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Abstract
In recent decades, a significant amount of the research into deep sea polymetallic nodule
mining has been conducted on the collecting vehicle and the riser system accommodating
transport from the seabed to the mining support vessel. The topside operation, however,
is less commonly described in the literature. This part of the operation deserves attention
because it significantly impacts project risk and cost.

After initial investigation the main research question was formed:

What is the effect of moisture on the granular characteristics of polymetallic nodules in the
context of bulk handling?

Royal IHC provided a container with around 50 kg of polymetallic nodules from the Clarion
Clipperton Zone. These nodules have been used in earlier research, focused on the degradation
of nodules in transport from the seabed to the sea surface. Resulting in broken and damaged
nodules. Therefore these are a good representation of nodules coming from the vertical
transport system.

The degraded nodules provide an unique opportunity to gain an understanding of the
bulk behavior of the nodules once they have arrived on the ship.

Four experimental setups were used to understand the granular characteristics of degraded
polymetallic nodules in a non-destructive manner. In the first setup, particle properties such
as density, porosity, and water content have been measured. The second setup identifies the
shape of degraded nodules. The third setup measures the angle of repose for different nodule
sizes and water content. The last setup measures the friction factor for different nodule sizes
and water content, while changing the sliding surface between steel or rubber. Lastly, clay
has been added to the sliding surface experiment.

Considering the angle of repose tests and the sliding and rolling friction angle, it is evident
that the difference between dry and fully saturated nodules is minimal. For the friction
angle: The maximum deviation between dry, saturated and CCZ clay is 8 % on steel and 9
% on rubber, corresponding to ±2◦. For the angle of repose, the difference between dry and
saturated is negligible. It is concluded that the moisture content only contributes minimal
level to bulk behaviour of nodules.
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1 - Introduction
The chapter begins with basic information about deep sea mining and polymetallic nodules
in section 1.1, giving some history and information about the main reason for this topic. The
problem description is defined in section 1.2. The objective, primary and secondary research
questions are given in section 1.3. The chapter ends with 1.4, where the outline of this master
thesis is provided.

1.1 Deep sea mining in general
The rapid economic development of this world causes an increased demand for raw materials,
especially the materials needed for renewable energy and storage. This is further complicated
by the dominance of one single player supplying the raw materials. China controls the battery
chemical industry, with the biggest market share for all of the five main battery materials:
lithium, nickel, manganese, cobalt and graphite. Diversifying the global supply chain would
require significant investment from regions such as Europe and North America, according to
the latest Battery Metals Outlook from research company BloombergNEF[19]. In addition,
land-based mines all over the world struggle to cope with demand, decreasing ore grades and
unstable governments in the mining areas[20].

Deep sea mining can potentially alleviate these struggles by providing an additional stream
of locally mined ores from potentially independent areas.

History

Even though the ocean covers 70% of the earth, it remains a relatively unexplored frontier.
Exploration of the possibilities of exploitation of the seabed started in the fifties[21]. There
was a particular interest in metal-bearing nodules, which are potato sized rock concretions
covering large parts of the ocean. The most common name for these nodules is manganese
nodules or polymetallic nodules. An interesting feature of the nodule mineral deposits is that
they are two-dimensional, and can therefore be collected from the seabed surface. Figure 1.1
shows the abundance of nodules at the seafloor, typically ranging between 3000 and 5000
meters in depth.

After the fifties, interest in nodule collection ebbed away, when metal prices decreased
and the technical challenge of nodule collection seemed too high. Only in recent years, high
demand for rare metals, and technology advancements, have changed the tide, that now
nodule collection is economically viable.[22]

Nodule composition

Polymetallic nodules contain manganese, nickel, cobalt, copper, and rare earth elements[23].
According to the International Seabed Authority1 description [24], “polymetallic nodules are
rock concretions formed of concentric layers of iron and manganese hydroxides around a
core. The core may be microscopically small and is sometimes completely transformed into
manganese minerals by crystallization. When visible to the naked eye, it can be a small shell
of microfossil (radiolarian or foraminifer), a phosphatized tooth of a shark, basalt debris or

1Made up of 167 Member States, and the European Union, the International Seabed Authority is mandated
under the UN Convention on the Law of the Sea to organize, regulate and control all mineral-related activities
in the international seabed area for the benefit of mankind as a whole.
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Figure 1.1: Manganese nodules on the seabed off the southeastern U.S., 2019 (NOAA).

even fragments of earlier nodules. The thickness and regularity of the concentric layers are
determined by the successive stages of growth. On some nodules they are discontinuous,
with noticeable differences between the two sides. Nodules vary in size from tiny particles
visible only under a microscope to large pellets more than 20 centimetres across. However,
most nodules are between 5 and 10 cm in diameter, about the size of potatoes. Their surface
is generally smooth, sometimes rough, mammilated(knobby) or otherwise irregular. The
bottom, buried in sediment, is generally rougher than the top”.

Figure 1.2: Polymetallic nodule provided by IHC.

To give an overview of the chemical composition of manganese nodules, data provided by
the GSR(Global Sea mineral Resources) is used. This data was gathered from 25 box-cores
during two sampling campaigns to the CCZ license area in 2017[3]. Table 1.1 shows the result
of gathered data.

From this table, the materials necessary for batteries: cobalt (Co) and nickel (Ni), are the
most critical raw materials. Per nodule, the percentage present of this substance is not that
high. However, when looking at the abundance of nodules on the seabed, it turns out that
these are vast amounts of material. The following section expands on this.
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Table 1.1: Chemical composition of GSR samples, valuable metals in mass percentages.[3]

Element Quantity Unit Element Quantity Unit Element Quantity Unit

Mn 27.09 % La 100.8 ppm Tb 4.7 ppm

Ni 1.308 % Ce 294 ppm Dy 25.2 ppm

Cu 1.127 % Pr 30.7 ppm Ho 4.7 ppm

Co 0.213 % Nd 129.1 ppm Er 12.7 ppm

Mo 0.058 % Sm 31.8 ppm Tm 1.9 ppm

Pt 0.083 g/t Eu 7.7 ppm Yb 12.1 ppm

Pd 6 ppb Gd 29.8 ppm Lu 1.8 ppm

Y 80.1 ppm

Location

Nodule fields are found in the oceans all over the world to a greater or lesser extent. The area
where the nodule fields are most abundant is the Clarion-Clipperton Zone(CCZ) in the Pacific
Ocean, where nodules occur at waterdepths of 3700-5500 meters[18]. The average abundance
in this zone is 10 kg/m2 with abundance peaks of 38 kg/m2[25]. In an area of 4.5 million
square kilometres, reserves of polymetallic nodules are estimated at 274 Mt for nickel and 44
Mt for cobalt, multiple times the global terrestrial reserves [1].

The environmental conditions consist of a saltwater environment in the deep sea, with
pressures of ca. 500 bar and temperatures of ca. 2°C. These conditions necessitate the
development of a highly robust technology for the future mining of polymetallic nodules[26].
Figure 1.3 shows the location of the nodule deposits around the world with emphasis on the
Clarion-Clipperton Zone (CCZ).

Figure 1.3: Sub-sea mineral deposits with emphasis on the Clarion-Clipperton Zone[1]
.
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1.2 Problem definition
In recent decades, a significant amount of the research into deep sea polymetallic nodule
mining has been conducted on the collecting vehicle and the riser system accommodating
transport from the seabed to the mining support vessel. More recently, the focus of the
research has shifted more towards the environmental impact and the scale-up of the operation.
These are arguably essential parts of the deep sea mining operation. If transport proves to
be technically impossible or the environmental impact is too high, the project would have
no chance of success. The topside operation, however, is less commonly described in the
literature. This part of the operation deserves attention because it can still significantly
reduce project risks. An overview of the harvesting setup will be given in chapter 2.1.

Topside operation

The topside operation mainly consists of dewatering, storage and transport of the nodules.

• Dewatering is challenging in a confined and moving environment at sea. While
dewatering is a common practice in the land-based mining industry, and wastewater
and sludge treatment industry.

• The storage of the polymetallic nodules after the dewatering stage is another interesting
topic. Little research has been conducted on how the nodules behave when stored into
a storage hold; phenomena like liquefaction or dynamic separation could happen when
the nodules are handled carelessly. These phenomena have caused many fatalities over
the years on other bulk cargo types. Figure 1.4 shows the capsized MV Black Rose as
a result of cargo liquefaction.

• The transport within the mining support vessel and between ships is the third topic of
the topside operation. The behaviour of polymetallic nodules has not yet been mapped.
This makes it challenging to create transport systems, i.e. transport belts and material
chutes, suitable for moving this kind of bulk material.

Figure 1.4: The MV Black Rose capsized as a result of cargo liquefaction[2]
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1.3 Research questions
This master thesis aims to provide an insight into the topside processes of a deep-sea
polymetallic nodule mining operation. Therefore, the main research question is defined as
follows:

What is the effect of moisture on the granular characteristics of polymetallic
nodules in the context of bulk handling?

The secondary research questions, which are sorted per chapter, are formed as follows:

Theory

• What are effective strategies to dewater polymetallic nodules in a confined space on a
mining support vessel.

• How do the dewatering strategies at sea compare to land based dewatering installations?

• What are the physical states and their corresponding aspects to consider when handling
polymetallic nodules?

Experimental

• How do the densities of the IHC nodules compare to the nodules from other sites of
which experiments are published in available literature?

• Is photogrammetry with Qlone an effective method for scanning polymetallic nodules?

Lab tests were used to clarify the behaviour of degraded polymetallic nodules in a dry and
fully saturated condition.

• What is the angle of repose of degraded polymetallic nodules and how is it influenced
by moisture content?

• What is the sliding/rolling friction angle of nodules placed on a steel slide and on
a rubber conveyor system when taking into account different compaction states?

– How does the particle size affect the friction angle?
– What is the effect of moisture content on rolling/sliding friction angles?
– What is the effect of adhesion forces of clay on and rolling/sliding friction angles?

• How does the normal force influence the rolling/sliding friction angle?

• What effect do the sliding nodules have on the sliding surface roughness?

1.4 Outline of this thesis
The thesis is divided into a theoretical part, an experiment-oriented part followed by an
all-embracing conclusion.
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The theoretical chapter consists of three sections: The first section gives an overview of
the nodule mining operation. It starts from the collector vehicle at the seafloor, followed by
the vertical transport system, the topside operations and the handling of sediments, waste
and other effluents that will be returned deep sea.

The second section regards the dewatering operation. First, the three modes of dewatering,
i.e. sedimentation, filtration and thermal drying, are discussed. After this section, an overview
of the dewatering options for an effective dewatering strategy is provided. At the end of
the chapter, the main differences between on-land dewatering and offshore dewatering are
discussed.

The third section discusses the effects of water on material and properties of the nodules.
This chapter is divided into three sub-sections: Solids in slurry, granular behaviour and
moisture in large granular material.

The experiments-oriented chapters consist of four chapters in which four experimental
setups were used to understand the granular characteristics of degraded polymetallic nodules
in a non-destructive manner. The parameters that are obtained from these experiments are
useful in the design of bulk handling equipment such as conveyors and chutes. This prevents
overdesign or underdesign of the deep sea mining operation, which could lead to leading to
higher costs or unsafe situations.

In the first setup, particle properties such as density, porosity, and water content have
been measured. The second setup identifies the shape of degraded nodules. The third setup
measures the angle of repose for different nodule sizes and water content. The last setup
measures the friction angle for different nodule sizes and water content, while changing the
sliding surface between steel or rubber. Lastly, clay has been added to the sliding surface
experiment. The chapters elaborate on these different setups and their goals for which IHC
provided 50 kg of polymetallic nodules used in the research of de Hoog and van Wijk [5, 27].
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2 - Theory
This chapter consists of three sections: The first section gives an overview of the nodule
mining operation. The second section regards the dewatering operation. The third section
discusses the effects of water on material and properties of the nodules.

Secondary research questions of this chapter:

• What are effective strategies to dewater polymetallic nodules in a confined space
on a mining support vessel.

• How do the dewatering strategies at sea compare to land based dewatering
installations?

• What are the physical aspects to consider when handling polymetallic nodules?

2.1 Overview of the mining setup
The mining operation of polymetallic nodules from the seafloor comprises excavation, a
vertical transport system from the seafloor to the sea surface, called a riser and the processing
and shipping of the material afterwards. The mining system will be producing a mixture of
seawater, fine seabed sediments and polymetallic nodules[5]. Figure 2.1 shows a schematic
overview of the operation. It consists of a mining vehicle on the seabed, riser system,
mining support vessel and a bulk carrier. The mining vehicle grabs the nodules from
the bottom and sends them to the mining support vessel using a riser system, also called
a VTS (Vertical Transport System). Subsequently, the nodules are separated from the
water-sediment mixture, and then transported to the bulk carrier. Finally, sediment, water,
waste and other effluents (SWOE) are discharged through a discharge pipeline.

Figure 2.1: Schematic overview of a mining operation.

Process flow overview

Figure 2.2 shows a proposed process flow for nodule handling from seafloor to shore [3].
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The nodules lie either on top or just below the sediment surface. Therefore, unwanted
sediment and an excess of water will inevitably be entrained with the nodules while collecting.
A system is developed which separates most of these unwanted substances directly at the
seafloor. This sediment flow is represented by Stage 2 in figure 2.2. After the first separation,
the mixture of nodules, water and a small amount of sediment will be pumped to the mining
vessel through a riser system. Then, the mixture has to be dewatered for storage and
shipment. This operation will also result in a waste stream which will be guided by a fallpipe
to be discharged at considerable depth, to reduce environmental impact [28].

Figure 2.2: schematic picture of the process flow. Solid lines represent the main flow (Nodules) and dashed
lines represent secondary flow (SWOE). Blue arrows show the general direction of the flow [3].
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2.1.1 Seafloor mining tool

The polymetallic nodules lie on or just below the sediment surface; they can be harvested
similar to a potato field. An uptake mechanism is used to collect the nodules[29]. According
to literature, collection is currently done in three ways: Mechanical collection, hydraulic
collection or a hybrid version. In mechanical collection, rake-like tools on drums guide the
nodules toward the collector. In hydraulic collection, water jets are used to lift the nodules
together with ambient sediments, which are subsequently sucked into the nodule collector
[29, 30]. From the collector, a mixture of nodules, sediment and water is pumped toward the
riser system. For both collection methods, before entering the riser, 90% of the sediment and
excess of water will be separated immediately in the seafloor mining tool. This flow will be
discharged behind the vehicle [3].

Table 2.1 indicates a prediction, provided by IHC and DEME-GSR, of mass and volume
collection of sediment, nodules and ambient water during hydraulic and mechanical collection
process [3, 29].

Table 2.1: Estimated nodule, sediment and water flow on the seabed to collector stage [3].

Collector type Parameter
Nodule

(wet)

Sediment

(dry)
Water Total

Mass [t/h] 467 805 2977 4249
Mechanical

Volume [m3/h] 230 322 2904 3456

Mass [t/h] 492 805 23037 24335
Hydraulic

Volume [m3/h] 243 322 22475 23040

2.1.2 Vertical transport system

The next step in the chain is the vertical transport system(VTS), also called riser system.
The minerals need to be lifted from the sea bottom to the surface. The vertical distance
travelled will be around 3000 to 5000 meters. There are a couple of different ways to achieve
transport over this distance. This section will explain the three main modes of transportation
to the surface: Mechanical, Air lift and Hydraulic transport. Unfortunately, up to now, no
full scale deep-sea mining operation exists [31], so there is no practical comparison available.

