction [Bekker, 1969; Wong, 1989]. The major design parameters of vehicles, the relevant
terrain characteristics including pressure-sinkage and shearing characteristics and the response to
repetitive loading are considered for the parametric performance evaluation models of the off-
road tracked and wheeled vehicles. Parametric analyses is the most suitable method for
evaluation of competing designs, for optimization of the design parameters and for the selection

of vehicles for a given mission and environment [Wong, 1993].

The above theories for on-land off-road tracked vehicles were extended or modified by different
researchers when applied to subsea tracked vehicles [Choi et al., 2003; Hong and Choi, 2001,

Muro, 1988; Nuttall Jr., 1971; Schulte, 2003 a, b and Van der Steen, 1999-2000].

Soil models used for on-land off-road tracked and wheeled vehicles were also used by Caurin
[1994] to develop a robot—terrain interaction system for on-land legged vehicles. To the best of
the author’s knowledge there is no performance evaluation model for legged locomotion on

submerged terrain in the published literature.
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Because of the advantages of the parametric modeling approach in the evaluation of new designs
and evaluation of the vehicle performance under new operating and environmental conditions, it

was decided to use the parametric modeling approach in this research.

1.4.2 Excavation System and Process

The common types of excavation tools used by surface floating and submersible dredgers/
miners can be subdivided into mechanical and hydraulic excavation tools. The suitability of the
various types of mechanical and hydraulic excavation tools for different materials is shown in

Table 1.4. The shaded areas are the possible combinations.

Hydraulic excavation tools like jets or agitation systems are suitable only for free flowing
material like sand and silt. Crown cutters, drum cutters and dredge wheels are versatile
mechanical excavation tools. Sometimes assisting jet systems are used with them. Mechanical
cutters can be used for a range of material and hence the literature review was done only on
mechanical cutters. Mechanical drum cutter is shown in Figure 1.10. The axis of the drum cutter
can be perpendicular to the vehicle longitudinal axis (Figure 1.10) or parallel to the vehicle

longitudinal axis.

The excavation system of any submersible dredger/ miner consists of a manipulator arm or
ladder assembly to which the mechanical and assisting hydraulic excavation tools are attached

[Boezeman et al., 2000; Deepak et al., 1999; Nakamaru et al., 1992; Van der Steen, 1999-2000].
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Table 1.4 Suitability of excavation tools in various types of materials [Based on

Chaziteodorou, 1977; Herbich, 2000; Vlasblom, 1999]

Excavation tools Hard packed soil Loose soil Rock
Clay | Silt | Sand | Gravel | Clay | Silt | Sand | Gravel | Limestone/
Coral/
Soft Basalt
M Backhoe
Bucket/dredge wheel
E Buc. /dredge Wheel (picks)
C Crown - plain »
Crown- serrated
H
Crown —offset
A Crown- pick pt.
Crown- adapter
N 3
Drag heads
I Drunyv/ rotavator
Dustpan
C
Grab
A Mechanical collector
Combination®
L
Hydraulic | Jets/ Agitation

Figure 1. 10 Mechanical cutter (Courtesy EEM (P) Ltd., India)

e
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The excavation system of the designed vehicle consists of a twin drum cutter system (cutter axis
parallel to the vehicle longitudinal axis, when the ladder assembly is horizontal with zero swing

and pitching angles) with the suction mouth situated in between them. The drum cutters and the

3 Assisting jets can be used with drag suction heads in order to facilitate the fluidization of the ocean floor material. Does not work for clayey soil
[Herbich, 2000]. Gratings can be used to reduce clogging of pipelines.
Suitable combination of mechanical excavation tool and jets



suction mouth are attached to a ladder assembly. In this thesis, the performance of the designed
excavation system was based on the evaluation of the excavation production, spillage generated
and the excavation power required for a particular soil type. Work has been done on the mixture
forming processes and prediction of the spillage and hence the excavation production in a crown
cutter while excavating hard formations [Burger et al., 1999]. No such work was found in the
published literature for a twin drum cutter system with the suction mouth situated in between the

two drum cutters.

Evaluation of the cutter power requires adequate knowledge about the two and three dimensional
cutting theories for granular soil under non-cavitating and cavitating conditions and for cohesive
material [Miedema, 1995, 1994, 1992, 1989 a and b, 1987, 1984; Van Leussen and Van Os, 1987,
Van Os, 1977]. In praétical works, the concept of specific energy derived from the cutting
theories is however easy to apply. Specific energy is defined as the amount of energy‘required by
the cutter to excavate a unit volume of soil. Empirical relationships and specific energy values
are available in the literature for crown cutters under cavitating and non-cavitating conditions for
granular non-cohesive soils and cohesive soils. Specific energy relations were used for

estimating the cutter power for the designed cutter.

1.4.3 Transportation System and Process

The removal and transportation of the excavated material from the submerged ground to the
surface is generally carried out by a number of basic evacuation systems 1) centrifugal dredge
pumps, 2) eductor pumps, 3) airlift pumps, and 4) positive displacement pumps [Boezeman et al.,
2000; Deepak et al., 2003; Deepak et al., 1999; Nakamaru et al., 1992; Van der Steen, 1999-
2000]. These systems have in common that their performance depends on the type of material to

be removed, such as particle size, specific gravity etc. and they all employ water as the
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transportation medium. The rotating impeller of a centrifugal dredge pump imparts energy to the
liquid by means of a centrifugal force. The working of the eductor pump is based on the
momentum transfer between a high velocity flow and the liquid to be pumped. The functioning
of an airlift is based on a density difference between the air-water mixtures within a vertical tube
and the surrounding water. Positive displacement pumps operate by forcing a fixed volume of
fluid from the inlet pressure section of the pump into the discharging zone of the pump. Positive
displacement pumps are not very common in dredging/ mining operations. The construction of
eductors and airlifts is relatively simple as they have no moving parts. Their ability to move
larger soil particles without blocking is an additional advantage. However the overall efficiency
is low, especially when pumping mixtures. The process control for eductors and airlifts is also
poor. Centrifugal dredge pumps are far more efficient in dredging/ mining operations. The

pipeline or riser system is also included within the transportation system.

The possible combinations of excavation tools and the transportation systems are given in Table

1.5.

Discontinuous or continuous mechanical transportation by ropes and ladders are limited to
certain water depths and can be done with great technical effort [Chaziteodorou, 1977].
Continuous hydraulic (centrifugal dredge pump-pipeline system) and hydro-pneumatic (airlift-
pipeline or centrifugal dredge pump-airlift-pipeline combination) transportation have been used
for a long time for ocean mining activities [Chaziteodorou, 1977]. The eductor and centrifugal
dredge pump combination is used in surface floating dredges and for land mining purposes

[Bonnington, 1956; EEM Internal Report, 1990].
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A centrifugal dredge pump with a supporting eductor pump in series was thus chosen for the
designed submersible dredger/ miner. The main function of the supporting eductor pump is to

reduce the chances of pipeline blockage.

Table 1. 5 Possible combinations of excavation and transportation systems [Based on
Chaziteodorou, 1977; Herbich, 2000; Vlasblom, 1999]

Mech.® Grab Scrap’ | Dragline

Collector

Backhoe

Excavation Cutter Dustpan®

Transpor

Discontinuous

Ladders

Continuous

Ropes

Ladders

Pipes
centrifugal)
Pipes
(Airlift)
Pipes (hydro
jet)

Pipes
(Containers)

Combination not possible

Combination possible

—1 Combination not meaningful

1.5 Methodology and Outline

The review of the state of the art of the existing technologies shows the operational and
environmental limitations of such systems in deep inland reservoirs and shelf areas. The review
on the locomotion, excavation and transportation processes showed the absence of performance
evaluation models for 1) locomotion process of submersible legged vehicles and 2) excavation

process using a twin drum cutter system with the suction mouth in between. Work on the

’ Defined in Herbich, 2000
¢ Defined in Herbich, 2000
" Defined in Herbich, 2000
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integration of the processes of locomotion, excavation and transportation for a submersible

dredger/ miner was also not found in the open literature.
This led to the development of the following new work which is presented in this thesis:

1) Detailed mechanical design of an active legged (legs are actually responsible for the
locomotion) submersible dredger/ miner was executed, focusing on the design of the hull,
excavation, transportation, locomotion and power systems. Individual feet of the designed
vehicle are in continuous contact with the terrain during the change in the position of the centre
of gravity of the vehicle. The vehicle body can be kept horizontal by individual movement of the
legs. The design thus solves the problems of other active legged vehicles as well as passive

legged submersible dredgers.

2) Development of parametric performance evaluation models for the locomotion of the
designed submersible legged vehicle by considering the terrain properties and also the response
of the terrain to vehicular loading. The bearing capacity of the soil, the normal pressure—sinkage
and the shear stress-shear displacement relationships during vehicular loading and the soil
response due to repetitive loading are important for the evaluation of the mobility of a

submersible legged vehicle.

In case of a legged vehicle, the normal load is applived to the terrain through the foot during the
‘support phase’. Due to the application of the normal load, sinkage can occur. Excessive sinkage
can result in difficulty in lifting the foot due to overburden pressure. Also, differential settlement
at different feet can result in the change in vehicle attitude and hence disrupt the vehicle
operation. The gait planning of a legged vehicle determines whether a particular element of the

terrain will be subjected to repetitive loading and also the number of cycles of repetitive loading.
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The normal pressure-sinkage and shear stress-shear displacement relationships are altered due to
repetitive loading. The normal pressure-sinkage relationships and the effects of repetitive loading
were not considered within the scope of the current work. Only the bearing capacity of the soil
and the shear stress-shear displacement relationships due to vehicular loading were considered to
predict the stability of the designed vehicle and the traction generated by the designed foot and
grousers respectively. These models were based on the theories of elasticity and plastic

equilibrium as well as shallow foundation theories.

A unique method of locomotion, simulating the belly crawling motion of a tortoise or turtle was
developed. Periodic gait plans for straight line and curvilinear locomotion as opposed to non-
periodic gait plans commonly observed in natural terrains were developed for the designed
vehicle. Parametric models were developed to estimate the locomotion cycle time of the

designed vehicle for a given gait plan.

3) Parametric performance evaluation models for the designed excavation system consisting
of twin drum cutters with the suction mouth in between were proposed, based on basic theories
of earth moving machineries and dynamics. Such models predict the excavation production and
also the spillage generated. An analogy between the designed drum cutter and crown cutter with
picks was established in order to use the empirical specific energy relations to estimate the

required excavation power for the designed cutter in a particular soil type.

4) The transportation of the excavated material to the surface is carried out through very
long steeply inclined to vertical pipelines, as opposed to surface floating dredgers where
transportation is achieved primarily by very long horizontal pipelines. Parametric performance

evaluation models were developed for the transport system by integrating the works of different
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researchers to obtain the limiting operating conditions of the centrifugal dredge pump-pipeline
system of the designed vehicle. An eductor pump was used in series with the centrifugal dredge
pump. The estimation of performance of the eductor pump and its effect on the overall

performance of the transport system was kept outside the scope of the present research.

5) Deduction of the complex interrelationships existing between the locomotion, excavation
and transportation processes of the designed submersible walking dredger/ miner in order to

predict the overall performance under given operating and environmental conditions.

In developing the parametric performance evaluation models, only the soil data were considered.
The effect of waves, winds, currents and other environmental factors were kept outside the scope
of the present research, since the prototype constructed is suitable for operation in deep inland

reservoirs only.

6) Experimental validation of the gait plans, locomotion cycle time and the stability issues
due to the soil bearing capacity were performed with the full scale prototype of the designed
vehicle. Comparisons between the mobility performance of the designed active legged vehicle
and tracked vehicles were done to find the advantages and disadvantages of the designed vehicle

over tracked vehicles.
The thesis consists of the following chapters,

Chapter 2 Describes the detailed mechanical design of the active legged submersible

dredger/ miner named ‘Golden Tortoise’.

Chapter 3 Describes the parametric performance evaluation models developed for

locomotion of the designed vehicle. The predicted results as well as the experimental results are
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presented in this chapter. Comparisons between the mobility performance of the designed active

legged vehicle and tracked vehicles are also given in this chapter.

Chapter 4 Describes the parametric performance evaluation models developed for the

excavation of the designed vehicle and also the predicted results.

Chapter 5 Describes the parametric performance evaluation models developed for the
transportation process of the excavated material to the surface with the help of a centrifugal

dredge pump-pipeline system and also the predicted results.

Chapter 6 The complex interrelationships between the locomotion, excavation and
transportation processes for a submersible active legged dredger/ miner are deduced in this

chapter using the designed vehicle as an example.
Chapter 7 Draws the conclusions and gives recommendations for further research.

A schematic of the submersible legged dredger/ miner designed and constructed is shown in

Figure 1.11.
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Figure 1. 11 Schematic of the 'Golden Tortoise'
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CHAPTER 2
DESIGN

2.1 Introduction

This chapter describes the design of the ‘Golden Tortoise’. The electro-hydraulically actuated
prototype vehicle was remotely operated on land by one person to perform the full-scale
prototype tests. The prototype tests, which were performed to evaluate the functionality of the

different systems of the designed vehicle, are discussed in this chapter.

2.2 General Arrangement

The general arrangement of the ‘Golden Tortoise’ is shown in Figure 2.1.

Leg

Electric & Electronics module Dipper
Ll I
Hvdraulic module
Ballast tank & ' i Ballast tank Ladder boom
N ' ik I_@ ———~ || 7\ Cutter
| o . ‘ g .
e N
i o |1\H & I Koot

GOLDEN TORTOISE: O01: GENERAL ARRANGEMENT

Figure 2.1 Schematic of ‘Golden Tortoise’ (Not to scale)

The hull consists of the main body frame, where modular dry pressure hulls having either
vertical or horizontal orientations are attached. The ballast tanks, the hydraulic modules and the
electric-electronics modules are dry pressure hulls. The same arrangement of the ballast tanks,

the hydraulic module and the electric-electronics module are repeated on either side of the
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designed vehicle. Individual pressure hulls are mounted on resilient material for reducing the

vibrations. This also helps in segregation of vibrations of individual pressure hulls.

The designed vehicle has four ballast tanks attached at the four corners of the vehicle. The ballast
tanks will help the vehicle to sink and float during launch and recovery operations. The main
function of the ballast tanks is to control the bottom load by adjusting the amount of ballast water.
Each ballast tank needs to be controlled separately. The load at each leg determines the soil
failure criteria and also balances the operational forces thus preventing slippage and overturning
of the vehicle during operation. Hydraulics and electric-electronics modules are present on either

side of the designed vehicle.

The excavation system includes a ladder assembly and two interchangeable mechanical drum
cutters positioned on either side of the suction mouth. The ladder assembly consisting of a boom
and a dipper has three degrees of freedom, including a swing motion and a lifting/ lowering
motion of the boom and the dipper. The ladder is attached to a rotating yoke, which is fixed to

the main body frame.

A centrifugal dredge pump with an assisting annular eductor pump will be used to transport the
excavated material to the surface by pipelines attached to the delivery end of the centrifugal
dredge pump. Four hydraulically operated legs with pinned feet are used to perform locomotion
on natural terrain. Legs are pinned to the main body frame and thus sudden loads from the legs

are transferred to the main body frame and not the dry pressure hulls.

The processing and computational tasks for the movement and operation of the submersible
legged dredger/ miner will be distributed between onboard and off board components depending

upon the complexity and the time critical factors of the desired tasks. Presently a main power
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supply line (440 V AC, 50 Hz cycle) is used for the primary power to drive the secondary
hydraulic drives. During operation under water, primary electrical power supplied through the

umbilical connected to the electrical module of the designed vehicle will drive the secondary

hydraulic circuits (Figure 2.1).

The prototype constructed is shown in Figure 2.2. Data about the prototype vehicle is given in

Table 2.1. Detailed designs of the different systems of the designed vehicle are discussed in the

following sections.

Py’ l.adder boom
Feter module

Figure 2. 2 Prototype vehicle of ‘Golden Tortoise’
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Table 2.1 Design data about the prototype of ‘Golden Tortoise’

Parameter Specification
1. Overall length of vehicle 3300 mm
(without ladder assembly)
2. Overall width of vehicle 2400 mm
3. Overall height of vehicle 1800 mm

4. Ladder length (in fully 2600 mm

extended, horizontal position)

5. Overall leg length 1800 mm

6. Maximum swing angle of | 30 degree on either side of center line
ladder

7. Maximum pitching angle 45 degree

of ladder

8. Maximum leg swing angle | 30 degree on either side of center line
9. Dredge pump (From EEM | 19.51it/ s (=0.019 m”/ s = 70 m’/ hr), average assumed concentration 20 % by

(P) Ltd.) volume, 1450 rpm
Or 70 1it/ s = 0.07 m”/ s =252 m’/ hr
10. Eductor pump (From 151t/ (0.015m/ s )
EEM (P) Ltd.)
11. Cutter Length: 300 mm with 3 equal sections; drum diameter of first section: 165 mm;

drum diameter of second section: 100 mm; drum diameter of third section: 70
mm; rpm may vary between 35 to 90

12. Operational depth 50m

13. Maximum slope of terrain | 10 degrees

14. Material to be excavated | Sand, silt, clay or mixture of them in any proportion

2.3 System Hull

The primary design considerations for the hull of any underwater vehicle are the 1) mission of
the vehicle, 2) hydrodynamic performance, 3) material availability, 4) design of the pressure hull,

5) ease of manufacture and fabrication, and 6) cost.

2.3.1 Hydrodynamic Performance

The hull form controls the hydrodynamic performance of any submersible vehicle. The
hydrodynamic performance is determined by the total drag generated and hence the propulsion
energy required. The ‘bare huil drag’ consists of the ‘skin friction drag’ and the ‘form drag’. The
friction drag is a function of the speed and the exposed area of the vehicle. Form drag depends
on how well a hull shape minimizes the flow separation. Hydrodynamic efficiency is the prime

factor considered for designing hull shapes for free swimming submarines and autonomous
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underwater vehicles (AUVs) [Allmendinger, 1990]. For low speed submersibles like remotely
operated vehicles (ROVs) and submersible dredgers/ miners, hydrodynamic performance is not
an important factor. The speed of most ROVs is less than 3 knots [Conway, 1986; Liddle, 1986;
Nomoto and Hattori, 1986] and these normally have an open frame type of rectangular hull
structure [Nomoto and Hattori, 1986]. The subsea crawler of the Institut fiir Konstruktions,
Siegen, Germany (IKS) and National Institute for Ocean Technology, India (NIOT) has an
operational speed of 0.5 m/sec and a maximum speed of 0.75 m/sec [Deepak et al., 2001]. The
submersible walking auto dredger (SWAD) has a back and forth walking speed of 0.03 m/ sec

and a sideways walking speed of 0.01 m/sec [Nakamaru et al., 1992].

The skin friction drag of the designed submersible legged dredger/ miner was estimated by using

the following relationships [Hoerner, 1965],

Fi f2=05C4 qppvidg, [Equation 2.1]
Fi wsa=95C4 ywsap fvawsa [Equation 2.2]
where, A fa is the projected frontal area [m?], Aysq 18 the wetted surface area [m?], Cd_ fa is
the d.rag coefficient based on projected frontal area [-], Cj 54 1s the drag coefficient based on
wetted surface area [-], Fy 1, is the drag force based on projected frontal area [kN], Fg 454

is the drag force based on wetted surface area [kN], v is the velocity of the vehicle [m/sec], and

Pf is the density of surrounding fluid [kg/m’]. The drag co-efficient can either be chosen from

literature or can be estimated by Hoerner’s expressions for a bare submerged axisymmetric body

[Hoerner, 1965},
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%
Re= Yilsp [Equation 2.3]

v
0.455 . .
Cr= 553 [Schlichting, 1979, p 641] [Equation 2.4]
logjp(Re)™
L D D 2
Ca fa=Cf 3xLsbh | 4 5% __&4.21*(_&) [Equation 2.5]
- Dsp Lsp Lsp
1.5 3
Ci wsqa= Cf 1+1.5 *[2&] +7 *(_Dé‘_b) [Equation 2.6]
- Lgp Lsp

where, Dgy, is the diameter of the submerged body [m], Lgp, is the length of the submerged body

[m], Re is the Reynold’s number [-], v is the velocity of the submerged body [m/sec] and v is

the kinematic viscosity of the surrounding fluid [mz/ sec].

