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Chapter 4
Handling of Bulk Solids in a Marine 
Environment, from Seabed to Shore

Dingena Schott, Edwin de Hoog, Jort van Wijk, and Rudy Helmons

Abstract  In this chapter, the work that is being done in relation to machine-cargo 
interactions relevant to deep-sea mining is elaborated. To ensure safe and efficient 
operations across the entire mining value chain, it is important to be aware of the 
implications of certain design and process decisions. An overview of mechanisms 
influencing the mechanical response of the bulk materials and the main effects lead-
ing to (mechanical) degradation of the ore, e.g., fragmentation, abrasion, is pre-
sented. Although the concepts are applicable to each of the deep-sea deposits, our 
focus is on polymetallic nodules in a riser-based concept.

Results are discussed of experiments in which nodules are fragmented due to 
particle-particle collisions and collisions with different handling equipment, such as 
the seabed harvester, riser pipe, pump impeller, pipe bends, etc. Next to fragmenta-
tion, degradation due to abrasion occurs due to particles rolling, sliding, and collid-
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ing with each other, resulting in the generation of nodule fines. Based on the same 
set of nodules, mechanical bulk properties of dry and wet nodules are studied. The 
obtained results provide relevant insights for the design of the nodules handling 
equipment. Furthermore, modelling approaches applied to other fragile bulk materi-
als where the breakage and generation of fines play an important role are outlined. 
It is described how these modelling approaches can assist in the design of handling 
equipment, and recommendations are given for next steps to further optimize 
their design.

Keywords  Polymetallic nodules · Degradation · Fragmentation · Friction

Abbreviations

BPM	 Bonded particle model
DEM	 Discrete element method
FBM	 Fast-breakage model
MSV	 Mining support vessel
PmN	 Polymetallic nodules
PRM	 Particle replacement model

1 � Introduction and Overview of Handling Steps

Deep sea mining has emerged as a promising solution to meet the growing demand 
for critical metals and minerals. Figure 4.1 shows a schematic of the steps involved 
in transport from seabed to shore, where the manganese or polymetallic (PmN) 
nodules will be processed. The nodules that will be picked up from the seabed, sub-
sequently handled by the seabed harvester, and transported vertically to the mining 
support vessel (MSV). Various vertical transport concepts exist, such as hydraulic, 
airlift and skip-lift concepts. At the MSV, handling of bulk materials takes place 
optionally with processing steps such as dewatering and filtering of fines. The 
excess of water and sediments is to be discharged subsea.

While the MSVs work far offshore, the material will be transhipped to vessels 
that operate between the MSV and a location on shore. Once the material is onshore 
it might be first handled and stored at a bulk storage terminal before being trans-
ported to the nodules processing plant. At this moment, such a supply chain is not 
yet practically established, although a first trial focussing on the first steps in Fig. 4.1 
resulted in the collection from the seabed to the MSV of about 4500 tons PmN 
(Allseas, 2022). It goes without saying that for an optimal, sustainable and energy-
efficient supply chain, the focus should not only be on developing the initial steps, 
but efforts are required to develop the logistics system including all the handling 
steps from seabed to shore.

D. Schott et al.
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Fig. 4.1  Deep-sea mining value chain and bulk handling steps from MSV to processing facility

Starting from the right side in Fig. 4.1, the demands of the polymetallic nodule 
extraction plant in terms of (1) required material quality/properties (form, size and 
distribution) depending on the extraction processes and (2) infeed capacity are cru-
cial to design the logistic system. These demands are posed to the previous steps 
upstream in Fig. 4.1.

For the mining capacity in general, if the processing capacity is too low relative 
to the mining capacity, there may be a bottleneck in the supply chain as the raw 
material accumulates and waiting times for processing increase. This can lead to 
increased costs and delays in the supply chain. On the other hand, if the processing 
capacity is too high relative to the mining capacity, the supply chain may be under-
utilized, and there may be excess capacity in downstream operations, leading to 
wasted resources and increased costs.

For the material quality, the requirement depends on the type of extraction pro-
cess, which can be divided into two main streams (Monhemius, 1980), pyro–hydro-
metallurgical routes and hydrometallurgical processes, where drying of the wet 
nodules is not necessary. Randhawa et  al. (2016) describe different processing 
routes in detail and indicate crushing and grinding steps for all processes. The ideal 
material properties for the extraction processes and state of the material (wet or dry) 
from downstream should be considered in the design of the logistics systems and its 
handling components. In every handling step, due to the interaction of the material 
with the equipment, breakage of the material might happen.

It is important to reduce the breakage of nodules during the handling steps from 
seabed to shore in deep-sea mining operations for several reasons. Firstly, nodules 
are relatively fragile and can easily break apart during the handling steps and trans-
port. This can result in a significant loss of valuable material, reducing the overall 
yield of the operation and potentially impacting its economic viability. Secondly, 
the broken nodules can generate fine particles or dust, which can be difficult to 
handle and may cause problems during processing or transportation or are economi-
cally unattractive to separate at the MSV. Fine particles can cause problems such as 
clogging of pipes and increased wear and tear on machinery and can even be haz-
ardous to workers’ health, if inhaled. Lastly, broken nodules can also have a 

4  Handling of Bulk Solids in a Marine Environment, from Seabed to Shore



94

negative impact on the marine environment as the fine particles generated by break-
age can get dispersed over a wider area, potentially affecting marine ecosystems and 
biodiversity.

In this chapter, we will address the breakage and material properties in the con-
text of material equipment interactions during handling from seabed to shore. In 
Sect. 2, we address degradation mechanisms in relation to hydraulic transport pro-
cesses and provide quantitative results of laboratory tests. In Sect. 3, the mechanical 
response of the bulk and its machine cargo interactions will be reported. Issues 
related to particle breakage, degradation and the creation of fines are also common 
in the biomass handling field. Hence, Sect. 4 will cover the experimental and 
numerical methods used in research on the handling of biomass pellets specifically. 
Section 5 concludes this chapter by summarizing the key findings and discussing 
their implications for the outlook of deep-sea mining.

2 � Fragmentation of Polymetallic Nodules Due to Impacts 
from Seafloor to MSV

From the bulk processing and mining industries, a method is available to quantify 
and measure the wear or degradation of minerals and ores (Beekman et al., 2002). 
However, in the context of deep-sea mining, we first need to approach this problem 
from the viewpoint of hydraulic transportation as it is the most considered transpor-
tation option among deep-sea mining concepts. Since the reduction of the size of the 
nodules and generation of nodule dust determine the design choices, of processing 
equipment on the MSV to a large extent, the degradation mechanisms associated 
with the transport processes need to be evaluated to enable further quantification.

This section gives an overview of work done to assess the magnitude of polyme-
tallic nodule degradation during deep-sea mining. First, we explain degradation 
mechanisms and relate them to hydraulic transport processes in typical pipeline 
concepts. Second, we quantify a bandwidth of degradation rates and effects, based 
on laboratory tests. Each test is dedicated to investigating one specific degradation 
mechanism, and the results are summarized.