Mechanical lifts

A mechanical lift is highly suitable to vertically move raw materials, such as a standard lift
or bucket lift. These techniques have been used for centuries and have proven their reliability.
Unfortunately, this technique also has a significant limitation. Lifting cables have a weight
limit per length. For a short distance, these cables can lift high weights, and it is efficient,
but when considering the deep sea mining distances, 3000 m to 5000 m, the weight of the
cable system the starts to play a significant role. The lifting cable therefore creates problems
for the production target and transport velocity [32].

A comparison between the different kinds of vertical transport shows that vertical
transport by mechanical bucket lifting is the most energy efficient transport system of the
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compared systems. A disadvantage of mechanical lift is that currently no winch exists which
could meet the production targets.[4]

Air lift

Air lift transport is an effective and robust way of transporting goods over a vertical distance.
The airlift system utilises a process of injecting air into the collection line and creating a
three-phase mixture. Air reduces the density of the slurry and induces a flow driven by the
pressure difference between the nodule feed point and the end of the VTS[33, 34]. A significant
advantage of the air lift system is that there are no moving parts along the length of the riser,
only air injections. The biggest disadvantages are that it is expensive to operate[30] and hard
to control the air fraction, especially at the riser top; expanded gas needs to leave the system,
which causes problems [4, 32],

Hydraulic transport

Hydraulic transport is the working horse for the dredging industry. It is a robust way of
transporting large amounts of solids over large distances in a marine environment, by using
centrifugal or positive-displacement pumps. The system is scalable with high production
targets and has the highest technology readiness level. It comprises of hydraulic pumps
located along a pipeline. The complexity however, comes with the moving parts inside the
pumps. A high level of redundancy needs to be built-in to assure stable and reliable production
[3, 27].

The two pump systems, centrifugal and positive-displacement, have slightly lower
efficiencies than mechanical lifting and have some disadvantages when used in deep water,
in case of centrifugal pumps, multiple pumps would be needed, whereas in case of positive
displacement pumps, high pressures would be needed. Another disadvantage is the amount of
water which has to be pumped to the surface in order to prevent clogging[27]. At the topside
of the operation, this water has to be removed.

VTS design choice and implications

Looking at available literature in the riser development[4, 7, 27, 29], It can be concluded that
hydraulic transport has the highest chance of reaching the level of full-scale operation first.
This hydraulic method is also preferred by IOM (The Interoceanmetal Joint Organization), an
intergovernmental consortium established to conduct exploration, evaluation and exploitation
of polymetallic nodules in the Clarion-Clipperton Zone (CCZ) in the north-east Pacific[18].
Figure 2.3 gives an overview of the three different systems. The important differences between
the air lift and the hydraulic lift are the amount of water that needs to be removed at the
topside and potentially how much damage the nodules have incurred during transport.
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Figure 2.3: The flowchart shows the three different transport systems. The colour represents the current TRL
of the system. With mechanical, there is an option to have batch production and semi-continuous production
[4].

VTS production figures

Within the Blue nodules project[3], research was conducted on the hydraulic riser production
estimates. Table 2.2 shows the result of that research. These numbers are important for
further processes on the mining support vessel. During the transportation, due to the abrasive
action and riser pumps action a fraction of the nodules experience abrasive, crushing and
impacting forces. Hence, the particle size distribution of the transported nodules in the riser
system will change to a more fine grained distribution at delivery on sea surface.[5, 35]

Table 2.2: Estimated flow inside riser system [3].

Collector type Parameter
Nodule

(wet)

Generated

fines <63 µm

Sediment

(dry)
Water Total

Mass [t/h] 491 2 81 1187 1761
Hydraulic

Volume [m3/h] 242 1 32.2 1159 1433

2.1.3 Cleaning process and storage

The vertical transport system ensures that the nodules rise to the mining support vessel where
the nodules will be temporary stored. However, as discussed in the previous section, the riser
system brings along two challenges. The first one is water (1159 m3/h) and sediment (32
m3/h) accompanying the nodules. The mixture needs to be separated to ensure that the
nodules are stored efficiently.

The second challenge is the impact of the riser system on the nodules. The nodules will
have to endure multiple impacts with the pipeline and the pumps on the way to the surface.
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Van Wijk and De Hoog have produced several papers in which they have investigated and
analyzed the impact effects of the pumps and the pipeline on the nodules[5, 35, 36]. Figure
2.4 shows what happens when you move a load of nodules over different lengths of pipe. The
large nodules will break and a fraction with small nodules, also called fines, is created. The
experiments started with nodules of the 45–31.5 mm class and three consecutive experiments.
At the end of the experiment, the nodules reduced in size and 10 % of the mass of the nodules
reduced to fines.

Figure 2.4: The change of particle size in the vertical fluidization experiment of de Hoog et al.[5].

Dewatering stages

Dewatering is necessary for efficient storage, the weight of the excess of water would decrease
the loading capacity of the vessel and a high moisture level load behaves differently than dry
bulk . Figure 2.5 shows an overview of the steps necessary to have efficient storage. On the
left, the figure shows the incoming untreated product. The first step is to separate nodules
larger than 1 mm from the free water. This results in a solids part and a slurry stream. The
slurry stream consists of particles smaller than 1 mm, which are micronodules and sediment.
According the papers from de Hoog en van Wijk [5, 27, 35], The micronodules are of slightly
larger particle size (< 1 mm) than the sediment ( < 0.1 mm). Since a separation step
is required, a hydro cyclone could be an effective way to separate, creating a slurry with
micronodules and a slurry with sediment. The sediment slurry leaves through the discharge
system, and the micro nodule slurry is further processed in a final step. In the end, there
will be a coarse nodules section without free water, a compacted fines section without free
water, and a waste stream with the sediment. In section 2.3, the separation process is further
explained.
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Figure 2.5: Overview topside treatment of nodules.

2.1.4 Ship to ship transport

The nodules on the mining support vessel have to be moved to the coast in order to process the
raw materials. Since it concerns bulk material, it will be transported by bulk carriers.[7, 30]
However, it is not yet entirely clear how the nodules arrive on the ship. There are two
suggestions: Drained or hydraulic transport.

• Drained transport: The nodules in the storage hold of the mining support vessel are
placed on a transport belt connected to the bulk carrier, as shown in figure 2.6 on the
left.

• Hydraulic transport: The nodules out of the storage hold of the mining support vessel
are re-watered and transported through a pipeline connected to the bulk carrier, as
shown in figure 2.6 on the right hand side.

Figure 2.6: The left photo shows ship to ship transport via a conveyor system, the right picture shows a
hydraulic transport.

Both systems have their advantages and disadvantages. The main advantage of hydraulic
transport is that the ships remain at a distance from each other, because a pipeline can stretch
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over a longer distance. This reduces the risk of ships colliding. The main disadvantage of
the hydraulic transport is the requirement of an additional dewatering station on every bulk
carrier that is to be used. When there is too much moisture in cargo, there is a possible
danger for the stability of the cargo and, therefore, also the stability of a ship. Chapter 2.3
will further explain this limit. [7]

For the drained transport, the main advantage is the absence of needing additional
dewatering stages at the bulk carrier. This also results in lower water content at the bulk
carrier. The disadvantage of drained transport is that the ships have to be in close proximity
to each other, which is a high risk operation considering the wave and weather conditions
in the areas of interest. Figure 2.7 shows the possible steps of the ship to ship transport
operation.

Figure 2.7: Flowchart interface between mining support vessel and transport vessel.

2.1.5 SWOE

Slurry containing nodules, sediment and water is pumped up the riser where the nodules are
removed, and remaining material is pumped back to the seafloor. The latter is called SWOE:
sediment, waste, other effluent. When there is a perfect separation at the mining vehicle
there will be no sediment present in the SWOE. In practice, as stated in section 2.1.1 it can
be expected that 10% of the sediment will reach the mining support vessel. When released
in the ocean, the sediment will cause a plume which could harm the environment[1]. Because
of the potential environmental damages in the depth zone from the surface to 1000 m, it is
strongly recommended that discharges be released below the depth of the oxygen-minimum
layer.[26, 37]
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2.2 Comparison of dewatering strategies
As presented in chapter 2.1, it is not feasible to bring only the nodules to the surface. Any
vertical transport system will deliver a mixture of nodules and water. Furthermore, subsea
soil particles will probably be pumped into the vertical transport system[4]. A dewatering
and classifying system needs to be built for two reasons:

• To remove the water and soil from the slurry so the nodules can be stored efficiently.

• To reduce the amount of fines in the SWOE, which results in less plume formation and
therefore minimising environmental impact.

Dewatering methods can be broadly classified into three groups: sedimentation (gravity
and centrifugal), filtration, and thermal drying [17]. Dewatering in mineral processing is
usually a combination of these methods. The methods will be further explained in the first
three sections in this chapter. The fourth section will combine the knowledge of the dewatering
techniques, and a flowchart is given with a dewatering strategy for manganese nodules at sea.
The last section will look at the differences between land based and offshore dewatering
installations.

2.2.1 Sedimentation

The first separation process that will be discussed is the process which uses sedimentation.
Sedimentation processes can be subdivided into two groups: gravity based and centrifugal.

Gravity sedimentation

Gravity sedimentation is the separation of minerals based upon the difference in density. A
slurry has to be pumped into a reservoir and gravity will separate the solids from the liquid
[16]. Using a sedimentation tank, the nodules can be separated from the water and sediment.
The settling equation, which is shown in chapter 2.3.1, can determine how much time the
slurry has to spend in the tank before the nodules have settled. Table 2.3, taken from Sanjay
et al[16], shows an indication of the settling times for the nodules if they are larger than 1
mm and the fines smaller than 1 mm. This settlement is done in a batch process. First, a
tank is filled with slurry, and after a certain time, the particles are settled, and the water
can be pumped out, leaving the nodules. After this step, the nodules can be transported to
the storage. Because of the continuous inflow of material to the mining vessel, it is necessary
to have several settling tanks parallel so that the slurry stream can be diverted when one
tank is full. This setup takes up large amounts of space and is therefore not preferred on
a vessel[7, 16]. A rough estimate of the required ship volume or deck space illustrates the
required space: First, the inflow rate of the slurry from the VTS is used, which is based on
the production numbers of blue nodules[38]: An input of 100 kg/s dry bulk with a density
ρ of 2000 kg/m3 and a volumetric concentration cv of 0.20 results in a volume flow of 0.3
m3/s. Every hour, this would mean that 1080 m3/hour needs to be stored on the vessel. This
would be a solution for the coarse material, since the settling time is only a couple of seconds,
but the fines have long settling times. This would mean that a tank needs to be filled and
then wait for 16 hours. So in this time, The riser system would have provided approximately
16.000 m3 of slurry. When considering that the vessel is a mining support vessel, this would
seriously compromise the storage capacity of the vessel.
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The fines sedimentation on a vessel has another setback: the ship moves due to the wind
and waves; this creates water motion in the vessel and increases the settling time of small
particles. The most significant advantage of gravity sedimentation is the low power usage: no
additional pumps are required for the sedimentation[17].

Table 2.3: Settling times of nodules according to Sanjay et al [16].

Pulp

density
Size fraction Settling time(tavg)

<1mm 16.5 h
10%

1-30mm 6.082s

Spiral Classifier

A technique to convert a batch sedimentation tank into a continuous system exists. A spiral or
screw classifier can achieve this. Figure 2.8 shows a schematic representation of such a device:
The slurry flows into the settling pond, from where a spiral pushes it above the waterline,
which separates the nodules from the slurry. This method has some benefits and drawbacks
in comparison to a regular settling tank. A significant advantage is that the technique works
continuously; the inflow and discharge are continuous. A disadvantage is that it is impossible
to separate the fines; there will be too much turbulence for the fines to sink to the bottom.
Another type of separation method will be needed to separate the fines.

Chatham Rock Phosphate Limited (CRP) has proposed to mine phosphorite from the crest
of the Chatham Rise (New Zealand), which would require a similar dewatering installation
as a nodule mine operation for phosphate nodules. In the design phase of CRP operation, it
was found that spiral classifiers are predicted to significantly improve the performance of the
separation system.[8]

Figure 2.8: Schematic representation of a spiral classifier.

Centrifugal separation

Centrifugal separation can be regarded as an extension of gravity separation, as the settling
rates of particles are increased under the influence of centrifugal force. Centrifugal separation
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can be performed by hydrocyclones[17]. A cyclone is a device that separates particles by
creating centrifugal forces in the slurry stream[39]. The hydro cyclone was patented in 1912
and has subsequently been widely used in the minerals processing industry as a classifier
for size separation in the mineral extraction process. Its widespread us is due to its ease of
operation, high capacity and efficiency.

Figure 2.9a displays the working principle of a hydrocyclone. A feed enters the tangential
inlet at a high velocity near the top of the cylindrical section. The fluid is pushed towards the
bottom in a spiralling fashion where it experiences a flow reversal and passes up as a central
core. This central core actually flows toward a central overflow outlet in a reverse spiral.

The conventional understanding is that particles within the hydrocyclone’s flow pattern
are subjected to two opposing forces: an outward acting centrifugal force and an inward acting
drag displayed in figure 2.9b. The centrifugal force developed accelerates the settling rate of
the particles, thereby separating particles according to size, specific gravity and shape. Faster
settling particles move to the wall of the cyclone, where the velocity is lowest, and migrate
down to the underflow. Due to the action of the drag force, the slower settling particles move
toward the zone of low pressure along the axis and are carried upward through the vortex
finder to the overflow.[17]

Figure 2.9: Hydrocyclone: (a)Principle flows. (b)Forces acting on an orbiting particle (JKMRC, The University
of Queensland).

Table 2.4 outlines the critical differences between the two types of classifiers and further
highlights the benefits of centrifugal classifiers: Due to the continuous feed, the capacity is not
limited by the size of the sedimentation tank. The centrifugal force causes another advantage:
smaller particles can be separated in a shorter time. A disadvantage of the centrifugal classifier
is the energy consumption because of the high feed pressure required to achieve the separation
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vortex. However, one can argue that the energy consumption disadvantage is outweighed by
the small deck space requirement, initial investment costs and the robustness of the system[40].

Table 2.4: Differences between centrifugal and gravitational classifiers[17].

Item
Centrifugal

Classifiers

Gravitational

Classifiers

Capacity High Low

Cut-size Fine-Coarse Coarse

Capacity/cut-size

dependency
Yes No

Energy consumption High(feed pressure) Low

Initial investment Low High

Required area Small Large

Coagulation and flocculation

Coagulation and flocculation refer to processes that cause particles to aggregate or
agglomerate (i.e., adhere or cluster together) to increase settling rates. To achieve this
increased settling rate, chemicals need to be added to the slurry. These chemicals will
increase the operational costs and can cause environmental impact if not carefully handled
and separated from the waste stream. When looked at the reports of Blue Nodules (deep
sea nodule mining at the CCZ) and Chatham Rock Phosphate Limited (mine phosphorite
crest near New Zealand), it shows that the use of chemicals in their topside processing is not
preferred[8, 28].

2.2.2 Filtration

Filtration is a process used to separate solids from liquids or gases using a filter medium that
allows the fluid to pass through but not the solid[41]. Figure 2.10 shows this method in a
basic diagram. This section is divided into a part about a vibrating screen and a filter press.

Figure 2.10: Diagram of filtration: oversize particles in the feed cannot pass through the lattice structure of
the filter, while fluid and small particles pass through, becoming filtrate.
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Vibrating plate

Vibrating dewatering screens are commonly used for solid-liquid separation applications in
several industries such as mining, chemical and food. Materials such as sands, ores, pyrites,
salts, coal, silt, granulates, abrasives and recycling materials, are commonly dewatered using
vibrating screens[17, 42]. A more widespread application of vibrating screens is for size
classification, especially in the mineral industries[43, 44].

