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Abstract: The research on the fragmentation mechanism of seabed minerals under high ambient
pressure significantly contributes to the exploitation of seafloor massive sulfides (SMS). In this paper,
the uniaxial compressive strength (UCS) test and triaxial compressive strength (TCS) test were carried
out on two kinds of SMS samples to obtain the key mechanical properties of minerals, including
cohesion, internal friction angle, compressive strength, and elastic modulus. Then, based on these
mechanical parameters, the fluid-solid coupling cutting model of two SMS samples at high ambient
pressure is established by using the coupling method of discrete elements and smooth particles.
A mixed-bond model is selected, and the microscopic parameters are determined by a repeated
calibration process. Meanwhile, the cutting force and debris information are monitored and collected
in real time during the whole cutting process. The results show that under different confining pressure
environments, the model shows the transformation of minerals from brittleness to ductility. The
cutting force increases with the increasing ambient pressure. Due to the fluid pressure, the crushing
mechanism tends to shear failure, which is more likely to produce mud and finer fragments.

Keywords: fluid-solid coupling; seafloor massive sulfides; cutting mechanism; discrete element
method; smoothed particle

1. Introduction

Over the past decades, deep-sea mining has received renewed attention due to the
continuous development of the global economy and a shortage of raw materials [1-3].
Currently, the most valuable seafloor solid minerals known are seafloor massive sulfides
(SMS, or black smoker), polymetallic nodules, and cobalt-rich crusts [4,5]. Among them,
SMS deposits form on and below the seabed through thousands of years of hydrothermal
activities along ridges, island arcs, and in rifted back-arc basins behind active subduction
zones. By August 2022, 721 hydrothermal spots related to SMS minerals had been discov-
ered around the world, with the majority of them located in water depths ranging from
1000 to 3000 m [6]. And how to strip SMS from the deposit in a high-pressure environment
is the primary problem before mining, and it is also one of the key technologies of seabed
mining.

The material properties of seabed minerals are the basis of studying their crushing
properties. At present, some scholars have conducted a series of tests on SMS minerals
and obtained valuable test data. For example, Yamazaki [7] obtained data such as porosity,
elastic modulus, compressive strength, and tensile strength by using samples from the
Izena Cauldron at Okinawa Trough, Japan. Spagnoli et al. [§] summarized the mechanical
properties of 12 groups of polymetallic sulfide samples. They analyzed the relationship
between the geotechnical properties of the samples and the mineral types and compositions.
The results showed that porosity, mineral phase composition, and internal texture are
important factors affecting the mechanical properties of minerals. The above studies only

J. Mar. Sci. Eng. 2022, 10, 1306. https:/ /doi.org/10.3390/jmse10091306

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse10091306
https://doi.org/10.3390/jmse10091306
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://doi.org/10.3390/jmse10091306
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse10091306?type=check_update&version=3

J. Mar. Sci. Eng. 2022, 10, 1306

20f19

consider the mechanical properties of minerals under an atmospheric environment and
ignore their mechanical reactions under high pressure. Liu et al. [9,10] team conducted
uniaxial and triaxial tests on deep-sea polymetallic sulfide samples from China’s Indian
Ocean Exploration Contract Area and obtained the tensile strength, compressive strength,
cohesion, internal friction angle, and other data of the samples. However, these samples are
collected from different voyages, so they are not suitable for direct study of mineral crushing
characteristics. Thus, a deeper understanding of its material properties is necessary for the
study of SMS crushing.

In the past decades, some international consortia and research institutions have carried
out in situ cutting experiments for seabed deposits and proved that it is feasible to extract
seabed ore by traditional methods [11-13]. Numerous rock-cutting experiments have also
been carried out to obtain the cutting mechanism and the variation regularities with various
influencing factors. Kaitkay et al. [14] conducted experiments on the influence of hydrostatic
pressure on rock cutting on Carthage marble. They found that with the increase in ambient
pressure, the cutting process changes from a brittle to a ductile-brittle failure mode, and the
cutting force increases. Grima et al. [15] conducted the cutting experiment on limestone in
a high-pressure vessel. The results showed that the brittle cutting process changes into an
apparent ductile mode due to the effect of dilatancy strengthening. Meanwhile, the force
required to cut the material will increase due to the combined effect of high cutting speed
and high pressure, and smaller fragments and narrower grooves will be obtained. Various
studies have shown that the cutting process can be significantly influenced by the presence
of (pore) fluid pressure [15,16]. However, these tests are all based on the cutting process of
non-SMS materials under confining pressure.

Currently, more and more researchers use numerical methods to study the rock cutting
process [17,18]. Among them, the discrete element method (DEM) is a powerful method
widely used to simulate the rock cutting process because it can deal with rock deformation,
fracturing, and fragmentation at the same time. Traditionally, rock-cutting models for land-
based applications assume that the rock is cut under atmospheric and dry conditions. This
assumption is not valid for deep-sea applications, especially because hydrostatic pressure
may be of the same order of magnitude as the unconfined compressive strength of the rock.
Thus, it is particularly difficult in the simulation of underwater rock cutting because it must
deal with the whole range from intact rock to debris, also combined with fluid pressure.
However, several approaches have been developed by extending DEM with fluid pressure
effects. The first group is to simulate the flow of fluid in pores along the contact/connection
bond of elements [19-21]. This is a discontinuous method, which is often used in the
simulation of the hydraulic fracturing process and is not suitable for the large-deformation
rock cutting process. The second group of hydro-mechanical coupling methods is the
method of applying an adaptive confining pressure boundary condition [22-24]. However,
these methods ignore the pore pressure inside the material, so they are only suitable for
dense materials, obviously not for porous materials such as SMS. LV et al. [25] used the
discrete element method based on the Voronoi particle binding cluster model to investigate
the influence of cutting speed and hydrostatic pressure on crack propagation characteristics,
cutting resistance, and chip distribution. This method considers the limitation of the surface
confining pressure on the rock crushing process but does not consider the infiltration of
water and the diffusion of internal confining pressure during the cutting process. Therefore,
there is a large gap between the above methods and the deep-sea mineral crushing process.
Helmons et al. [26,27] used the method of combining discrete element and smooth particle
flow to establish the fluid structure coupling model of rock cutting and simulated the rock
cutting process with different ambient pressure. The combined method takes into account
the diffusion of pore pressure in the cutting process and is capable of predicting the average
cutting force well. This method provides a new idea for studying the influence of pore
pressure and can be easily extended to 3D.