2.1 � Degradation Mechanisms

Vertical transport of polymetallic nodules to the sea surface can be realized by a 
number of different technologies, of which mechanical lifting, airlifting and cen-
trifugal pump-based hydraulic transport are the most prominent candidates (Ma, 
2019). Airlift technology is proven on full-scale, however, controllability and suf-
ficiently high production rates are a challenge (Ma et al., 2017). Hydraulic trans-
port, by means of a riser system with centrifugal pump booster stations, has the 
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potential of stable, large production rates, however at the cost of more technology 
components being below sea level (van Wijk, 2016).

The actual particle size distribution (PSD) of the mixture leaving the riser is a 
key design parameter for the processing equipment (both on the mining support 
vessel and on land). The degradation of nodules to particle size fractions smaller 
than those that can be effectively recovered during the processing of the slurry on 
board the mining vessel means loss of valuable ore and aggravates the environmen-
tal pressures related to the discharge of fines in the marine environment. It is, there-
fore, important to have predictive models and data that allow for quantification of 
nodule degradation.

Particle degradation occurs in all multiphase flows involving solids in a carrier 
fluid. Depending on the force, magnitude and direction, the modes of degradation 
are attrition, fragmentation, abrasion, and chipping (see Fig.  4.2) (Laarhoven 
et al., 2012).

The degradation process is closely linked to the hydraulic transport process. The 
degradation process is complex, involving both impact fracturing as well as abra-
sion due to friction. Impact fracturing mainly occurs in centrifugal pumps, while 
abrasion mainly occurs in the pipeline (Worster & Denny, 1955). Bergh and Grima 
(2006) have reported on degradation experiments with limestone and coarse gravel 
in a test circuit and on the degradation of quartz, sand and rock salt during dredging. 
These four material types showed both impact fracturing by the centrifugal pump 
and abrasion due to the horizontal hydraulic transport, but the relative contribution 
of one mechanism over the other differs between the cases. Especially rock salt and 
coarse gravel were influenced by impact fracturing occurring in the centrifu-
gal pump.

Yamazaki and Sharma (2001)experimentally studied the degradation of subsea 
sediments from the CCZ zone. They used a small-scale circulating flow loop, 
including one pump and a few metres of pipeline, operated for 30 min. The resulting 
PSDs point at the production of significant amounts of fines. The maximum sedi-
ment diameter in their test reduced from about 200 μm to 50 μm. This indicates that 
the already fine seabed sediment will become even finer upon transport. Yamazaki 
et al. (1991) show the PSD of abraded nodules after passing through the pump and 

Magnitude
Direction

Normal Tangential

Low

(wear dominant)

Attrition Abrasion

High

(fracturing 

dominant)

Fragmentation Chipping

Fig. 4.2  Particle 
degradation depends on the 
applied force and its 
direction based on 
terminology by Beekman 
et al. (2002). (Figure from: 
Laarhoven et al. (2012), 
Copyright Elsevier 2012, 
reprinted with permission)
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Fig. 4.3  A sliding bed of particles with shear layer and its associated force balance. This situation 
typically occurs in the flexible jumper hose. (From: de Hoog (2016), reprinted with permission)

riser pipe. Unfortunately, no initial PSD is known, so no conclusions about degrada-
tion rates could be drawn. A closer look at the individual transport processes is 
necessary to quantify the relative contributions of the different degradation 
mechanisms.

The slurry first enters the SMT pump, where it is subjected to mainly impact 
fracturing in the pump. The lazy-wave configuration of the jumper hose will mainly 
result in heterogeneous hydraulic transport. When particles are too large to be sus-
pended by turbulence, they will form a sliding bed layer at the bottom of the pipe 
(Vlasak et al., 2013) (Ravelet et al., 2013) (de Hoog et al., 2017; Spelay et al., 2016) 
(see Fig. 4.3). Such a sliding bed of nodules and sediments is predominant in the 
inclined and horizontal parts, above which a shear layer will develop. This sliding 
bed transport regime will mainly cause attrition and abrasion of the nodules by slid-
ing over the pipeline bottom, by Coulombic friction. In addition, attrition and abra-
sion are also caused by particle layers sliding and tumbling over each other in the 
shear zone.

In the riser segments, there are two mechanisms involved. The first is particle 
abrasion by particles sliding along the riser segments. The second mechanism is 
degradation by particle interaction in the riser segments. Different particle fractions 
have different transport velocities (van Wijk et al., 2016), and their relative veloci-
ties give rise to collisions and probably mild impact fracturing or attrition. Particle–
wall interaction will have velocities in the order of the pipeline bulk velocity, that is 
several meters per second. Particle–particle interaction will have velocities in the 
order of the hindered settling velocity, which is an order of magnitude smaller than 
the bulk velocity (van Wijk, 2016). In the case of vertical transport with centrifugal 
pump booster stations, the bends and pumps in the booster give rise to degradation 
by impact fracturing.

Summarized, Table  4.1 provides an overview of all degradation mechanisms 
expected during hydraulic transport.

D. Schott et al.
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Table 4.1  Main transport mechanisms and their associated degradation mechanisms

VTS 
component Transport mechanism Degradation mechanism

Jumper Heterogeneous flow, shear layer Abrasion by friction (sliding)
Riser Pseudo-homogeneous flow Abrasion with riser wall
Riser Pseudo-homogeneous flow Inter-particle collision
Pumps, 
boosters

Highly turbulent, many machine–nodule 
interactions

Impact fragmentation

2.2 � Fragmentation of Nodules Due to Impact

In Sect. 2.1, we discussed the different transport processes occurring in the SMT 
and VTS, and we related these transport processes to degradation mechanisms. The 
next step is the quantification of the different degradation mechanisms. In this sec-
tion, we first investigate impact fragmentation.

The impact fracturing of polymetallic nodules in centrifugal pumps shows a 
complex interplay between particles and the pump. The role of centrifugal pumps in 
the degradation of coal was investigated in the 1980s (Shook et al., 1979; Gilles 
et al., 1982). Despite the many similarities with hydraulic transport for deep-sea 
mining, the work on coal transport is too specifically dedicated to horizontal trans-
port under atmospheric conditions to be representative and of direct use for vertical 
transport from the deep sea.

Especially the very large ambient pressure in the deep sea is an important differ-
ence that needed further investigation. To this end, a special centrifugal pump test 
setup was constructed in the high-pressure basin at the Royal Netherlands Institute 
for Sea Research, NIOZ, The Netherlands (van Wijk et al., 2019).

A polymetallic nodule is formed as various minerals precipitate from the sur-
rounding water on a nucleus, typically, an older nodule, shark tooth, volcanic rock 
or shell. As the nodule grows, a layered internal structure is formed, commonly with 
local sediments trapped between the layers.