Figure 2.11: Example of a vibrating dewatering screen[6].

Figure 2.11 shows a vibrating dewatering screen as used in the industry. A vibrating motor
produces the vibration of the screen deck. The slurry is fed on one side of the screen. The
water passes through the screen openings while the solids are conveyed to the other end of the
screen. The vibration aids in the conveyance of solids. Sanjay et al.[16] experimented with
the dewatering of nodules using a vibrating screen. The experimental results indicate that
the dewatering screen was able to separate particles >1mm effectively, leaving the underflow
with only fine particles of size <1 mm. The angle of screen inclination was found to be the
most influential parameter, followed by the flow rate.

While construction and operation of dewatering screens is simple, the theory is rather
complex. With the lack of constant operating force like in centrifugal separators or pressure
filters, the physics of solids dewatering can be closely modelled as a discontinuous centrifugal
force. The vibrations of the screen offer acceleration and deceleration at short intervals. This
force is responsible for the removal of the moisture associated with the solids besides the
associated free water[45]. Other factors such as inclination also play a significant role. On an
inclined dewatering screen, the accelerations along with a portion of the gravitational force
will cause the material to travel towards the discharge end. In contrast, the water is being
screened out utilizing proper screening media.

Filter press

For the separation of small particles like micronodules (<0.5 mm), a filter press could be
used. A frequently used horizontal filter design is shown in figure 2.12. Filter plates are
suspended vertically from a steel frame, with a filter cloth hung between them. The plates
are held together, and the press is opened and closed by a hydraulic piston. The slurry is
pumped into the press to fill each chamber. Dewatering starts immediately, and the filtrate
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is removed. When the chamber is full of material, membranes on one side of the chamber are
pressurized to hold the filter cake in place and squeeze out water. At the end of this “feeding
cycle”, the main dewatering cycle is activated by forcing pressurized air through the cake;
this pushes the water out with pressures typically around 8 bar. At completion, the press is
opened, the plates separate, and the cake falls by gravity onto a conveyor. Afterwards, the
chambers close, and the cycle repeats.

Figure 2.12: Example full scale filter press, the pressing takes place in the vertical white plates. (Dutch
filtration).

Figure 2.13: Schematic view of filter press (Judd Water & Wastewater Consultants).

A filter press operates with batches of slurry and thus cannot operate continuously. This is
a problem for a mining operation where the feed stream enters continuously. If a buffering tank
is positioned before the press, a continuous process can be mimicked. The downside of this
solution is that large reservoirs are needed when considering processing volumes on a nodule
mining operation [46]. Another way to make the system more continuous, is placing multiple
filter presses in parallel. When press 1 is loading, press 2 can be unloading, this reduces the
necessity of a feeding tank and thereby save space on the mining support vessel[16].

The largest disadvantage of the filter press is the energy consumption[17]. Since the
fines only represent a small percentage of the production. It is questionable whether it is
cost-effective to use this machine in the dewatering of the nodule slurry.
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2.2.3 Thermal drying

Thermal drying is a process for the dehydration of moist products based on moisture
evaporation by heating. This method is used if processes require low moisture content(5%wt),
for example iron ore pellet creation [42].

2.2.4 Overview of dewatering strategy at sea

A dewatering flowchart containing the different methods of dewatering from the previous
sections is depicted in figure 2.14. The flowchart aims to help create a dewatering system for
a manganese nodule mining operation. The flowchart starts at the point where the nodules
enter the mining support vessel. A choice is made if the nodules will be processed in bulk or as
a continuous process. The availability of space on the ship is the governing parameter in this
choice. The next step is removing the free water surrounding the nodules, a coarse separation
step where the nodules > 1 mm will be removed from the water. The separated nodules
are transported to the mining vessel storage, while the remaining water with fines(nodules
fragments and micronodules) and sediment is transported to be further processed.

The next step is classification: the goal is to separate the micronodules from the sediment
as much as possible. The most effective way of separation would be a flocculation method.
However, due to the costs of chemicals and the potential environmental impact, this method
is not recommended. The hydrocyclone is a better option because of its ease of use and
robustness. The only drawback is the separation efficiency which cannot prevent that, to
some extent, sediment particles will stay in the fines stream and some fines will end up in
the discharge stream. After classification, the separated sediment will be transported to the
SWOE, and the fines stream will continue to the last step.

The last step is the fines-water separation. For the method of fines separation, it is
essential to know to what extent dewatering is necessary. Section 4.3.3 elaborates more on
this topic. In this dewatering step, a fine vibrating screen or a filter press could be used. The
vibrating screen is the fastest and cheapest method, and the filter press is the most effective
dewatering method but is more expensive. The dewatered fines can then be transported to
the mining vessel storage, and the removed water will be sent to the SWOE.
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Figure 2.14: Detailed flowchart of the possible dewatering process. The pink colour represents the hardware
where the separation takes place. The yellow colour represents states the location of the product.
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Concept dewatering strategies from the offshore mining industry

Multiple companies are conducting research on the ways of dewatering on the mining support
vessel. Unfortunately, these concepts are often kept away from the public domain to not
help the competitors. This self-protection makes it difficult to find literature on offshore
dewatering installations. Currently, two consortiums have released their information, the
research and innovation project: Blue Nodules[7] and Chatham rock phosphate limited[8]. I
created an overview of the two dewatering setups in figure 2.15. Chatham rock phosphate
did not state the exact overview. This overview is reconstructed by scanning the dewatering
setup overview figure (shown in Appendix A.1) from their report. This overview is useful to
test the flowchart of figure 2.14.

Figure 2.15: (a) Shows the proposed dewatering setup of Blue nodules[7] and (b) Shows the proposed
dewatering setup of Chatham Rock Phosphate Limited[8].

2.2.5 Dewatering on land or at sea

Dewatering on land

Multiple land-based industries rely heavily on dewatering. The mining industry can be taken
as an example. Most mineral-separation processes involve the use of substantial quantities of
water, and the final concentrate has to be separated from a pulp in which the water–solids
ratio may be high. Dewatering produces a relatively dry concentrate for shipment[17].
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The optimisation goals of dewatering on land can be different than on sea. The upgrading
of iron ore is, for example, a high-tonnage industry where cost efficiency plays a critical
role[47].On the sea, the space usage and power consumption are most likely optimised.
The amount of reduction in moisture content can be another difference, especially in iron
ore processing, where low and even cake moisture content is crucial for the following
palletisation[17]. This requirement is stricter than for a deep sea mining operation where
the governing dewatering factor is the transportable moisture limit for transport.[7, 30]

Dewatering at sea

On a vessel, the separation processes are more complex due to four challenges. Firstly, the
availability of volume and deck space on a ship is limited. Secondly, the slurry inflow is most
likely continuous throughout the day (highest TRL as is depicted in figure 2.3), so a batch
separation installation is not preferred. thirdly, the motion of the mining vessel makes the
fixed environment turn into a dynamic environment which makes specific separation steps
like sedimentation inefficient[40, 48]. Lastly, the availability of power is expensive and not
limitless onboard a ship which makes filter presses less interesting to use.
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2.3 Effects of water on material properties of nodules in bulk
The changing of the bulk properties of polymetallic nodules during transport and in the cargo
hold depends moisture content of the nodules and the change in particle size distribution from
impacts in the VTS. This chapter focuses on the moisture content in the nodules. The first
section of this chapter states the nodule parameters. This section is followed by the three
regimes which the nodules encounter on their way from the seabed to the storage.

Single nodules

We start by analysing the physical properties of single nodules. Dreiseitl & Bednarek [18],
Neizvestnov et al. [49], Mero [21], Glasby [50], Zenhorst [51], Halbach [52], Wijnands [53] and
GSR [26] have published studies on the nodules properties. Table 2.5 displays the results of
the material properties of 205 Nodules obtained from the Clarion Clipperton Zone at location
H22 (Figure 1.3). To understand this table properly, the physical properties have to be
explained first.

• Volumetric density (moist unit weight), ρsitu [g/cm3], is defined as the ratio between
the mass of a nodule, including air and water present, mw [g], and its volume, V [cm3].

ρsitu = mw

V
(2.1)

• Dry nodule density (dry unit weight), ρd [g/cm3], is defined as the ratio between the
nodule mass without water, md [g], and the total volume (including voids) of nodule V
[cm3].

ρd = md

V
(2.2)

• Water content, w [%], is the amount of water contained in a nodule; it is expressed in
terms of the mass of water evaporated at 105 ◦C, mw −md, per mass of dried nodule
md.

w = mw −md

md
(2.3)

• Natural water content, wn [-], is expressed as the mass of water evaporated at 105 ◦C,
mw −md, relative to the mass of a wet nodule sample mw.

wn = mw −md

mw
(2.4)

• Porosity, n [-], represents the ratio between the volume of voids (spaces) to the total
volume of material.[54]

n = w( ρd
ρw

) (2.5)
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• Void ratio, e [-], expresses the relationship between the volume of voids and the volume
of solids in a nodule.

e = n

1− n (2.6)

• Specific (solid particles) nodule density, [g/cm3]

ρs = ρd(1 + e) (2.7)

The relevant properties are determined in both shipboard and land-based laboratories.
The shipboard analyses include nodule volumetric density and water content, determined
immediately after the samples were retrieved.[18]

Table 2.5: Nodule properties of 205 Nodules samples taken from the Clarion Clipperton region, location H22
[18].

Parameter Unit Mean Median Maximum Minimum Av deviation

Water content w [%] 46 46 57 36 3.48

Wet density ρsitu [g/cm3] 1.97 1.98 2.06 1.83 0.04

Dry density ρd [g/cm3] 1.35 1.36 1.51 1.18 0.06

Porosity n [%] 61 61 66 53 2.21

Void ratio e [-] 1.57 1.58 1.96 1.14 0.14

Mineral density ρs [g/cm3] 3.46 3.52 3.68 2.98 0.13

Natural water content wn [%] 32 32 37 27 1.65
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Figure 2.16: The Location of B2 Interoceanmetal Joint Organization (IOM) area and H22 and H11 exploration
blocks against the background of Clarion–Clipperton Zone Exploration Areas for Polymetallic Nodules[9].

Definable regimes of nodule processing at sea

In the topside processing of the nodules, three different types of regimes can be defined. The
first regime consists of solids in a liquid stream. This regime could be described as a slurry
and comprises the material as it enters the production support vessel. Dewatering steps are
applied to the slurry, and ‘dry’ bulk is formed. However, this dry bulk is not completely dry;
only the free water around the nodule is removed. The nodules themselves are still saturated
with water. The last regime might form in the bulk hold of the ship: Due to the bulk handling
and weight of the nodules, pressure will build up in the nodules, and the saturated nodules
could lose some of the pore water in the time-span of the shipment to the shore [12]. Figure
2.17 displays a schematic overview of the different regimes.

Figure 2.17: Schematic overview of the three regimes which the nodules will encounter during the journey
from the riser system to the ship storage.
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2.3.1 Solids in slurry

The first “solids in slurry” regime is valid wherever the nodules are in suspension. This regime
applies to the nodules larger than 1 mm in and just after the vertical riser transport system
and applies to the fines (< 1 mm) until they are removed from the water in the last dewatering
step. During this process, several physical processes play an essential role. The settlement
velocity equations are the governing equations for the design of the system. To understand
this equation, some other equations have to be understood: Mass concentration, volumetric
concentration and slurry density. These equations are important for the dewatering stages and
the transport through the pipeline: If the values reach levels which are too high, pipelines can
clog. Furthermore, sedimentation dewatering systems can have problems with a phenomenon
called hindered settling. This will be explained in the next section.

The mass concentrations:

cm = ms

mtotal
(2.8)

Where ms represents the total mass of the particular solids and mtotal represents the total
mass of all the solids and water combined.

The volume concentration:

cV = Vs
Vtotal

(2.9)

Where Vs represents the total volume of the particular solids and Vtotal represents the total
volume of all the solids and water combined.

Slurry density:

ρmix = cv ∗ ρs + (1− cV ) ∗ ρl (2.10)

ρmix is the density of slurry in g/cm3, cv is the concentration of solids by volume in the slurry
in fraction. ρs is the density of the solids in g/cm3 and ρl is the density of liquid without
solids g/cm3.

Settling and hindered settling

The settling rates of particles in a fluid are governed by Stokes’ or Newton’s laws.[55] Factors
that affect sedimentation include: particles size and shape, weight and volume content of
solids, fluid viscosity, and specific gravity of solids and liquid. Very fine particles, of only a
few micrometers diameter, settle extremely slowly by gravity.

Equation 2.11 shows the settling equation.

vts =
√

4
3

(ρs − ρf )
ρf

gd

CD
(2.11)

With vts is the terminal settling velocity, and CD is the drag coefficient of flow around a
particle. The drag coefficient CD is sensitive to a regime of the liquid flow round the settling
solid particle and this can be expressed by a relationship CD = fn(Rep). Therefore, the
terminal settling velocity vts depends on the particle Reynolds number Rep (eq 2.12), which
itself also depends on the velocity of a particle. An empirical equation or iteration is required
to come to a constant value. Terminal settling velocity vts is used as the first input for
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calculation of the particle Reynolds number, in which ν the kinematic viscosity of the liquid,
in this case water.[4]

Rep = vts ∗ d
νf

(2.12)

The hindered terminal settling velocity vth, this calculated by using Eq.(2.13), as given by
Richardson & Zaki [55]. The dependency on the Reynolds factor is expressed in the exponent
n, for which Eq. (2.14) was suggested by Wallis [55]. The obtained value of the hindered
terminal settling velocity is then used to recalculate the particle Reynolds number Rep, using
Eq. (2.11) again with vth replacing vts. The cycle repeats until a constant value for the
hindered terminal settling velocity vth, this reached.

Hindered settling

vth = vt(1− cv)x (2.13)

x =
4.7(1 + 0.15Re0.687

p )
1 + 0.253Re0.687

p

(2.14)

This settling equation is defined spherical particles. The problem with assumption is that
most particles are not perfectly round. Particles which are more flat than round, will have
a tendency to settle at a different velocity than spherical particles. This where the shape
correction factor shows up. The correction factor, which shows what the particle’s diameter
would be if it were a spherical shape and so that terminal settling is overestimated.

ψ = vt
vts

(2.15)

In which ψ is the correction factor for the shape of a solid particle and the vt is the settling
velocity of a non-spherical solid particle. The correction factor has to be found experimentally
for nodules.

2.3.2 Granular behavior

When handling bulk cargo, it is important to know how they behave to have a safe and
efficient operation. Solid bulk cargoes are typically loosely packed granular materials. A
useful parameter is the bulk density. The bulk density depends on the material properties
and loading conditions (grain size distribution, moisture content, drop height, cargo depth,
loading rate and time between loading and shipping)[7]. Furthermore, for the modelling
granular material like polymetallic nodules, the angle of repose is a valuable parameter.

Angle of repose

The angle of repose is regularly measured in laboratory tests and DEM models as a quick
method to determine the flowability of a granular material and to calibrate DEM material
parameters, such as the static friction, rolling friction and particle shape[56].