The drag force generated by the legs, cutter module and the ladder assembly were estimated. The
details of the calculations and the assumptions behind the calculations are presented in Appendix
2. Only the representative graphical results are presented here. The designed velocity of the
vehicle was chosen as 0.01 m/sec and the swinging/ pitching velocity of the ladder assembly was
assumed to vary from 0.1 to 0.5 m/sec for the drag estimation of the legs, cutter module and
ladder assembly. The linear velocity of the leg was estimated from the designed velocity of the

vehicle.

The total drag of each leg includes the drag of the leg tube, the drag of the square guide tube and
the drag of the hydraulic cylinder used for lifting the leg. The drag co-efficients were estimated

by Hoerner’s expressions as presented in Equations 2.5 and 2.6. A fixed value of the drag co-

efficient for the submerged cylinder based on the projected frontal area (Cgq fa =1.2) was also

selected from literature [ Allmendinger, 1990] to estimate the drag of the leg. The total drag force
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generated by the four legs in fresh water was plotted against the linear velocity of the leg (Figure

2.3). Similar results were obtained for sea water also.

Drag of legs vs. Linear velocity of leg
Fresh water
0.900
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=~ 0.200 —
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Linear velocity of leg (nvsec)

Figure 2.3 Total drag of the four legs vs. linear velocity of the leg

The total drag force of the cutter module includes the drag generated by the cutters and the drag
of the pressure hulls housing the cutter drives. The drag co-efficient for the cutter and the

pressure hulls were chosen from values in the literature[Allmendinger, 1990]. The drag co-

efficient for the cutter was chosen as Cg (Profile) = 0.015 for small domes based on the profile
[Allmendinger, 1990]. The drag co-efficient for the pressure hull was chosen as Cy fa = 1.2

for cylinders based on the projected area [Allmendinger, 1990]. The drag was calculated for
fresh water and sea water conditions. The total drag generated by the two cutters and the two
pressure hulls housing the cutter drives, were plotted against the swing velocity of the ladder

assembly. These are shown in Figures 2.4 and 2.5.
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Drag of cutters vs. Swing velocity of ladder
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Figure 2. 4 Total drag of the two cutters vs. swing velocity of the ladder assembly (WSA
Wetted surface area)
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Figure 2. 5 Total drag of the two pressure hulls of the cutter module vs. swing velocity of
the ladder assembly (FA Frontal area)

The drag generated by the ladder assembly consists of the drag generated by the boom and the
dipper. The projected areas of all the longitudinal and transverse tubular members of the ladder

assembly were considered while estimating the drag generated by the ladder assembly for three
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scenarios of 1) vehicle performing locomotion while the ladder assembly has zero swing angle
and zero pitch angle, 2) ladder assembly has swinging motion from left to right and vice versa,
and 3) ladder assembly has pitching motion in a vertical plane. The drag estimated for the ladder
assembly is an overestimation because the projected areas of all the tubular members were
considered for the three different scenarios. The drag co-efficients were estimated using
Hoerner’s expressions. A fixed value of drag co-efficient for cylinders based on the projected

area (Cy fa = 1.2) [Allmendinger, 1990] was also chosen for drag estimation of the ladder

assembly. The total drag of the ladder assembly was plotted against the swing velocity of the
ladder in fresh water and sea water conditions with a fixed value of the drag co-efficient for

cylinders (Figure 2.6).

Total drag of ladder assembly vs. Swing velocity of ladder
assembly: Appendage values
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Figure 2. 6 Total drag of the ladder assembly vs. swing velocity of the ladder assembly
(using a fixed value of the drag co-efficient based on frontal area)

Figure 2.7 shows the total drag generated by the ladder assembly in fresh water plotted against
the swing velocity of the ladder assembly. The drag co-efficients were estimated with the help of

Hoerner’s expressions.

35



Total drag of ladder assembly vs. Swing velocity of ladder
assembly: Hoerners expression
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Figure 2. 7 Total drag of ladder assembly vs. swing velocity of the ladder assembly (using
Hoerner's expressions)

Typical ocean currents, river flow speeds or tidal currents flowing in opposite direction to the
vehicle or vehicle component movements will create much higher drag force than the results
presented in this section. The prototype vehicle of the ‘Golden Tortoise’ is suitable for
operations in deep inland reservoirs, where currents and other flows are negligible. Hence these

were not included within the analyses.

For free swimming vehicles, the hull form also affects the stability and maneuverability at

various operating speeds, which is not a concern for slow submersible bottom moving vehicles.

2.3.2 Hull Types for Submersible Vehicles

Two different types of hulls found for underwater vehicles include wet hulls and dry hulls.

A wet hull allows water inside the outer housing or frame and submerges all the components.
Thus water sensitive components are placed in watertight pressure vessels. Watertight connectors

are used for connections between different components and propulsion devices. The main
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purpose of the hull is to increase the hydrodynamic efficiency and to reduce the weight. These
types of designs are especially useful for deep operation as a state of equilibrium is maintained
with the surrounding water pressure and the approach reduces the amount of material to be used

as well as the cost [Allmendinger, 1990].

A dry hull is completely sealed and does not allow any water to enter. The entire interior is dry
and hence this type of hull provides a greater area of flexibility for the layout of moisture
sensitive equipment. This also reduces the number of watertight connections needed, but the
weight and the pressure differentials across the outer hull are increased compared to a wet hull
[Allmendinger, 1990]. A dry hull can be either 1) an ambient pressure dry hull or 2) a pressure
hull. The ambient pressure hull regulates the air pressure inside so that it is always in equilibrium
with external water pressure creating no pressure difference across the hull. A pressure hull is
designated to withstand increasing water pressure up to the ‘crush depth’. This is a simpler
design without any pressure regulator, but requires a strong hull to withstand higher pressure

[Allmendinger, 1990].

For shallow water depth operation, dry pressure hulls are more suitable than wet pressure hulls.

2.3.3 Hull Construction Material

The primary selection criterion for material requirement for pressure hull construction is that the
material should withstand the high hydrostatic pressure at the designed depth. Other major
factors include 1) resistance to corrosion, 2) high strength to density ratio, 3) capacity to
withstand repeated stress cycles without fatigue failure, 4) cost of material, 5) fabrication
properties and pressure hull design, 6) susceptibility to temperature, and 7) operating life span of

the material [Koblick, 1984; Ross, 1990]. There is no material that satisfies all the particular
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requirements and therefore compromises have to be made in less critical areas of the material
properties behavior. The most commonly used materials for underwater pressure hulls are
[Koblick, 1984; Ross, 1990] 1) high strength metals including high strength steels, aluminum
alloys, titanium alloys, and 2) non-metals including glasses, acrylics, glass reinforced plastics
(GRPs), fiber-reinforced plastics (FRP), carbon fibers, and ceramics. The pressure hulls of the
.designed prototype vehicle are not required to dive to great depths and hence mild steel was used
as the construction material. It is relatively cheap and easy to weld and fabricate. As the

prototype vehicle is expected to be tested in fresh water, so mild steel was used.

2.3.4 Design of the Pressure Hull

In all underwater vehicles some form of pressure hulls should be present to carry the equipment
that needs to work in a dry, atmospheric environment. The pressure hull must be weight efficient.
Two most common types of pressure hull shapes observed for underwater vehicles are spheres
and cylinders. The merits and demerits of the two types are compared from the viewpoints of the
major design factors of the pressure hull. The main factors influencing the design of the pressure

hull are,

1. Operating depth

With increase in operating depth the external pressure increases. To resist increasing pressure,
the pressure hull becomes thicker and heavier. The correct balance between the weight and
buoyancy prevents the soil failure due to bearing pressure and slippage for vehicles moving on
submerged ground. The buoyancy can be increased by making the pressure hull larger. This will
eventually increase the weight in air as also the amount of material required for manufacturing

and hence the cost.
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2. Space available [Koblic, 1984]

To package a given volume, a sphere requires minimum shell area. To contain this volume
against a given pressure (internal or external), a sphere requires the least shell thickness. Hence a
sphere requires a minimum volume of shell material and is thus the lightest possible pressure

hull shape.

3. Structural efficiency

The structural efficiency is judged by the buoyancy factor, which is defined as the ratio of the
pressure hull weight to the displaced water weight. Spherical pressure hulls provide the best

structural efficiency [Koblic, 1984].

4, Hydrodynamic form

Cylindrical pressure hulls have a lower buoyancy factor than spherical pressure hulls, but

provide good hydrodynamic form.

5. Internal and external arrangements

It is difficult to use the internal volume of a spherical pressure hull efficiently. Cylindrical
pressure hulls give better internal arrangements. Off-the-shelf electronics and packages and
batteries are rectangular in shape and fit better into cylinders [Ross, 1990]. Additionally, the
internal distribution of the various subsystems must leave the vehicle in proper trim, which is

easier to do in a cylindrical pressure hull than a spherical one.

6. Cost

Cylindrical pressure hulls are relatively inexpensive to manufacture.

7. Ease of fabrication

Cylindrical pressure hulls are easy to manufacture.
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From the above discussion, it was concluded that for shallow water operations (approximately
200 m), cylindrical pressure hulls provide more advantages than spherical ones. Hence
cylindrical pressure hulls for the ballast tanks, hydraulic modules, electric-electronics modules,

and the pressure hulls housing the cutter drives were selected for the designed vehicle.

Cylindrical pressure hulls with or without stiffeners can have three principle modes of failure
[Allmendinger, 1990; Koblic, 1984; Ross, 1990], which are 1) axisymmetric shell yielding, 2)
lobar buckling of the shell, and 3) general instability failure. Unstiffened thin-walled circular
cylinders are structurally inefficient at withstanding the external pressure, particularly if the
pressure hulls are long. To increase the structural efficiency, it is necessary to stiffen them with
suitably sized ring-stiffeners, placed at suitable distances apart. Ring stiffeners can be external or

internal.

It was necessary to perform the collapse pressure calculations for all the cylindrical dry pressure
hulls of the designed vehicle. The critical pressures and the corresponding operating depths for
unstiffened circular cylinder as well as for stiffened circular cylinder were carried out. The main
aim was to check whether the chosen thickness was safe to operate at the designed depth. Ring
stiffeners with rectangular cross section were chosen for the design. The formulas used for the
collapse pressure estimation [Allmendinger, 1990] as well as the input parameters for the

calculations are presented in Appendix 3.

For calculating the required thickness, two different stress levels were chosen 1) at 0.6 of the
yield strength of the material and 2) with a factor of safety of 3 .The respective thickness
obtained for the ballast tank pressure hulls were 1 mm and 2 mm with mild steel. The respective

thickness obtained for the hydraulic and electric-electronics pressure hulls were 1 mm and 0.5
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mm with mild steel. For all calculations the density variations of the surrounding water with
temperature and depth were neglected. For the ballast tanks, a stiffener spacing of 0.3 m was
used. The dimension of the rectangular stiffener chosen was, width of stiffener = 5 mm and
thickness or height of stiffener = 50 mm. The same spacing and stiffener dimensions were used

for the hydraulic and electric-electronics modules also.

Table 2.2 and Table 2.3 show the estimated critical pressures for the ballast tanks and hydraulic

and electric-electronics modules respectively.

Table 2.2 Estimated critical pressures and corresponding operating depths for ballast
tanks (Thickness of pressure hull = 3 mm)

Failure Criteria Critical Pressure Operating Depth
(kPa) (m)
Unstiffened cylinder 618 61
Stiffened cylinder
a) Axisymmetric yielding 1214 124
b) Lobar buckling 630 64
¢) General instability
n=2 25132 2561
n=3 33951 3460
n =4 61496 6268
n=>§ 98074 9997

Table 2.3 Estimated critical pressures and corresponding operating depths for hydraulic
and electric-electronics modules (Thickness of pressure hull =2 mm)

Failure Criteria Critical Pressure Operating Depth
(kPa) (m)
Unstiffened cylinder 825 82
Stiffened cylinder
a) Axisymmetric yielding 2474 252
b) Lobar buckling 1843 188
¢) General instability
n=2 83902 8552
n =3 216149 22033
n=4 404875 41271
n =5 647744 66029
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It can be concluded that with the chosen dimensions of shell-stiffener combination, the depths
corresponding to the critical pressures are not less than the design operating depth. Hence the

vehicle can operate safely.

2.4 Design of the Hull

The main body frame is fabricated from longitudinal tubular mild steel pipes and gusset plates,
strengthened by transverse tubular mild steel pipes. The main body frame is shown in Figure 2.8.
The ballast tanks are constructed from rolled 3 mm mild steel sheets and strengthened by
external ring stiffeners. The hydraulic and electric-electronics modules are made from 6 mm

thick, 300 mm nominal bore mild steel pipes.

Figure 2. 8 Main body frame

The unique trapezoidal shape of the main body frame has several advantages. A cambered sheet
with ribs is to be fixed on the bottom of the main body frame, with which the vehicle can slide

on its belly over very soft soil. The ribs will prevent vacuum generation, when the vehicle is on
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its belly. While resting on its belly, if the vehicle sinks, the designed trapezoidal shape increases
the area of contact and thus the soil reaction also. Thus the chances of the vehicle capsizing due
to low soil bearing capacities are highly reduced. This main body frame shape helps in
maintaining ‘stable equilibrium’ of the vehicle, thereby enabling the vehicle body to return to its
equilibrium position after it has been displaced slightly. A disturbance was longitudinally given
to the main body frame and the damping time recorded was 6 seconds. This was done to test the

stability of the frame.

The geometry of the main body frame is defined by the length to width ratio, the camber angle
and the camber height. The definitions of the different terms are shown in Figure 2.9. It is
necessary to find the optimum values of the length to width ratios of the main body frame and
also the camber geometry for a given weight of the designed vehicle in order to increase the area

of contact.

Length of vehicle
Camber lepgth
) 'I

A 4

Ly

Cﬁmber helﬁht

~Camber angle

Figure 2.9 Main body frame definition

The contact area of the vehicle belly with the soil for a given sinkage is deduced,

2* Aperty * heamber )
Apelty =| (Lvehicle = 2* Leamber )+ 2 *Byehicle [Equation 2.7]
tan(@eqmbper)
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where, Apejjy is the area of contact of the vehicle belly with the soil [m*], Byehicle is the width

of the vehicle [m], L. uper 1s the length of the camber [m], Lygp;cle 15 the length of the
vehicle [m], hogmper is the height of the camber [m], Ahpgpp, is the sinkage of the vehicle belly

[%] and aggmper 1s the camber angle of the main body frame [degree].

The camber angle was varied while the camber height, length to width ratio of the vehicle main
body frame and the weight of the vehicle were kept constant. The area of contact was plotted
against the camber angles for different sinkage percentages (Figure 2.10). The camber length
was calculated from the camber angle and the camber height, while the length of the vehicle was

assumed to be 3.5* camber length.

Area of contact vs. Camber angle for different
sinkage percentages
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Figure 2. 10 Optimum camber angle for the main body frame

It is observed from Figure 2.10, that for a fixed camber height and ratio between the length and
width of the vehicle main body frame, the contact area of the vehicle belly decreases rapidly up

to a camber angle of 10 degrees. With further increase in the camber angle, the contact area
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remains more or less constant. The numerical values of the contact area vary with the dimensions
of the vehicle and camber height, but the same trend was observed for other values of camber
height and length to width ratio of the vehicle main body frame. The different curves shown in
Figure 2.10 are plotted for different sinkage percentages of the vehicle belly. In very soft

working terrain, the camber angle of the designed vehicle should not exceed 10 degrees.

The total weight, buoyancy and net weight of the different components of the prototype vehicle
were either calculated or weighed and are given in Table 2.4. The total weight of the prototype
vehicle in air is roughly 3 tons and has a net weight of 2.2 tons in water. The vehicle will
descend under its own weight when lowered slowly in water, which is helpful for submersible

bottom moving vehicles.

Table 2. 4 Weight and buoyancy of the prototype vehicle ‘Golden Tortoise’

Part description Total weight Total buoyancy Net weight

(kN) (kN) (kN)
Main body frame 5.29 2.31 2.98
Ballast Tank 4.46 0.46 4.00
Leg & Foot Assy. 5.76 2.56 3.20
Hydraulic Module 4.64 0.13 4.51
Control Module 2.56 249 0.07
Dredge pump 2.01 Buoyancy not known 2.01
Eductor pump 1.29 Buoyancy not known 1.29
Pipelines 0.37 Buoyancy not known 0.37
Ladder Trunnion Assy. 1.16 0.41 0.75
Cutter System 1.59 0.39 1.20
Ladder Boom Assy. 1.62 0.47 1.15

0.66 0.18 0.48

The total weight of the vehicle determines the magnitude of the static load incident at the
different foot/ soil interfaces and hence the stability of the vehicle due to soil bearing capacity.

These are further discussed and estimated in section 3.5.
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2.5 System Excavation
2.5.1 Design of the Cutter and the Ladder Assembly

The twin drum cutter system with a suction mouth in between is not a common excavation
system in surface floating dredgers. The submersible diamond miner used by NAMCO in South
Africa for exploitation of offshore diamonds uses a twin drum cutter system with the suction
mouth situated in the middle. The same concept was adopted while developing the design of the
excavation system in this research. The cutter module attached to the dipper by temporary
fasteners is shown in Figure 2.11. Because of their modularity, the cutters can be assembled and

interchanged very easily.

Figure 2. 11 Cutter module using two drum cutters

The cutter axes are parallel to the vehicle longitudinal axis. The cutters consist of a tapered drum,
which is expected to help in easy penetration and maintains a greater contact area with the
excavated soil. Rings were welded to the cutter drum. L-shaped blades manufactured by EEM (P)
Ltd. are attached to these rings. These L-shaped blades can be replaced by other type of blades,

teeth or picks. The number of blades in a ring and the number of rings are of primary importance
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in determining the cutter performance, which are discussed in section 4.2.3. The designed system
is likely to generate less spillage in a single swing cycle when compared with a single cutter
system. This is because the trailing cutter will excavate the material left as spillage by the

leading cutter. The gear-hydraulic motor combination driving the cutter is shown in Figure 2.12.

Figure 2. 12 Hydraulic drive for cutter

The leading cutter should perform ‘overcutting’, while the trailing cutter should perform
‘undercutting’ in order to bring the excavated material in front of the suction mouth and thus
facilitate in effective gathering, mixing and transport. The definitions of ‘overcutting’ and
‘undercutting’ are shown in Figure 2.13. The leading and trailing cutter during the swinging of

the ladder in a particular direction are shown in Figure 2.11.

Two hydraulic cylinders are used to lift/ lower the ladder boom and a third hydraulic cylinder to
lift/ lower the dipper. The movement of the dipper helps in adjusting the angle of cut of the
cutters. The required depth of cut is achieved by the movement of the ladder boom. Two
hydraulic cylinders will be used to rotate the yoke and thus swing the ladder assembly from one

side to the other. Currently one hydraulic cylinder is being used to swing the ladder assembly.
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Two hydraulic cylinders are responsible for the pitching motion of the cutters and suction mouth

assembly using the dipper and ladder boom.

Undercutting Overcutting

Figure 2. 13 Overcutting and Undercutting

The hydraulic cylinders operating the ladder assembly and the legs were specially designed for

underwater operation by EEM (P) Ltd., and manufactured by a machine shop in Calcutta, India.

2.5.2 Functionality Tests for the Excavation System
Ladder Lifting/ Lowering Trials

The lifting / lowering operation of the ladder assembly was initially performed by one hydraulic
cylinder. The single cylinder was unable to lift/ lower the ladder assembly smoothly and there
were lots of vibrations. Thus two cylinders were used to lift/ lower the ladder assembly. Two
cylinders were operated by one directional control (DC) valve as there was a limitation in the
number of DC valves available in the designed hydraulic circuit. The number of DC valves can

however be increased in the future. The test set up is shown in Figure 2.14.
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Figure 2. 14 Ladder lifting/ lowering and swinging trials

Two different types of cylinder connections were used while the cylinders were operated by one
DC valve (Figure 2.15). In the first arrangement (Figure 2.15(a)), same cylinder ports were

interconnected, so that oil coming into one cylinder was pushed into the other.