These sediments compromise the strength of the nodule and cause breakage typi-
cally to occur along these weak points. Larger nodules consist of more layers and 
weak points; therefore, they are usually weaker than smaller nodules as is evident 
by compressive strength tests (Dreiseitl, 2017) (van Wijk & de Hoog, 2020). Some 
nodules are an agglomeration of smaller nodules that grew together over time.

The test setup at the NIOZ was constructed to accommodate the largest nodules 
that can reasonably be expected during normal VTS operation, for example d/
Di ≈ 3/5. From a sample of UK and Belgian nodules from the CCZ (fully saturated 
with fresh water at 5°), the 16–32 mm fragments were chosen to fit the test setup. In 
contrast to the rounded appearance of intact nodules, these fragments were mostly 
of irregular and angular shape. The fragments have been formed due to the disinte-
gration of intact nodules along the internal weakest parts. The fragments themselves 
could therefore be relatively strong compared to the original intact nodules.

4  Handling of Bulk Solids in a Marine Environment, from Seabed to Shore
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The test setup is depicted in Fig. 4.4. After the passage of the pump, the nodule 
enters a hydro cyclone where the fine grit and coarser fragments are separated to 
enable detailed analysis of the particle size distributions. In the tests, nodules were 
passed through the setup applying different pump velocities (750, 1200 and 
1800 rpm, respectively) and ambient pressures of 5, 95, 189, 283, 378 and 500 bar. 
Nodules and nodule grit recovered after each test run were wet-sieved over a series 
of sieves with logarithmically increasing mesh size from 0.063 to 32.00 mm. The 
retained fractions were freeze-dried and weighed. Fractions below d < 63 μm were 
measured with a laser particle analyzer. Next to single runs carried out under one 
particular combination of pump speed and pressure, tests were carried out simulat-
ing the passage of nodules through the full series of pumps of the VTS positioned at 
different water depths. While running the pump at different velocities, nodules and 
nodule grit were passed multiple times through the pump, consecutively at 500, 378, 
283, 189, 95 and 5 bar. It should be noted that the fine-grained material retrieved 
from the water contained abundant chips of blue paint abraded from the interior of 
the hydrocyclone, providing evidence of abrasion occurring within the hydrocy-
clone, adding fine-grained material to the fractions produced in the pump.

Figure 4.5 shows the particle size distributions produced at different ambient 
pressures but similar pump speeds of 750 and 1800 rpm, respectively. This figure 
shows that the distribution of material after impact fracturing is hardly influenced 
by the ambient pressure. The results at 1800 rpm show a similar trend, but far more 
material has fractured and moved into smaller size classes. The single passage 
experiments show hardly any influence of the high ambient pressure conditions and 
a large influence of nodule velocity or impeller speed. The sequential experiments, 
in which the same batch of nodules was pumped at decreasing ambient pressure, 
with six stages in total, are therefore not expected to be influenced by the changing 
ambient pressure. Pump speed however does have a large influence on nodule deg-
radation, so for the sequential experiments, more degradation is expected at higher 
pump speeds as well. Figure 4.6 shows the particle size distributions after six pump 
passages at 750 rpm and 1800 rpm. The consequence of the increased pump speed 
now is very clear, with only 5% of nodules left in the original size class at 1800 rpm 
compared with 40% at 750 rpm. The increase in the 63 < d < 0 μm size class even 
amounts to 20% at 1800  rpm. Abrasion in the hydrocyclone is expected to have 
greatly contributed to the production of fines since the sequential experiments took 
much more time than single passage experiments, thereby promoting the abrasion 
process.

The impact fragmentation experiments in the pressure tank at NIOZ showed that 
for ambient pressures in the range of 5 ⩽ p ⩽ 500 bar, the ambient pressure has no 
significant influence on the nodule fragmentation. The experiments showed that 
nodule degradation in the pump.

strongly relates to the nodule velocity and the speed of the impeller, as expected 
due to the large energy of the impeller.

After the experiments at NIOZ with nodule fragments, there was a need to better 
understand the actual impact mechanics and degradation rates of intact nodules. 
Therefore, atmospheric impact experiments were conducted at well-controlled 
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a. Overview of the test setup. Nodule 
carousel (1), suction tube (2), pump (3) and 
hydroclone (4) with drive (5).

b. Two pairs of electromagnetic probes for 
measurement of the nodule velocity at the 
suction inlet.

c. Cross-section of pump casing (4) 
showing the passage of the largest nodule 
(2) through the inlet (1), driven by the 
impeller (3).

d. Nodule fragments after one of the 
experiments, showing large fragments (upper 
left) and fines (bottom left).

Fig. 4.4  Centrifugal pump test rig at NIOZ and typical nodule fragments. (a) Overview of the test 
setup. Nodule carousel (1), suction tube (2), pump (3) and hydroclone (4) with drive (5). (b) Two 
pairs of electromagnetic probes for measurement of the nodule velocity at the suction inlet. (c) 
Cross-section of pump casing (4) showing the passage of the largest nodule (2) through the inlet 
(1), driven by the impeller (3). (d) Nodule fragments after one of the experiments, showing large 
fragments (upper left) and fines (bottom left). (From: van Wijk et  al. (2019), Copyright 2020 
Elsevier, reprinted with permission)
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Fig. 4.5  Comparison of PSD at different ambient pressures at two different pump speeds and 
associated fluid velocities in the suction pipe. The ambient pressure hardly has an influence on 
nodule degradation, while pump speed does have an influence. (a) 750 RPM test. (b) 1800 RPM 
test. (From: van Wijk et al. (2019), Copyright 2020 Elsevier, reprinted with permission)

D. Schott et al.
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Fig. 4.6  Particle size distributions of two experiments at two velocities, in which a sequence of 
pump passages was simulated that a nodule would experience upon transport through the VTS with 
a decreasing ambient pressure from 500 to 5 bar. Note the stronger effect of degradation due to 
increased pump revolutions. Also note the vast increase in fines (0–0.063 mm), which is caused by 
a large increase in abrasive wear in the hydrocyclone. (From: van Wijk et al. (2019), Copyright 
2020 Elsevier, reprinted with permission)

impact velocities v = 4, 6 and 8 m/s (van Wijk et al., 2019; van Wijk & de Hoog, 
2020). The experiment consisted of a perpendicular impact of a nodule with a steel 
plate, on top of which a thin layer of water was applied, as shown in Fig. 4.7. This 
water has the function to mimic the presence of water during submerged impact, 
where the water acts as a buffer that dampens the impact.

The nodule diameters were in the range 16 < d < 90 mm and prior to testing the 
compressive strength was measured with a UCS test setup, which was correlated to 
tensile strength. A decreasing tensile strength was measured with increasing particle 
size, with more than a factor of ten difference in tensile strength between the largest 
and smallest nodules.