When a bulk solid material is experiencing a free surface flow, its surface forms an angle.
This angle, which is referred to as the angle of repose, usually measures the maximum slope
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angle of bulk solid material between a horizontal plane and the free surface angle. The angle of
repose represents the shear strength of bulk solid materials. According to the Mohr-Coulomb
equation, the shear strength of bulk solids materials in a failure plane, τs is often approximated
by Eq 2.16[57]:

τs = τc + σαtan(α) (2.16)

Where tan(α) indicates the friction coefficient of the bulk solid. σα is the normal stress
in the failure plane, and τc denotes the cohesion of the bulk material: In other words, τc is
the shear strength of the bulk material if σα = 0. By increasing σα, due to increasing the
height of bulk solids material for instance, it is expected that the contribution of τc in the
shear strength decreases. When τc is negligible, angle of repose represents α mainly. Failure
will occur once shear stress in an arbitrary cutting plane exceeds the shear strength of the
bulk material. The remaining bulk solids in the box forms an angle of repose. This parameter
represents the shear stress of bulk material under the force of gravity. Therefore, angle of
repose, can be used to investigate the effect of type and moisture content of polymetallic
nodules on its free surface flow.

Bulk density and angle of repose from literature

Nodule bulk density, ρb [g/cm3], provides information on the amount (by weight) of nodules
that can be placed in a 1 m3 container. Maximum nodule bulk density, ρb,max [g/cm3], is
obtained when a container of nodules is shaken and refilled. The bulk density and angle
of repose are best determined when many nodules (hundreds of kilograms) are collected by
seafloor dredge and delivered onboard [18].

Four dredge-samples were carried out within a expedition in 2014, with 2309 kg of nodules
being retrieved onboard. Likely, the three parameters presented in table 2.6 will be not of
any practical use because the nodules are recovered via a hydraulic method of collection and
transport and thus will degrade during the transport through the vertical transport system
[5]. However, they can have a significant relevance as comparison material for bulk properties
taken from degraded nodules.

Table 2.6: Bulk properties retrieved from four dredged samples of an expedition in 2014 with 2309 kg of nodules
being retrieved[18] using mainly intact nodules. The values can have a significant relevance as comparison
material for bulk properties taken from degraded nodules.

Dredge No.
Nodule apparent

density ρb [g/cm3]

Maximum nodule bulk

density ρbmax [g/cm3]

Angle of repose

α [deg]

2229 Tp-1 1.136 1.250 33

2229 Tp-1 1.121 1.220 33

3521-1 Tp-1 1.106 1.242 30

3521-1 Tp-2 1.068 1.205 30
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Aspect ratio

The shape of the granular material also has influence on the bulk parameters. For the
modeling the shape in DEM software, the aspect ratio can be useful tool. The particle
elongation is defined as illustrated in figure 2.18, by the ratio b/a (e.g. aspect ratio AR),
where b is the length of the minor axis and a is the length of the major axis [58]. For a
spherical particle AR = 1, the higher the particle elongation the smaller the ratio AR. The
ratio is limited to a value of AR= 0.5 because the spheres will not touch at lower values. For
particles which are needle shaped, which have a AR<0.5, sphero-cylinder modeling could be
used.[59]

Figure 2.18: Definition of particle aspect ratio AR. For Spherical particles, the Aspect ratio is 1[10].

Particle degradation

From the nodule degradation experiments from van Wijk and de Hoog [5, 35] and Li [60],the
conclusion can be drawn that there will be a significant degradation during the transport of
the nodules. Particle degradation is known as the breakage of a single particle in multiple
pieces or as the mass loss of the parent particle. It is helpful to get an understanding of the
different mechanisms of nodule degradation.

Particle degradation can be divided into four failure mechanisms based on the physical
effects on the particles[11]. The mechanisms are fragmentation, chipping, attrition and
abrasion. The four mechanisms are subdivided into high force fracture mechanisms and
low force wear mechanisms. Figure 2.19 shows an overview of the different failure modes. A
particle can break by fragmentation, where a crack propagate goes through the particle and
will divide the particle into two or more pieces. Fragmentation occurs when a relatively high
normal force is exerted on a particle, for example, a centrifugal pump blade on a nodule.
Chipping occurs when a relative high tangential force is exerted on the particle. Chips will
break loose from the particle. A particle can also degrade by wear mechanisms as attrition
or abrasion. Attrition occurs when relatively low normal forces are exerted on the particle,
and abrasion occurs when relative tangential forces are exerted. In both mechanisms, the
particle loses its mass gradually, but a significant difference is that surface by abrasion is
getting smoother and rounds the particle in contrast with attrition.
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Figure 2.19: Particle degradation mechanisms [11].

Particle properties that are of significant influence on particle degradation are: size, shape
and (loading) history. A larger particle contains more structural impurities compared to
smaller particles. Hereby the particle strength of smaller particles is higher than larger
particles. The particle shape influences the stress distribution in the particle. A more irregular
particle is more exposed to wear due to its sharp edges. The small edges will experience high
local stresses resulting in a higher fracture probability. [61].

2.3.3 Moisture in coarse granular material

Each year, accidents happen, with bulk carriers capsizing or sinking due to excessive moisture
levels in the loads. In the period 2009-2015, 11 ships were lost in this way, with 102 crewmen
losing their lives. Load liquefaction or dynamic separation were identified as the likely cause
of these accidents. The most widely-known cargoes which are susceptible to liquefaction,
are mineral concentrates, but also other materials such as fluorspar, certain grades of coal,
pyrites, mill scale or sinter/pellet feed are known to be susceptible to liquefaction.[2, 12, 62]

Liquefaction

Liquefaction has been studied thoroughly in soil mechanics literature, mostly in relation
to earthquakes. Liquefaction can typically occur in non-cohesive granular soils, which are
relatively fine grained, loosely packed and saturated with water [62]. When a load is applied
on a loosely packed granular material it tends to compact. When the voids (expressed in
figure 2.20 as void ratio, ev, i.e. the ratio between the volume of voids and the volume of
solids) are filled completely with water, the water needs to be expelled in order to allow
compaction. If the drainage capacity of the soil is limited, pore pressure, p, will increase as
water is relatively in compressible. When the pore pressure rises to a level that all the load,
σT , is completely carried by the water, the effective stress, σ’, between the grains reduces to
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zero.

σ′ = σT − p (2.17)

The shear strength, τ , which prevents the grains to move, is a function of the cohesion,
τc, and friction, in which the latter depends on the effective stress and the angle of internal
friction, α, which is a material parameter depending e.g. on the material roughness.

τ = τc + σ′ tan (α) (2.18)

Figure 2.20: Susceptibility to liquefaction is related to the relative density of a material: Loosely packed
granular materials tend to contract when loaded. Untrained conditions lead to an increase in pore pressure.

When the effective stress in a non-cohesive granular soil reduces to zero, the grains
lose contact, and the soil can no longer resist shear stress and starts behaving like a
liquid. Fine-grained, cohesive soils are considered less susceptible to liquefaction as cohesion
between the grains provides shear resistance. Coarse-grained soils are also less susceptible
to liquefaction as the high permeability allows water to drain and prevents pore pressures
to build up. The relative density of granular soils significantly affects the susceptibility for
liquefaction. Densely packed granular soils are less susceptible to liquefaction, as the densely
packed particles need to dilate to a looser packing in order to move. In order to dilate, water
needs to fill the increasing void space, which in case of limited drainage leads to a reduction in
pore pressure, increasing the effective stress between the particles and consequently increasing
shear strength (Figure 2.20). Partly saturated soils are also less susceptible to liquefaction.
As the air which is present in the voids is highly compressible, the increase in pore pressure
will be limited.[2]
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Solid bulk cargoes are typically loosely packed granular materials. The bulk density
depends on the material properties and loading conditions (grain size distribution, moisture
content, drop height, cargo depth, loading rate and time between loading and shipping).
When the cargo is wet during loading, it might be susceptible to liquefaction. In most cases,
the payload is not fully saturated with water when loaded, but it can become saturated
due to compaction or drainage. Continuous loading cycles imposed by ship movements can
cause the loosely packed cargo to compact. The remaining air in the void spaces between
the ore grains is compressed and squeezed out, increasing the water content. When the
water content approaches saturation, pore pressures may rise and induce cargo liquefaction.
A rolling movement may cause the liquefied cargo to flow to one side of the ship and not
completely return with a roll the other way. The progressive shift of cargo may cause the ship
to list and eventually to capsize. Although shifting cargo is mostly attributed to liquefaction,
it can also occur before the ore is fully liquefied due to a partial loss of shear strength. Failure
occurs when the stresses imposed by the cyclic load exceed the shear resistance.

Dynamic separation

For the cargo to undergo dynamic separation, it must have considerable amount of fines
particles, high moisture content and experience sufficient forces due to vessel motions. If all
of these factors are present, the cargo, that was initially a pile, will compact, pore water
pressures will increase, but not to liquefaction levels, causing moisture to be expelled to the
cargo surface [12] .

The process of dynamic separation can be seen in figure 2.21.

Figure 2.21: Schematic depiction of the steps for dynamic separation.[12]

A The cargo is loaded into the vessel to form a pile of cargo with a given geometry, bulk
density and moisture content.

B Cargo compaction due to ships motions results in the cargo increasing in its bulk density
via compaction and moisture migrating to towards the bottom of the cargo pile. Once
the moisture content at any location in the pile reaches a critical level, the dynamic
forces on the cargo cause the pore water pressure to increase. This increase in pore
water pressure cause moisture to flow to the nearest low pressure, which in the case
of the bauxite loaded pile, is to the nearest surface at the pile corner/bulkhead/wall
boundary. The flow of water continues resulting in the separation of the cargo moisture
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from the solid cargo. The solid cargo at the bottom of the pile is now significantly drier
and unsaturated, has gained in strength and is more competent than the as loaded cargo

C Continuation of moisture separation, cargo slumping and erosion of the cargo pile. Free
slurry surface that is perched above the solid cargo extends the full width of the cargo
hold.

D the cargo had dynamically separated to form a flat, solid and competent cargo with a
perched free surface slurry layer on top, the ramifications of this scenario are explored
further.

E Full ship’s beam free slurry surface causes the vessel to lose initial stability. The vessel
develops a list to regain stability. The free slurry surface is now less than ships beam.
The bulk of the cargo underneath the slurry layer remains competent and intact.

F The vessel list now gradually increases as the slurry increases in its solid fraction and
density as more particles are entrained in the liquid and solids are deposited to the
lower end of the hold.

G Vessel motions make the slurry slosh and erode the flat competent solid cargo until it
becomes undercut. Sloshing of the slurry also increases the solids content and hence
density of the slurry, so the vessel list progresses.

H The competent solid cargo in the upper end of the hold suddenly shifts to the lower end
causing a catastrophic roll and capsizing. This sudden avalanche may occur as the angle
of repose of the cargo is exceeded due to the vessel’s rolling about the heel position and/
or by erosion by the sloshing slurry as the compact cargo is undercut and the denser
slurry increases the heel angle.

Like liquefaction, the process of dynamic separation can be prevented by ensuring
that the cargo has limited fines content and a limited moisture content, as both particle
size distribution and moisture content are the main parameters for the occurrence of this
phenomenon.

Transportable moisture limit

As mentioned in the last section, there are two ways to reduce the risk of cargo instabilities:
Reduce fines or reduce the moisture content. For most bulk cargoes, it is not feasible to
reduce the fines. Only the moisture content is a variable parameter. To ensure safe transport
of bulk cargo, the transportable moisture limit is created: The Transportable Moisture Limit
(TML) of a cargo indicates the maximum moisture content of the cargo which is considered
safe for carriage. The actual moisture content of the cargo at the time of loading will be
measured and compared with the TML.

The TML is taken as 90% of the moisture content that is necessary for liquefaction to be
possible, based on laboratory testing. This means that a safety margin is provided to protect
against variations in cargo properties and moisture content, and against measuring errors in
determination of the TML or actual moisture content [12].
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Test to deterimine TML

The TML is determined based on the Proctor Fagerberg Test (PFT), a standard compaction
test according to ASTM Standard D-698, except lighter hammers are used to achieve the
densities that would occur in the ore materials when loaded into the ship. The TML is taken
as equal to the moisture content obtained at 80% degree of saturation from the relevant PFT
[63]

Result TML test literature

The first TML tests were conducted on a sample of 40 kg nodules, by Bureau Veritas. As a
first step, the as-received moisture content was determined. Surprisingly, while looking dry,
they still contained a moisture content of 26.2% (after two years of storage in a dry location).

A first set of tests were executed, determining the TML of the nodules to a (first,
preliminary) TML value of 35.3%. This value will evolve in the future, after more insight
in the mining process is gained[7]. It is interesting to notice the minimal difference between
this TML value and the moisture content from the nodule parameters table 2.5: An average
moisture content of 46% of intact nodules. This value is higher than the TML but when
taking into account the void space between the nodules in bulk, the average moisture content
will be lower. It can be concluded that when there are enough fines in the storage hold to fill
the voids between the nodules, it is essential that the dewatering stage is thorough to ensure
dynamic separation and liquefaction phenomena are avoided.
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2.4 Conclusion
What are effective strategies to dewater polymetallic nodules in a confined space on a mining
support vessel?

• Figure 2.14 shows an overview of an effective dewatering strategy for nodule harvesting
operation.

• The dewatering process of polymetallic nodules results into two streams. The first one
is a stream of dewatered solids, because “free” water has been removed from around the
nodules using vibrating plates and screens. Hence, the second stream is runoff water,
potentially still rich in fines and sediment, of which separation of fines may still be
economically viable. However, economic feasibility was not included in the scope of this
research. These fines can be removed using hydrocyclones and filter presses.

• The extent to which dewatering processes are necessary depends mainly on the allowable
maximum moisture content and the number of fines present in the storage of the mining
support vessel and the bulk carriers. Moisture maximum prevents processes such as
liquefaction and dynamic separation.

How do the dewatering strategies at sea compare to land based dewatering installations?

• There are four significant differences between dewatering installations on land and at
sea.

– Space on a ship is limited, so the layout must be more compact in comparison to
land.

– The static environment on land has turned into a dynamic environment at sea.
This ensures that gravity sedimentation will have problems with the separation of
the fines due to flows in the sedimentation tank.

– The production of the mining vehicle will be continuous, making batch dewatering
and separation methods impractical.

– The mining support vessel has a limited amount of available energy, meaning that
choices have to be made with regard to energy efficient methods of dewatering.

What are the physical states and their corresponding aspects to consider when handling
polymetallic nodules?

• The research on the material properties on polymetallic nodules is mainly focused on
fully intact nodules.

• From the moment the polymetallic nodules are lifted from the seabed, the degradation
process starts; On the bulk parameters of degraded polymetallic nodules, there are only
few publications available in the public domain.

It is crucial to better understand the characteristics of degraded polymetallic nodules in the
context of bulk handling. Optimization of the dewatering and transport installations can be
achieved. The next chapter will elaborate on this subject.
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3 - Nodule properties
This chapter further elaborates on the particle properties given in chapter 2.3.

3.1 Polymetallic nodules sample
Royal IHC provided a container with around 50 kg of polymetallic nodules from the GSR
licence area. These nodules have been used in earlier research, focused on the degradation of
nodules in transport from the seabed to the sea surface. Resulting in broken and damaged
nodules. Therefore these are a good representation of nodules coming from the VTS.

The degraded nodules provide an unique opportunity to gain an understanding of the
bulk behavior of the nodules once they have arrived on the ship.

When taking into account the test data from De Hoog and Van Wijk, it can be stated that
nodules will become tougher when they are reduced in size [5, 35]. Therefore, the nodules
likely degrade to a particular uniform grain size, which is how they enter the mining support
vessel.

Since it is not clear what the actual particle size will be after the VTS, it is necessary to
run the experiments several times with different grain sizes.

A sieving analysis is done on the provided sample of polymetallic nodules The smallest
nodules <30 mm will be separated by sieves which were available in the dredging laboratory,
depicted in table 3.1. The larger nodules >30 mm are sieved by hand, a method less
destructive than sieving. The particles are placed in bins and assigned a letter ranging from
A, representing the largest particles (>70mm) to K, representing the smallest particles (<0.5
mm). A particle size distribution of the nodules sample is added in appendix B.1.