NN m [

B 8
LN ) "
Cylinder 16_1 Cylinder 16_2
From Port B of DC valve
Cylinder 16_1 Cylinder 16_2
| amrsaarmmaee Fromn Poit Acf DC valve
T From Port B of DC vaive
From Port A of DC valve
(a) Same cylinder port interconnected (b) Different cylinder port interconnected

Figure 2. 15 Arrangements for ladder lift/ lower cylinder connections

With this arrangement one cylinder will expand while the other retracts producing the same

direction of movement of the ladder assembly. The hydraulic oil pressure was kept at 50 kPa for
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the tests, but can be increased to 100 kPa for the designed hydraulic circuit. During the operation

there was too much lag between the cylinders and hence this arrangement was abandoned.

In the second arrangement, different cylinder ports were interconnected with ‘T” connections
(Figure 2.15(b)). With this arrangement the hydraulic oil coming from the hydraulic pump was
divided between the two cylinders, and one was expanding while the other was retracting. First a
single stabilizer-converter circuit was used to supply the 12 V DC to the solenoid of the
directional control valve actuating the hydraulic cylinders, but sufficient current was not
available. Hence two sets of stabilizer-converter circuits were used to perform the following tests
1) ladder lifting/ lowering tests were conducted without the dipper and the cutter modules, and
2) ladder lifting/ lowering tests were conducted with the dipper and cutter modules. The
hydraulic oil pressure was kept at 60 kPa but can be increased to 100 kPa for the designed

hydraulic circuit.

The ladder assembly is attached to the rotating yoke by two pins to have a pitching motion. The
yoke can also give a swinging motion to the ladder assembly. The ladder is of fixed length and
not telescopic. The ladder swing motion was performed by one swing cylinder. In the actual
design two cylinders were envisaged. Another cylinder will be used in the future in order to
reduce the variations of the turning moment. The ladder assembly was lowered to different
heights and then swinging motions were performed from one side to the other. The ladder was
observed to accelerate and decelerate during the swinging motions. The ladder slowed down in
the middle (at swing angle = 0 degree). This is because of the change in cylinder ports. It is
necessary to refine the hydraulic circuits in the future as there are problems with the actuator

responses leading to vibrations of the ladder.
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The maximum width of cut achieved during the ladder swing trials was B,; = 4700 mm, which
was greater than the width of the designed vehicle. This is necessary since the designed vehicle
will perform locomotion on the excavated channel. The length of the ladder (as measured from

the ladder yoke pin and the tip of last blade of cutter) was Lj,;44z = 2800 mm. Thus the

maximum angle of ladder swing, achieved by the designed ladder assembly was,

%
0.5* Bows Le. tan(gying) = 0.8393 ie. agying = 40" (Figure 2.16).

tan(@gying) = Lindd
adder

The ladder swing angle of cutter suction dredgers is 30" [Training Institute for Dredging (TID),

The Netherlands, Dredging handbook].

Ladder yoke pin ]
swing Beyt

Aswing

Liadder

Figure 2. 16 Ladder swing angle (Plan view)

Cutter Rotation Trials

Under this trial each cutter was operated by a solenoid operated DC valve actuating a hydraulic

motor. The cutters were rotated both in clockwise and counter-clockwise directions. The test set

up is shown in Figure 2.17.
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Cutters Solenoid operated DC
valves

Figure 2. 17 Cutter rotation trials

2.6 System Transport

The centrifugal dredge pumps manufactured by EEM (P) Ltd. will be used to transport the
excavated material to the surface by pipelines. The centrifugal dredge pumps considered were 1)
capacity = 19.5 Usec = 0.0195 m’ / sec = 70 m*/ hr, and 2) capacity =70 lit/ s = 0.07 m*/ s =252
m’/ hr. The rpm for both the pumps is 1450. The centrifugal pump was placed on mountings

fixed to the main body frame.

An assisting eductor pump will be used to prevent the chances of pipeline blockage and
generation of vacuum on the suction side of the dredge pump. The annular eductor pump used is
a special design developed by EEM (P) Ltd., India, which they have used in different dredging
projects. The eductor pump is attached to the ladder assembly. The trapezoidal suction mouth
with rectangular cross section is also attached to the ladder assembly. The centrifugal dredge
pump and the eductor pump used are shown in Figure 2.18. The performance evaluation models

and the results for the centrifugal dredge pump-pipeline system are discussed in chapter 6.

52



F.ductor

Fgue 2.18 ductor and Dredg pus
2.7 System Locomotion

2.7.1 Terrain of Locomotion

The designed vehicle should exhibit both straight line and curvilinear locomotion on submerged
natural terrain. The natural terrain was subdivided into 1) level terrain where the slope of the
terrain 1s zero and 2) sloped terrain where the slope of the terrain in not zero. Each of these
terrains can be either reasonably flat or undulating. A unique method of locomotion and non-
uniform periodic gait plans were developed for straight line and curvilinear locomotion on a
given terrain. The method of locomotion of the designed vehicle was inspired by the belly
crawling motion of a tortoise or turtle, which is very effective in moving in different terrain

especially very soft terrain (Figure 2.19).

Figure 2. 19 Turtle performing belly crawling motion on very soft muddy terrain
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The leg linkage design, method of locomotion, advantages of the proposed method of
locomotion and the task planning for the designed vehicle are discussed in the subsequent
sections. The functionality tests performed to observe the operational limitations of the designed

locomotion system are also presented in this section.

2.7.2 Leg Linkage Design

Four hydraulically operated legs with pinned foot were used to achieve the simulated belly
crawling motion of a tortoise or turtle on submerged ground and also on land if necessary. The

conceptual design of the leg linkage is shown in Figure 2.20.

Main body frame

Guide tube Lock ring

Pivot pin

Maching body

wing cylinder

—Grouser

Figure 2. 20 Conceptual design of the leg linkage of ‘Golden Tortoise’
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The ‘lift hydraulic cylinder’ is used to lift/ lower the designed leg linkage, while the ‘swing
hydraulic cylinder’ is used to swing the leg linkage and thus advance the designed vehicle
through a desired step size. Each foot has a honeycomb structure made from flats and covered
with sheet plating (Figure 2.21). Strengthening members are used at the connection of the foot
with the leg. Grousers present on the underside of each foot provide greater friction and reduce

the chances of vacuum generation.

Figure 2. 21 Foot construction (Left Inner construction of the foot, Right Leg with foot)

The leg constructed is shown in Figure 2.22.

The maximum lifting/ lowering distances depend on the stroke of the hydraulic cylinder. The
maximum and minimum angles of swing were measured during the prototype tests, keeping in
mind the practical operational problems which might occur during actual field operation. These

are discussed in the section 2.7.6.
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Figure 2. 22 Designed leg of the prototype vehicle of ‘Golden Tortoise’

2.7.3 Mode of Locomotion

Two different modes of locomotion were proposed for the designed vehicle 1) legged

locomotion and 2) belly sliding.

During legged locomotion, the designed vehicle rests on its belly before the commencement of
the locomotion cycle and at the end of the locomotion cycle. The vehicle body is lifted off the
ground and moved forward through a desired distance by the four legs during the locomotion

cycle. During the locomotion cycle the vehicle body is supported on the four feet.

In belly sliding mode, the vehicle belly is in constant contact with the ground during the entire
locomotion cycle. The vehicle weight is thus always supported by the belly. The sliding motion
of the vehicle belly can be generated by the swingingmotions of the four legs, in which case a
very small portion of the vehicle weight is supported by the four feet. Alternatively, the sliding

motion of the belly can be achieved by anchoring the ladder assembly with the cutters and then
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swinging the ladder assembly. The swinging of the ladder results in the sliding of the belly in
the opposite direction exhibiting a turning behavior of the vehicle around the pivot point defined
by the position of the cutters. When the belly sliding is achieved by swinging of the ladder
assembly, the four legs are lifted off the ground. This is shown in Figure 2.23. Belly sliding is

especially effective in very soft soil conditions, where sufficient soil bearing capacity may not be

available.

Vehicle movement -

Figure 2. 23 Belly sliding with the swinging of ladder assembly

The matrix between the mode and type of locomotion and the terrain type is shown in Table 2.5.

Table 2. 5 Locomotion vs. Terrain

Locomotion Level - Level — Sloped — Sloped -
Reasonably flat i Reasonably flat Undulating
Belly sliding — Straight line
locomotion
Belly sliding — Curvilinear
locomotion

Legged locomotion — Straight
line locomotion

Legged locomotion —

Curvilinear locomotion
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Shaded boxes in Table 2.5 indicate that the particular mode and the type of locomotion is

possible in the given terrain.

2.7.4 Method of Locomotion

A unique method of locomotion was developed for the designed vehicle, which solves various

problems of other legged locomotion as was discussed in chapter 1. The various steps of the

I D 1 FL::") 2

Bel?{ supported:Feet on ground Bellly supported:Legs lifted

e o) :
S DM

Bely supported:Legs rotated Belly supported:Feet on ground
codterclockwise at a@ swing angle

Step
P71 7
Lift

Legs rotated clockwise

locomotion cycle are shown in Figure 2.24.
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Bogly lifted from ground:
Subported on legs
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Belly supported: Legs .
biated clockwise Belly supported:Feet on ground

Figure 2. 24 Method of locometion

This periodic gait can be used for straight line and curvilinear locomotion on any terrain. Non-
periodic gaits are common on natural terrain. The ‘support phase’ and the ‘transfer phase’ of
each leg coincide with one another. The transfer phases of the legs start when the vehicle is
supported on its belly. The steps shown in Figure 2.24 are followed for all successive locomotion
cycles, but the swing angles of the legs may vary depending upon the required step size of the

individual legs and that of the vehicle. The gait is thus defined as a non-uniform periodic gait.
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The static stability margin is not a major concern for the proposed mode of locomotion as the
vehicle is always supported on the four legs. The centre of gravity of the designed vehicle is
moving together with the legs. The ground reactions conveyed through the legs are transmitted to
the main body frame at the leg pin joinfs, which are responsible for the vehicle movement. The
vehicle rests on its belly when the position of the centre of gravity due to dredging has been

changed.

With the designed leg linkage, individual leg movements are possible, which allows the designed
vehicle to traverse on uneven terrains. The designed vehicle body can be kept horizontal by
individual movements of the legs, which is necessary in order to move the ladder assembly and
the cutters along the desired trajectory. Both forward and backward motions and obstacle
avoidance are possible with the designed leg linkage. Forward and backward motions and
obstacle avoidances are possible with the leg linkage. For obstacle avoidance 1) the foot can be
placed in a different place, 2) the vehicle can be lifted off the ground with the aid of the legs, and

3) thrusters can be used to help the vehicle in swimming.

The feet positions do not change during the vehicle frame movement (Figure 2.24). This
facilitates easy computations of the joint parameters for the feet placement (inverse kinematics)
and easy control, essential for any submersible walking dredger/ miner. During successive
locomotion cycles the deviation from the proposed path of locomotion can be corrected at the
end of each locomotion cycle, as continuous locomotion is not envisaged. No dredging or mining
activities are executed during a locomotion cycle. During a dredging cycle the vehicle is either
supported on its belly or on its four legs depending on the soil conditions. During the support
phases of the legs, the load incident at each leg determines the soil reaction and thus the stability

of the vehicle in terms of the soil bearing capacity. The area of contact and the soil reaction
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increases when the vehicle is supported on its belly. The stability of the vehicle due to soil

bearing capacity is discussed in Appendix 1 and in section 3.5.

2.7.5 Task Planning

The main task of the designed vehicle is to perform locomotion and dredging/ mining operations
in a given workspace present within the working area. Geological and geophysical surveys of the
working area are to be performed prior to the commencement of any dredging/ mining operations.
The working area can thus be considered as a partially unstructured terrain. Obstacles present in
the workspace can be classified as 1) non-negotiable slopes for the designed vehicle, 2) abrupt
raised or depressed contours, and 3) material unsuitable for excavation, transportation or
locomotion for the designed vehicle. Obstacles are either to be avoided or in extreme cases the
mission is to be abandoned. Within the scope of this research all analyses were performed for a

single continuous workspace without any obstacle.

For dredging/ mining and locomotion operations the workspace is to be divided into rectangular
strips of equal width. The width of the rectangular strips depends on the 1) maximum length of
the ladder assembly, 2) swing angle of the ladder assembly, and 3) joint angles of the ladder

assembly.

The maximum depth of dredging will also depend on these parameters and the maximum depth
over which the legs can move. A ‘ray-like’ locomotion pattern to cover the entire workspace is
proposed for the designed vehicle (Figure 2.25). With this locomotion pattern the umbilical
cables will be less stressed during the to and fro motion of the vehicle. The chances of formation

of knots due to circular or curvilinear motion are also lowered.
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The vehicle will start excavation from segment 1, moving to segment 4, and then will turn in the
other direction to perform excavation in segment 5, segment 6 and so on till the gaps left during

excavation are covered. Detailed discussion on the dredging sequence is given in section 4.2.2.

A~ . Segment: 2

. Segment: 1
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Figure 2. 25 Locomotion pattern in a given workspace

2.7.6 Functionality Tests for the Locomotion System

The lifting/ lowering and swinging motions of the legs were tested separately. Two sets of
stabilizer-converter circuits (12 V DC) were used for operating the portside (PS) and starboard
side (SBS) legs. The hydraulic oil pressure was kept at 70 kPa for the PS and SBS hydraulic
circuits. Individual leg lifting/ lowering operations were performed first. This was followed by
lifting the vehicle off the ground while the legs reached their maximum lowering distances. This

is shown in Figure 2.26. Stability of the vehicle was maintained in this position.

Trials for the swinging of individual legs while the vehicle was on its belly were performed. It
was attempted to move the vehicle along a curvilinear path by swinging one leg. The vehicle was
lifted up by lowering the starboard side forward leg and then swinging the leg in the forward
direction. While performing the turning action with one leg, the leg pin (pin with which the leg 1s

attached to the main body frame) damaged the main body frame. This was because, the foot of
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the leg was fixed on the ground and the vehicle was moving. The movement of the leg is
restricted due to the presence of the square guide tube. The restricted movement of the leg
caused the leg pin to hit the main body frame and be damaged. Two grousers on the foot of the

starboard side forward leg bent due to the same reasons.

Figure 2. 26 Trials for prototype vehicle supported on its four legs

This problem did not arise for straight line locomotion, but is potentially prevalent for curvilinear
locomotion. The solutions to this problem are 1) keeping the swing angle of the legs within safe
limits by the use of a mechanical lock, 2) never using a single leg for turning of the vehicle, and

3) designing a new pin with greater tolerance.

The maximum angle of swing achieved by the forward legs was 29+1°. The maximum swing
angle achieved by after legs was 50°. The discrepancy is because of the way the swing cylinders
are attached to the main body frame. One cylinder rod is expanding and the other is retracting

while turning the legs through the same swing angle in the same direction. The maximum leg
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swing angles were considered while designing the test matrices for gait planning and leg load

tests, which are presented in chapter 4.

2.8 Design Power

The primary electrical power was taken from a main supply line (440 V AC, 50 Hz cycle). The
electric induction motors driving the dredge pump, eductor pump and hydraulic pumps required
440 V AC, while the solenoids of the directional control (DC) valves operating the hydraulic
actuators required 12 V DC. Initially a stabilizer-converter circuit was used for supply of the 12
V DC, which was later replaced by a 12 V battery together with a battery charger. Figure 2.27
shows the schematic of the power supply for the prototype vehicle. There are two different

electrical circuits including the PS electrical circuit and the SBS electrical circuit.

N
Main power line Y= T Main switch , MCB j
440 VAC, 50 Hzd & 3 T
l Bus bars ’
i 3 r *
{ Starters I—-
L Bus bars i PS Electric_panel
Remote switches for]
motor starter
12V DC supply | Induction motors|
l Switches for
solenoid operation I
Solenoid operated Control Console l MCB l
DC vaives I
I _ Bus bars l
d 1
Hydraulic actuators I Starters I
SBS Electrlc panel

Figure 2. 27 Schematic of the power supply for the prototype vehicle®

! MCB  Moulded circuit breaker
N Neutral power line

R Red phase line

Y Yellow phase line

B Blue phase line
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The specifications of the different components of the two electrical circuits are shown in Table

2.6.

Table 2. 6 Electrical circuits

Electrical circuit: Port Side

Electrical circuit: Starboard side

Dredge pump drive motor: 10 HP (7.5 kW), 3 phase
squirrel cage induction motor, 1450 rpm, 440 V AC, 50
Hz

Eductor pump drive motor: 10 HP (7.5 kW), 3 phase
squirrel cage induction motor, 2850, 440 V AC, 50 Hz

Hydraulic pump drive motor for port side hydraulic
circuit: 1.5 HP (3.75 kW), 3 phase squirrel cage
induction motor, 1450 rpm, 440 V AC, 50 Hz

Hydraulic pump drive motor for star board side hydraulic
circuit: 1.5 HP (3.75 kW), 3 phase squirrel cage
induction motor, 1450 rpm, 440 V AC, 50 Hz

Power supply to a stabilizer-converter circuit for
stepping down 220 V AC, 50 Hz to 12 V DC stabilized
supply for operation of solenoids actuating hydraulic
actuators of the PS hydraulic circuit

Power supply to a stabilizer-converter circuit for stepping
down 220 V AC, 50 Hz to 12 V DC stabilized supply for
operation of solenoids actuating hydraulic actuators for
the SBS hydraulic circuit

The stabilizer-converter circuit (schematic) and the battery with the charger for 12 V DC supply

used for operation of the solenoids actuating the DC valves of the hydraulic actuators are shown

in Figure 2.28 .The solenoids were connected in parallel and thus had the same supply voltage of

12 V DC. The hydraulic circuits designed are shown in Figure 2.29.

y

N
Input 200 @220 VAC
R

Stabilizer [70utput

Rectifler/ Fiiter utput— Transformer

Qutput

Main switch
12 V Battery

V.

DC valve operating Remote switches for
switches motor starter Battery charger

Figure 2. 28 Power supply for operation of the Directional Control Valves (12 V DC)
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Hydraulic circuit for Golden Tortoise (Portside)
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Figure 2. 29 (a) Hydraulic circuits designed (PS)
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Hydraulic circuit for Golden Tortoise (Starboard)
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Figure 2.29 (b) Hydraulic circuits designed (SBS)
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Legends for Figure 2.29

1. Reservoir

2. Suction strainer

3. Pump, Hydraulic

4. Check valve

5. Pressure relief valve

6. Manifold, 6 station

7. Solenoid operated spring centered Directional Control Valve
PS Hydraulic circuit

8. Hydraulic motor, Cutter drive, PS

9. Hydraulic motor, Cutter drive, SBS

10. Dipper lift cylinder

11. Leg lift cylinder, PS,FWD

12. Leg swing cylinder, PS, FWD

13. Leg lift cylinder, PS, AFT

14. Leg swing cylinder, PS, AFT

SBS Hydraulic circuit

15. Boom lift cylinder

16. Boom swing cylinder

17. Leg lift cylinder, SBS, FWD

18. Leg swing cylinder, SBS, FWD

19. Leg lift cylinder, SBS, AFT

20. Leg swing cylinder, SBS, AFT
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Vertical dry pressure hulls house the electrical motors, hydraulic circuits and electronics. The
electrical motor driving the hydraulic pump is immersed in a hydraulic oil tank (Figure 2.30).
There is a separate hydraulic return tank, which is connected with the hydraulic delivery tank.
This helps in reducing the amount of impurities entering from the return line to the pressure line.

The same arrangement is repeated on either side of the catamaran hull.

Figure 2. 30 Hydraulic oil tanks

The power supplies should be modified in the future, when the vehicle will operate under water.
Primary electrical power supplied through an umbilical cable will drive the secondary hydraulic
circuits. The main electrical power will be a 440 V/ 220 V, 50 Hz AC electrical power supplied
through an umbilical cable. The power source will be either from an onshore support station or

from an appropriate alternator placed onboard the support vessel.