The particle size distributions of the nodules after the impact and the peak-stress 
at impact as a function of nodule diameter and impact velocity were measured. 
Particle size distributions are shown in Fig. 4.8. Chipping (i.e. small debris, but the 
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Fig. 4.7  Video stills of a polymetallic nodule colliding with a wet steel plate. The nodule breaks 
into a few large pieces, and there is a limited amount of debris. (From: van Wijk et al. (2019), 
Copyright 2020 Elsevier, reprinted with permission)

main nodule remains intact) was observed in the size range 30 < dm < 60 mm and 
full fragmentation for the size class dm > 60 mm. Below dm = 30 mm no significant 
damage was observed. The results suggest a lower limit in particle size for the nod-
ules being susceptible to impact fragmentation under the investigated conditions.

With the atmospheric experiments, it was possible to demonstrate that the pro-
duction of fine material due to pure fragmentation is substantially smaller than 
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Fig. 4.8  Original, and 
measured and predicted 
PSD after single impact. 
(a) Nodule fragment sizes 
after single impact with 
v = 4 m/s. (b) Nodule 
fragment sizes after single 
impact with v = 6 m/s. (c) 
Nodule fragment sizes 
after single impact with 
v = 8 m/s. (From: van Wijk 
and De Hoog, (2020), 
Copyright Elsevier 2020, 
reprinted with permission)

4  Handling of Bulk Solids in a Marine Environment, from Seabed to Shore
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found at NIOZ. The atmospheric experiments resulted in more rapid degradation of 
the nodules compared to the NIOZ experiments, which is thought to be related to 
the use of intact nodules instead of fragments, an argument supported by the relation 
between strength and nodule size.

2.3 � Abrasion and Chipping in the Jumper and Riser Segments

While impact fragmentation is the dominant degradation mechanism in pumps, 
abrasion and chipping are the main causes of degradation in the jumper hose and 
riser system. To quantify these effects, dedicated abrasion and attrition experiments 
are needed (de Hoog et al., 2020).

The jumper, which is associated with a sliding bed with shear layer and thus 
abrasion and attrition of the nodules, leads the slurry into the VTS. In the riser, two 
mechanisms dominate the degradation process: (i) abrasion by sliding along the 
riser segments, which will mainly affect nodules close to the wall, and (ii) particle–
particle interaction.

Different particle fractions with different sizes have different transport velocities 
and their relative velocities give rise to collisions and probably mild impact frag-
mentation, chipping and attrition. Particle–wall interaction will have velocities in 
the order of the mixture bulk velocity (several meters per second) in the axial direc-
tion, resulting in sliding contact. Radial particle velocities will be very limited. 
Particle–particle interaction will have velocities in the order of the hindered settling 
velocity. Typical hindered settling velocities range between 0 and 1 m/s for polyme-
tallic nodules of tens of millimetres size, which is an order of magnitude smaller 
than the bulk velocity.

Abrasion takes place due to interaction between the asperities on the sliding 
surfaces and the effective contact area. In the contact area, abrasion is dominated by 
plastic deformation as a result of the normal load on the surfaces. This process is 
independent of the relative velocity of the moving bodies but fully dependent on the 
normal force and sliding distance.

The relation between particle degradation and horizontal hydraulic transport has 
been studied for the transport of coal. Worster & Denny (1955) made an important 
contribution by relating the degradation of coal to the velocity and transport dis-
tance of the coal in mainly stratified flow regimes with a sliding bed with saltation 
of coal lumps on top of it. Degradation relates to the combined effect of abrasive 
wear in the bed layer and attrition in the shear layer (particle–particle interaction). 
They report a strong relation between degradation and mixture velocity (~vm

3) and 
a weaker relation with sliding distance (√s), pointing at a dominant chipping pro-
cess even in sliding bed flow with saltating particles.

De Hoog et al. (2020) were able to quantify the specific wear rates (in conjunc-
tion with Archard’s abrasive wear theory) of nodules sliding on PVC by using a 
continuously tilting test tube setup, as shown in Fig. 4.9, which is deemed a good 
proxy of jumpers and riser systems with liners. When calculating sliding distances 
and contact forces between nodules and the pipeline, Archard’s theory then allows 
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Fig. 4.9  Front view of the tilting pipe setup. A transparent PVC pipe, an electric motor and a 
crankshaft system to ensure a continuous tilting motion. (From: de Hoog et al., 2020. Copyright 
Elsevier 2020, reprinted with permission)

Fig. 4.10  Sliding of the batch of nodules inside the experimental setup. High-speed videos were 
used to track the position of the particles. (From: de Hoog et al., 2020. Copyright Elsevier2020, 
reprinted with permission)

for calculating the overall production of fines due to abrasion. The titling pipe batch 
experiment degradation process includes, on top of particle-wall abrasion, particle–
particle abrasion and attrition as particles saltate and roll over each other, as shown 
in Fig. 4.10. This increases the number of collisions, as nodules are practically in 
constant contact with each other, with a higher degradation rate as a result. However, 
production of the finest fractions, as shown in Fig. 4.11, is attributed to abrasion 
only. A more detailed view on the abrasion of a single nodule is given in Fig. 4.12, 
which shows the ratio of mass loss due to abrasion over the normal force and the 
particle density, plotted as a function of sliding distance.

The tilting pipe batch experiments showed that degradation causes accumulation 
of material in the size of 0.1 < d < 2.0 mm, as apparent in Fig. 4.13. These classes 
tend not to degrade further, as they become suspended by the fluid, or trapped 
between the pores of the sliding nodule bed. As such, if hypothetically degradation 
would continue to a point where the sliding bed is fully degraded into suspended 
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Fig. 4.11  The nodule batch after the experiments (left), the developed fines due to degradation 
(right). (From: de Hoog et al., 2020. Copyright Elsevier 2020, reprinted with permission)

Fig. 4.12  Ratio of mass loss over the normal force and the particle density, plotted as a function 
of sliding distance. This mass loss is caused by pure abrasive wear, tested on a single nodule in the 
tilting pipe setup. (From: de Hoog et al., 2020. Copyright Elsevier 2020, reprinted with permission)
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Fig. 4.13  The initial batch PSD and the remaining PSD after a sliding distance of 4500 m and 
9000 m, displayed in PSD (top) and bar plot (bottom). (From: de Hoog et al., 2020. Copyright 
Elsevier 2020, reprinted with permission)

particles, it would be expected to have the final PSD to be similar to the distribution 
of the 0.1 < d < 2.0 mm classes depicted in Fig. 4.13. Only a small portion of this is 
smaller than 63 μm, considered economically unattractive to recover.

Vertical fluidization experiments were then conducted to mimic interactions 
between nodules as they would occur in the VTS under representative conditions, 
since the relative velocities are governing the chipping process rather than the mix-
ture bulk velocities. In these experiments, a bed of nodules was fluidized and kept at 
a more or less stable position in the fluidization column at a volumetric concentra-
tion comparable to those occurring in the VTS. In this way, it was possible to avoid 
the degradation of nodules due to the centrifugal pump, while maintaining represen-
tative relative particle velocities. The test setup is depicted in Fig. 4.14.