Table 3.1: Classifiaction nodules.

Classification
Size of nodules

[mm]

Weight

[g]
Classification

Size of nodules

[mm]

Weight

[g]

A 70- 100 4860.4 G 4 - 10 1452

B 50 - 70 10550 H 2.8 - 4 166.9

C 30 - 50 19248.8 I 1 - 2.8 483.9

D 25 - 30 1866.6 J 0.5 - 1 526.1

E 16 - 25 8766.6 K <0.5 655.3

F 10 - 16 4425.1
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Figure 3.1: Before and after sieving.

3.2 Density measurements
Particle properties with a relation to the density are relevant to the design of the harvesting
operation. From these values it can be determined what the scale of the operation should be
to meet production targets. As shown in chapter 2.3, several authors have researched particle
properies, however, they showed different results for the density. Therefore it the density
experiments are repeated and compared with the literature. The method and results of the
measurements are given the following section.

Research questions of this chapter:

• How do the densities of the IHC nodules compare to the nodules from other sites
of which experiments are published in available literature?

3.3 Methods
For the in-situ/saturated density measurements, it is essential to first fully saturate the
nodules. This is necessary because otherwise, when measuring the volume, water can still
enter the pores of the nodules. As a result, the volume of the nodule will be underestimated.
The saturation process is achieved by immersing the nodules in a container of water for a
longer period of time, 48 hours is a good length of time for this process. Since it is possible
that air still remains trapped underneath the nodules, it is important to turn over the nodules
occasionally. After the process of saturating, the weight and volume is measured. This is done
simultaneously when a measuring beaker is placed on a scale. Calibrate the scale to zero when
the beaker with water is placed on the scale, and write down the water level h0. After this
step, the nodules are placed in the beaker, and the weight and water level is documented
again as h1. The in-situ density is determined by dividing the mass by the volume. This
method is schematically represented by figure 3.2
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Figure 3.2: Schematic overview of volume and mass measurement of a batch of nodules.

To determine the dry density, it is important to also have a dry mass of the nodules.
This is accomplished by placing the nodules in the oven for 24 hours at 105 ◦C. With
this temperature, the moisture evaporates, and there is little chance of burning minerals.
Appendix figure B.2 shows the oven settings. Weight measurements were taken during the
drying process. This was unfortunately not possible during the night hours, therefore there
is a data gap after 8 hours. The next day, hourly measurements were taken again. This will
be discussed in more detail in the results.

Measurements

Four batches of about 1 kg with different grain sizes were prepare. Table 3.2 shows the grain
sizes involved. There are 2 reasons for going for these batch measurements: Firstly, reduction
of measurement error while reading the volume. The reading error will automatically become
smaller when the volume difference is larger. Secondly, there is immediately an average
density by measuring several particles at once. The goal was to compare these results to
the literature and see if the current condition of the nodules is similar to nodules that have
been out of the ocean for a shorter period of time. The decision was made to also measure
individual nodules separately for extra verification and control of the measuring equipment.

The choice was made to put two extra badges in the oven just before the closing time of the
building. The first 8 hours were already documented with the other batches; the additional
batches were placed in the oven to record the part after 10 hours of oven time.

With the results of saturated density, dry density, and volume, a number of parameters
can be calculated: Water content, porosity, void ratio, mineral density and natural water
content. The formulas and explanations of these parameters can be found in theory section
2.3.

3.4 Results
The results of the density measurements are presented in table 3.2 Further processing is
presented in table 3.3. The average saturated density was 1.911 g/cm3 with a 95% confidence
interval of 0.035 g/cm3
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Table 3.2: Measurements for density.

Size Mass saturated Mass dry Volume

[mm] [g] [g] [ml]

Batch 70+ 960.1 684.4 510

50-70 1195.6 840.4 602

30-50 1179.3 817 620

10-30 1097.6 775 600

4-10 163.3 109.1 85

50-70 94.5 67.2 49Single

nodules 50-70 98 68.5 52

30-50 58.7 40.8 30

30-50 34.4 25 18

Table 3.3: Particle properties.

Size Watercontent
Saturated

density

Dry

density
Porosity Void ratio

Mineral

density

Natural water

content

ω ρsitu ρd η e ρs ωn

[mm] [%] [g/ml] [g/ml] [-] [-] [g/ml] [%]

Batch 70+ 40.3 1.88 1.34 0.54 1.18 2.92 28.7%

50-70 42.3 1.99 1.40 0.59 1.44 3.41 29.7%

30-50 44.3 1.90 1.32 0.58 1.41 3.17 30.7%

10-30 41.6 1.83 1.29 0.54 1.16 2.79 29.4%

4-10 49.7 1.92 1.28 0.64 1.76 3.54 33.2%

50-70 40.6 1.93 1.37 0.56 1.26 3.10 28.9%Single

nodules 50-70 43.07 1.89 1.32 0.57 1.31 3.04 30.1%

30 -50 43.9 1.96 1.36 0.60 1.48 3.37 30.5%

30 -50 37.6 1.91 1.39 0.52 1.09 2.91 27.3%

Figure 3.3 shows the water removal starting with 1 hour interval measured during working
hours. For clarity, the data points of each batch are linked. During the night there was no
possibility to measure, this explains the gap in the measurements. The graph shows that the
most water evaporates in the first 8 hours, after that it approaches zero. It can also be seen
that batches with larger nodules lose their moisture more slowly than smaller nodules.
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Figure 3.3: Moisture dissipation during the time in the oven.

Comparison with literature

Figure 3.4 shows density measurements from the last decades. In the research of Mero [21]
and Gasby [50] only the mineral density is shown. The mineral density shows significant
differences up to 30%.

Figure 3.4: Density measurements from the literature.

3.5 Discussion
There has been a significant difference between the studies on the properties of nodules
in the last few decades. Two possible explanations for this difference: Firstly, the origin
of the nodules. The area of the CCZ here they were grown is 5000 km2; this may cause
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density differences. However, it is strange if large differences occur when the nodules come
from neighbouring areas. This difference is well seen with Wijnands [53] and Zenhorst [51]
compared to Neizvestnov [49] and Dreiseitl [18]. All the nodules come from areas near area
H22 of Figure 2.16.

Secondly, the time of measurement. The densities of the nodules of Dreiseitl and GSR
were measured after they had just been lifted from the seabed. These measurements are
influenced by mineralization and pore seawater density [18]. The lab density measurements
did not take this into account and this could have led to a discrepancy in the results.

The measurements of Zenhorst en Wijnands were conducted in a lab environment after
being out of the ocean for a longer period of time.

It is also noteworthy that the thesis author gets different density values thanWijnands [53],
who uses the same nodules. It is very likely that the difference came about when measuring
the volume. It is very important to remove the free water from the nodules; otherwise, the
volume will be overestimated. However, the opposite is also true. When the nodules are
out of the water for too long, the density will be lower because pore water has been lost.
To eliminate this saturation problem, using a tomography scanning method would provide a
better solution.

3.6 Conclusion and recommendation
To reflect back on the research question of this chapter: How do the densities of the IHC
nodules compare to the nodules from other sites of which experiments are published in available
literature?

The measurements conducted on the nodules from IHC provided a saturated density of
1.911 g/cm3 with a 95% confidence interval of 0.035 g/cm3. This density value is very similar
to those examined in neighbouring areas, within 5% difference to the nodules measured in the
research of Dreiseitl[18], GSR[64] and Neizvestnov[49]. There is a larger difference with other
studies, up to 30%. This is possibly caused by measuring errors, different nodule harvest
locations and the moment of measuring: immediately after the nodules were lifted from the
seabed or after a longer period in a lab environment.

Recommendation

It is important to use another method to determine the volume to rule out measurement
errors completely; a tomography scan would provide a solution.
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4 - Measuring particle shape
For the design of bulk handling equipment, computational modelling with discrete element
method (DEM) is frequently used. The particles are usually modelled as spheres to decrease
computational power. In recent years, 3D scanning of objects has increased in popularity
for DEM applications. This chapter aims to determine a method of scanning polymetallic
nodules for future use in DEM software and find out more about the shape characteristics op
polymetallic nodules. In this section the following research question will be answered:

Research questions of this chapter:

• Is photogrammetry with Qlone an effective method for scanning polymetallic
nodules?

4.1 Methodology
Determining the characteristic particle shape is done by scanning the organic shapes. There
are different possible scanning methods, each with its benefits and drawbacks, as is described
in this section. 2D profiling using industrial and commercial cameras combined with shape
extraction scripting techniques can be employed to model digital 2D particle shapes. It is a
method that can handle small particles and does not require expensive hardware. However,
this approach is limited to two-dimensional DEM applications, as profiles extracted from a
single 2D picture do not provide enough information for the creation of 3D particles.

When it comes to 3D shape recreation, scanning using a portable laser scanner was used
by Paixão et al.[65] to model railway ballast rock particles. Such setup uses three high
definition cameras and eight LEDs around the cameras. The particle shapes and sizes are
obtained with the aid of retro-reflective targets placed on the object and/or the surrounding
area. Coetzee [66] employs a rotary laser scanner that uses a stationary camera setup and
particles placed on a rotating platform to capture the object from all sides. Feng et al.[67]
incorporates Computed Tomography (CT) scanner results to extract particle shapes while
a box with particles rotated around its axis. Then Spherical Harmonic Function (SHF) is
employed to reconstruct multiple particle shapes simultaneously.

Unfortunately, all the aforementioned scanning methods have at least one serious
drawback, which makes particle creation complicated: they either require expensive hardware,
cannot handle small particles, are inaccurate, or cannot capture three-dimensional shapes. For
this purpose, an alternative approach is used that is yet to see a widespread application in
DEM methodology - specifically scanning is performed using a photogrammetry technique,
which will be discussed in more detail in the upcoming section.

Photogrammetry

Instead of relying on conventional particle scanning methods, scanning using photogrammetry
has been chosen for modelling nodules and nodule fragments. Photogrammetry is the science
of making measurements from photographs. Application include: Areas which include the
creation of large maps from multiple pictures, terrain scanning and three-dimensional object
recreation.

So far, photogrammetry has not been very widely applied for DEM particle modelling,
but it is expected to gain popularity in the future with more advancement in the field. First
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applications have already been observed in the literature; specifically, it has been applied by
Paixão et al.[65] to reconstruct railway ballast particles and to evaluate mesh deviations from
scanning results acquired using a conventional laser scanning technique.

As a scanning method for particles, photogrammetry has three benefits over different
scanning methods:

• Accuracy: Photogrammetry can provide results at a level of accuracy that is similar to
what can be achieved with special 3D scanning hardware[65].

• Object size: It is capable of scanning small objects up to five millimeters.

• Accessibility: Photogrammetry uses conventional camera hardware for scanning. An
average quality phone camera setup is enough for modelling 3D objects. This hardware
is readily available to most people already, which means that in most cases, no special
and/or expensive hardware is needed to perform the scanning.

Just as any modelling and scanning approach, photogrammetry also has its drawbacks.
Specifically, it is a prolonged and fairly labour-intensive process. Considering both the
strengths and weaknesses of photogrammetry, it comes out as an excellent option for modelling
3D representations for scanning the nodules and the nodule fragments.

4.2 Method
This thesis focuses on two different photogrammetry methods to scan the nodules. The
first method uses computer based image processing software called 3DF Zephyr. First, the
photogrammetry setup of S. Pargalgauskas[68] was used. A nodule is placed in a high contrast
environment and pictures are taken from up to 500 angles. Afterwards, the photos are
uploaded to the computer to create a 3D scan via 3DF Zephyr’s software package.

However, this method has two downsides:

• The processing steps to scan one particle take anywhere from 240 min for a beginner to
75 min for a skilled operator[68]

• It is difficult to scan the bottom of an object. Nodules have to be placed on a flat
surface from where no picture can be taken.

As a result, a different method was chosen: A phone application called Qlone. Qlone is
a so-called rapid modeling application. This app reduces the processing time from hours to
minutes. Furthermore, this application has the option to rotate an object so that the bottom
can also be modeled properly, unlike with 3DF Zephyr

The downside of Qlone is the quality of the scan. However, it is unclear how much
this matters for the main purpose: Retrieving parameters like shape factor, sphericity and
angularity, because the processing time of Qlone is significantly shorter

Setup for Qlone

• Phone with camera

• Computer for processing 3D scan
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• Turning table.

• Led panel for lighting.

• Printed mat with size indication for larger and smaller particles.

Additional:

• Movable phone holder

Figure 4.1: The left image shows the setup, and the right image shows the scanning process.

Scanning procedure

• Open the Qlone application and activate the led panel.

• Follow the instructions on the application

• After scanning the nodule, turn the nodule upside down

• Rescan the nodule.

• Export scan to STL format

• Reduce the STL file according to the size of the scan mat used.

4.3 Results
Visual inspection shows no differences between the actual nodule and the scanned illustrated
STL file in figure 4.2. Further validation of the scan’s accuracy was accomplished by making
a 3D print of the scanned nodule and comparing this with the actual nodule.
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Figure 4.2: Qlone digital scan.

Validation

An Ultimater 2+ was used to 3D print 2 scans. The biggest available nodule and the smallest.
The biggest to validate complex angles and the smallest to validate printing accuracy. The
3D scan resulted in a STL file and was converted to g-code with slicer software: Cura. This
slicer software prints the nodules at full scale. When these nodules are printed, they are
compared to the real ones. Caliper measurements show a maximum deviation of 3.4% on the
small nodule and 2.5 % on the large nodule. Figure 4.3 shows the 3D printed nodules to the
original nodules. Table 4.1 shows the measurements.

Figure 4.3: Comparison Qlone 3D printed scan and nodules with dimensions.

Table 4.1: Validation Qlone.

Dimension Real [mm] 3D print [mm] Difference [%]

L 99.5 102 2.5

W 73 72.5 0.7
Large

nodule
H 53 53.5 0.9

L 16.1 15.83 1.7

W 10.24 9.91 3.2
Small

nodule
H 8.8 8.5 3.4
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4.4 Discussion
A trade-off between accuracy and scanning speed is inevitable when scanning granular
material. With a program like 3DF Zephyr, it is possible to scan nodules with high accuracy.
However, scanning and processing in 3DF Zephyr is time consuming. A quick scan application
such as Qlone has an accuracy within 1 cm with scans that can be made within 5 minutes.

4.5 Conclusion and recommendations
To reflect back on the research question: Is photogrammetry with Qlone an effective method
for scanning polymetallic nodules?

A rapid modeling application like Qlone Has proven a scanning speed of 5 minutes for
a single nodule and an accuracy of less than 5 mm in all directions. Concluding that the
quality of Qlone is sufficient to recreate shapes of nodules and nodule fragments in a digital
environment.

Software like Qlone seems suitable to determine the sphericity, angularity and roundness
of polymetallic nodules. Opening the opportunity for improved modelling in which a large
number of scans of actual nodules serves as input for a design of bulk handling equipment
model. The remainder of this thesis, however, focuses on further experimental measurements
with degraded nodules provided by IHC, for there is no current literature on the following
experiments executed with nodules as such.
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5 - Measuring the angle of repose
The angle of repose represents the shear stress of bulk material under the force of gravity as
stated in chapter 2.3.2. According to Mohajeri[57], the angle of repose results are helpful
to categorize flow properties. It is used commonly to design silos and hoppers. In an
application-oriented study of Salehi[69], silo discharge of wood chips material is improved
by using angle of repose tests.

Research questions of this chapter:

• What is the angle of repose of degraded polymetallic nodules and how is it
influenced by moisture content?