68



2.9 Comparison between Tracked and Designed Legged Vehicle

This section presents the comparisons between the different models of the ‘Caterpillar’ tracked
vehicles and the designed legged vehicle. The relevant data used for these comparisons are
presented in Appendix 4. ‘Caterpillar’ tracks are used in unprepared natural terrain both on land
and in subsea conditions. The following comparisons between the different performance
evaluation parameters of ‘Caterpillar’ tracked vehicles and the designed legged vehicle thus
helps in the evaluation of this new design. The graphical results are presented next. The model
numbers of the different ‘Caterpillar’ tracked vehicles used for the comparisons are shown on the
X axis of Figures 2.31, 2.32 and 2.33. ‘GTO1’ represents the prototype vehicle of the ‘Golden
Tortoise’. The contact areas of the four feet for GT01 were considered for all the comparisons

presented in this section.

Power Vs. Ground Contact Area
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< — Y
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]
g
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GTO01 D3B DAE DsB
30 48 56 78
Power (kW)

Figure 2. 31 Power vs. ground contact area for ‘Caterpillar’ tracked vehicles and the
designed legged vehicle

The excavation and transportation power of the designed prototype vehicle was considered for

all the comparisons.
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Figure 2. 32 Power vs. weight for ‘Caterpillar’ tracked vehicles and the designed legged

vehicle
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Figure 2. 33 Power vs. length/ width ratio for ‘Caterpillar’ tracked vehicles and the
designed legged vehicle

The ratio of the ground contact area / kW for ‘Caterpillar’ tracked vehicles was approximately
calculated as 0.022 (Figure 2.31). The same ratio for the designed walking dredger was kept at
about 0.028 to have less ground pressure (Figure 2.31). The acceptable ground pressure for
ground operated ‘Caterpillar’ tracked vehicles was calculated to be 50 to 51 kPa. The ground

pressure as calculated in air for the prototype vehicle was 37 kPa, which is much lower than the

70



‘Caterpillar’ tracked vehicles. Hence the designed vehicle is expected to be able to perform
locomotion and the designed tasks in soils with low soil bearing capacities. Weights may be
added to increase ground pressure and the ballast tanks may be emptied for reducing the ground
pressure. The average weight/ kW ratio for “Caterpillar’ tracked vehicles is approximately 148
kg (Figure 2.32). The same ratio for the walking dredger is 107 kg (Figure 2.32). This indicates

less cost per unit power.

The average length/ width ratio for ‘Caterpillar’ tracked vehicles is approximately 1.6, whereas,

that for the designed walking dredger it is 1.4 (Figure 2.33).

2.10 Concluding Remarks

The design of the active legged submersible dredger/ miner discussed in this chapter is a very
modular design, where each module or component can be dismantled and interchanged very
easily. This facilitates easy transportation and assembly of the designed vehicle. The
interchangeability options will help in using the designed vehicle under different operational and
environmental conditions. The functionality tests discussed in this chapter proved that the
different systems were working properly. The gait plans developed for straight line and
curvilinear locomotion were validated by suitable on-land prototype tests, to investigate the
suitability of the designed leg linkage and the proposed simulated belly crawling motion over
unprepared natural terrain. The theoretical gait plans developed and the experiments executed are

discussed in the next chapter.
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CHAPTER 3
PERFORMANCE EVALUATION MODELS FOR LOCOMOTION

3.1 Introduction

In developing the parametric performance evaluation models for locomotion, the design
parameters of the vehicle including the overall geometry, the leg and foot geometry, the leg joint
parameters, the number and geometry of the grousers and the location of the centre of gravity of
the vehicle were considered. The required soil properties of the terrain, the bearing capacity, and
the shearing characteristics of the terrain were also considered. The soil mechanical aspects are
discussed in Appendix 1. The performance of the designed vehicle was judged by the
effectiveness of the gait plan in executing a particular type of locomotion, the locomotion cycle
time required to perform a particular gait plan, the stability issues due to soil reaction forces and
the tractive forces generated during the locomotion process. Experimental validations of the gait

plans, the locomotion cycle time and the static load incident at each leg were performed.

3.2 Gait Plan for Straight Line Locomotion

The magnitude of the step size of individual leg determines whether the designed vehicle will
exhibit straight line or curvilinear locomotion. The step sizes of all the legs and the centre of
gravity of the designed vehicle must be equal for straight line locomotion. A step generator was
developed to predict the step size of the leg as a function of the leg joint parameters. The step
generator was further modified to accommodate the level difference due to terrain or
submergence at the foot/ soil interface. The slip action at the foot/ soil interface was also
considered. The slip for the designed vehicle is due to the shearing action at the foot/ soil
interface and not due to the frictional force as is common in other legged vehicles. This is

because the feet are kept fixed during the entire locomotion cycle for the designed vehicle as
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opposed to other legged vehicles. Comparisons between the predicted step sizes without and with
slip conditions and experimental step sizes were done to observe the percentage of slip occurring
at the foot/ soil interface during legged locomotion. The slip was also estimated from the

experimental data.

3.2.1 Step Generator

The step generator for the designed legged vehicle is shown in Figure 3.1.

Xstep intl  Xstep ful

Figure 3.1 Step generator

The step generator without any level difference, submergence or slip at the foot/ soil interface is

deduced,

Xstep intl = Lo *tan<7leg_intl) [Equation 3.1]
Xstep ful =Lo* tan(ﬂeg B fnz) [Equation 3.2]
Xstep = Xstep _intl t Xstep _ ful ' [Equation 3.3]
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where, L, is the perpendicular distance between the leg pin centre and the foot hinge pin centre
[m], Xstep intl is the step size due to initial swing angle of the leg [m], Xgzep ful 1s the step
size due to final swing angle of the leg [m], Xstep is the total step size of individual leg [m],
Yleg _intl 1s the initial angle of leg swing [degree], and yjo £ is the final angle of leg swing

[degree]. Unless otherwise stated, the term ‘swing angle’ for leg, used in this thesis represents

‘half swing angle’ of the leg i.e. either 7jog int] OF 7jog fnl- The sum of the initial and final

swing angle is denoted as the ‘total swing angle’.

Figure 3.2 shows two legs present at two different levels denoted by I and Ly [m], with a level

difference of (+) Alygg [m].
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Figure 3.2 Step generator with level difference or submergence
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If the initial and final swing angles of individual legs are equal, the step generator deduced in

Equations 3.1 to 3.3 is modified,

Xstep _intl = *step _ful =11 *ta0(¥Vjeg intl 1) [Equation 3.4]

Xstep _intl = ¥step  fnl =12 *tan(7jeg _int1_2) = (Ll + Ahleg ) *tan(y Jeg intl 2) [Equation 3.5]

I

-1
7, i =tan
leg intl 2 ( L +A hleg

) * tan( Vieg intl 1 ) [Equation 3.6]

where, the subscripts 1 and 2 represent two different legs. If there is submergence of Ak foot [m]

at any foot/ soil interface, the term Akjoo [m] must be replaced by (Ahleg +Ah foot) [m] in the

above equations. When there is a slip of Ax [m] along the longitudinal direction of the vehicle at
any foot/ soil interface, the final leg swing angle of the leg which slips, needs to be modified in
order to achieve the same step size for all the legs. Figure 3.3 shows two legs, one of which slips

in the direction opposite to the vehicle motion.

Vleg intl

Vieg fnl

/ Ground

Astep _ funl

X step _ fnl

Figure 3.3 Step generator due to slip
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The final swing angle of the leg which slips is deduced,

' 1| Xstep _ful + Ax i
= tan = Equation 3.7
Yleg _ful ( I3 [Eq ]

where, y}eg ful is the final angle of leg swing due to slip [degree].

With simultaneous level difference of the legs (Ahleg) [m] and/ or submergence (Ah foot) [m]

and slip (Ax) [m], the initial swing angle of the leg concerned will be Vleg intl 2 [degree] and

the final swing angle of the leg will be }/lveg ful [degree].

3.2.2 Experimental and Predicted Results for Straight Line Locomotion

Full scale on land prototype tests for both forward and backward straight line locomotion were
carried out.on level and relatively flat terrain. The experimental set up, measuring techniques,
and measuring instruments are discussed in Appendix 5. The test matrices and the experimental
and predicted data are given in Appendix 6. The initial and final leg swing angles, the step size
and the time required to lift and swing the legs were measured for straight line and curvilinear

locomotion tests. The perpendicular distance between the leg swing pin centre and the foot hinge

pin centre(Lo) , was kept at 340 mm during all the locomotion tests.

The experimental step sizes were first compared with step sizes predicted by using Equations 3.1
to 3.3, which do not consider the slip at the foot/ soil interface. The graphical results are

presented in Figure 3.4 to 3.11.

The prototype vehicle was remotely operated on land by manually controlling the electronic

switches actuating the solenoids of the directional control (DC) valves of the hydraulic cylinders.
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It was thus difficult to accurately control the final swing angle of the legs. Due to human

operational errors, the deviations between the experimental and predicted results existed.

Experimental and predicted step sizes : PS_AFT leg
Forvward motion
350.00
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tan (total swing angle of leg)

Figure 3. 4 Experimental step size and predicted step size without slip for PS_AFT leg
during forward straight line locomotion
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Figure 3. 5 Deviation between predicted and experimental step sizes for PS_AFT leg
during forward straight line locomotion
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Figure 3. 6 Experimental step size and predicted step size without slip for PS_FWD leg
during forward straight line locomotion
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Figure 3. 7 Deviation between predicted and experimental step sizes for PS_FWD leg
during forward straight line locomotion

Experimental and predicted step sizes : SBS_AFT leg
Forward motion
350.00
A A
300.00 =
A
250.00 &
—_ A A
\é, 200.00 Ay 4 Step_experiment
Q
N .
‘@ 150.00 ~——— Step_predicted
g =
2 100.00 *
50.00
O,(X) T T T T T T
000 020 040 060 080 1.00 120 140
tan (total swing angle ofleg)

Figure 3. 8 Experimental step size and predicted step size without slip for SBS_AFT leg
during forward straight line locomotion
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Figure 3.9 Deviation between predicted and experimental step sizes for SBS_AFT leg
during forward straight line locomotion
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Figure 3. 10 Experimental step size and predicted step size without slip for SBS_FWD leg
during forward straight line locomotion
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Deviation between predicted and experimental
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Figure 3. 11 Deviation between predicted and experimental step sizes for SBS_FWD leg
during forward straight line locomotion

The deviation and the percentage deviation were respectively calculated as

(Calculated value - Experimental Value) and K Calculated value - Experimental Value) *1 OO} .

Experimental value

The average percentage deviations for the different legs for the forward straight line locomotion
tests are presented in Table 3.1. It is observed from Table 3.1, that the average percentage
deviations of the AFT legs were very close. The same was true for the FWD legs. The deviations
between the experimental and predicted results can also be explained due to the presence of the
slip at the foot/ soil interfaces. The presence of the ladder assembly and the direction of
movement of the vehicle explain the discrepancies observed between the average deviation
percentages for the AFT and the FWD legs. The FWD legs are under predicted, since the ladder
assembly tries to drag the FWD legs (in the direction of the vehicle motion) more as compared to
the AFT legs during the forward straight line locomotion. Hence the experimental step sizes for

the FWD legs were higher compared to the predicted step sizes. The FWD legs will thus exhibit
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both slip and skid actions during forward straight line locomotion. The AFT legs will exhibit
greater slip compared to the FWD legs during forward straight line locomotion, since the ladder
assembly generates resistance to motion of the AFT legs. Hence the AFT legs show over

predicted values of step sizes.

Table 3.1 Average deviation percentage for forward straight line locomotion

Leg Average deviation percentage
PS_AFT 10%
PS FWD -5%
SBS_AFT 9%
SBS FWD -6%

The experimental step sizes for forward straight line locomotion were next compared with the
predicted step sizes which considered the slip at the foot/ soil interface (Figure 3.12). Such
comparisons help to estimate the slip percentage occurring at the different foot/ soil interfaces for
the particular soil on which the locomotion tests were performed. The soil consisted of relatively
dry medium to fine sand. The effective leg lengths, the angular and the linear velocities of the
legs at different slip percentages were calculated from the experimental data. The step sizes were
predicted from the linear velocities of the legs and the time required swinging the leg through the

total swing angle.

It is observed from Figure 3.12, that the experimental step sizes are close to the predicted step
sizes with a slip of 10 % for the PS_AFT leg. In case of the SBS_AFT leg, the experimental step
sizes are close to the predicted step sizes with slips of 10 % and 20 %. The average slip
percentage calculated from the experimental results for the PS_AFT leg was 12 % and that for
the SBS_AFT leg was 17 %. From the predicted and experimental results it can be concluded
that the slip percentage for the designed leg and foot in medium to fine relatively dry sand varies

between 10 to 20 % for forward straight line locomotion. Manual operation of the prototype,
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presence of the ladder assembly and the lagging or leading effects of the PS and the SBS

hydraulic circuits explains the differences between the slip percentages for the PS_AFT and the

SBS_AFT legs.
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Figure 3. 12 Experimental and predicted step sizes with different slip percentages during
forward straight line locomotion
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The graphical results for backward straight line locomotion are presented next. The experimental
step sizes were first compared with the predicted step sizes without any slip at the foot/ soil

interface (Figure 3.13 to 3.20)
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Figure 3. 13 Experimental step size and predicted step size without slip for PS_AFT leg
during backward straight line locomotion
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Figure 3. 14 Deviation between predicted and experimental step sizes for PS_AFT leg
during backward straight line locomotion
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Experimental and predicted step sizes : PS_FWD leg
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Figure 3. 15 Experimental step size and predicted step size without slip for PS_FWD leg

during backward straight line locomotion
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Figure 3. 16 Deviation between predicted and experimental step sizes for PS_FWD leg

during backward straight line locomotion
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Figure 3. 17 Experimental step size and predicted step size without slip for SBS_AFT leg

during backward straight line locomotion
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Figure 3. 18 Deviation between predicted and experimental step sizes for SBS_AFT leg

during backward straight line locomotion

Step size (mm)

Experimental and predicted step sizes : SBS_FWD leg

350.00
300.00
250.00
200.00
150.00
100.00
50.00
0.00

0.00 020 040 0.60 0.80

Backward straight line motion

e

e

+ Step_experiment

— Step_predicted

L 4

T T T T T T

1.00 120 140

tan (total swing angle of leg)

Figure 3.19 Experimental step size and predicted step size without slip for SBS FWD leg

during backward straight line locomotion
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Figure 3. 20 Deviation between predicted and experimental step sizes for SBS_FWD leg

during backward straight line locomotion
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The deviations between the experimental and predicted step sizes are much higher for the
backward locomotion tests than the forward locomotion tests. The average deviation percentages

for the different legs are presented in Table 3.2.

Table 3. 2 Average deviation percentage for backward straight line locomotion

Leg Average deviation percentage |
PS_AFT 31%
PS FWD 14 %
SBS_AFT 46 %
SBS_FWD 23 %

The legs were over predicted during backward straight line locomotion. The average deviation
percentages for the AFT legs were however higher than the FWD legs. The presence of the
ladder assembly results in higher slip percentages for the AFT legs than the FWD legs. The
deviations for the AFT legs were thus higher compared to the FWD legs. The ladder assembly
also generates motion resistance to the FWD legs. Hence, the FWD legs will also slip. The
chances of skid for the FWD legs are lower during backward straight line locomotion. The
outliers in Figures 3.15 and 3.17 represent data points from the same test run, where the final
swing angle of the SBS_AFT leg was almost twice the initial swing angle of the same leg. The
SBS_AFT leg was exhibiting swinging action long after the other legs stopped swinging. This
resulted in unusual movement of the prototype vehicle. The outlier in Figure 3.12 is also due to

the lack of control of the final swing angle of the leg.

The comparisons between the experimental and predicted step sizes for the backward straight

line locomotion with slip conditions at the foot/ soil interface are shown in Figure 3.21.
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Experimental and predicted values of step sizes at different slip %
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Figure 3.21 Experimental and predicted step sizes with different slip percentages for

For the PS_AFT leg, the experimental results are closer to the predicted results with a slip of 20
%. Two experimental data points however coincide with the predicted values of 30 % slip. For
the SBS_AFT leg, the majority of the data points coincide with predicted results of 30 % slip.

The average slip percentage calculated from the experimental results for the PS_AFT leg was 25

backward straight line locomotion

% and that for the SBS_AFT leg was 30 %.
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From the predicted and experimental results, it can be concluded that the maximum percentage
of slip for forward straight line locomotion is 20 % and that for backward straight line
locomotion is 30 % in relatively dry medium to fine sand. The slip percentage for the SBS_AFT
leg is higher than the PS_AFT leg. The higher slip percentage for the SBS_AFT leg may be due
to the 1) time delay factors of the designed hydraulic circuit, and 2) human operational errors.
The slip occurring due to shearing action is a function of the grouser geometry, number of

grousers, soil type and the hydraulic cylinder force available.

The trajectory of the prototype vehicle during straight line locomotion was drawn in AutoCAD
and is presented in Figure 3.22. The step sizes and the headings measured by scales and tapes
during the prototype tests were used to draw the vehicle trajectory. The deviation of the vehicle
from the proposed straight line path was measured from the AutoCAD drawing. The deviation

was given by the perpendicular distance between the proposed straight line path and the actual

vehicle trajectory.
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Figure 3. 22 Vehicle trajectory and deviation from proposed path during straight line
locomotion

As is observed from Figure 3.22, the minimum deviation was 28 mm, while the maximum

deviation was 103 mm. Such deviation values are acceptable for dredging or mining operations.

The maximum level difference negotiable and the maximum submergence possible at a

particular foot/ soil interface are dependent on the 1) stroke of the hydraulic cylinders used for

lifting/ lowering and swinging of the leg, and 2) the allowable tilt for the designed vehicle in the

longitudinal and transverse directions. For the designed vehicle the maximum swing angles

achieved by the FWD legs are different from that of the AFT legs, which was discussed in

section 2.7.6. The maximum allowable slip is also determined by the stroke of the hydraulic

cylinder used for swinging the leg and the maximum swing angle achievable for that particular

leg. The predicted ratios between the swing angles of the AFT to FWD legs were plotted against
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the swing angle of the AFT legs for different level differences between the AFT and the FWD

legs (Figure 3.23).

Ratio between swing angle of AFT legs to FWD legs
Submergence of AFT legs =0 mm
Submergence of FWD legs = 50, 100, 200 and 300 mm
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Figure 3. 23 Ratio between swing angles of AFT and FWD legs for different submergences
of the FWD legs and zero submergence of AFT legs

The AFT legs were assumed to touch the ground with zero submergence. The FWD legs were
assumed to have submergences of 50 mm, 100 mm, 200 mm and 300 mm. Thus the FWD and

the AFT legs were present at two different ground levels.

It was discussed in section 2.7.6, that the maximum swing angle for the FWD legs was 30
degrees, while the maximum swing angle achieved by the AFT legs was 50 degrees. Thus a level
difference of 300 mm between the FWD and AFT legs (Figure 3.2), equal to half the hydraulic
cylinder stroke of 600 mm, is possible. The same conclusion is valid for the PS and SBS legs.
The vehicle tilts under the given conditions are tabulated below, which are within the design
limit i.e. < 10 degrees. The same ratio between the swing angles of the AFT and FWD legs is to

be maintained during the occurrence of slip at the foot/ soil interface.
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Table 3.3 Longitudinal tilt of vehicle for different level differences between AFT and

FWD legs
Level difference (mm) | Longitudinal tilt (degree)
50 1.30
100 2.60
200 5.20
300 7.77

Table 3. 4 Transverse tilt of vehicle for different level differences between PS and SBS legs

Level difference (mm) | Longitudinal tilt (degree)
50 1.2
100 24
200 4.8
300 7.2

Obstacles of diameter < 300 mm can also be negotiated by the prototype vehicle, assuming the
vehicle performs locomotion in a relatively flat and level terrain with scattered boulders of

diameter < 300 mm.

3.3 Gait Plan for Curvilinear Locomotion on Level Terrain

3.3.1 Principle of Curvilinear Motion

The principle of skid steering is used for tracked vehicles where one track is driven faster than
the other, causing the vehicle to turn towards the slower track. A new principle of skid steering is
applied to the designed legged vehicle where differential step sizes are applied to the inner and
outer legs as a result of which the vehicle turns towards the inner legs with lower step sizes.