Results show combined abrasion and attrition through particle-wall and particle-
particle collisions. The amount of collisions was less frequent than in the tilting pipe 
saltating degradation process. This was due to the nature of the fluidization experi-
ment, where particles are spaced farther apart than in a saltating flow. The overall 
degradation was significantly higher in the vertical flow experiment than in the slid-
ing experiment, suggesting that degradation in the vertical flow experiment is domi-
nated by attrition and chipping due to particle–wall and particle–particle collisions, 
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Fig. 4.14  The vertical fluidization flow loop. (From: de Hoog et al., 2020. Copyright Elsevier 
2020, reprinted with permission)

and there is very little abrasion. Figure 4.15 gives a general picture of the nodule 
fragments and grit produced during these experiments. Similar to the tilting pipe 
batch experiments, degraded particles tend to accumulate in the 0.1 < d < 2.0 mm 
size classes (see Fig. 4.16), because these sizes become suspended in the fluid and 
practically do not contribute to the degradation process.
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Fig. 4.15  Fragmented nodules and fines. (From: de Hoog et al., 2020. Copyright Elsevier 2020, 
reprinted with permission)

Fig. 4.16  Change of particle size in the vertical fluidization experiment starting with nodules of 
the 45–31.5 mm class and three consecutive experiments, displayed in PSD (top) and bar plot (bot-
tom). (From: de Hoog et al., 2020. Copyright Elsevier 2020, reprinted with permission)
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Table 4.2  Overview of hydraulic transport degradation mechanisms and their effect on the initial 
nodule PSD

VTS 
component

Degradation 
mechanism Effect on PSD

Pumps/bends Impact 
fragmentation

Strong reduction of d50

Jumper Abrasion/attrition Creates mainly new fractions 0.1 < d < 2.0 mm. Small 
amount of fines d < 63 μm

Riser Abrasion/attrition Moderate decrease of d50. Creates new fractions 
0.1 < d < 2.0 mm. Small amount of fines d < 63 μm

2.4 � An Integral Assessment of Nodule Degradation during 
Hydraulic Transport

Having quantified the response of CCZ nodules to impact fragmentation, abrasion 
and chipping under conditions comparable to those during operation, it is possible 
to make an integral assessment of the development of the PSD during transit. 
Regarding impact fragmentation, a mathematical framework of a predictive model 
was provided in Van Wijk and de Hoog (2020), to aid in the design of a deep-sea 
mining operation.

Table 4.2 summarizes the degradation mechanisms encountered during vertical 
transport and their relative effect on the PSD of the nodules. The relative contribu-
tion of each mechanism depends on the configuration of the transport system. 
Knowledge of the different flow regimes in the various segments of the transport 
system, the associated degradation process and dedicated calculation models for the 
flow process, fragmentation, abrasion and chipping are required to make this inte-
gral assessment.

These results are based on tests conducted with CCZ nodules from the Belgian 
License area. Nodules with different mechanical properties will have different 
strengths and will result in different degrees of degradation. The framework pro-
vided in Van Wijk and de Hoog (2020) will allow for the quantification of degrada-
tion rates when actual nodule samples from the envisaged license area are available. 
Fortunately, if the size and density are somewhat comparable, the trends in Table 4.2 
will be similar since this mainly depends on flow-related mechanisms.

3 � Mechanical Response of Dry Bulk Material

The nodules that remained from the tests described in the previous sections have 
been utilized to study the mechanical response of the nodules as a bulk material. As 
generally known, the response of the bulk behaviour highly depends on particle 
shape and size distribution. Therefore, it is strongly advised to conduct comparable 
tests and analyses resembling realistic mining conditions. The particle properties of 
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Fig. 4.17  PSD of nodules used for dry bulk behaviour. (Doorn, 2022. Reprinted with permission)

the nodules arriving at the vessel might differ significantly based on nodule charac-
teristics at the bed, collection method and means of vertical transport, as discussed 
in Sect. 2. Here, an overview of the type of tests that were conducted to study the 
behaviour of the nodules in dry conditions is presented (Doorn, 2022).

Based on the nodule materials remaining after the fragmentation tests described 
in sect. 2, approximately 50 kg of nodules were available. Nodules were sorted for 
size based on sieving, the larger nodules were sorted by hand to avoid fragmenta-
tion. The resulting PSD is shown in Fig. 4.17. The exact history of these nodules is 
not known. The quality of storage conditions is questionable, especially regarding 
whether the nodules were stored wet. In our experiments, the nodules were again 
stored in water to saturate them. Then the saturated density of the nodules was mea-
sured as 1911 ± 35 kg/m3. After oven drying for 24 h at 105 °C, the dry density was 
1341 ± 46 kg/m3.

The angle of repose represents the shear stress of bulk material under the force 
of gravity. The angle of repose results are helpful to categorize the flow granular 
flow properties. In this research, the angle of repose is measured following the ledge 
test procedure, often referred to as ‘shear box’ and ‘rectangular container test’ (cf. 
Fig. 4.18). During a ledge test, a container was filled with granular material, after 
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Fig. 4.18  Shear box test setup (Doorn, 2022). Reprinted with permission

which one side of the container was opened for the material to slide and roll out 
until an equilibrium was reached. The angle of repose was the resulting angle 
between the horizontal plane and the free surface. Due to the quantity of nodules 
and the size of the container, only the batch of nodules at a size of 10–16 mm was 
thoroughly tested. The angle of repose, based on 18 tests, is 49.5°  ±  1.46° and 
49.6° ± 1.1°, respectively, for saturated and dry nodules. Dreiseitl (2017) measured 
substantially lower angles of repose of 30° and 33° for intact nodules recovered 
from box-cores (Fig. 4.18).

An inclined surface tester (cf. Fig 4.20) was used to measure the sliding and roll-
ing friction of particles along various materials commonly employed in bulk han-
dling equipment, such as steel (S235) and rubber (Ethylene Propylene Diene 
Monomer). The tester employs a motor to adjust the inclination of the bottom sur-
face, where the steel or rubber plate is mounted. The angle between the inclined 
surface and the horizontal is referred to as the inclination angle. The sliding and 
rolling response of individual nodules depends significantly on how constrained 
their motion is due to neighbouring particles. Therefore, several tests were con-
ducted as follows (cf. Figure 4.19):

	1.	 Single nodule.
	2.	 Free movement of batch of nodules.
	3.	 Confined movement of batch of nodules.
	4.	 Added mass rolling configuration.
	5.	 Added mass sliding configuration. Nodules are confined in a mould, restricting 

the nodules from rolling and forcing them to slide.