5.1 Introduction
In this research, the angle of repose is measured following the ledge test procedure, also found
in literature as the “shear box” [70] and “rectangular container test” [71]. During a ledge test,
a container with a movable door is filled with bulk solids. After opening the movable door,
the bulk solid flows out of the container. Once the flow halts and the bulk reaches a state of
static equilibrium, the angle of repose is measured between the horizontal plane and the free
surface angle. Figure 5.1 shows a schematic overview of the ledge test method. Ledge tests
are mainly used for particle calibration in DEM software. The Angle of repose provides an
insight in the particle-particle interaction according to Lommen[72].

Mohajeri [57] used the ledge test for iron ore samples and he observed higher values for
samples with moisture than for dryer samples. However, the particle size in his research is
considerably smaller than with the polymetallic nodules.

Figure 5.1: Schematic overview of angle of repose. α represents the angle of repose.

5.2 Methods
First, it was determined which nodules were suitable for this test setup. Literature describes
that the particles used should fit at least ten times the width of the apparatus [57]. Because
the test apparatus is 200mm x 200mm x 250mm, the maximum desired particle size for this
test was less than 20 mm per particle. Due to this criterion, it was decided to perform this
test with particles of category F (10-16 mm), of which there were enough particles to fill the
volume of the tester.
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Measurements

This section explains how the angle of repose test is conducted.

• The test setup is placed on the table and a GoPro Hero 4 camera is put in front of
the apparatus. A bin was placed next to the ledge test apparatus to catch outflow of
nodules. A levelling tool was used to ensure that the apparatus is levelled.

• A batch that fills the test device was determined. The mass of this sample is 4915
grams. The particles were placed in heat resistant bins and were put in the oven to
remove the remaining water content.

• After drying the nodules, the measurement started: It was repeated nine times with
dry nodules. A photo was taken each time the nodules were placed in the apparatus
and after the test was completed.

• A Matlab script is used to get the angle of repose from the picture. The script creates
two lines, one of which must be placed on the slope and the second line my be placed
horizontally at the base. The angle of repose is determined between these two lines.
The script can be found in appendix B.3

• After the measurement, the nodules were placed in a bucket with water to re-saturate
for 48 hours.

• Nine saturated tests were conducted with the same procedure.

Because nodules degrade, potentially resulting in a ’rounding effect’, the experiment is
subsequently done in reverse order. Another nine tests were conducted with saturated nodules,
whereafter they were completely dried for 24 hours. The last nine tests were conducted with
these dry nodules. The measurement is repeated for dry and saturated nodules totalling 36
ledge tests.

Figure 5.2: Two views of the angle of repose setup.
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Camera calibration

The angle of the Gopro used in the angle of repose test shows a distorted image from reality.
Figure 5.3 shows the natural curvature of a GoPro HERO4. At the center of the lens,
distortion is lowest. Thus it is important that the angle of repose is measured mainly in the
center of the image.

Figure 5.3: Gopro camera distortions [13].

5.3 Results
The mean value for the angle of repose for nodules of size 10-16 mm was 49.5 ± 1.46◦ for
the saturated batch and 49.6 ± 1.1◦ for the dry batch with a confidence level of 95%. The
distribution of the results is represented in a box and whisker plot in figure 5.4. The raw data
is presented in appendix B.3.

Figure 5.4: Results of 18 angle of repose test with dry nodules and 18 tests of saturated nodules.

5.4 Discussion
The results in section 5.3 show that the mean values of the angle of repose of dry and saturated
nodules are within each others error margin. The difference is statistically insignificant. The
only changed variable, moisture content, has no significant influence on the angle of repose of
polymetallic nodules.

Concluding that the shape of the particles is governing in the angle of repose and not
the adhesive effects of the moisture content of the particles. As described in section 2.3.2,
Dreiseitl[18] has done angle of repose tests with intact nodules, resulting in an angle of repose
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30◦. It seems that the angle of repose becomes smaller as the particle size increases from
comparing Dreiseitl with the measurement. However, it is recommended to confirm this with
additional tests on more various nodule sizes.

5.5 Conclusion and recommendations
This chapter treats the question: What is the angle of repose of degraded polymetallic nodules
and how is it influenced by moisture content?

• The angle of repose for polymetallic nodules of the size range 10 - 16 mm nodules is
49.5± 1.46◦. The results were obtained by using the ledge tester.

• The data shows that the difference between saturated and dry material is insignificant.

Recommendations

• Depending on the chosen VTS, the nodule sizes will be different, ranging from 20 mm
with hydraulic transport to possibly bigger nodule sizes with air lift. Additional tests
should be conducted on many larger and smaller batches of particle sizes for a complete
picture.

• According to Hashemi [73], there are 9 different methods to determine the angle of
repose, with different results for every type of test. Be aware that these angles of repose
are not one to one comparable with the angle of repose resulting from the ledge tester.

• Although the ledge test has proven sufficient to compare the angle of repose of saturated
and dry nodules, the design and simulations of the transport and storage operation could
benefit from an additional draw down angle of repose test. In this type of test, a batch
of nodules is placed on a hatch. Subsequently, the hatch is opened and the accumulation
of the nodules on a surface is followed over time resulting in an angle of repose. One
advantage of the draw-down test is information obtained on the time it takes to develop
a steady angle of repose. Two disadvantages are: More degradation of the samples, and
a larger required nodule quantity in comparison with the ledge test.
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6 - Measuring the sliding/rolling friction
angle

This chapter provides an overview of the sliding and rolling coefficient of friction of degrade
polymetallic nodules on a steel and rubber surface. The coefficient of friction is derived from
the friction angle, which will be elaborated more in the introduction. The following research
questions will be answered.

Research questions of this chapter:

• What is the sliding/rolling friction angle of nodules placed on a steel slide and
on a rubber conveyor system when considering different compaction states?

– What is the effect of the particle size on the rolling/sliding friction angles?
– What is the effect of moisture content on rolling/sliding friction angles?
– What is the effect of adhesion forces of clay on rolling/sliding friction angles?

• How does normal force influence the rolling/sliding friction angle?

• What effect does the sliding nodules have on the sliding surface roughness?

6.1 Introduction
When the polymetallic nodules leave the water, they undergo dewatering steps and will be
exposed to horizontal and vertical transport to reach the storage hold. These height differences
will likely be bridged using chutes and conveyor belts. The angles of these conveyors must be
placed in such a way that no congestion occurs in the system. Furthermore, optimization of
the transport system is also essential because this operation takes place at sea, where space is
at a premium. However, no literature is found of the friction angles of polymetallic nodules.
This is a research gap that will be addressed in this chapter.

Coefficient of friction

The first recorded studies on friction are dated in fifteenth century and belong to Leonardo da
Vinci (1452-1519). Two hundred years later, his observations became two of the well-known
laws of sliding friction introduced by Guillaume Amontons (1663-1705), namely:

• Friction force is directly proportional to the applied load.

• Friction force is independent of the apparent area of contact.

Leonardo da Vinci introduced also the concept of coefficient of friction (µ) as the ratio of the
friction force Ff to normal load N :

µ = Ff
N

(6.1)

The easiest set-up to understand static friction consists in a body placed on an inclined
plane as depicted in figure 6.1.
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Figure 6.1: Forces acting on a body on an inclined plane.

The force which maintains the body in rest on the tilted plane is the static friction force.
The force needed to initiate gross sliding is the maximum static friction force Fs. The dynamic
friction force Fd is the force required to sustain motion. The coefficient of friction can be also
defined as the tangent of the angle of the inclined plane. The body will remain in rest for an
angle less than a certain value θ and it will start sliding down if the inclination angle exceeds
θ. Writing the load balance equations for the body from figure 6.1, the coefficient of static
friction is given by equation 6.2:

µs = Fs
N

= W ∗ sin θ
W ∗ cos θ = tan θ (6.2)

The coefficient of static friction is typically larger than the dynamic one, but it can be
also equal to the coefficient of dynamic friction [14].The graph of figure 6.2 depicts the static
friction regime with the dynamic regime. When the angle corresponding to the peak of this
graph is known, it can be taken into account in the design of a transport system.

Figure 6.2: Static friction and dynamic friction[14].

Relevance

If a conveyor belt is placed under an angle, the angle has to be is smaller than the maximum
static friction angle to prevent the load from sliding/rolling in the wrong direction. When the
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product is transported downwards, the angle must be greater than the static friction angle
to prevent blockages.

Because there is no information on the coefficient of friction of polymetallic nodules, it
was decided to perform sliding experiments.

6.2 Methods
Design of Experiment

An inclining surface can be used to measure the coefficient of static friction. A literature
survey reports that the coefficients of static friction of polymetallic nodules were not yet
determined. Based on the two assumptions in bulk solids handling: namely, particles can be
in a very loose state, and particles are in a highly compacted state [74], the coefficients of
static friction are measured for the contact between discrete particles and a steel surface, and
for the contact between bonded particles and a steel surface.

Inclined surface tester

The device used to measure the static friction of particles is depicted in figure 6.3. This tester
employs a motor to enable the inclination of the bottom surface with respect to an axis. The
angle between the inclining surface and horizontal surface is denoted as inclination angle, and
can be automatically measured with the accuracy of ±0.05◦.

Figure 6.3: Inclined surface tester in operation.

Figure 6.4 shows the inclined surface tester setup when using saturated particles: 1) Gopro
hero 4 with to capture the moment of sliding and the corresponding angle. 2) Device that
measures the angle of the surface tester. 3) Control panel of inclined surface tester, consisting
of a switch for turning the device on and off, a switch for the direction of the surface tester
and a rotating speed adjuster. 4) Sliding surface. 5) Nodule catch tray. 6) Removal of free
water around nodules. 7) Re-saturation tray.
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Figure 6.4: Inclined surface tester for a saturated test.

Procedure

As mentioned in the previous section, bulk material can be in a loose state and in a highly
compact state. In order to assess this for polymetallic nodules, the decision was made to test
this in five different nodule configurations and on a steel (S235) surface and rubber(Ethylene
Propylene Diene Monomer) surface.

Figure 6.5 shows the different configurations:

1. The single nodule test, to see when a single nodule starts to roll or slide.

2. Bulk-free, where nodules are placed against each other on the plate and it is examined
when the first particles start to move, when the majority of the particles moves and
when the last particles move.

3. Confined nodules, a group of nodules is enclosed and they can only move simultaneously.
This gives a more compact particle configuration.

4. Added mass rolling configuration, a weight is added to a sledge and placed on top of a
load of the nodules. This increased normal force should indicate a compacted state.

5. Added mass sliding configuration is the same as added mass rolling, only here the
nodules are confined in a mould, therefore they cannot roll and sliding is the only
possibility.

The tests are conducted with dry nodules, saturated nodules, and nodules which are rolled
in CCZ sediment, appendix B.4 elaborates on the CCZ sediment. The surface roughness of
the rubber and the steel was measured after testing the single nodules and the confined bulk
nodules. The following section will elaborate more on the different setups.
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Figure 6.5: Overview of the inclined surface tester experiments. The surfaces which were used for the tests
were steel and rubber. Furthermore, the tests were conducted with dry, saturated and CCZ clay-rolled nodules

Single nodule test

The single nodule test was initially carried out with two different nodule sizes, namely the
C(30-50mm) and B(50-70mm) groups. This test yielded 18 data points for the dry tests.
The test was then repeated with saturated nodules and with nodules that had been placed
deep-sea sediment(CCZ clay). Furthermore, this test was carried out simultaneously for steel
and rubber. After these initial tests, it was decided to repeat this test for a smaller particle
size, namely E(16-25mm). This yielded additional data points for the dry tests. The mode
of movement, rolling or sliding, was noted in correspondence with the angle for all tests.

Figure 6.6: Single nodule test setting, left side shows the 50 - 70 mm class, the right side shows the 16-25 mm
class.

Bulk-free nodules

The free bulk tests were formed following the example of Chen[75]. Eight batches of nodules
were created with four different particle sizes: B,C,E and F. Half of these nodules were put
underwater for 48 hours to ensure complete saturation. The other half was placed in the
oven to ensure that they were completely dry. Subsequently, eight tests were conducted with
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each batch being tested twice on rubber and twice on steel. This gave a total of eight test
results for dry and saturated. After the previously mentioned tests had been carried out, the
saturated nodules were placed in a container with CCZ sediment and tests were carried out
again. This also produced eight results for rubber and steel. For each test, the initial angle,
bulk angle and final angle were written down. Figure 6.6 shows two test setups, the left setup
shows the B group of nodules and the right side shows the E group. Figure 6.8 shows the
batches of particles.

Figure 6.7: Bulk-free example, left shows the E (16-25 mm) batch and the right side shows the B(50-70 mm)
class.

Figure 6.8: The batches of nodules used in the bulk-free tests are shown here. Top left shows the F(10-16
mm)batch, E(16-25 mm) batch on the bottom left side. B(50-70 mm) batch on the top right and the C(30-50
mm) batch on the bottom left. Particle sizes had a dry and a saturated batch.

Confined nodules

The confined bulk tests were conducted in the same way as the free bulk tests. The only
difference in the confinement of the batch of nodules, a paper ring was placed around the
nodules, so individual particles cannot roll/slide away. The paper ring had a coating that
makes it water-resistant. This allows all tests to be carried out without the ring influencing
the result. Figure 6.9 shows the setup.
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Figure 6.9: Bulk confined example.

Added mass rolling

The added mass test idea originates from a study by Blue nodules [7]. In which the expected
production values were used to determine the weight of the nodules on a conveyor belt system.
Analysis showed that the conveyor system needed to withstand 434 kg/m2 of nodules. It is
interesting to simulate this on the inclined surface tester. The question that arose was: How
do the nodules behave at a higher normal force?

An extra weight is used to simulate this normal force on the sliding surface, figure 6.10
shows a schematic of the test setup in comparison to reality. To accommodate the extra
weight, a sledge was 3D printed out of PLA. The sledge and weight can be viewed in figure
6.11. The printed parts can be found in appendix B.11. The weight of the plate was 3 kg,
this weight matched the dimensions of the surface tester and results in a represents a mass of
around 330 kg/m2

Figure 6.10: Added mass test schematic.

This test focuses on the rolling behavior of the nodules. The nodules were placed on the
tester in the same way as with the bulk-free tests, after the placing of the nodules, the sledge
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is placed on top. The experiment was repeated at least 4 times with dry, saturated and extra
CCZ clay nodules, on rubber and steel.

Added mass sliding

A method of clamping the nodules was used to record pure sliding behaviour. Plaster and
glue were used for this; appendix B.4.5 shows the creation process of these nodule plates.
Furthermore, these tests were conducted the same way as the added mass rolling tests.

Figure 6.11: 3D printed sled for the added weight test and the gips/glued blocks of nodules.

6.3 Results and discussion
The results and the interpretation of the results of the sliding and rolling tests are presented
in this section.

Single nodule tests

Figure 6.12 displays the results of the single nodule tests: The left side of the image shows
the test results on rubber, and the right side shows the results of the tests on a steel plate.
Table 6.1 shows the amount of tests, the mean and the 95% confidence level. Histograms of
these tests can be found in Appendix B.6.

• The tests on Rubber: It was observed that the primary mode of movement was
rolling. This resulted in a large dispersion of the sliding/rolling angle. It was challenging
to show evident differences, the data between dry, saturated and extra clay has much
overlap. However, it can be observed that the average result of the clay tests was higher
than in the other two groups. This suggests that the adhesive forces of clay influence
the individual nodules.