Differential step sizes can be achieved in two ways using 1) inner legs with equal initial swing

angles (Vleg Cintl_in# 0°) and outer legs with equal initial swing angles (yleg_inﬂ_out #0°),

where, Yjeg intl out >Vleg intl in » and 2) inner legs with zero initial swing angles

(Vleg intl_in= 0°) and outer legs with equal initial swing angles (Vleg _intl_out # 0°). For

ease of operation the initial and the final swing angles should be equal for all the legs. The swing
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angle of the leg is assumed zero, when the leg is vertical. When the top of the leg points towards
the vehicle AFT, the swing angle of the leg is denoted as a positive angle. The principle of

curvilinear locomotion is shown in Figure 3.24.

The two rectangles represent the positions of the main body frame of the vehicle before and after
tuming. The centre of gravity of the vehicle is assumed at the mid-point of the vehicle main body
frame. The instantaneous centre of rétation is given by the point of intersections of the
perpendiculars drawn to the longitudinal centre lines of the main body frame at the assumed
centre of gravity. The turning radius for any point is given by the linear distance between the

instantaneous centre of rotation and the point under consideration.

CURVILINEAR MOTION

INSTANTANEOUS CENTER OF ROTATION
MACHINE, MOVED POSITION

ANGLE. PS AFT ROTATION

ANGLE, MACHINE ROTATIO

ANGLE, SBS AFT ROTATIO

-

PS AFT FRAME STEP

MACHINE FRAME STEP

VAN

L SBS AFT FRAME STEP

MACHINE, INITIAL POSITION

Figure 3. 24 Principle of curvilinear motion

According to the design, two separate hydraulic circuits are used to drive the inner and the outer
legs. If the hydraulic oil flows of both the circuits are the same, the time required by the outer

legs to swing will be higher than the inner legs. The inner legs might slip or skid under the given
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circumstances. The hydraulic oil flows may be adjusted for the two separate hydraulic circuits,
so that both the inner and outer legs have the same swinging time irrespective of the swing

angles.

3.3.2 Kinematics of Skid Steering for the Legged Vehicle

A two-dimensional model for curvilinear locomotion on level and relatively flat terrain was
developed. Figure 3.25 shows the designed legged vehicle turning about an instantaneous centre

of rotation O; [-], with a turning radius of Ry, [m] and a yawing velocity of Qycpicie

[rad/sec]. It was assumed that the outer legs had an equal angular velocity of Qleg out Irad/sec]
while the inner legs also had an equal angular velocity of Qjeg j; [rad/sec]. It was assumed

that during turning there was no slip or skid at the foot/ soil interface.

Vleg out

Yvehicle _theo

Vieg in

Fp  foot _in b

A 4

Figure 3. 25 Principle of skid steering for the legged vehicle

The turning behavior of the designed legged vehicle using skid-steering depends on the step sizes

of the outer and inner legs, (xstep out) [m] and (xstep in) [m], the resultant resisting force
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(Fres) [KN], the moment of turning resistance (Mqs) [KN-m] exerted on the feet by the
ground and the vehicle design parameters e.g. width of the vehicle (Byepicle) [m], dimensions
of the foot, and linear velocities of the outer and inner legs, (Vleg_ out) [m/sec] and (Vleg_in)
[m/sec] respectively.

For a small turning angle and with a greater turning radius, the outer and inner step sizes,
Xstep _out =Le _out *Seg owr*t [m] and Xgop jy=Le jn*Qeg jn*t [m] may be
assumed to be straight lines (Figure 3.24 and 3.26), where Lo out [m] and Le_in [m] are the

effective leg lengths of the outer and inner legs respectively.

Outer Leg Step=
/ Xstep out =le ot eg au™

_________ /_—“—*K—__———'
! Vehicle Center Line

“mm<goo
\ Inner Leg Step=

/
/ Xstep _in=Le in *Qleg_in *t

Center of
Rotation, O;

Figure 3. 26 Step sizes for inner and outer legs for curvilinear locomotion

If the feet do not slip (or skid), the turning radius (Rturn) [m] and the yaw velocity of the

vehicle (Qvehicle) [rad/sec] are deduced,
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_ Byenicle (Le_ othleg _out™ Le_ ianeg _in )

5 [Equation 3.8]

Rtur n

(Le_ othleg _out~ Le _ ianeg _in )

When L, 44t = Lo i, Equation 3.8 is modified,

Byehicle (Kleg + l)

[Equation 3.9]
2(Kjeg -1)

Riyrn =

where, Kleg [-] is the ratio of the angular velocities of the outer and inner legs. In level and
relatively flat terrain, L, o, # Lo jpn. Since the swing angles of the outer and inner legs are

different. The perpendicular distance between the leg swing pin centre and the foot hinge pin

centre (Lo) [m] is however equal for all the legs in level and relatively flat terrain. In sloped or

uneven terrain, the effective lengths of the outer and inner legs are equal when the following

condition is satisfied,

Lo in _ coS(Yleg intl in)
Lo out ©03(Vieg intl out)

[Equation 3.10]

The yawing velocity of the vehicle is deduced as,

Le outYeg out+Le inleg in [Equation 3.11]

Qyehicle = 2R,
urn

When L, 5, = Lg ;. the yawing velocity is obtained,

Le outQeg in (Kleg - 1)
Byehicle

Qyehicle = [Equation 3.12]

The no slip or skid conditions are ideal conditions. In reality, slip and skid at the foot/ soil

interface will be common. Slip occurs when there is a swing velocity of the leg and the foot slips
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over the ground in a direction opposite to vehicle motion, but the swing pin centre does not move.

The slips at the inner and outer feet/ soil interface are defined,

; | 1%
in |+
Le ianeg_in

] *100%
[Equation 3.13]
%

oryipyt = [l - } *100%

Le_ othleg _out
where, v is the actual linear velocity of the vehicle body frame at the swing pin' for the

respective leg [m/sec]. The terms Ly jnQjeo i and Le ytQeg our Tepresent the
theoretical linear velocities of the inner and outer legs respectively [m/sec].
Skid occurs when there is no swing velocity of the leg, but the swing pin centre moves along

with the leg and the foot in the direction of the vehicle motion. The skids for the inner and outer

legs are given in equation 3.14.

L, ,,Q ;
iin=£1— L leg—’”)*mO%
v
[Equation 3.14]

Le_ﬂ othleg _out J *100%
(V]

The definitions of slip and skid are schematically shown in Figure 3.27.
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Figure 3. 27 Definitions of slip and skid

In case of a tracked vehicle during a turning maneuver, an appropriate thrust or braking force is
applied to the track. As a result the track will either slip or skid, depending on whether a forward
thrust or a braking force is applied [Wong, 1993]. The outside track always develops a forward
thrust and therefore slips [Wong, 1993]. The inside track may develop a forward thrust or a
braking force depending on the magnitude of the turning resistance moment, the total resisting
force, and the dimensions of the vehicle and tracks [Wong, 1993]. Unlike tracked vehicles, the
slipping or skidding may occur at any of the four feet of the designed legged vehicle depending
on whether the leg has a swing velocity or not. Since the main body frame of the vehicle is rigid
and the inner legs have equal swing angles during turning, the inner legs were assumed to have

equal slip or skid. The same assumption was made for the outer legs. The modified turning

radius R;um [m] and the modified yawing velocity Q'vehicle [rad/sec], when the slip or skid at

the foot/ soil interface is taken into consideration are given below,

' Byehicle * [Le _ourQeg out (1~iour )+ Le _inQleg _in (1-iin )]

turn = : : [Equation 3.15]
urn 2 [Le_ othleg _out (1 ~lout ) —Le _ ianeg _in (1 “YUn )]
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' L Q 1-14 +L o) -
Qyehicle =[ el leg__out( lout) ¢ leg__m( n )jl [Equation 3.16]

2Rtyrn

With L, ,yt = Lo i, the modified turning radius and the modified yawing velocity are given
in the next two equations,
' Byehicle ™ [Kleg (1 —lout ) + (1 —lip ):|

{ = .
o 2[Kleg (1_i0ut)“(1"in ):I

Le_othleg _in [_Kleg (1 —lout ) - (1 ~ijn )}

Byehicle

[Equation 3.17]

Q'vehicle = [Equation 3.18]

where i,,; and i, are the slip (or skid) of the outer and inner legs respectively.

The relationship between the turning angle (y turn) of the vehicle [degree], the turning radius

(Rpyrn ) [m] and the step size (Xgzep ) for any point on the vehicle [m] is given in Equation 3.19

(Figure 3.24).

Xstep = 2 * Ryyypp *sin

14
__tl;ﬂ] [Equation 3.19]

3.3.3 Experimental and Predicted Results for Curvilinear Locomotion

The test matrices and the experimental and predicted data for the curvilinear locomotion tests are
given in Appendix 7. The comparisons between the experimental and predicted results with
unequal outer and inner leg swing angles are presented first. The different positions of the
vehicle during successive locomotion cycles were drawn on an AutoCAD drawing (Figure 3.28).
The points in the figure represent the positions of the instantaneous centers of rotation. The final
heading was achieved by turning the vehicle through successive small angles. The definition of

instantaneous centre of rotation is shown in Figure 3.24.
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Figure 3. 28 Vehicle trajectory for curvilinear locomotion on flat terrain with unequal
swing angles of outer and inner legs

The experimental turning radii, turning angle and the step size of the assumed centre of gravity,
PS_AFT and SBS AFT corners were measured from the AutoCAD drawing. The procedure is
discussed in Appendix 7. The step size for given experimental turning radius and turning angle

was predicted by using Equation 3.19. This is the predicted step size.

The comparisons between the experimental and predicted step sizes for a given turning radius
and turning angle are shown in Figure 3.29. The deviations between the predicted and
experimental step size results for the PS_AFT and SBS_AFT legs are shown in Figure 3.30 and

3.31. The deviation was the predicted value minus the experimental value.
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Figure 3. 29 Experimental and predicted step size vs. turning angle of vehicle for
curvilinear locomotion with unequal angles (AFT legs)
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Figure 3. 30 Deviation between predicted and experimental step size value for curvilinear
locomotion with unequal angles (PS_AFT leg)
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Figure 3. 31 Deviation between predicted and experimental step size value for curvilinear
locomotion with unequal angles (SBS_AFT leg)

The turning angles measured were either 1 degree or 2 degrees, while the turning radii varied

from approximately 3.5 m to 13 m. Since the step size and the deviation were plotted against

the sin (@%@&j , the data points are parallel to the Y axis in Figures 3.29, 3.30 and 3.31.

The experimental and predicted step sizes of the assumed centre of gravity of the vehicle were
plotted against the turning radii of the vehicle (Figure 3.32). The deviations between the
predicted and experimental step sizes for the assumed centre of gravity of the vehicle are shown

in Figure 3.33.
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Figure 3. 32 Experimental and predicted step size of the vehicle centre of gravity vs.
turning radius of vehicle for curvilinear locomotion with unequal angles
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Figure 3. 33 Deviation between predicted and experimental step size of the vehicle centre
of gravity for curvilinear locomotion with unequal angles

Figure 3.32 shows the predicted step sizes lay along two distinct curves. This is because the
turning angle of the assumed centre of gravity of the vehicle was either 1 degree or 2 degrees

during all the successive locomotion cycles, while the turning radius varied.
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It is observed from Figure 3.30, the experimental and predicted step sizes for the PS_AFT leg,
are relatively close to each other. Most of the deviations are within 0 to (-) 20 mm. The
SBS_AFT leg shows both positive and negative deviations and most of the deviations vary
between (+) 40 to (-) 40 mm. The PS_AFT leg was thus exhibiting a minor amount of skidding
during turning. Since the PS legs were the inner legs during turning, skidding action can occur.
The SBS leg showing both over predicted and under predicted step sizes must be exhibiting slip

as well as skid at the foot/ soil interfaces during turning.

It is observed from Figure 3.33, that most of the deviations for the assumed centre of gravity of
the vehicle are negative and vary from 0 to (-) 40 mm. The minimum, maximum and average
values of the experimental and predicted step sizes and the deviations are presented in Table 3.5.
It is observed that the step sizes of the assumed centre of gravity of the vehicle are closer to the

SBS AFT leg.

Table 3.5 Representative values of step size and deviation for curvilinear locomotion with
unequal angles

Step size (mm)
Values PS AFT SBS AFT Machine_CG
Experimental Predicted Experimental Predicted Experimental Predicted
Minimum 95 75.5 150 113 144 109
Maximum 325 230 265 293 238 293
Average 169 147 214 215 204 191
Deviation (mm / percentage)

Values PS AFT SBS AFT Machine CG

Experimental Experimental Experimental
Minimum - 176/ - 54 -53/-24 -49/-22
Maximum 53/33 73/33 82/39
Average -22/ -9.5 3/0.6 6/2

The deviations between the experimental and predicted step sizes are due to 1) manual operation
of the electronic switches actuating the solenoids of the directional control valves operating the
hydraulic actuators, 2) slip or skid at the foot/ soil interface, and 3) absence of oil flow control

system in the designed hydraulic circuits.
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Due to manual operation, it was extremely difficult to control the final swing angles of the legs.
Sometimes one or more leg was still swinging while the others stopped their movements. The
manual operation posed problems in accurately following the theoretical gait plans developed
and as a result the vehicle exhibited fairly complex turning behaviors. This resulted in unusual
slip or skid actions at the foot/ soil interfaces too. As long as there is a leg swing velocity, the
respective foot has a tendency to slip. When there is no swing velocity of the inner legs, the inner
feet have tendencies to both slip and skid. This occurs when the inner legs have stopped
swinging and the outer legs still exhibit swinging motion. Due to the absence of a flow control
system in the hydraulic circuits and unequal leg swing angles of the inner and outer legs, these
phenomena will occur frequently leading to deviations between experimental and predicted
results. With the present experimental set up, the deviations between the experimental and

predicted values are unavoidable but the results do show the general performance of the vehicle.

The turning radius was predicted by using Equation 3.8, where slip or skid at the foot/ soil
interface was neglected. The predicted turning radius was compared with the experimental
turning radius measured from the AutoCAD drawing (Figure 3.28). The comparisons are shown
in Figure 3.34. No correspondence is observed between experimental and predicted results. The
reasons discussed above for the deviations between the experimental and predicted step sizes are

also applicable for the turning radii.
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Experimental turning radius and predicted turning radius
without slip/ skid vs. Difference in outer and inner step sizes
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Figure 3. 34 Experimental turning radius and predicted turning radius without slip/ skid
at the foot/ soil interface

The turning angle of the vehicle was predicted by using Equation 3.11, which neglects the effect
of slip/ skid at the foot/ soil interface. The comparison between the experimental and predicted

turning angles of the vehicle is shown in Figure 3.35.

Experimental turning angle and predicted turning angle

without slip/ skid vs. Difference in outer and inner step sizes

3.00

2.50 n

NN ]

%;0 . 2.00 Aok
gﬂ g‘;o L5 . A Tumfng angle_expefirmnt
E= L] ® Tuming angle_predicted
& 100 a2

0.50

0.00 r T

0 50 100 150
Difference in step size (mm)

Figure 3. 35 Experimental turning angle and predicted turning angle without slip/ skid at
the foot/ soil interface

105



The vehicle turning angles were very small and hence the deviation observed was also of the
order of 0.5 degree. Such deviations can be neglected under the given experimental set up and

measuring techniques used.

The modified turning radius and turning angle were predicted by using Equations 3.15 and 3.16.

It was assumed that only slipping action was occurring at the foot/ soil interfaces. When skid
occurs i,,,; and i;, will be negative in Equations 3.15 and 3.16. Two different scenarios were
considered for predicting the modified turning radii and the modified turning angles with slip
conditions 1) slip of the outer legs is > slip of the inner legs, and 2) slip of the inner legs is > slip
of the outer legs. Figure 3.36 and 3.37 show the comparisons between the experimental and

predicted values of the turning radius and turning angle for different slip conditions.

The different series shown in Figure 3.36 and 3.37 are explained in Table 3.6. The slip values in
Table 3.6 were based on the step size results for straight line locomotion (Figure 3.12 and Figure

3.21).

Table 3. 6 Different series of Figure 3.36 and Figure 3.37

Inner slip < Outer slip
Series | Inner slip/ skid (-) | Outer slip/ skid (-)

Series 1 0.1 0.2
Series 2 0.1 0.3
Series 3 0.2 0.3
Series 4 0.1 0.3

Inner slip > Outer slip
Series | Inmer slip/ skid (-) | Outer slip/ skid (-)

Series 1 0.3 0.1
Series 2 0.3 0.2
Series 3 0.4 0.2
Series 4 0.2 0.1
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Experimental turning radius and predicted turning radius with slip
vs. Difference in outer and inner step sizes
Slip of outer legs > Slip of inner legs
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Figure 3.36 Experimental and predicted values of turning radii and turning angles with
slip (slip of outer legs is > slip of inner legs)

Figure 3.36 shows that the experimental values are close to the predicted values represented by
Series 1 and Series 3. Good matching of experimental and predicted values of the turning radii
and turning angles was not obtained for the cases where slip of inner legs was > slip of outer legs

(Figure 3.37).

It was possible to calculate the slip or skid percentages occurring at the different foot/ soil
interfaces from the measured positions of the vehicle for the straight line locomotion tests. This

is presented in section 3.2.2. The vehicle exhibited very complex turning behavior during the
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curvilinear tests due to manual operation of the electronic switches actuating the solenoids of the
DC valves of the hydraulic cylinders. Hence, it was not possible to assess the slip or skid

percentages during the curvilinear tests from the vehicle positions.

Experimental turning radius and predicted tuming radius with slip
vs. Difference in outer and inner step sizes
Slip of inner legs > Slip of outer legs
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Figure 3. 37 Experimental and predicted values of turning radii and turning angles with
slip (slip of inner legs > slip of outer legs)

The vehicle trajectory for curvilinear locomotion with inner legs fixed is shown in Figure 3.38.

108



CURVILINEAR MOTION: INNER LEG FIXED

DISPLACED PS_AFT FRAME {J} AFTER
STEPS FROM POINT 1 TO {3

PS_AFT FRAME: {1}
STATION FRAME: {S}

MACHINE FRAME: {M}
SBS_AFT FRAME: {K}

Figure 3. 38 Vehicle trajectory for curvilinear locomotion on flat terrain with inner legs
fixed

The experimental step sizes of the different legs for the curvilinear locomotion with inner legs
fixed are shown in Figure 3.39. The PS legs were the inner legs with zero swing angles. Hence
the data points for the PS legs clustered on the Y axis. This figure gives an idea of the magnitude
of the step sizes achieved for the given set of test. The PS_FWD leg has the lowest step size.
Theoretically, the step sizes of the inner legs should be zero, but due to slip and skid, the inner
legs exhibited minor movements. During the execution of the test, the final swing angle of the
SBS_AFT leg always became more due to the operational error. Human operational error crept
in during this set of tests, but the tests prov.ed that it is possible to turn the vehicle by keeping the

inner angles fixed.

It is easier to control curvilinear locomotion with the inner legs fixed as only two legs are

operated at a time. But the magnitude of slip or skid at the inner foot/ soil interface will be much
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higher since the inner legs are always fixed. Higher stresses in the legs, feet and soil might also

be generated as a result of this type of movement.

Experimental step size vs. tan (total leg swing angle):
Curvilinear locomotion: Inner legs fixed
250
200 >
'g 50 . *e o Leg SBS AFT
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[ ] ne
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tan (total leg swing angle) (-)

Figure 3. 39 Experimental step sizes for curvilinear locomotion with inner legs fixed

The magnitude of the slip generated at the foot/ soil interface determines the tractive force

available for the vehicle movement, which are further discussed in section 3.6.1, 3.6.2 and 3.6.3.

The theoretical turning radius of the vehicle was plotted against 1) the ratio between the step
sizes of the outer and inner legs, and 2) the ratio between the angular velocities of the outer and
inner legs for different inner leg step sizes (Figure 3.40). The slip or skid at the foot/ soil

interface was neglected. The perpendicular distance between the leg swing pin centre and the

foot hinge pin centre (Lo) was assumed to be 340 mm. The skidding of the belly was not

included in these analyses, since during the curvilinear tests the belly was not in contact with the

soil.
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Turning radius vs. Ratio between step sizes of outer and inner legs
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Figure 3. 40 Predicted turning behavior under no slip condition

It is observed from Figure 3.40, the turning radius becomes almost constant after attaining a
particular value of the ratio between step sizes or angular velocities between outer and inner legs.
With increase in the step size of the inner leg, the value of this particular ratio decreases. The
ratio between the step sizes of the outer and inner legs should be varied from 1 to 2, beyond

which the turning radius attains a constant value. The ratio between the angular velocities of the

111



outer and inner legs must be varied from 1 to 1.75. The inner leg step size was varied from 100

to 500 mm.