3.1 � Single Nodule

In the ‘single nodule’ test, it was observed that when using rubber as the bottom 
surface, the primary mode of movement was rolling. On the other hand, when 
employing a steel plate, the primary mode of movement was sliding. No significant 
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Fig. 4.19  Conducted sliding and rolling friction for single and bulk nodules. (Doorn, 2022. 
Reprinted with permission)

Table 4.3  Recorded angle at which the nodule starts to move

Rubber Dry Saturated
Count [−] 18 16
Mean [°] 30.4 29.2
Std 2.7 2.7
Steel Dry smooth Dry corroded Saturated
Count [−] 39 23 16
Mean [°] 19.8 28.4 27.7
STD [°] 0.8 1.5 1.7

Doorn (2022). Reprinted with permission

difference was observed between dry and saturated nodules. However, it was noted 
that the response of a single nodule on the steel plate was affected by whether the 
plate was corroded or not. As a result, tests were conducted with freshly polished 
steel plates and with corroded plates resulting from the experiments with the fresh 
plates. The surface roughness of the plates was measured with a profilometer, indi-
cating roughness values of 0.46 ± 0.07 and 1.16 ± 0.12 μm for the smooth and cor-
roded plates, respectively (see Table 4.3) (Figs. 4.20 and 4.21).

3.2 � Layer of Nodules

Similar tests were conducted for a single layer of particles. Here, it was tested as to 
at what angle the majority of the particles started to slide or roll. This typically 
occurs with many of them moving altogether, behaving mostly like a granular flow. 
Additional tests were conducted, with the particles being constrained to remain 
together by means of a water-resistant paper wrapped around the batch of nodules. 
Results from both sets are shown in Table 4.4.
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Fig. 4.21  Tilting table setup. (Doorn, 2022. Reprinted with permission)

Fig. 4.20  Tilting table at the initiation of sliding/rolling of a set of nodules. (Doorn, 2022. 
Reprinted with permission)

3.3 � Layer of Nodules under Normal Load

Finally, a set of experiments was conducted where a normal force was applied on 
top of the particles, simulating a layer of particles above. As depicted in Fig. 4.19, 
one set of tests comprised a sledge mounted on top of the nodules with an additional 
mass, increasing the applied normal force on the nodules. The other set of tests 
utilized a matrix of nodules embedded in plaster, effectively interlocking the layer 
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Table 4.4  Inclination angle at which bulk starts to slide/roll  Doorn (2022). Reprinted with 
permission

Rubber Dry Dry (constrained) Saturated Saturated 
(constrained)

Count 8 13 8 14
Mean [°] 30.1 32.9 30.2 31.6
95% 
confidence

2.7 1.1 1.6 1.0

Steel Dry 
(corroded)

Dry (constrained & 
corroded)

Saturated Saturated 
(constrained)

Count 8 17 8 14
Mean [°] 26.2 30.6 30.2 33.7
95% 
confidence

1.0 0.8 2.1 1.3

Table 4.5  Friction angle 
found under added normal 
force. Doorn (2022). 
Reprinted with permission

Rubber Dry Saturated
Count 18 18
Mean [°] 32.48 30.54
STD [°] 4.88 3.25
Steel Dry Saturated
Count 18 18
Mean [°] 28.28 30.07
STD [°] 3.27 3.76

of nodules on the bottom surface. The mass added on top of both the nodules cast 
and the sledge was 3 kg, equivalent to a mass of approximately 330 kg/m2. Once 
again, tests were carried out for both dry and saturated nodules, and the results are 
presented in Table 4.5.

3.4 � Findings

It has been observed that the behaviour of saturated nodules differs slightly from 
that of dry nodules. When nodules are in contact with steel equipment (e.g. hopper), 
dry nodules tend to exhibit a lower friction angle of approximately 2°. Conversely, 
when in contact with rubber (e.g., conveyor belt), dry nodules tend to have a higher 
friction angle compared to saturated nodules. Furthermore, during sliding along the 
steel plate, nodules experience sliding wear, which was not observed in the case of 
rubber. The exact reasons for these differences in material response are not yet fully 
understood and could be related to (1) the particle density of the nodules and (2) the 
hardness of the contact surface and, consequently, the effective contact area. Further 
research into the micro-level phenomena at the contact interface between the nod-
ules and equipment surface may provide insights into the underlying mechanisms.
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4 � Approaches to Breakage and Fines Generation 
in Biomass Handling

Deep-sea mining is not the only industry facing challenges related to the handling 
of fragile materials and issues concerning particle breakage, degradation and fines 
generation. These challenges are also prevalent in the biomass handling sector, 
although in a drier environment, with degradation mechanisms similar to those out-
lined in Table 4.1. An analogous handling chain to PmN can be found in biomass 
pellets, where it is crucial to prevent the undesirable generation of fines during 
handling. Additionally, the internal structure of the particles is inhomogeneous, and 
different degradation mechanisms occur depending on the handling method.

This section focuses on the experimental and numerical methods used in 
researching the handling of granular material and in particular biomass pellets, and 
how they can offer valuable insights for analyzing and designing handling solutions 
in the deep-sea mining industry.

4.1 � Biomass Pellets

Though the formation processes of PmNs and man-made biomass pellets differ sig-
nificantly, both internal structures exhibit inhomogeneities that act as weak spots 
susceptible to breakage.

Duliu et al. (1997) and Rizescu et al. (2001) utilized computer tomography to 
reconstruct PmNs (see Fig. 4.22a), revealing the inhomogeneity within the nodules’ 
internal structure. They observed variations in nucleus shape and origin, primary 
and secondary growth surfaces, highly mineralized areas, and the presence of a 
fracture network.

Fig. 4.22  Left Image of PmN structure (From: Rizescu et al. (2001) Copyright Elsevier 2001, 
reprinted with permission) and right, Digital images and corresponding determined damage area 
of wood pellet. (From: Cutz et  al. (2021). Copyright 2021 Springer Nature, reprinted with 
permission)
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The process of creating biomass pellets involves grinding and passing dried bio-
mass through a pellet dye at high temperature and pressure. This results in the melt-
ing of lignin within the biomass, binding the particles together. After cooling, the 
particles reform into solid cylindrical-shaped pellets with uneven ends. As an exam-
ple, Cutz et al. (2021)also employed CT to analyze the internal structure, uncover-
ing fractures both on the surface and inside the particles (see Fig. 4.22b).

4.2 � Experiments to Assess Breakage

Experimental techniques to determine the tendency of particles to break and evalu-
ate their breakage characteristics include:

•	 Compression testing: Involves subjecting particles or specimens to compressive 
forces by uniaxial or triaxial tests to evaluate their resistance to breakage and 
analyzing the resulting particle size distribution.

•	 Impact testing: Evaluates the susceptibility of particles to breakage under impact 
or collision forces by analyzing the generated fragments and assessing fragmen-
tation patterns (Sect. 2.2).

•	 Shear testing: Particularly useful for cohesive particles or materials with inter-
particle bonding, where particles are subjected to shear forces to simulate sliding 
or movement. Changes in particle arrangement and breakage are analyzed.

•	 Tumbling tests: Simulates continuous or repetitive tumbling and rolling motion 
to assess particle breakage, measuring changes in particle size distribution or 
fines generation (Sect. 2.3).