• The tests on Steel: The primary mode of movement was sliding. Furthermore, the
same can be said as for rubber: The adhesive forces of the clay result in a larger friction
angle. The steel plate started to show signs of corrosion after the first saturated nodule
tests. Even with cleaning, this could not be prevented. A surface roughness meter
was used to measure the level of degradation; more information will be presented in
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the next section. The roughness tests showed that after the initial degradation, no
further degradation occurred. It could be possible that the sliding tests themselves had
a smoothing effect. For the sake of completeness, it was decided to repeat a number of
experiments. The results for dry nodules deviated significantly from the original tests,
which is why they were divided into rough and smooth.

Figure 6.12: Single nodule box and whisker plot: Rubber on the left side and steel on the right side.

Table 6.1: Single nodule test.

Rubber Dry Saturated Clay

Count [-] 18 16 46

Mean [◦] 30.4 29.2 33.9

Confidence Level(95.0%) [◦] 2.7 2.7 1.2

Steel Dry smooth Dry rough Saturated Clay

Count [-] 39 23 16 21

Mean [◦] 19.8 28.4 27.7 31.3

Confidence Level(95.0%) [◦] 0.8 1.5 1.7 2.2
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Surface roughness

Corrosion on the steel plate was soon visible after the first saturated tests. This corrosion
affected the roughness, and it was decided to keep half of the plate as smooth as possible
by using sandpaper. This created different roughness levels on the plate. By comparing the
roughness, it was then possible to see how much effect rust formation would have on the plate.

Subsequently, the surface roughness was measured over the steel and rubber plates. Three
roughness values could be distinguished: Smooth steel, rough steel and rubber. With an
average roughness of 0.46, 1.16 and 1.35 µm respectively. Appendix B.4.4 explains how these
values were established

It is interesting to compare these three values with the tests which were already conducted
on them. Figure 6.13 has plotted these values of the dry single nodule test against the
roughness, and an apparent regression was found. The mode of motion limits this regression;
most particles on rubber rolled down the tester. Therefore, it is plausible that increasing the
surface roughness would not lead to a higher Friction angle after a specific roughness value.
More research needs to be conducted to find this roughness value.

Another limiting factor to this regression plot is the use of rubber. Rubber has a much
lower young’s modulus and thus deforms when an increased normal force is applied. However,
this deformation is minimal at low normal force, as in the single nodule test. Appendix B.10
shows the roughness measurements.

Figure 6.13: Surface roughness of 3 different surface roughness values and the corresponding friction angle:
steel smooth (0.46 µm), steel rough(1.16 µm) and rubber(1.35 µm).
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Bulk-free tests

The results of the bulk-free tests are shown in figure 6.14. The categories, dry, saturated and
clay, are divided into three angles: The initial angle is when the first nodule moves. The bulk
angle is when the most significant part starts to move, and the final angle is when the last
nodules begin to move.

Figure 6.14: Box plot of free bulk tests, all test were repeated 8 times.

Table 6.2: Bulk angle of bulk-free test.

Rubber Dry Saturated Clay

Count [-] 8 8 8

Mean [◦] 30.1 30.2 33.7

Confidence Level(95.0%) [◦] 2.7 1.6 2.1

Steel Dry Saturated Clay

Count [-] 8 8 8

Mean [◦] 26.2 30.2 31.9

Confidence Level(95.0%) [◦] 1.0 2.1 1.5

• Rubber: The initial angle for clay is higher than the other categories. This could be
caused, as in the single nodule test, by the desire of the loose particles to stay together
due to the adhesive forces of clay.

• Steel: Two outliers of the final angle of the saturated nodules are visible. These were
2 small flat nodule fragments which were adhered to the steel plate. When these are
not taken into account, it is visible that clay has the highest friction angles. This again
complies with the data from the other experiments.
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Confined bulk tests

Figure 6.15 shows the results of the confined bulk test; furthermore, Appendix B.8 shows the
histograms.

Figure 6.15: Confined bulk box and whisker plot.

Table 6.3: Confined bulk table.

Rubber Dry Saturated Clay

Count [-] 13.0 14.0 6.0

Mean [◦] 32.9 31.6 33.3

Confidence Level(95.0%) [◦] 1.1 1.0 1.6

Steel Dry smooth Dry rough Saturated Clay

Count [-] 4.0 17.0 14.0 6.0

Mean [◦] 21.3 30.6 33.7 30.7

Confidence Level(95.0%) [◦] 1.3 0.8 1.3 2.6

• Rubber: There is little difference between dry, saturated, and clay. However, there is
a slight difference between the mean values of dry and saturated, about 2◦. This could
mean a layer of moisture between the nodules and the gliding surface, which makes
them slide more easily.

• Steel: There is a difference in the average values of saturated, dry and clay. This is the
opposite of the difference with rubber. It could be possible that the moisture on steel
has a suction effect on the surface, causing the nodules to stick to the surface. However,
this would be expected with nodules surrounded by clay due to the high watercontent
and adhesion properties. Also in this test, the degradation in the steel plate is visible
with dry nodules. It can be concluded that dry nodules are greatly affected by the
smoothness of the sliding surface.
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Particle size vs friction angle

As indicated in the methods, the single-nodule, free-bulk and confined-bulk tests were also
differentiated by particle sizes. Figure 6.16 shows the results. With steel, there is a slight
increase in the friction angle as the size of the nodules increases. With rubber, the measured
data is too close to be interpreted as a correlation.

Figure 6.16: Friction angle vs particle size.

Added mass rolling and sliding

The box and whisker plot of the added mass tests on rubber and on steel is displayed in figure
6.17. The blue boxes represent the sliding tests and the orange plots represent the rolling
tests. Figure 6.18 shows the corresponding histogram of the tests. The results will be be
discussed in the following order: Rubber rolling, rubber sliding, steel rolling, steel sliding and
finally a comparison will be made.
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Figure 6.17: Added mass box and whisker plot, for rolling and sliding test together.

Figure 6.18: Histogram added mass, rolling and sliding.

• Rubber rolling: The addition of moisture has little effect on when nodules roll on
rubber. However, it is surprising that the results of the clay tests have lower values.
These nodules may have acquired a more rounded shape through previous tests.

• Rubber sliding:A high friction angle was obtained in the dry tests. The average angle
is almost 7◦ higher than with saturated and clay. This is probably because the extra
weight causes compression in the rubber. The angular nodules will plough through the
soft surface giving rise to the deformation term of friction. The magnitude of the force
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is strongly dependent on the geometry of the ploughing body and the hardness of the
softest body[14, 15]. Therefore, this phenomenon is an exception to the friction rule
given earlier that the friction angle is independent of the size of the surface. This also
explains the large spread in the dry test data, three different blocks were used here, all
of which had slightly different nodule fragments. Figure 6.19 shows schematically what
happens when a hard surface slides over a rubber surface. The saturated and extra
clay nodules did not have this behavior, moisture was probably trapped between the
sliding surface and the nodules[15]. This created a layer that made the nodules slide
more easily.

Figure 6.19: Interaction between a hard solid surface and rubber [15].

• Steel rolling: There is almost a linear relationship from dry to saturated to clay. The
low value of dry could be explained by contamination of the sliding surface. When the
nodules are placed on the test track, minimal degradation of the nodules takes place.
Circular particles from the nodules or dried clay can end up underneath the nodules.
The result of this can be that these small particles have a bearing effect on the whole
and therefore cause a small friction angle.
With saturated nodules, this effect will be less because the micro-particles will remain
attached to the nodules. the same applies to clay. With clay, there is also adhesive force
between the nodules and the sliding surface.

• Steel sliding: There is no significant difference between dry, saturated or clay and
Abrasion of the nodules is clearly visible as can be seen in figure 6.20. This means that
the nodule breaks down locally due to too much shear stress. Clay and moisture are
likely pushed out of the contact between the nodules and the steel plate by the high
normal force. The Sliding marks on the steel originate from the nodules; the marks are
not visible with the surface roughness meter.
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Figure 6.20: Abrasion marks on steel plate and on the plaster mold.
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Combined results

Stacked histograms all of the test on rubber and steel are depicted in figure 6.21 and appendix
B.12. The tests on rubber look normally distributed and steel is more of a peak. This is
probably due to the mode of movement. On rubber, the nodules tend to roll more quickly.
This gives a considerable spread. On steel, the nodules slide more quickly

Furthermore, The sample variance of the dry tests on rubber is remarkably higher than
the other variances. The sliding tests with extra weight caused this difference: An interlocking
effect occurred, which increased the friction angle considerably.

Figure 6.21: The histogram of all the tests conducted on rubber and steel.

Table 6.4: The statistics and histogram of all the tests. All values have angle[◦] as unit. The corresponding
coefficient of friction can be found in appendix B.13.

6.4 Conclusion
In this section, the research questions of this section will be answered. The answers will be
supported by table 6.5 the box and whisker plots in figure 6.22 and figure 6.23.
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What is the sliding/rolling friction angle of nodules placed on a steel slide or a rubber
conveyor system when considering different compaction states?

• Rubber: The nodules are more likely to roll than slide. The average angle of movement
resulting from 178 data points is equal to 32.21± 0.62◦ which corresponds to a coefficient
of friction of 0.63± 0.01. Figure 6.22 shows all rubber results.

• Steel: Sliding is the main mode of movement. The average angle of movement resulting
from 171 data points is equal to 29.53 ± 0.56◦ which corresponds to a coefficient of
friction of 0.57± 0.01. Figure 6.23 shows the results for steel.

What is the effect of the particle size on the rolling/sliding friction angles?

• The particle size affects the roll and friction angle to some extent. When the particles
are smaller, they are relatively more affected by adhesive forces of water and clay. This
results in an increase in friction angle. When the nodules are in a higher compaction
state, the difference between nodules sizes is negligible.

What is the effect of moisture content on rolling/sliding friction angles?

• Rubber: When comparing dry nodule experimental results with saturated nodule
experimental results, it is apparent that the dry friction angle, at 32.48 ± 1.27◦, is
2◦ higher than the saturated friction angle with 30.54± 0.91◦.
All saturated tests have average friction angles, independent of the compaction state,
within 2 degrees of each other.

• Steel: Dry nodules have a friction angle of 28.28±0.85◦ and the saturated nodules have
a friction angle of 30.07 ± 0.97◦, this is also equal to 2◦, just as for rubber. However,
it must be pointed out that the values in the confidence interval are very close to
each other. Furthermore, there are significant differences between the different types
of saturated tests. The confined nodule tests have provided significantly higher friction
angles than single nodules tests. Furthermore, the friction angle drops with the added
mass tests. This is presumably an effect of the small adhesive force of water at a low
normal force/low compaction state.

What is the effect of adhesion forces of clay on rolling/sliding friction angles?

• Rubber: The adhesive force of clay is well represented in the tests without additional
weight. On average, these values are all 3◦ higher than for saturated nodules. The
difference arises in the added mass tests, where it is visible that the friction angle has
become smaller. This likely happens because the clay layer between the rubber and the
nodules has a lubricating effect when the normal force is increased.

• Steel: Just like rubber, the adhesive force of clay can also be seen in the tests without
added weight. In the added weight tests, it became clear that the limit of the shear
force of nodules had been reached and that an abrasive wear took place. So the clay
did not influence this friction angle.

• One side note needs to be addressed about the clay test, the results are highly dependant
om the moisture content of the clay, if the clay gets more dry, the adhesive forces will
rise. During this test, the clay was kept at a high moisture content to represent the
expected condition under water.
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How does normal force influence the rolling/sliding friction angle?

• Rubber: the increased normal force causes more compression in the rubber and this
increases the sliding resistance, but only in dry conditions. When there is moisture or
clay between the surfaces, this effect is less noticeable.

• Steel: due to the increased normal force, The moisture is pushed away from the contact
points with the steel plate. Therefore, the difference between the dry, saturated and clay
tests is almost negligible. Furthermore, the angles are comparable to the tests without
extra mass.

What effect do the sliding nodules have on the sliding surface roughness?

• There is a correlation (R2 = 0.75) between the surface roughness and the friction angle
of the nodules. Nodules are more likely to break themselves than to make grooves
in a plate. Corrosion has a significant impact on the friction angle of the nodules.
However, it is possible that the nodules in large numbers have an abrasive effect and
thus neutralise the corrosion.

Figure 6.22: Box and whisker plot of all inclined surface tester with rubber as surface. Input values and count
can be found in table 6.5.
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Figure 6.23: Box and whisker plot of all inclined surface tester with steel as surface.

Table 6.5: Summary of of inclined surface tester results.
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7 - Design implications
In this master thesis, lab tests were used to clarify the behaviour of degraded polymetallic
nodules in a dry and saturated environment. First, the densities of the nodules were examined.
Subsequently, tests were carried out to determine the angle of repose. This chapter describes
why the angle of repose is an essential parameter for the design of bulk holds and bulk
handling equipment like grabs. Moreover, tests were performed to determine the friction
angles of nodules on rubber and steel. This parameter is important to consider during the
design of the conveyor belts and slides on a ship, as lastly described in this chapter.

7.1 Storage & transport
An example of a dry offload system in the dredging industry is provided in this section,
the system has much in common with a nodule harvest operation. Figure 7.1 depicts a dry
offloading method of a trialing hopper dredge with the use of a bucket wheel and a conveyor
belt. The hopper of this vessel has been filled with sand but is also designed to handle
gravel. Gravel (2-32 mm [76]) is likely of similar particle size as the nodules if these are
hydraulically transported to the surface. The application of the bucket wheel in combination
with a conveyor belt could be a possible solution for the transport from the MSV hopper to
the transport ship.

The output of the bucket wheel is primarily determined by the amount of material it can
carry. An important design parameter, in this case, is the angle of repose of the material:
With a low angle of repose, the bucket can be filled to the brim; With a high angle of repose,
a pile will form above the brim of the bucket, increasing production. Furthermore, the power
of the wheel must be able to cope with this production.

When a bucket is at the top of the wheel, the production will slide out from the bucket;
a friction angle determines when the material starts to slide: With a high friction angle, the
material will fall out later, and with a low angle, it will start sliding earlier. A collection tray
must be placed above the conveyor belt to distribute the material uniformly and ensure that
the material reaches the conveyor belt.

In the process of emptying the hopper, the bucket wheel will sink deeper into the ship in
order to maintain production. This increases the angle of the conveyor belt behind it. The
angle of repose and the friction angle indicate the maximum angle that can be achieved.

Figure 7.1: Example of a bucket wheel self offload system on a trailing hopper dredge to offload material in a
dry state (Reimerswaal dredging).
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8 - Conclusion and recommendation
This thesis is divided into theory and experimental sections, as stated in the introduction. The
theory mainly focused on the topside processes and nodule properties, and the experiments
focused on the characteristics of degraded polymetallic nodules in the context of bulk handling.
The main conclusions are reproduced here.

8.1 Theory
What are effective strategies to dewater polymetallic nodules in a confined space on a mining
support vessel?

• The dewatering process of polymetallic nodules results into two streams. The first one
is a stream of dewatered solids, because “free” water has been removed from around the
nodules using vibrating plates and screens. Hence, the second stream is runoff water,
potentially still rich in fines and sediment, of which separation of fines may still be
economically viable. However, economic feasibility was not included in the scope of this
research. The fines can be removed using hydrocyclones and filter presses.

• The extent to which dewatering processes are necessary depends mainly on the allowable
maximum moisture content and the number of fines present in the storage of the mining
support vessel and the bulk carriers. Moisture maximum prevents processes such as
liquefaction and dynamic separation.

How do the dewatering strategies at sea compare to land based dewatering installations?
• There are four significant differences between dewatering installations on land and at

sea.

– Space on a ship is limited, so the layout must be more compact in comparison to
land.