The turning angle of the vehicle under no slip conditions was plotted against the ratio of the step

sizes and angular velocities of the outer and inner legs (Figure 3.41 and 3.42). The perpendicular

distance between the leg swing pin centre and the foot hinge pin centre L, was kept at 340 mm.

Turning angle vs. Ratio between step sizes of outer and inner legs
Width of vehicle =2.36 m, Slip=0 %
With different inner step sizes

70

—o— Inner step size = 100 mm|
—&— Inner step size = 300 mm

—a— Inner step size = 500 mm

Tuming angle (degree)

0 2 4 6 8 10 12

Ratio between step sizes of outer and inner legs (-)

Figure 3. 41 Predicted turning angle under no slip condition vs. ratio between step sizes of
outer and inner legs

The ratio between the angular velocities of the outer and inner legs can be varied over a range to
obtain different turning angles with lower values of inner leg step size. The turning angle
changes very rapidly with a minor change in the ratio between the angular velocities when the

inner leg step size is increased.
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Turning angle vs. Ratio between angular velocities of outer and inner
legs
Width of vehicle =2.36 my, Slip=0 %
With different inner step sizes
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Figure 3. 42 Predicted turning angle under no slip condition vs. ratio between angular
velocities of outer and inner legs

The turning behavior of the vehicle was predicted with slip occurring at both the outer and inner
feet/ soil interfaces. The step size of the inner leg was considered to be equal to 100 mm, while
the step size of the outer leg was varied from 110 to 1020 mm with an increment of 10 mm. The

perpendicular distance between the leg swing pin centre and the foot hinge pin centre L, was

kept at 340 mm. The slip of the inner leg was considered to be 10 %, while the slip of the outer
leg was varied from 20 to 50 % with an increment of 10 %. The different series in Figure 3.43
represent the difference between the outer and the inner slip percentages. It was observed from
Figure 3.36, that a good match existed between the experimental results and the predicted results
with the slip of outer legs being > the slip of inner legs. Hence only this condition was

considered for the following predicted results shown in Figure 3.43.
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Figure 3. 43 Predicted turning behavior of the designed vehicle with slip

To achieve the same turning radius, with increase in slip difference between the outer and inner
legs, the difference between the outer and inner step sizes needs to be increased also. With the
same difference in step size, the angular velocity of the vehicle decreases with the increase in the

difference in the slip percent between the outer and the inner legs.




Uncertainty analyses for the gait planning tests were performed, which are presented in

Appendix 8. The following results were obtained from such analyses.

For forward straight line locomotion the confidence limit for the calculated step sizes of the
portside after leg is 10.07 mm with 95 % confidence level and 11 samples. The confidence limit
for the experimental step sizes for the portside after leg is 32 mm with 95 % confidence level and
14 samples. The mean experimental step size for the portside after leg was found to be 226 mm.
The confidence limit indicates that the mean step size will be 226 = 32 mm with a 95 %
confidence level. The confidence limit for the calculated step sizes for the portside forward leg is
5 mm with 95 % confidence level and 11 samples. The confidence limit for the calculated step
sizes for the starboard side after leg is 11.3 mm with 95 % confidence level and 10 samples. The
confidence limit for the experimental step sizes for the starboard side after leg is 35.9 mm with
95 % confidence level and 14 samples. The mean experimental step size for the starboard side
after leg was 237.5 mm. The confidence limit for the calculated step sizes for the starboard side
forward leg is 6.7 mm with 95 % confidence level and 10 samples. The experimental step sizes
of the forward legs were determined from the machine geometry and the experimental step sizes
measured for the after legs. Hence the experimental step sizes of the portside after and portside

forward and that for the starboard side after and starboard side forward were equal.

In case of backward straight line locomotion, the confidence limit for the calculated step sizes of
the portside after leg is 35.8 mm with 95 % confidence level and 5 samples. The confidence limit
for the experimental step sizes for the portside after leg is 44.1 mm with 95 % confidence level
and 6 samples. The mean experimental step size for the portside after leg was found to be 191.6
mm. The confidence limit for the calculated step sizes for the portside forward leg is 83.7 mm

with 95 % confidence level and 3 samples. The confidence limit for the calculated step sizes for
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the starboard side after leg is 34.5 mm with 95 % confidence level and 5 samples. The
confidence limit for the experimental step sizes for the starboard side after leg is 40.9 mm with
95 % confidence level and 6 samples. The mean experimental step size for the starboard side
after leg was 175.8 mm. The confidence limit for the calculated step sizes for the starboard side

forward leg is 25.6 mm with 95 % confidence level and 5 samples.

For curvilinear locomotion with unequal angles to the inner and outer legs, the confidence limits
for the experimental step sizes of the portside after and starboard side after legs were calculated.
The confidence limit for the experimental step sizes for the portside after leg is 29.7 mm with 95
% confidence level and 11 samples. The mean experimental step size for the starboard side after
leg was 175.9 mm. The confidence limit for the experimental step sizes for the starboard side
after leg is 16.6 mm with 95 % confidence level and 11 samples. The mean experimental step
size for the starboard side after leg was 211.8 mm. The confidence limits for the tufning radius
and turning angle of the assumed centre of gravity of the designed vehicle were also estimated.
The confidence limit for the experimental turning radius of the assumed centre of gravity of the
prototype vehicle is 1641.7 mm with 95 % confidence level and 11 samples. The mean value of
the turning radius was 9211.6 mm. The confidence limit for the experimental turning angle of the
assumed centre of gravity of the prototype vehicle is 0.29 degree with 95 % confidence level and

11 samples. The mean value of the turning radius was 1.36 degree.

3.4 Locomotion Cycle Time

This section describes the parametric model developed to evaluate the locomotion cycle time for
the designed submersible walking vehicle. When the vehicle performs straight line locomotion
on level and relatively flat terrain, the locomotion cycle time is identical for all the four legs. The

locomotion cycle time however will be different for the four legs, when the vehicle performs

116



straight line locomotion on uneven terrain or curvilinear locomotion on any terrain. The cycle
time of the leg, which takes the maximum time to finish the locomotion cycle will be considered

under such circumstances.

The motion of one leg is simulated to predict the locomotion cycle time of the vehicle. The
locomotion cycle was divided into four separate sub-cycles of 1) preparatory cycle, 2) motion

cycle, 3) idle cycle, and 4) finishing cycle.
The details of the parametric locomotion cycle model are discussed in Appendix 8.

3.4.1 Experimental Results for Locomotion Cycle Time

The different steps followed during the straight line and curvilinear locomotion tests are
discussed in Appendix 6 and 7. The experimental data for the locomotion cycle time are
presented in Appendix 8. Because of the manual operation of the solenoid actuating the

electronic switches of the DC valves, it was possible to measure ¢3,f4 and t5 [sec], as defined in
Appendix 6 and 7. The time required to lower the leg is denoted by ¢3 seconds. The legs take #4
seconds to move through an angle of ( Vleg intl+7leg fnl) [degree], where Yleg _intl is the
initial is angle of leg swing [degree] and Yieg _fnl is the final angle of leg swing [degree]. The
time required to lift the leg is denoted by ¢5 seconds. The cycle times #; and f) were estimated

from t4 and the total angle moved by the leg.
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The locomotion cycle time for different legs was plotted for successive locomotion cycles for a

particular set of gait planning tests. The results for the forward straight line locomotion are

shown in Figure 3.44.
Locomotion cycle time
Forward straight line locomotion
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Figure 3. 44 Locometion cycle time for forward straight line locomotion

The total distance moved by the PS corner during the entire locomotion test (forward straight
line) was 2025 mm and that by the SBS comer was 2155 mm. It was thus estimated that the
vehicle moved an average distance of 2090 mm during the particular locomotion test. The
average speed of the vehicle was calculated from the average distance moved by the vehicle and
the average locomotion cycle time. The calculated average speed of the vehicle is approximately
0.01 m/sec which is iow compared with other submersible tracked or legged dredgers. The
average locomotion cycle time in each test for the AFT legs is greater than that of the FWD legs.

This is possibly because of the presence of the ladder assembly.

In general the locomotion cycle time increased with the increase in the step size of the leg. But, it

was also observed that the locomotion cycle time increased even for the same step size, or the
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locomotion cycle time decreased with the increase in the step size. These discrepancies can be

explained due to the manual operation of the electronic switches and slip/ skid at the foot/ soil

interface.

The graphical results for backward straight line locomotion are shown in Figure 3.45.

Locomotion cycle time
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Figure 3. 45 Locomotion cycle time for backward straight line locomotion

The average locomotion cycle time for the FWD legs is higher compared to the AFT legs during
backward straight line locomotion. The direction of movement and the presence of the ladder

assembly has an influence on the locomotion cycle time of the FWD and AFT legs.

The same trend with the leg swing angle and the locomotion cycle time or with the step size of
the leg and the locomotion cycle time was observed in both forward and backward straight line
locomotion. The discrepancies can be explained due to the same reasons as was given for the

forward straight line locomotion.
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The total locomotion cycle times for forward and backward straight line locomotion are given in
Table 3.7. The number of steps for backward straight line locomotion tests was less than the
number of steps for forward straight line locomotion tests. Hence the total locomotion cycle time

for forward test is larger than backward straight line locomotion test.

Table 3. 7 Total locomotion cycle time during the entire locomotion test for straight line
locomotion

Forward straight line locomotion Backward straight line locomotion
-(sec) sec)
PS AFT | PS FWD | SBS AFT | SBS FWD | PS AFT | PS FWD | SBS AFT | SBS FWD
238.00 244.00 228.80 234.55 136.00 155.00 130.50 147.40

The graphical results for curvilinear locomotion with inner legs fixed are given in Figure 3.46.
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Figure 3. 46 Locomotion cycle time for curvilinear locomotion with inner legs fixed

Because of the manual operation, it was difficult to control the final swing angles of the legs.
The locomotion cycle time for each cycle is similar for both straight line and curvilinear

locomotion.
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The graphical results for curvilinear locomotion with unequal inner and outer leg angles are
given in Figure 3.47. The locomotion cycle time for curvilinear locomotion with unequal angles
was greater than that of curvilinear locomotion with inner legs fixed. The vehicle trajectories for

both types of curvilinear locomotion should be checked to select the suitable one for executing

the curvilinear locomotion.
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Figure 3. 47 Locomotion cycle time for curvilinear locometion with unequal angles

3.5 Soil Pressure and Stability
3.5.1 Soil Response Models

To develop the soil response models, each foot was treated as a shallow foundation of variable
configuration resting on the soil without any overburden (Figure 3.48). The ground slope was
neglected for the analyses. The soil was assumed to behave as an ideal elasto-plastic material and

the soil failure was described by the Mohr-Coulomb failure criterion.
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Figure 3. 48 Soil response force system during locomotion

The main design considerations for the designed vehicle were the 1) safety of the vehicle and its
components, 2) functional utility, and 3) dependability. These can be achieved by 1) safety

against soil failure, 2) tolerable settlements, and 3) sufficient strength of the sub-soil.

The safety against the soil failure at the foot/ soil interface is concerned with the bearing capacity
of the soil, which is discussed in Appendix 1. The requirement of tolerable settlement is
concerned with the total and differential settlements at the foot/ soil interface (Figure 3.49). Only
immediate and primary settlement criteria are applicable to the designed legged vehicle. In case
of an ideal elasto-plastic soil, when the normal load is light, the soil beneath it may be in a state
of elastic equilibrium. With the increase in load, a point is reached when the soil beneath the foot
will pass into a state of plastic flow, and the settlement of the foot will increase abruptly resulting
in failure. At the point of failure, the soil beneath the foot can be divided into three different
zones as shown in Figure 3.50. Zone I is defined as the ‘active Rankine zone’, Zone II is the
‘Prandtl zone’ and Zone III is the ‘passive Rankine zone’. Zone I pushes Zone II sideways and

Zone IIT upwards.
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Figure 3. 49 Total and differential settlement
In the Figure 3.50, AC and DE are straight lines, inclined at 459 +¢30il 5 and 450 —¢50’%

with the horizontal respectively. The shape of CD varies from a logarithmic spiral to a circle

B foot

Psoil _surcharge

depending on the values of @¢,;7 and y,;1 * , where B f,q; is the width of the

foot [m], pgeir surcharge is the soil surcharge [kPa] (additional soil load), 7,,;; is the specific

weight of the soil [kN/m’], and deoil 1s the angle of internal friction of the soil [degree].

The total allowable settlement for the designed vehicle was considered to be equal to the
maximum lift of the designed leg. The maximum tilt of the designed vehicle should not exceed
10° in transverse and longitudinal directions, when differential settlements occur at different feet/

soil interfaces. Allowable ultimate normal pressure ¢, [kPa] may be assumed on the basis of the

allowable settlement.
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Figure 3. 50 Failure pattern under the foot

The strength of the sub-soil is important and with increase in the normal load, the pressure bulbs

extend to greater depths. In order to predict the required sub-soil strength, the stress distribution

characteristics in an elastic medium due to a uniform pressure pgoil  normal [KPa] applied over

a strip of infinite length and of constant width (Bsm-p) [m] was considered. At a depth equal to

the width of the strip, the vertical stress under the centre of the loading area is approximately 50
% of the applied pressure and practically vanishes at a depth equal to twice the width of the strip

[Bekker, 1956; Wong, 1993].

3.5.2 Static and Dynamic Load at Foot/ Soil Interface

The determination of the normal load at the foot/ soil interface as a function of the static and the
dynamic forces acting on the designed vehicle is a very complex problem. In this thesis, the
normal load was expressed only as a function of the static vehicle weight and the dynamic load
generated by the leg swing hydraulic cylinder. Two-dimensional parametric models were
formulated separately to express the normal load as a function of the static and dynamic loads

acting on the vehicle.
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The static and dynamic forces acting at the foot/ soil interface can be categorized into 1)
equipment related forces, and 2) environment related forces. The static equipment related forces
include the gravity forces of all the components of the vehicle at different orientations of the
vehicle either due to operation (e.g. position of the leg) or due to the ground condition (e.g.
slope). The dynamic equipment related forces can be harmonic, periodic or impulsive in nature
and are due to the operations of the different actuators. The static environment related forces
include the buoyant forces at different orientations of the vehicle. The dynamic environmental

forces are created by currents, waves and collisions with other submerged bodies or animals.

Only the static forces (gravity and buoyancy) and the dynamic forces due to the operation of the
leg actuators were considered in developing the designed vehicle—terrain interaction models and

the soil response models.

3.5.3 Static Load

The static load due to the weight of the different components of the designed vehicle is a vertical

load and is transferred through the leg swing pins to the feet/ soil interfaces (Figure 3.51).

IfF prp_vert _leg is the proportional vertical static load transferred to a particular leg swing

pin [kN], then the vertical and horizontal force components acting at the foot/ soil interface are

given in Equation 3.20.

2
Fprp _vert _leg _vert =Fprp _vert _leg ™08 (7/ leg ) [Equation 3.20]

Fprp_vert_leg_hor =Lprp vert leg *0057*Sin(7’leg)

where, Veg is the swing angle of the leg [degree].
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The proportional vertical static load (F prp_vert leg) [kN] for the prototype vehicle was

estimated by formulating a two-dimensional model based on simply supported beam theory.
Because of the vehicle symmetry, the following assumptions were made when the legs are
vertical and the ladder is horizontal with zero swing and pitch angles 1) the normal load at the

FWD legs were equal, and 2) the normal load at the AFT legs were equal.

F prp _vert leg

Vleg

/ F prp_vert leg *sin(y, leg) *cos(y, leg)

2
Forp _vert_leg *c0s (?’leg )
Figure 3. 51 Static load due to weight at the foot/ soil interface

The distance of a particular component from the vehicle AFT, the weight of the component and

the type of load distribution assumed for the particular component are shown in Table 3.8.
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Moments of the different components were taken about the AFT leg swing pin centre, to predict

the proportional vertical static load transferred to the FWD and AFT legs.

Table 3. 8 Design properties of different components of the vehicle

Component Start Finish Length Total Add5 % Weight/ Remarks
from from body (m) weight to weight Length Type of load
body aft aft (kN) (kN) (kN/ m) assumed
(m) (m)
1. Main frame 0.00 3.30 3.30 5.04 5.29 1.60 Distributed
2. Ballast tanks 0.05/2.25 | 1.05/3.25 1.00 4.25 4.46 2.23 Dist. half
3. Leg and foot 0.55/2.75 | 0.55/2.75 NA 549 5.76 2.88 Concentrated
4. Hyd. module 1.81 2.14 033 4.42 4.64 7.14 Distributed
5. Control module 1.16 1.49 0.33 2.44 2.56 3.94 Distributed
6. Dredge pump 0.00 1.10 1.10 1.91 2.01 1.82 Distributed
7. Eductor pump 1.10 2.20 1.10 1.23 1.29 1.17 Distributed
8. Pipelines 1.00 3.30 2.30 0.35 0.37 0.16 Distributed
9. Ladder trunnion 3.30 3.30 NA 1.1 1.16 1.16 Concentrated
10. Cutter system 2.96 3.78 0.82 1.51 1.59 1.95 Distributed
11. Ladder boom 0.00 2.25 2.25 1.54 1.62 0.72 Distributed
12. Ladder dipper 2.25 3.35 1.1 0.63 0.66 0.60 Distributed

The magnitude of the moment arm and the moment for the different components of the designed

vehicle are presented in Table 3.9.

Table 3.9 Moment arm and moment for the different components of the vehicle

Component Moment arm (m) | Load (kN) | Moment (kN-m)
Ballast Tanks AFT 0.00 2.23 0.00
LFC AFT 0.00 2.88 0.00
Dredge Pump 0.00 2.02 0.00
Control Module 0.87 2.56 2.23
Main Frame 1.10 5.28 5.81
Eductor Drive Pump 1.10 1.29 1.42
Hydraulic Module 1.33 4.64 6.17
Pipeline 1.60 0.37 0.59
Ballast Tanks FWD 2.20 2.23 4.91
LFCFWD 2.20 2.88 6.34
Trunnion, Ladder Assy. 2.75 1.16 3.19
Ladder Assy. 2.75 3.86 10.62
Total 31.40 41.26

The proportional vertical static loads (F prp_vert leg) [kN] transferred to the FWD and AFT

leg swing pin centers, when the legs were vertical and the ladder assembly was horizontal with
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zero swing and pitch angles were estimated as 1) FWD two legs are 18.76 kN, and 2) AFT two

legs are 12.64 kN.

When the legs are vertical i.e. the swing angle of the leg, Vieg = 0°, and the proportional vertical
static load transferred at the leg swing pin centre (Fprp_vert i leg) [kN], is equal to the vertical
force acting at the foot/ soil interface(F pro_vert leg_vert) [kN]. The vertical force acting at
the foot/ soil interface (Fprp_vert_. ;eg“vert) was calculated as a function of the swing angle

of the leg (7leg) [degree]. These predicted values were compared with experimental results.

The experimental set up, measuring techniques and calibration curves of the measuring
instruments are discussed in Appendix 5. Hydraulic load cells (rubber tubes filled with water)
were used to measure the normal load incident at each leg. The principle of transducing the force
to a fluid pressure and then measuring the pressure with a pressure gage was followed in
designing the hydraulic load cell. The hydraulic load cells designed and constructed are also
discussed in Appendix 5. A mechanical ring load cell with a full Wheatstone bridge strain gage

circuit was designed and constructed to measure the load incident at each leg. The experimental

and predicted vertical forces acting at the foot/ soil interface (F ‘prp_vert leg vert) [kN] are

presented in Appendix 9.

Figure 3.52 shows the comparisons between the predicted and experimental results for the

vertical force acting at the foot/ soil interface (F prp_vert _leg vert) [kN] plotted as a function
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of the cos? ( 7’leg) , Where yjeg is the swing angle of the leg [degree]. The percentage deviations

between the predicted and experimental results are shown in Table 3.10.