•	 Attrition testing: Evaluates particle tendency to undergo attrition or abrasion by 
subjecting particles to abrasive conditions and quantifying particle wear, loss of 
material and changes in size or shape.

•	 Particle size distribution analysis: Indirectly assesses particle breakage by com-
paring particle size distribution before and after a treatment or testing, using 
techniques like sieve analysis, laser diffraction or image analysis.

The choice of test should be relevant to the actual conditions of the handling 
process. In the case of biomass wood pellets, Gilvari et al. (2019) analyzed reported 
tests in the literature and concluded that the enormous variety of often tailor-made 
tests inspired by other domains makes it difficult to compare results due to the 
absence of a prescribed overall standard.

Encouraging the development of standards is important to have unified tests 
adopted by all parties in the handling chains. Furthermore, using standards and 
obtained experimental data under representative operational conditions allows for 
necessary validation data for modelling of breakage in the supply chain.
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4.3 � Biomass Handling Experiments

To gain insights into the various handling stages of the biomass handling chain, a 
comprehensive analysis was conducted (Gilvari, 2021). This analysis involved mul-
tiple testing methods, including compression testing of individual particles(Gilvari 
et al., 2021a, b), tumbling tests (Gilvari et al., 2020), impact testing and laboratory-
scale bulk handling tests under different operational conditions (cf. Fig.  4.23) 
(Gilvari et al., 2022) and industrial-scale testing and analyses of fines generation 
using particle size distribution analysis (Gilvari et  al., 2021a, b). These testing 
approaches were systematically examined and integrated to provide a comprehen-
sive understanding of the biomass handling chain at different scales (Gilvari, 2021).

The industrial-scale tests to evaluate the generation of fines and dust during han-
dling processes were conducted on an existing handling chain at a port. Pellets were 
discharged from a seagoing vessel through a hopper onto a conveyor system, which 
transported the material to a silo. In addition to the continuous sampling system 

Fig. 4.23  Schematic of the laboratory setup and results of analysis of the effect of repetitions on 
biomass pellet fines generation under operational conditions. (From Gilvari et al. (2022). Copyright, 
2022, Elsevier, reprinted with permission)
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installed for quality control, samples were collected at multiple points in the chain. 
The primary finding was that at a transfer point between two conveyors, the propor-
tion of small particles (<5.6 mm) increased from around 9% to 14%. This highlights 
the significance of equipment design and operation in relation to material 
degradation.

These particle-level investigations also served as a basis for developing numeri-
cal models using the discrete element modelling approach, laying the groundwork 
for further studies on pellet breakage in handling systems.

4.4 � Modelling Approaches

The modelling of individual particle breakage can be accomplished using various 
methods. For example, finite element modelling allows the material to be described 
as a continuum and can incorporate fracture criteria to simulate particle breakage 
under different loading conditions. However, due to the granular nature of the mate-
rial and the necessity to model the entire system (equipment and granular material 
interactions), discrete element modelling (DEM) is a more suitable approach. DEM, 
first proposed by Cundall and Strack (1979), represents individual particles as dis-
crete elements and considers their interactions based on contact mechanics princi-
ples. DEM models can include parameters like particle strength, fracture toughness, 
and critical stress for breakage simulation. Moreover, DEM naturally allows frag-
mented parts to continue as smaller particles.

By tracking particle movements and forces, DEM can offer insights into indi-
vidual particle breakage patterns, overall bulk material behaviour and the perfor-
mance of the entire system, including forces, power, wear, and material flow. After 
defining input parameters and calibrating and validating with experimental data 
under representative operational conditions, DEM becomes a powerful tool for 
designing material handling equipment. For example, Schott et  al. (2021) intro-
duced a design framework successfully used for novel granular material handling 
equipment, along with full-scale validation. To develop such models describing 
particle-particle and equipment interactions, defining input parameters is crucial. 
This requires experimental data at the interface between material and equipment, as 
discussed in Sects. 2 and 3.

Figure 4.24 (Jiménez-Herrera et al., 2018) illustrates three ways of modelling 
particle breakage in DEM simulations. The bonded-particle model (BPM) shows 
bonds that can break when stressed beyond a critical level. The fast-breakage model 
(FBM) employs polyhedral elements and is a particle-replacement model, poten-
tially powerful for simulating large-scale comminution systems, provided that the 
models describing the breakage probability and distribution offer the necessary 
degrees of freedom. In the particle replacement model (PRM), the simulation 
removes the spherical parent particle when the fracture occurs and replaces it with 
a set of progeny particles
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BPM

FBM

PRM

Load < Breakage load Load = Breakage load Load > Breakage load

Load < Breakage load Load = Breakage load Load > Breakage load

Load < Breakage load Load = Breakage load Load > Breakage load

Fig. 4.24  Simulation stills of breakage of single particles: In the BPM, the particle is represented 
by means of their bonds (light grey: unstressed; gray: stressed; black: broken). In the FBM, pri-
mary breakage occurs when the stressing energy surpasses the breakage energy and secondary 
afterwards. In the PRM, only primary breakage is illustrated, with an additional moment after that. 
Load applied in the vertical direction. (From: Jiménez-Herrera et al. (2018). Copyright Elsevier 
2018, reprinted with permission)

In the comparison of these three models, Jiménez-Herrera et  al. (2018) con-
cluded that each model possesses unique strengths. The particle-replacement 
method (PRM) demonstrated an excellent fit for the size distribution of the progeny 
from both single-particle breakage and particle bed experiments, making it an 
appealing alternative to previous models, especially when simulating large particle 
populations.

Tavares (2022) presents a critical analysis of his comprehensive mathematical 
breakage model suitable for describing the breakage of populations of brittle mate-
rials in conjunction with the discrete element method, either as part of particle 
replacement schemes or coupled to it in microscale population balance models. This 
breakage model has been extensively used in advanced models of crushers and vari-
ous mills, enabling the prediction of degradation during material handling, includ-
ing iron ore pellets. To be effective in such models, it is crucial to understand the 
particle response under various conditions encountered in a system that can cause 
mechanical degradation. These conditions encompass diverse particle sizes, stress-
ing intensities, geometries, rates of stressing and modes of stress application. 
Furthermore, he notes that challenges persist in estimating breakage parameters for 
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fine particles, despite models accounting for essential variables. Additionally, mod-
els describing surface breakage play a crucial role in predicting mechanical degra-
dation during handling, demanding increased attention due to being in an early 
stage of development and validation.

4.5 � Biomass Pellets

In the modelling of individual biomass pellets’ breakage, Gilvari et al. (2021a, b) 
employed a bonded-particle model with the bonded contact based on the 
Timoshenko-Ehrenfest beam theory. Each pellet was represented by a varying num-
ber of 960–8000 spheres. Initially, uniaxial and diametrical compression tests were 
conducted on seven different types of biomass pellets in an experimental setup. The 
results revealed variations between pellets of different types and even within pellets 
of the same type due to heterogeneity in the pellet structure. This heterogeneity 
could be attributed to differences in the particle size distribution of the raw materi-
als, heterogeneous porosity, presence of micro-cracks and other factors.