– The static environment on land has turned into a dynamic environment at sea.
This ensures that gravity sedimentation will have problems with the separation of
the fines due to flows in the sedimentation tank.

– The production of the mining vehicle will be continuous, making batch dewatering
and separation methods impractical.

– The mining support vessel has a limited amount of available energy, meaning that
choices have to be made with regard to energy efficient methods of dewatering.

What are the physical states and their corresponding aspects to consider when handling
polymetallic nodules?

• The research on the material properties on polymetallic nodules is mainly focused on
fully intact nodules.

• From the moment the polymetallic nodules are lifted from the seabed, the degradation
process starts; On the bulk parameters of degraded polymetallic nodules, there are only
few publications available in the public domain .

It is crucial to better understand the characteristics of degraded polymetallic nodules in the
context of bulk handling. Optimization of the dewatering and transport installations can be
achieved. The next section will elaborate on this subject.
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8.2 Experiments
How do the densities of the IHC nodules compare to the nodules from other sites of which
experiments are published in available literature?

• The measurements conducted on the nodules from IHC provided a saturated density
of 1.911 g/cm3 with a 95% confidence interval of 0.035 g/cm3. This density value is
similar to those examined in neighbouring areas, within 5% difference to the nodules
measured in the research of Dreiseitl[18], GSR[64] and Neizvestnov[49]. There is a larger
difference with other studies, up to 30%. This is possibly caused by measuring errors,
different nodule harvest locations and the moment of measuring: immediately after the
nodules were lifted from the seabed or after a longer period in a lab environment.

Recommendation:

• It is important to use another method to determine the volume to rule out measurement
errors completely; a tomography scan would provide a solution.

Is photogrammetry with Qlone an effective method for scanning polymetallic nodules?

• A rapid modeling application like Qlone Has proven a scanning speed of 5 minutes for
a single nodule and an accuracy of less than 5 mm in all directions. Concluding that
the quality of Qlone is sufficient to recreate shapes of nodules and nodule fragments in
a digital environment.

Recommendation

• Software like Qlone seems suitable to determine the sphericity, angularity and roundness
of polymetallic nodules. Opening the opportunity for improved modelling in which
a large number of scans of actual nodules serves as input for a design of bulk
handling equipment model. The remainder of this thesis, however, focuses on further
experimental measurements with degraded nodules provided by IHC, for there is no
current literature on the following experiments executed with nodules as such.

What is the angle of repose of degraded polymetallic nodules and how is it influenced by
moisture content?

• The angle of repose for polymetallic nodules of the size range 10 - 16 mm nodules is
49.5± 1.46. The results were obtained by using the ledge tester.

• The data shows that the difference between saturated and dry material is insignificant.

Recommendations:

• Depending on the chosen VTS, the nodule sizes will be different, ranging from 20 mm
with hydraulic transport to possibly bigger nodule sizes with air lift. Additional tests
should be conducted on many larger and smaller batches of particle sizes for a complete
picture.

• According to Hashemi[73], there are 9 different methods to determine the angle of
repose, with different results for every type of test. Be aware that these angles of repose
are not one to one comparable with the angle of repose resulting from the ledge tester.
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• Although the ledge test has proven sufficient to compare the angle of repose of moist
and dry nodules, the design and simulations of the transport and storage operation
could benefit from an additional draw down angle of repose test. In this type of test,
a batch of nodules is placed on a hatch. Subsequently, the hatch is opened and the
accumulation of the nodules on a surface is followed over time resulting in an angle of
repose. One advantage of the draw-down test is information obtained on the time it
takes to develop a steady angle of repose. Two disadvantages are: More degradation of
the sample, and a greater required nodule quantity in comparison with the ledge test.

What is the sliding/rolling friction angle of nodules placed on a steel slide or a rubber
conveyor system when considering different compaction states?

• Rubber: The nodules are more likely to roll than slide. The average angle of movement
resulting from 178 data points is equal to 32.21± 0.62◦ which corresponds to a coefficient
of friction of 0.63± 0.01. Figure 6.22 shows all rubber results.

• Steel: Sliding is the main mode of movement. The average angle of movement resulting
from 171 data points is equal to 29.53 ± 0.56◦ which corresponds to a coefficient of
friction of 0.57± 0.01. Figure 6.23 shows the results for steel.

What is the effect of moisture content on rolling/sliding friction angles?

• Rubber: When comparing dry nodule experimental results with saturated nodule
experimental results, it is apparent that the dry friction angle, at 32.48 ± 1.27◦, is
2◦ higher than the saturated friction angle with 30.54± 0.91◦.
All saturated tests have average friction angles, independent of the compaction state,
within 2 degrees of each other.

• Steel: Dry nodules have a friction angle of 28.28±0.85◦ and the saturated nodules have
a friction angle of 30.07 ± 0.97◦, this is also equal to 2◦, just as for rubber. However,
it must be pointed out that the values in the confidence interval are very close to
each other. Furthermore, there are significant differences between the different types
of saturated tests. The confined nodule tests have provided significantly higher friction
angles than single nodules tests. Furthermore, the friction angle drops with the added
mass tests. This is presumably an effect of the small adhesive force of water at a low
normal force/low compaction state.

What effect do the sliding nodules have on the sliding surface roughness?

• There is a correlation (R2 = 0.75) between the surface roughness and the friction angle
of the nodules. Nodules are more likely to break themselves than to make grooves
in a plate. Corrosion has a significant impact on the friction angle of the nodules.
However, it is possible that the nodules in large numbers have an abrasive effect and
thus neutralise the corrosion.

8.3 main research question
With the information from the previous chapters, the answer to the main question can be
given with a high level of confidence:
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What is the effect of moisture on the granular characteristics of polymetallic
nodules in the context of bulk handling?

• Considering the angle of repose tests and the sliding and rolling friction angle, it is
evident that the difference between dry and fully saturated nodules is minimal. For the
friction angle: The maximum deviation between dry, saturated and CCZ clay is 8 % on
steel and 9 % on rubber, corresponding to ±2◦. For the angle of repose, the difference
between dry and saturated is negligible. It is concluded that the moisture content only
contributes minimal level to bulk behaviour of nodules.

Recommendation
Overall, the shape and surface roughness influenced this research greatly. The shape

influenced the rolling behaviour, and the angle of repose and the surface roughness influenced
the sliding friction. Unfortunately, it is not yet clear what the actual shape of the nodules
will be: The abrasive wear during vertical transport from the seabed could cause a rounding
effect.

Furthermore, it would be interesting to calibrate DEM software using the already
conducted tests. This could contribute to possible design choices.
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A - Literature

Figure A.1: Dewatering setup Chatham Rock Phosphate Limited[8].
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B - Experimental methods
B.1 PSD and properties
PSD can be created to represent a collection of different sized particles. In a PSD, the particle
diameter is plotted against the cumulative weight percentage. A sieving analysis is done on
the provided sample of polymetallic nodules to make a PSD curve: When the nodule does
not fit through the sieve, it will be assigned to this size class. After the sieving is done, all
the classes are weighted. Next, the cumulative percentage can be determined for each class
and this can be plotted into a figure to make a PSD curve.

Table B.1: PSD input values.

Classification
Size of nodules

[mm]

Sieve size

[mm]

Weight

[g]

Percentage of soil

retained at each sieve

[%]

Percent Finer [%]

100+ 0 0.00 100

A 70- 100 100 4860.4 9.17 90.834

B 50 - 70 70 10550 19.90 70.939

C 30 - 50 50 19248.8 36.30 34.640

D 25 - 30 30 1866.6 3.52 31.120

E 16 - 25 25 8793 16.58 14.538

F 10 -16 16 4425.1 8.34 6.193

G 4 - 10 10 1452 2.74 3.455

H 2.8 - 4 4 166.9 0.31 3.140

I 1 - 2.8 2.8 483.9 0.91 2.228

J 0.5 - 1 1 526.1 0.99 1.236

K <0.5 0.5 655.3 1.24 0.000

Sum 53028.1 100.0000

The PSD and the related Histogram are presented in figure B.1. It is evident that it is
the class of 50 to 70 mm that has the largest share of the container. The small dip at the 30
mm size can be explained by the small sieve interval.
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Figure B.1: Particle size distribution and a histogram.

B.2 Particle properties
Figure B.2 shows the settings of the UF260 oven which was used to dry the nodules.

Figure B.2: Settings of the oven: Temperature is set at 105◦C, ventilation at 20%, timer at 24 hours and
ventilation flap was set to 100% to remove moisture from the oven.

Requirements for density measurements

• Oven capable of reaching 105◦C for more than 24 hours

• Scale

• Heat-resistant trays

• Measuring beaker

• Fully saturated nodules

B.3 Angle of repose
This section starts with a roadmap used while conducting the angle of repose tests—followed
by an image of the Matlab tool and the corresponding code, which was used to read out the
angle of repose. Finally, the data and the histogram are shown.

1. Let batch of nodules saturate in water for 48 hours.

2. Remove free water
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3. Setup camera

4. Place nodules inside test device

5. Check if test device is levelled.

6. Take photo of setup

7. Remove door

8. Take photo of test

9. Place batch of nodules back in bin and repeat from step 4

10. Repeat tests with batch of dry nodules.

Angle of repose Matlab script

Figure B.3 shows the processing of the result photos. Followed by the Matlab script used for
determining the angle.

Figure B.3: Shows a saturated angle of repose test with the angle measurement tool in matlab.
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1 f unc t i on my_angle_measurement_tool ( im)
% Create f i gu r e , s e t t i n g up p r op e r t i e s

3 f i g u r e ( ’Name ’ , ’My Angle Measurement Tool ’ , . . .
’ NumberTitle ’ , ’ o f f ’ , . . .

5 ’ IntegerHandle ’ , ’ o f f ’ )

7 % Display image in the axes % Display image
imshow( im)

9

% Get s i z e o f image .
11 m = s i z e ( im , 1 ) ;

n = s i z e ( im , 2 ) ;
13

% Get cente r po int o f image f o r i n i t i a l p o s i t i o n i n g .
15 midy = c e i l (m/2) ;

midx = c e i l (n/2) ;
17

% Pos i t i on f i r s t po int v e r t i c a l l y above the middle .
19 f i r s t x = midx ;

f i r s t y = midy − c e i l (m/4) ;
21 l a s t x = midx + c e i l (n/4) ;

l a s t y = midy ;
23

% Create a two−segment r ight−ang le p o l y l i n e cente red in the image .
25 h = impoly ( gca , [ f i r s t x , f i r s t y ; midx , midy ; l a s tx , l a s t y ] , ’ Closed ’ , f a l s e ) ;

ap i = i p t g e t ap i (h) ;
27 i n i t i a l _ p o s i t i o n = api . g e tPo s i t i on ( )

29 % Display i n i t i a l p o s i t i o n
updateAngle ( i n i t i a l _ p o s i t i o n )

31

% se t up ca l l ba ck to update ang le in t i t l e .
33 api . addNewPositionCallback (@updateAngle ) ;

f cn = makeConstrainToRectFcn ( ’ impoly ’ , get ( gca , ’XLim ’ ) , get ( gca , ’YLim ’ ) ) ;
35 api . s e tPos i t i onCons t ra in tFcn ( fcn ) ;

%
37

% Cal lback func t i on that c a l c u l a t e s the ang le and updates the t i t l e .
39 % Function r e c e i v e s an array conta in ing the cur rent x , y po s i t i o n o f

% the three v e r t i c e s .
41 f unc t i on updateAngle (p)

% Create two vec to r s from the v e r t i c e s .
43 % v1 = [ x1 − x2 , y1 − y2 ]

% v2 = [ x3 − x2 , Y3 − y2 ]
45 v1 = [ p (1 , 1 )−p (2 , 1 ) , p (1 , 2 )−p (2 , 2 ) ] ;

v2 = [ p (3 , 1 )−p (2 , 1 ) , p (3 , 2 )−p (2 , 2 ) ] ;
47 % Find the ang le .

theta = acos ( dot ( v1 , v2 ) /(norm( v1 ) ∗norm( v2 ) ) ) ;
49 % Convert i t to degree s .

angle_degrees = ( theta ∗ (180/ p i ) ) ;
51 % Display the ang le in the t i t l e o f the f i g u r e .

t i t l e ( s p r i n t f ( ’ (%1.0 f ) degree s ’ , angle_degrees ) )

my_angle_measurement_tool.m
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Data angle for repose test

The two tables on the left of figure B.4 show the measurement results of the dry and saturated
tests. Next to the table are the histograms and the most important statistics. An error
occurred on test 16 of the dry tests, therefore, this test is removed from the results.

Figure B.4: Angle of repose histogram and test results.
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B.4 Rolling and sliding friction angle
info CCZ clay

The Royal Netherlands Institute for Sea Research (NIOZ) provided 2 kg of deep sea sediment
out of the CCZ. This sediment helps simulate realistic scenarios where the nodules just left
the seabed with the sediment still attached. Figure B.5 shows how the clay was used. First,
the clay was dissolved in water to increase the watercontent. Hereafter, the nodules were
placed in the bath with sediment and water. Lastly, the nodules were stirred around in a
sieve to remove some of the excess clay particles; this process would recreate the effect of a
riser system on the nodules

Figure B.5: CCZ sediment used to simulate sediment effects on nodules.

B.4.1 Single nodule test

Figure B.6 displays the results of the single nodule tests: The left graphs side of the image
shows the test results on rubber, and the right side shows the results of the tests on a steel
plate
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Figure B.6: Single nodules histogram.
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B.4.2 Bulk tests free

Figure B.7 shows the results of the Bulk free tests.The decision is made to switch the dry
results with the saturated results to increase the contrast between the results. It can be seen
that there is a difference between clay and dry on steel. Furthermore, it is noticeable that
there is little difference between the various tests on rubber.

Figure B.7: Bulk free data plotted.
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B.4.3 Confined bulk tests

In figure B.8 displays the results of the single nodule tests: The left graphs side of the image
shows the test results on rubber, and the right side shows the results of the tests on a steel
plate.

Figure B.8: Confined bulk histogram.
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B.4.4 Surface roughness measurements

Surface roughness, often shortened to roughness, is a component of surface texture. It is
quantified by the deviations in the direction of the normal vector of a real surface from its
ideal form. If these deviations are large, the surface is rough; if they are small, the surface is
smooth.

Equation B.1 shows average roughness, Ra, which is the most widely used one-dimensional
roughness parameter. Where lr is the evaluation length and z(x) is deviation about the center
line.

Ra = 1
lr

∫ lr

0
|z(x)|dx (B.1)

Figure B.9: The left graph shows a example of cross section of a surface. The right figure shows the measuring
device.

Figure B.10 shows the measurements of the roughness meter. The plate is divided into 5
cm by 3 cm squares, and a measurement is taken in each square. Furthermore, these tests
were carried out on the 8th of December and then repeated on the 23rd of December. Sliding
tests were conducted between these two test data. The difference between the two tests is
marginal. Therefore, it can be stated that the degradation of the plate did not continue; the
plate has reached a stable condition.
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Figure B.10: Surface roughness results.
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Table B.2 shows the raw data of the dry nodules tests on the smooth and rough side of
the steel and the rubber plate.

Table B.2: Input data for figure 6.13.
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B.4.5 Added mass tests

This section will show the results of the added mass tests and information about the design
of the sledge.

3D printed sledge

With the use of Solidworks, a solid modeling computer-aided design (CAD), a sledge has been
designed and printed for the Added weight test in section 6.2

Figure B.11: 3D model of sledge for added weight testing.
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B.4.6 All tests combined

A histogram of all sliding and rolling experiments is given in figure B.12

Figure B.12: Histogram of all the tests combined.
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Figure B.13: Table with friction factor instead of angle.
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