Predicted vs. experimental normal load at foot/ soil interface: FWD legs
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Predicted vs. experimental normal load at foot/ soil interface: AFT legs
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Figure 3. 52 Predicted and experimental vertical load at foot/ soil interface
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Table 3. 10 Deviations for vertical force at foot/ soil interface

PS_FWD | PS_AFT | SBS_FWD | SBS_AFT
(%) (%) (%) (%)
40.30 49.37 27.16 43.04
54.92 56.95 31.75 58.61
56.52 59.96 55.22 48.52
43.93 58.61 31.75 61.09
49.28 55.20 46.17 42.80

The deviations between the predicted and experimental vertical loads at the foot/ soil interface

are due to the following reasons,

1. Some error is due to the experimental set up. The vertical force at the foot/ soil interface

(Fprp_vert_ leg_vert) [kN] was measured for one leg at a time. Since the vehicle was

operated manually, it was difficult to control the leg movements accurately. As a result some

legs touched the ground earlier than others, leading to the transfer of higher instantaneous

proportional vertical static loads | F [kN] through the leg swing pins. The leg,
prp _vert _leg

for which measurements were taken, was lowered in steps because of the manual operation of the
vehicle. The pressure gage reading thus varied during the lowering operation of the particular leg.
During measurements, efforts were made to note the highest reading, but sometimes human

errors crept in.

2. The two-dimensional model proposed for the prediction of the proportional vertical static
load (F prp_vert leg) [kN] does not consider the level difference of the terrain as also the

slope of the terrain. During experimental measurements, the terrain over which the vehicle was

operated was relatively flat, but level differences cannot be neglected.

3. Instrumental sensitivity was also another problem. Different hydraulic load cells were

used to measure the vertical force at the foot/ soil interface for different legs. As a result the
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deviations of the measured values from the predicted values are different for the four legs. The
pressure gages used were not sensitive enough to record changes in pressure reading very
accurately. Measurement errors might have occurred. Height of the hydraulic load cell is

approximately 100 mm, which is not the same as the foot height.

4. The deviations are also due to oversimplification of the theoretical model. The two-

dimensional parametric model developed for prediction of the proportional vertical static loads

(F

prp _vert leg) [kN] is a very simplified model based on simply supported beam theory.

The ratios between the vertical forces at the foot/ soil interface (Fprp_veﬁ_ leg_vert) of
FWD legs to that of the AFT legs were plotted against the square of the cosine of the leg swing

angle, ( 7’leg) [degree] (Figure 3.53).

At higher leg swing angles, the deviations beﬁeen the experimental and predicted values are
less for both PS and SBS legs. The average value of such ratios for the PS legs was 1.77, while
that for SBS legs was 1.98. The average value of such ratios for predicted results was 1.53. The
deviation percentage between the measured average value for the PS legs and the predicted
average value is approximately 16 %. The deviation percentage between the measured average

value for the SBS legs and the predicted average value is approximately 29 %.

The calculated weight of the vehicle was compared with the weight calculated from experimental
measurements. The summation of the vertical forces (F prp_vert__leg__vert) [kN] at the feet/

soil interfaces of the four legs for a particular leg swing angle should be equal to the weight of
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the designed vehicle. The weight of the vehicle calculated from the experimental results is shown

in Table 3.11.

Predicted vs. experimental ratio of normal load at foot/ soil interface
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Figure 3. 53 Predicted and experimental values of ratios between vertical force of FWD
and AFT legs

Table 3. 11 Weight of vehicle calculated from experimental results

Leg swing angle | Weight of the vehicle (from experimental measurements)
(degree) (kN)
0 38.47
10 30.82
20 24.22
-10 32.32
-20 28.02

The discrepancies in the weight of the vehicle for different leg swing angles is due to the fact that
the vertical forces for different legs were not measured simultaneously, but were measured one at
a time. The reasons mentioned before, for explaining the deviations between the predicted and

experimental results of vertical force at the foot/ soil interface also applies here. The average
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value of the weight of the vehicle as calculated from the experimental results is approximately 31

kN, which is close to the calculated value of 31.4 kN, mentioned in Table 3.9.

The maximum value of the vertical force at the foot/ soil interface obtained from the

experimental results was used to calculate the required soil strength for stability purposes.

3.5.4 Dynamic Load

The dynamic force due to the operation of the hydraulic cylinder swinging the leg was
considered to determine the soil reactions. The hydraulic oil pressure was assumed to be constant
and hence the forces generated by the hydraulic cylinder during expansion and retraction were
constant. The leg linkage and the hydraulic cylinder form a four bar mechanism. The angles
between the different linkages change during the cylinder operation. As a result the horizontal

and vertical components of the hydraulic cylinder force changes with time.

It is thus necessary to perform the linkage synthesis and analyses of this four bar mechanism to
determine the angles between the linkages at various positions. The horizontal and vertical
dynamic force components acting at the foot hinge pin were expressed as a function of the

hydraulic cylinder force and the angles between the linkages for various positions.

The free body diagram for this four bar mechanism is shown in Figure 3.54. The foot hinge pin is
denoted by the point ‘O’ and was assumed as the point where all the static and dynamic forces
were acting. The point ‘A’ denotes the pin centre for the hydraulic cylinder. The point ‘B’
represents the positions of the instantaneous rod pin centre ‘C’ of the hydraulic cylinder during

the cylinder rod movements.
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The swing angle of the leg is denoted as a positive angle when the leg rotates towards the AFT of
the vehicle and is denoted as a negative angle when the leg rotates towards the FWD direction of
the vehicle. In order to swing the legs through a given positive angle, the hydraulic cylinders for
the AFT legs expand, while the hydraulic cylinders of the FWD legs retract. The rod pin centre
of the hydraulic cylinder of the leg when the cylinder is at half stroke and the respective leg is
vertical is denoted by the point ‘C’ in Figure 3.54. The point ‘D’ represents the swing pin centre

of the leg in Figure 3.54.

Figure 3. 54 Dynamic force transfer at the foot/ soil interface

A) Swing cylinder pin centre, C) Swing cylinder rod pin centre, D) Leg swing pin centre,
O) Foot hinge pin centre

It was assumed that initially the leg was vertical and the hydraulic cylinder was at half stroke.

The hydraulic cylinder started from rest and accelerated to the constant velocity of vgpe Jeg

[m/sec] and then decelerated to zero. The swing angle of the leg varied from (+) Vieg t0
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(-) /g degrees.

The expanding and retracting force of the hydraulic cylinder (Fe or F,,) [kN] acts at an angle of

A= (04 —92) [degree] with the link ‘CD’. The expanding force of the hydraulic cylinder was

considered as positive, while the retracting force was considered as negative.

The vertical and horizontal dynamic force components acting at the foot hinge pin when the

slope of the terrain = 0° were deduced respectively as (Figure 3.54) given below,

Fyy = Fycos6 = FZCOS(@ *92)COS,BO COS Ve

. . [Equation 3.21]
F,y, =F, cos8 = F,cos(6, —92)51n,30 SIN ¥},

The hydraulic cylinder forces are given below,

Fo=ape*pho * Ape [Equation 3.22]
Fy=apc* ppo™ (Ahc ~4pe rod ) [Equation 3.23]
where, A4 is the area of the swing cylinder [m?], Ahc_ rod 1S the area of the swing cylinder rod
[m?], ayc 1s an arbitrary loss factor [-], F, and F,. are respectively the expansion and retraction
forces of the hydraulic cylinder swinging the leg [kN], and py,, is the hydraulic oil pressure

[kPa].

In order to determine the values of the different angles shown in Figure 3.54, for different
positions of the hydraulic cylinder rod and the leg linkages, position analyses [Norton, 1999] was

performed. The position analyses of this four bar mechanism is given in Appendix 10.
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3.5.5 Total Load

The total vertical and horizontal forces acting at the foot hinge pin, due to the static and dynamic

loads of leg operation are given below,

2
Qo =Fprp vert leg €05 Vjeg + Fg©08(04 — 62 )cos i cos Vjeg
P=Fprp vert leg SiNVleg €08 Vleg + Fe c0s(64 — 62 )sin fo sin yjeg

[Equation 3.24]

3.5.6 Allowable Load

The allowable ground pressure (qo :-BL*OL— [kPa], can be determined by the
foot "L foot

Buismann-Terzaghi equation modified by De Beer and Vesic. This is discussed in Appendix 1.

In case of inclined loading the problem is more complicated due to presence of the horizontal

force component (P) [kN]. Failure can occur either due to the 1) sliding of the foot along AB (if

there is no grouser) or 2) by general shear failure of the under laying soil (with grousers).

90°- @

Figure 3. 55 Inclined loading on foot

Just at the point of sliding, the force P is maximum ( Pmax) [KN], and is balanced by the

frictional and adhesive forces,

136



Pnax = Qo * tan (5s0il _ foot ) +Afpor *a [Equation 3.25]

where, 4, is the contact area of the foot [m?], a is the adhesion between the soil and the foot
[kPa], and Jgpif  foor 1s the angle of friction between soil and foot [degree]. Adhesion in soft
clays is equal to their undrained shear strength.

For inclined legs (Figure 3.55), the bearing capacity equation is multiplied by the ‘inclination

factors’ (é’ ci»Ggiandq ﬂ-) [-] and the bearing capacity equation is modified [Vesic,1970],

1
40 =QO/(Bfoot*Lfoot)zc*Nc*gc*gci +hsurcharge * ¥soil *Ng *Cq * S qi +5*7soil*Bfoot Ny *Cy * i

[Equation 3.26]

As suggested by Vesic [1970], & qi and ¢ vi should be,

r m
P
cqi=|1- Lo ron
(Q+Bfoot Lfoot*c °0t¢s0il)_
r m+l
P .
é'},i =|1- [Equation 3.27]
i (Q+Bfoot*Lfoot*c*°0t¢soil)_
m* P
Cei =1-

Boot * L foot * ¢ * N¢ * cotdsoi]

The exponent m [-]in the longitudinal direction is given [Vesic,1970],

L
[2 N - foot ]
_\  Tfoot) [Equation 3.28]

m
L L
1+ foot
B foot
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3.5.7 Results and Discussions for Soil Response

The required soil strength in granular and cohesive soils was calculated for the designed legged
vehicle with rectangular, square and circular foot shape. The required soil strength for a
Caterpillar tracked vehicle with similar overall dimensions and weight was also calculated and

compared with the results of the designed legged vehicle.
The constants used for the calculations and the results are given in Appendix 10.

The vertical and horizontal components of the dynamic forces at the foot/ soil interface for the
designed leg linkage were estimated first. The vertical dynamic force acting at the foot hinge pin
was plotted for two different leg swing angles of 0 and 30 degrees (Figure 3.56). The horizontal
dynamic force acting at the foot hinge pin was plotted for swing angles of leg = 10 and 30
degrees (Figure 3.57). The vertical and horizontal dynamic forces were plotted against the
displacement of the hydraulic cylinder rod. The vertical and horizontal dynamic forces were

plotted for both hydraulic cylinder expansion and retraction.
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Vertical force at foot/ soil interface vs. Displacement of cylinder
rod
Swing angle of leg = 0 degree
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Vertical force at foot/ soil interface vs. Displacement of cylinder
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Figure 3. 56 Vertical dynamic force at foot/ soil interface

When the swing angle of the leg is 0 degrees, the magnitude of the vertical component of the
dynamic force is maximum. The vertical component of the dynamic force is observed to vary
from approximately 7 to 160 N during hydraulic cylinder expansion and approximately 5 to 108
N during hydraulic cylinder retraction (Figure 3.56). The magnitude of the dynamic vertical
force acting at the foot hinge pin is negligible when comparing 150 N with 4 to 14 kN (Figure

3.52).
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When the swing angle of the leg is 0 degrees, the magnitude of the vertical component of the
dynamic force is maximum. The vertical component of the dynamic force is observed to Vary
from approximately 7 to 160 N during hydraulic cylinder expansion and approximately 5 to 108
N during hydraulic cylinder retraction (Figure 3.56). The magnitude of the dynamic vertical

force acting at the foot hinge pin is negligible when comparing 150 N with 4 to 14 kN (Figure

3.52).

Horizontal force at foot/ soil interface vs. Displacement of cylinder
rod
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Figure 3. 57 Horizontal dynamic force at the foot/ soil interface

The horizontal component of the dynamic force at the foot hinge pin will increase with the

increase in the swing angle of the leg. The maximum swing angle of the leg considered for the
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designed vehicle was 30 degrees on either side of the vertical. The horizontal component of the
dynamic force at the foot hinge pin is observed to increase from approximately 4 N to a peak
value of 20 N and then decrease to 10 N during cylinder expansion. The forces are much lower

during cylinder retraction. These are shown in Figure 3.57.

The experimental value of the vertical static force acting at the foot hinge pin was a maximum
for the SBS_FWD leg, when the swing angle of the leg was 0 degrees (13.67 kN). The vertical
component of the dynamic force acting at the foot hinge pin was also a maximum when the
swing angle of the leg was 0 degrees. The maximum vertical total load was estimated from the
maximum values of the vertical static and dynamic loads, since these are the most critical
conditions in terms of soil bearing capacity. The total vertical force acting at the foot hinge pin
and hence the foot/ soil interface is shown in Figure 3. 58. From Figure 3.58, it can be concluded
that the maximum vertical total force which can come at any foot hinge pin is approXimately 13

to 14 kN.

Total vertical force at foot/ soil interface vs. Displacement
of cylinder rod for swing angle of leg = 0 degree
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Figure 3. 58 Total force at the foot/ soil interface
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To estimate the required soil pressure, the total vertical force at the foot/ soil interface (Qo) was

assumed to be 12 kN. The assumed soil properties chosen for the granular soil [Wong, 1993] are

adhesion, a = 4 kPa, dimensionless bearing capacity factors, N, =35.49, N, =23.18 and N, =

30.22, angle of internal friction, ¢,;; = 32°, angle of friction between soil and foot,
soil _ foot =—§-*¢S0,~l, and specific weight of soil, y,;; = 10 kN/ m’. For saturated cohesive

soils, the angle of internal friction of soil, ¢,;; is O degrees, the dimensionless bearing capacity
factors are N, = 5.14, N, = 1, and N, = 0. It was assumed that there was no surcharge of soil.

Due to other dynamic loading on the designed vehicle, a factor of safety of 1.5 was assumed for
estimating the required soil bearing capacity in both granular and cohesive soils. The areas of the
feet of different shapes were kept nearly identical and the dimensions were chosen according to

the area assumed. The graphical results for the required bearing capacity of the soil are shown in

Figure 3.59.
Bearing capacity in granular soils vs. Cohesion of soil for different
foot shape in granular soils
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Figure 3.59 Bearing capacity in granular soil for different foot shape
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The constants used for the calculations and the calculated results are shown in Appendix 10.

The bearing capacity is not a limiting factor for granular soils. The undrained shear strength of
soft to very soft clays can vary from 2 to 15 kPa with specific weight of 16 to 18 kN/ m’. Thus
bearing capacity or soil strength can be a major limitation for the operation of submersible
vehicles in cohesive soils. In case of weaker soils, the submersible weight of the vehicle must be

reduced by using air tanks or fixed buoyancy blocks.

It is observed from Figure 3.60, that the bearing capacity requirements for rectangular, square or
circular foot shapes in cohesive soils are nearly identical for vehicle weights up to 400 kN. In

very soft soil with limited bearing capacity, the designed vehicle can perform locomotion by

belly sliding.
Bearing capacity vs. Weight of vehicle for different foot shapes in
cohesive soils, Vertical leg
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Figure 3. 60 Bearing capacity in cohesive soil for different foot shape

The Caterpillar tracked vehicle D3B was chosen for the comparison with the designed legged

vehicle. The specifications of the Caterpillar tracked vehicle D3B is given in Appendix 4. Figure
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3.61 shows that with the given rectangular foot dimensions and with the increase in vehicle
weight, the required soil strength for the designed legged vehicle is greater than the soil strength
required for a tracked vehicle of the same weight. The foot dimensions need to be increased if
the designed legged vehicle weight is to be increased. In Figure 3.60 and 3.61, the weight of the

vehicle is assumed up to 1000 kN for prospective bigger vehicles in the future.

Bearing capacity vs. Weight of vehicle in cohesive soils
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Figure 3. 61 Comparisons between required soil strength for cohesive soil for tracked and
designed legged vehicle

3.6 Tractive Force Generated by the Designed Legged Vehicle

This section presents the parametric models developed for the evaluation of the tractive force
generated by the grousers and the foot during legged locomotion and the tractive force generated

by the belly during belly sliding.

The theory of passive earth pressures was used to develop the model for the prediction of the

tractive force generated by the grousers of the designed foot. The maximum tractive force that
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can be developed by the foot and the belly is determined from the maximum shear strength of the

terrain (7max) [kPa] and the contact area (Acontact) [m*].

The static load due to the weight of the vehicle and the dynamic load due to the operation of the
hydraulic cylinder swinging the leg were considered in developing the parametric models for
estimation of the tractive forces. The geometry of the grouser, the foot and the vehicle belly as
well as the soil type affects the tractive forces generated. The variation of the tractive force due

to slip was also included in the parametric models.

3.6.1 Tractive Force at the Grousers

A two-dimensional parametric model was developed to evaluate the tractive forces generated by

the grousers based on the theories of passive earth pressures. The turning force generated by the

hydraulic cylinder swinging the leg (Fez) [kN] is balanced by an equal reaction force (Fez')
[kN] at the foot/ soil interface (Figure 3.62). The turning force is given in Equation 3.29.

Fp =Fy) =F,sin(64 - 6) [Equation 3.29]

The horizontal and vertical components of the turning force acting at the foot hinge pin are
(Fez' 1) [kN] and (Fe2' 2) [KN]. The horizontal (P) [kN] and vertical(Q, ) [kN] components

of the total static and dynamic loads acting at the foot hinge pin are deduced in Equation 3.30

and 3.31.
P= (F rp_vert leg ) S0 ¥jog COS leg + Fe ©08(64 — 67 )sin fy sinyjeg [Equation 3.30]
Qo =Fprp _vert _leg cos2 6+ Fpcos(64—67)cos B, €08 ¥]eg [Equation 3.31]
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Neglecting the spring and damping effect of the locomotion system, the tractive force available

at the foot/ soil interface is given in Equation 3.32.

Fp _foot = (P + Fe2' 1) [Equation 3.32]

This equation is valid only when the soil does not fail under the given conditions.

Fe2

TT 11
F
- &( !
: o 9_,¢soi
. ls . : 2.

Figure 3. 62 Tractive force without soil failure

The soil present in between the grousers may fail by the Rankine passive failure criteria as was

discussed in section 3.5.1. Assuming the tractive force (Fp foot) [kN] is equally divided
. . . Fp  foot

between all the grousers, the tractive force available at each grouser will be ——==—— [kN],
Zgrouser

where Zgyoyger 1S the number of grousers [-] , each of width Bgypy5ep [m].

The rupture distance between two grousers (l s) [m] (Figure 3.62) is given in Equation 3.33.
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horouser
Iy =
tan (450 - ¢SOZ%)

The rupture distances were calculated for non-cohesive granular soil and cohesive soil, for height

[Equation 3.33]

of grouser (hgrouser) = 40 mm. These are presented in Table 3.12 and Table 3.13.

Table 3. 12 Rupture distance for grousers in granular soil

beoi] (degree) 20 25 30 35 40
I, (mm) 57 63 69 77 86

Table 3. 13 Rupture distance for grousers in cohesive soil

Ps il (degree) 0 5 10 15 20
I (mm) 40 44 48 52 57

The spacing between the designed grousers is 94 mm. Thus there is a possibility of soil failure in
between the grousers in accordance to the Rankine passive failure criteria. The soil failure will

however first initiate in front of the leading grouser.

If the grouser spacing is too small, the space between the grousers will be filled up with soil and
shearing will occur at the tips of the grousers. The dominant mode of failure will be the shearing

of the soil around the grouser edges (i.e. two sides and bottom of grouser). The length of the

shear plane for each grouser(l sp) [m] is deduced in Equation 3.34.

Isp = 2*hgrouser + Bgrouser) [Equation 3.34]

The total length of the shear plane is thus given as (2* hgyoyser + Bgrouser) ™ Zgrouser [m].
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Both the shear planes need to be calculated and the lower value should be considered for

calculation of the tractive force generated by the grousers, when the grouser spacing is too small.