The maximum stress at failure for the tested pellets ranged from 8 to 32 MPa. 
The numerical outcomes demonstrated that the mechanical strength of various types 
of pellets could be represented by using the number of spheres and the coordination 
number as variables, in addition to the bond parameters. The calibrated model suc-
cessfully predicted the stress-strain curves and modulus of elasticity of individual 
pellets and reasonably estimated their breakage behaviour under uniaxial and dia-
metrical compressions.

However, it’s worth noting that the amount and size of particles released from the 
pellets during compression tests were excluded both in the experimental and numer-
ical aspects of the study. Building on Jimenez-Herrera et  al.’s (2018) work and 
based on Gilvari’s findings, it is recommended that fragmentation should be incor-
porated in the next stages of the modelling process. Moreover, considering the com-
putational expenses associated with using the bonded-particle model, depending on 
the number of spheres used for a single particle, it may be unfeasible for modelling 
industrial scale systems.

4.6 � Next Modelling Steps

To assess the performance of nodule handling equipment with respect to the break-
age of nodules, generation of fines and consumption of energy, the DEM would be 
a suitable method to simulate the processes at the scale of the handling equipment. 
A set of standardized experiments to assess the relevant material characteristics of 
the nodules is necessary to allow for proper comparison of equipment and opera-
tions. Experiments like those presented in Sect. 2 provide a basis for such a stan-
dardized set. Such experiments should provide valuable information to allow for 
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calibration of the particle properties in DEM, which is necessary to mimic the 
breakage behaviour of PmN. To effectively model breakage behaviour in the con-
text of deep-sea mining, with a specific focus on material behaviour and degrada-
tion, it is recommended to employ DEM in conjunction with a particle replacement 
method to accurately capture fragmentation. However, it is also important to take 
into account the development of models that describe surface breakage to further 
enhance the accuracy and comprehensiveness of the simulations. A promising 
approach is Tavares’ mathematical breakage model suitable for describing the 
breakage of populations of brittle materials in conjunction with the discrete element 
method, again under the condition of availability of experimental data as elaborated 
in this chapter.

PmN is handled in a more complex environment, potentially requiring dedicated 
breakage models for submerged, moist and dry conditions. Similar aspects hold for 
the volumetric concentration of nodules in each of the handling steps, ranging from 
collision-dominated to contact-dominated material handling. Further research 
regarding the bulk behaviour of nodules, ranging from submerged to dry condition, 
is needed to allow for the generation of the standardized nodule granular and break-
age properties. These, combined with calibrated models in DEM, will enable for 
optimization of the key handling steps and equipment.

5 � Conclusions and Recommendations

For a sustainable (green, energy and cost-efficient) supply chain, it is important to 
carefully balance the processing capacity with the mining capacity and the expected 
demand for the final products to optimize the efficiency and effectiveness of the 
supply chain. This requires careful planning and coordination between all stake-
holders involved in the deep-sea mining supply chain, including the mining and 
processing companies, logistics providers and end customers.

Hydraulic transport is one of the key technologies that is being considered for 
conveying the polymetallic nodules from the seafloor to the mining support vessel. 
Degradation of the polymetallic nodules is closely related to the hydraulic transport 
regime. Experiments have shown that, in the jumper hose predominantly abrasion 
and chipping occurred, in the riser attrition and abrasion, and in the centrifugal 
pumps predominantly impact fragmentation was observed.

These mechanisms have been studied in more detail with Polymetallic Nodules 
from the Belgian and UK CCZ license areas under various conditions. Research 
into impact fragmentation on polymetallic nodules fragments indicates that the 
pump impeller speed has a major influence on the degradation process, and no sig-
nificant dependency on the ambient pressure (in the range of 5–500 bar) was found. 
These findings were confirmed in successive impact experiments, where nodules 
were subjected to perpendicular collision with a steel plate under atmospheric con-
ditions at impact velocities up to 8 m/s. In general, impact was found to cause frag-
mentation of nodules down to mm scale without significant production of finer 
particles.
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The tilting pipe batch experiments showed that degradation by sliding and par-
ticle collision causes accumulation of material in the size range of 0.1 < d < 2.0 mm, 
after which further degradation stops as debris becomes suspended in the fluid or 
settles within the pores of the sliding bed. A limited portion of the debris was found 
to be smaller than 63 μm.

The degradation during the fluidization experiment was significantly larger than 
in the sliding bed experiment, suggesting that degradation in the vertical flow exper-
iment is dominated by attrition and chipping due to particle–wall and particle–par-
ticle collisions. Nodule fragments and grit tend to accumulate in the 0.1 < d < 2.0 mm 
size classes, similar to the tilting pipe experiment, because these sizes become sus-
pended in the fluid, and practically do not contribute to the degradation process. 
These results indicate only very little abrasion to take place during the actual verti-
cal transport in the riser.

The mechanical response of nodules has been extensively studied through vari-
ous tests and analyses. The behaviour of the bulk material is influenced by factors 
such as particle shape and size distribution, which vary based on nodule character-
istics at the bed, collection method, and vertical transport means. The conducted 
experiments have provided valuable data on the angle of repose, sliding and rolling 
friction, and the effect of normal force on nodules. Understanding the differences 
between saturated and dry nodules in contact with different equipment surfaces 
calls for further research to uncover the underlying mechanisms at the micro-level 
interface.

A range of experimental techniques have been employed to determine particle 
breakage tendencies and evaluate breakage characteristics in various handling pro-
cesses. These include compression testing, impact testing, shear testing, tumbling 
tests, attrition testing, and particle size distribution analysis. Encouraging the devel-
opment of standardized tests is essential for reliable comparison of results and vali-
dation of breakage models from seafloor to mining support vessel. As an example 
from the context of biomass handling, comprehensive analyses integrating multiple 
testing methods at different scales have provided valuable insights into equipment 
design and material degradation, paving the way for further studies and numerical 
modelling of breakage in any handling system.

Various modelling approaches for particle breakage exist, with discrete element 
method being well-suited for granular materials and equipment interactions. DEM, 
along with particle replacement model, provides valuable insights into breakage 
patterns and bulk material behaviour, aiding in material handling equipment design. 
Challenges remain in estimating breakage parameters for fine particles and develop-
ing surface breakage models. The Tavares model is the state of the art describing the 
breakage of populations of brittle materials in conjunction with the discrete element 
method, either as part of particle replacement schemes or coupled with microscale 
population balance models. It is crucial to acknowledge that for particles to be 
effectively utilized in such models, their response must be understood across a 
range of conditions that they may encounter in real conditions. These conditions 
typically involve diverse particle sizes, stressing intensities, geometries, rates of 
stress and modes of stress application. To provide relevant input for these models, 
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standardized experiments to characterize nodules and bulk responses at these condi-
tions should be developed. Once this is in place, the models can be used for optimiz-
ing handling steps and equipment in deep-sea mining.
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