The grousers of the foot are vertical and are being pushed against the soil when the turning force
is applied by the hydraulic cylinder. The soil in front of the grouser will be brought into a state of
passive failure. Since the ratio of the width of the grouser to the height of the grouser is large, the
situation can be considered as two-dimensional. The grouser is vertical and hence the normal

pressure exerted by the grouser on the soil will be the major principle stress and is equal to the

passive earth pressure (ap) [kPa]. The resultant force acting on the grouser per unit width
(Fp_ grouser) [kN] can be calculated by integrating the passive earth pressure (ap) [kPa]

over the height of the grouser { & [m]. The details of such calculations are given by
grouser

Wong [1993].

Since the width of the grouser is equal to the width of the foot, there is a surcharge on the soil

surface behind the leading grouser due to the total vertical load at the foot hinge pin (Qo) [kN].

The tractive force generated per unit width of the grouser is given in Equation 3.35.

(Fo_grousr 5720 et _se)soms ¥ 2l grnr |
[Equation 3.35]

where, ¢ is the soil cohesion [kPa], N¢ is called the flow value and is equal to
tan> (450+ﬂ9§—ﬂ) [-], Psoil surcharge is the soil surcharge [kPa] due to the total vertical load

(QO) [kN], 750i1 1s the specific weight of the soil [kN/m’], and Ps0i] 18 the angle of internal
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friction of the soil [degree]. This model neglects the surface roughness of the grousers and the

friction and/ or adhesion between the grouser and the soil.

The tractive force that a grouser in vertical position can develop is given by equation 3.36.

%}’soil (hgrouser )2 N¢ + (psoil _surcharge )(hgrous er ) N p

F
z;;zfeo: =(Bgrouser) + 20(h )\/NE
grouser

[Equation 3.36]

3.6.2 Tractive Force and Slip of Foot

The maximum tractive effort which may be developed by a foot is given in equation 3.37.

Fp foot _max = Afoot *Tmax = Afoot *(¢+ Psoil _normal * tan @soir)

. [Equation 3.37]
= Afpor * ¢+ Qp tan Psoil
where, A foot is the contact area of the foot [mz], c is the soil cohesion [kPa], (QO)' is the total

vertical load [KN], psoil normal 1S the normal pressure exerted on the soil [kPa], and ¢g,;7 is

the angle of internal friction of the soil [degree].

In dry sand, the cohesion of soil ¢ [kPa] is negligible. The total vertical load (Qo) [kN] thus

determines the maximum tractive effort available for the designed leg. In saturated clay, the

second term due to the angle of internal friction of the soil ¢g,;; [degree] can be neglected and

hence the tractive force will depend on the contact area of the foot.

To predict the relationship between the tractive force generated by a foot and slip at the foot/ soil

interface, it is necessary to examine the shear displacement j [m] beneath a foot, since the shear

stress is a function of the shear displacement j [m]. The shear displacement j [m] will be the
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same for all the grousers. The shear stress—shear displacement relationships for various types of

soil are discussed in Appendix 1.

The relationship between the slip and the shear displacement for the designed legged vehicle are

deduced in equation 3.38.

=l =1

Lo *Qyeg Vvehicle _theo (Equation 3.38]
_ Yvehicle theo —V _ Vj
B Yvehicle _theo B Vvehicle _theo

where, v is the actual velocity of the vehicle with respect to the ground [m/sec], v g is the speed
of slip of the foot in a direction opposite to the direction of vehicle motion, Vyepicle theo 1S the
theoretical velocity of the vehicle = L, * Qleg [m/sec] with L, being the effective leg length [m]

and Qleg the angular velocity of the leg [rad/sec].
The shear displacement is given in equation 3.39.

Astep

J=Vi*tswing leg =Vj* =i*Xstep [Equation 3.39]

Vvehicle _theo
where, 5y ing leg is the time required for swinging the leg [sec] and xgep is the theoretical

step size of the leg [m]. It is observed from Equation 3.39, that the shear displacement linearly

varies with the step size of the leg.

The shear stress—shear displacement relationship proposed by Janosi and Hanamoto [Wong,
1993] as described in Appendix 1 was used to predict the tractive force developed by the foot.

The tractive force generated by the foot under a given slip is deduced in Equation 3.40.
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Fp _ foot =(Af00t*C+Qo tan¢s0il) 1—-

Xstep max
~*Xgtopn | K -
. l—e ( step )
1™ Xstep

Xstep _min

[Equation 3.40]

where, Xstep max a0d Xgrep min are the maximum and minimum step sizes respectively [m]
during a particular locomotion cycle.

3.6.3 Tractive Force and Slip of Vehicle Belly

During belly sliding, the speed of slip v g [m/sec] is the same at every point of the belly in

contact with the terrain. When belly sliding is performed with the aid of legs, the displacement of

the belly is assumed to be equal to the step size of the leg i.e. Xstep [m]. The relationship

deduced between shear displacement, slip and step size for the designed leg linkage in the
previous section thus also holds for the belly sliding motion. The contact area of the foot

however is to be replaced by the contact area of the belly.

Apelly = Bpelly * Lpelly [Equation 3.41]
where, Apejp, is the area of contact of the belly with the soil [m’], Bpejly is the width of the
vehicle belly in contact with the soil [m] and Ly, is the length of the vehicle belly in contact
with the soil [m].

3.6.4 Tractive Effort and Slip of a Track

The tractive effort of a track under different slip percentages was deduced by Wong [1993]. It

was shown by Wong [1993] that the shear displacement beneath a flat track increases linearly
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from the front to the rear of the contact area. The shear displacement and the slip for a track are

thus related [Wong, 1993].

Jj=i*x 3 [Equation 3.42]
where 7 is the slip [%] and x j is the distance of the point at which shear displacement is

considered from the front of the contact area of the track [m].

The relationship between the tractive effort of the track and the slip of the track when the Janosi
and Hanamoto equation [Wong, 1993] for shear stress—shear displacement is used is given in

Equation 3.43.

_(i*Ltrack)
_ K ..U K

- [Equation 3.43]
i* Lipgck

Fp  track = (Atrack * ¢+ Fyy tandgpif)| 1-

where, 4401 is the contact area of the track [m’], Fjy is the normal load due to weight of the

vehicle [kN], i is the slip [%] ,and L;,,.; is the length of the track [m].

3.6.5 Results and Discussions for Tractive Force and Slip

The tractive force generated by the Caterpillar tracked vehicle D3B as a function of the slip
percentage of the track was compared with the tractive force generated by the designed legged
vehicle expressed as a function of the slip percentage of the foot. Granular and cohesive soils
were considered for the comparisons. The soil mechanical parameters and the design parameters

of the tracks, grousers, feet and vehicle belly are presented in Appendix 11.

It was assumed for all the calculations that the weight of the tracked vehicle was equally

distributed between the two tracks. The same assumption was made for the designed legged
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vehicle, where the weight of the vehicle was assumed to be equally distributed between the four
legs. From the predicted and experimental data presented in section 3.5.3, it was observed that
the load incident at the FWD and AFT legs were different. Equal distribution of weight was

assumed in order to simplify the problem. Uniform pressure distribution was assumed at the

vehicle running gear—terrain interfaces.

The tractive force generated in granular soil with different slip percentages for the Caterpillar

tracked vehicle varied from approximately 13 to 24 kN as is observed from Figure 3.63.

Tractive force - Slip relationship for Caterpillar tracked vehicle
(Model: D3B): Granular soil
25.00
o /_.,—o——o—*——‘
8% /
S = 1500 -
D) B d —e— Tractive force generated
5 B by tracks
S 2 1000
=&
5.00
0400 T T T T
0 20 40 60 80 100
Slip of track (%)

Figure 3. 63 Tractive force generated vs. slip for ‘Caterpillar’ tracked vehicle D3B in
granular soil

The tractive force generated by the four feet without grousers for the designed legged vehicle is
shown in Figure 3.64. The tractive force generated by the four feet without grousers in granular
soil is not sufficient for vehicle movement, since the weight of the vehicle is 31 kN. The vehicle
will not move without the grousers and the foot will slip, which was also found during the

experiments.
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Tractive force generated by ene foot vs. Slip relationship for
Golden Tortoise at different step sizes of leg: Granular soil
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Tractive force generated by four feet vs. Slip relationship for
Golden Tortoise at different step sizes of leg: Granular soil
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Figure 3. 64 Tractive forces generated by four feet of the designed legged vehicle under

different slip percentages in granular soil (without grouser)

The tractive force generated by the grousers in granular and cohesive soils were estimated. The
tractive force generated by one grouser in granular soil was estimated as 0.96 kN, while that in
cohesive soil was estimated as 1.1 kN. There are 8 grousers attached to each foot. Hence the total

tractive force generated by each foot in granular soil is 7.7 kN, while that in cohesive soil is 8.8

kN.
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It is observed from Figure 3.63, that with a slip of > 5 % the total traction available from the four
feet with the eight grousers in granular soil is just able to overcome the vehicle weight for lower
step size of the vehicle. With the increase in step size of the leg, higher traction is available from

the foot, which increases the total traction available from the foot and the grousers.

The tractive effort generated by the tracked vehicle in cohesive soil is shown in Figure 3.65.

Tractive force - Slip relationship for Caterpillar tracked vehicle
(Model: D3B): Cohesive soil
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Figure 3. 65 Tractive force generated vs. slip for ‘Caterpillar’ tracked vehicle D3B in
cohesive soil

Comparisons between Figure 3.65 and Figure 3.66 show that the designed legged vehicle
generates more tractive effort compared to the tracked vehicle in cohesive soil. In cohesive soil
the weight of the vehicle is not important in the generation of the maximum tractive effort, but
the area of contact is important in developing traction at the vehicle running gear—terrain
interface. Though the area of contact of the legged vehicle (0.84 m?) is lower than the tracked
vehicle (1.11 m?), the presence of the grousers develop sufficient traction to overcome the
vehicle weight and any other resistances. The step size of the legged vehicle should be increased

to generate more tractive force in order to overcome greater resistances (e.g. water drag).
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Figure 3. 66 Tractive forces generated by the designed legged vehicle under different slip

percentages in cohesive soil (with grousers)

During belly sliding the area of contact with the terrain of locomotion is increased, thereby
increasing the tractive force generated in cohesive soil. This is shown in Figure 3.67. The tractive

force generated due to belly sliding is about seven times of the tractive force generated by the

four feet in cohesive soil. Higher tractive force is necessary in very soft soil.
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Figure 3. 67 Tractive force generated during belly sliding
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3.7 Concluding Remarks

The validation of the theoretical gait planners which considers the slip at the foot/ soil interface
with the experimental results for straight line and curvilinear locomotion showed good matching
between the two. The designed vehicle was able to follow the theoretical gait planners with
acceptable accuracy, even with manual operation of the electronic switches of the solenoids of
the directional control valves. Such results show the effectiveness of using the designed leg
linkage and the proposed method of locomotion for submersible legged dredgers/ miners.
Comparisons between the bearing capacity requirements of tracked and the designed legged
vehicle shows nearly identical results in cohesive soils up to a vehicle weight of 200 kN. The
tractive force generated by the foot and grousers of the designed legged vehicle in cohesive soil
is much higher compared to tracked vehicle. The bearing capacity requirements and the tractive
force generated by the designed legged vehicle shows the effectiveness of the design in cohesive

soils. Mobility over cohesive soils in always critical compared to granular soils.

The parametric performance evaluation models for the excavation and transportation systems are

discussed in the next chapters.
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CHAPTER 4

PERFORMANCE EVALUATION MODELS FOR EXCAVATION
4.1 Introduction

In crown cutters the suction mouth is situated within the cutter. The cutter mechanically
excavates the soil and forms a soil/ water mixture within the cutter. For the designed excavation
system, the mixture formation occurs in the suction influence zone located in front of the suction
mouth. The processes of gathering and mixing of the excava&ed material and hence the
generation of the spillage is different for the crown cutter and the designed twin drum cutter
system. The spillage is defined as the soil cut by the cutter but not sucked in by the suction
mouth. Prediction of the amount of soil cut and the spillage generated is thus very important for
accurate excavation production estimation. The factors influencing spillage are 1) the shape,
geometry and type of the cutter, 2) soil characteristics, 3) operational parameters of the ladder

assembly and the cutter, and 4) suction force.

This chapter presents the parametric performance evaluation models developed to predict the
design constraints, the limiting operating conditions, the volume of soil loosened by the leading

and trailing cutters, and the cutter power required for the designed drum cutter in different soil
types.

4.2 Loosening Production

Loosening production ( Bose ) [m’/sec] is defined as the volume of soil mechanically dislodged

by the cutter per unit of time (t) [sec]. It is a function of the 1) type, shape and geometry of the

cutter, 2) rpm and power/ torque installed on the cutter, 3) geometry, orientation and swing

velocity of the ladder assembly, and 4) soil properties. Correlations between the loosening
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production of the designed drum cutter and the 1) number of cutter blades, 2) cutter rpm and
direction of cutter rotation, and 3) swing velocity and orientation of the ladder assembly are
presented in this section. Correlations between the installed cutter power/ torque, the soil

properties and the loosening production for the designed cutter are discussed in section 4.4.

4.2.1 Assumptions for Loosening Production

The assumptions made for the evaluation of the loosening production were 1) the ground was
level, 2) axis of the cutter was horizontal, 3) cutter was assumed cylindrical with diameter

Doytter Im] and radius Rpy e [m], 4) number of rows of cutter blades present along the length

of the cutter were zgy 00  row [-1 > 5) €ach row has equal number of blades, z3,;, 4, [-], 6) each
blade was of same width, Bpj,4, [m], 7) interaction effects between the blades were neglected,

and 8) swing velocity of the ladder assembly (szing _ladder) [m/sec] and the cutter rpm

(’"Pmcutter) [-] were known.

4.2.2 Working Principle during Dredging

The working principle during the dredging operation is shown in Figure 4.1. The ladder
assembly swings to one end and is then lowered. The dipper is rotated with respect to the ladder
boom to make the desired angle with the cutting face. The cutters start rotating and the ladder
assembly swings to the other end, while excavating the soil on the first layer of cut. The angle
between the dipper and the ladder boom is kept constant ciuring the swing cycle. The cutter tip

thus maintains a constant radius of rotation with the centre of rotation at the pivot point of the

ladder assembly (sting_cutter) [m]. The ladder is lowered to achieve the next layer of cut

and the swing cycle is repeated as above. When the workspace is exhausted the vehicle moves to
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the next dredging setting. The maximum step size should never exceed the length of the drum
cutter. The maximum dredging depth depends on the geometry of the designed vehicle and the

stroke of the leg-lift hydraulic cylinder.

........

= !

Dredging depth

!

Figure 4.1 Working principle during excavation
4.2.3 Volume of Soil Excavated

The volume of soil dislodged by the designed drum cutter during ‘overcutting’ and
‘undercutting’ were evaluated in this section. Two different methods were followed to estimate

the volume of soil dislodged which are 1) area integration method, and 2) feed of cutter method.

The cross sectional area of the soil wedge excavated by successive cutter blades in a row was
calculated by integrating the area bounded by the successive cutter blade trajectories and the

straight line representing the top of the soil layer which is being excavated. The volume of the
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soil wedge was obtained by multiplying the cross sectional area with the maximum width of the
cutter blade. The total volume of the soil loosened by the designed drum cutter was obtained by

multiplying the volume of the soil wedge with the number of blades in a row and the number of

AN

cutter &

rows (Figure 4.2).

DO

Blades in a row Six rows of blades

Figure 4.2 Lacing of blades on cutter drum

Individual cutter blades of a drum cutter execute a complex motion consisting of a relative rotary

motion around the axis of the cutter drum, with a velocity (veyster = Reutter * Qeutter ) [m/sec]
and a translatory motion with a velocity (szing cutter) [m/sec] (Figure 4.3). The translatory
velocity of the cutter (szing cutter) [m/sec] represents a component of the swing velocity of

the ladder assembly (szing _ladder) [m/sec] acting in a horizontal direction. This is due to the

cutter offset from the point of rotation of the ladder assembly. The trajectory of motion of the

cutter blade is determined by the ratios of the rotary and translatory velocities of the cutter

Acutter = —cutter [Yatsuk et al., 1971].
Vswing _cutter

The parametric equations of the tip of two successive cutter blades in a row (A and B in Figure
4.3), when the centre of the cutter drum was taken as the origin were deduced based on theories

of earth moving machineries [Yatsuk et al., 1971].
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The parametric equations for overcutting are as follows.

For leading blade,

X =Vswing _cutter *t + Reutter _edge Cos(chtter *t ) [Equation 4.1]
Y=Reytter edgesin (Qeuster *t)

For trailing blade,

X =Vswing _cutter *t+ Reutter _edge €08 (Qeutter *t ~ Prlade) [Equation 4.2]

¥ =Reutter _edge Sin(Qcutter *t ~ blade)
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Figure 4.3 Path of two successive cutter blades during ‘overcutting’

The parametric equations for undercutting are as follows,

For leading blade,

X = —(Rcutter cos(Qeutter *t) = Vswing _cutter ** ) [Equation 4.3]
¥ = Reytter sin(Qeutter *t)

For trailing blade,

x= “(Rcutter cos(Qeyster *t — Phlade) — (szing _cutter )t ) [Equation 4.4]

Y =Reutter Sin(chtter *r— ¢blade)
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where, Reytter edge 1s the radius of the circle described by the cutter edge during rotation [m],

27* . .
Qcutter = il rp6 ’(’)’cutter ) is the angular velocity of the cutter [rad/sec] and
Phlade = . jﬂd } is the angle between two successive cutter blades [radians].It was assumed
ade

that Reyster edge = Reurter -

The cross sectional area of the soil wedge was obtained by integrating the area bounded by the
curves represented in equations 4.1 to 4.4 and the straight line representing the top of the depth

of cut (Figure 4.3). The equation of the straight line was deduced,

y= (Rcutter - cut) [Equation 4.5

where £, is the depth of cut [m].

The cross sectional area of the soil wedge was also calculated from the feed of the cutter (S) [m]

and the depth of cut (A, ) [m]. The feed of cutter (§) [m] (Figure 4.4) is a function of the

cutter rpm and the translatory velocity of the cutter (szing cutter) [m/sec]. The feed of the

cutter is the linear distance covered when the cutter rotates through an angle of ( ]
Zblade

[radians]. If (t) [sec] denotes the time required by the cutter to rotate through the said angle,

then the feed of the cutter is obtained [ Yatsuk et al., 1971],

S =Vswing _cutter *! [Equation 4.6]
%
S = 2z Iicutter [Equation 4.7]
Zblade * Acutter
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or,

60*vey,
§= sw;ng _cutter [Equation 4.8]
Zblade " "PMcytter

The cross sectional area of the soil wedge was approximated (Figure 4.4),

Asoilwedge =S * heut [Equation 4.9]

Byla

/’ K
h,
cut Smax

Figure 4.4 Feed and depth of cut

The translatory velocity of the cutter (szing cutter) [m/sec] was expressed as a function of
the swing velocity of the ladder assembly (szing _ladder) [m/sec] and the translatory velocity

of the hydraulic cylinder rod swinging the ladder assembly (Vshc ladder) [m/sec]. These

relations given in Appendix 12 were used to estimate the cross sectional area of the soil wedge

formed.

The total volume of soil dislodged by the cutter per unit of time was deduced as follows,

= "'PMeuytter « 2

Vsoil _total = Asoilwedge *Bplade T 60 blade * Zcutter _row [Equation 4.10]
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where, Agpifwedge is the cross sectional area of the soil wedge dislodged by two successive

cutter blades [m?].

4.2.4 Results and Discussions for Loosening Production

The constants and the variables chosen for the simulations are presented in Appendix 12. The

values of the constants and the variables were based on the prototype vehicle.

The translatory velocity of the cutter (szing_cutter) [m/sec] was calculated as a function of
the hydraulic oil flow (Qgjc jadder ) [m’/sec], angle which the ladder boom makes with the
horizontal (a) [degree], half angle of swing of the ladder assembly (aswing) [degree], angle
which the dipper makes with the horizontal ( p ) [degree] and the angle between the axis of the

ladder swing cylinder and the central axis of 