SMS minerals are attached to the seabed with a depth of several thousand meters
and must be broken before collection in submarine mining. Due to the peculiarity of the
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formation mechanism, the interior of SMS is full of pores with a porosity of 20-50% [7,8].
The pores of rock existing in the water depth of several thousand meters are full of seawater,
which will be squeezed in the high-speed crushing process, thus affecting the cutting force
and the generation of debris. The difference between the study of rock fragmentation in
deep-sea mining and land mining is mainly reflected in two aspects. On the one hand,
seawater will produce a huge hydrostatic pressure on deep-sea rocks; on the other hand,
the pore pressure in the rock will also affect the cutting process. Therefore, it is necessary
to study the crushing process of SMS minerals under high ambient pressure so as to
provide a basis for the research and design of seabed mining equipment. In this study, the
mineralogical study and geotechnical tests of SMS minerals were carried out, and some
important mechanical parameters required for numerical analysis were obtained. Although
mineralogical investigation is important for an in-depth understanding of SMS, it is not the
focus of this study. Then, a two-dimensional simulation model of SMS under hydrostatic
pressure is established by using the method of combining discrete element and smooth
particle flow. The cutting process of SMS under high hydrostatic pressure is simulated, and
the crack evolution, stress distribution, and load characteristics in the crushing process are
analyzed. It provides a certain theoretical basis and technical support for deep-sea mining.

2. Mechanical Property Test
2.1. Sample

While studying the fragmentation properties of SMS, we need to have a more com-
prehensive understanding of their material properties. Therefore, we applied for samples
from the China Ocean Sample Repository for material and mechanical property tests and
received two pieces of SMS ores. Both samples were collected from the southwest Indian
Ocean ridge with a grab bucket, and the sample segments were 30iv-swir-s012tvg01 and
34iv-swir-s035tvg08, respectively.

We used a vhx-5000 ultra-high magnification lens zoom 3D microscope to observe the
polished sections of two SMS samples. The 3D microstructure and morphology of the SMS
sample are shown in Figure 1. It can be seen that the polished surface of the sample shows
many pits of different sizes, which strongly confirms the porous characteristics of SMS.
The porosity of the black and white samples is 20.94% and 25.86%, respectively. Generally
speaking, porosity is inversely proportional to the stability of minerals. The micro-cracks
produced by the pores are easy to expand during the compression process. Then the rock
samples become unstable and damaged, affecting the bearing capacity and reducing the
strength.

Figure 1. Micrograph of the polished surface in three dimensions:(a) black sample, (b)white sample.

In order to explore the relationship between mechanical properties and mineralogical
properties of minerals, the quantitative composition of minerals was determined by XRD.
As shown in Table 1, the basic mineral phases in the black sample are pyrite, marcasite, and
chalcopyrite. In contrast, the iron in the white sample basically exists in the form of pyrite.
Based on the elemental test of SMS minerals in the same mining area [10] and the research
results of other scholars [8], we have reason to speculate that other components (including
amorphous) are mainly silica.
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Table 1. Main mineralogical compositions of the SMS samples.

S le T Pyrite Marecasite Chalcopyrite Others
ample lype (FeS,) (FeS) (CuFeS;) (Including Amorphous)

Black 25.1% 31.9% 5.4% 37.6%

White 46.3% — 42 49.5%

2.2. Mechanics Test

Due to the limitation of the size, the sample in the geotechnical mechanics test is
processed into a non-standard size. The sample in the triaxial compression strength (TCS)
test is processed into 25 x 50 mm, and the sample size in the Brazilian splitting test is
25 x 25 mm, as shown in Figure 2. It shows that there are a large number of pores and
defects in the sulfide sample so the sample is sealed in a heat-shrinkable tube in the
triaxial compression test to prevent hydraulic oil from entering the sample during the test
and affecting the determination of mechanical properties. It should be noted that before
the triaxial compression test, it is necessary to repair the obvious holes on the sample
surface with lime or cement to prevent the high confining pressure oil from penetrating the
heat-shrinkable tube and causing the test failure.

Figure 2. Processed test samples.

The triaxial compressive strength test determines the triaxial compressive strength of
rock specimens under different lateral pressures. Equal lateral pressure conditions (02 = 03)
used in the triaxial compression test are determined according to the engineering needs
and rock characteristics. The load acting on the unit area of the specimen is called the
compressive strength, which is defined as the ratio of the critical load to the cross-sectional
area perpendicular to the load direction. This relationship can be expressed as follows:

P

R:W

ey

with the TCS of SMS R, MPa; the failure load P, N; and the cross-section area perpendicular
to the loading direction A’, mm?.

In the triaxial compression test, 11 specimens were prepared for both samples, and
lateral pressure was set at 2 MPa, 5 MPa, 8 MPa, and 10 MPa, respectively. Because the
porosity of the white sample is higher and the internal structure of the mineral is looser,
the white sample fails more times in the experiment.

Because the Brazilian splitting test is simple and the results are close to those measured
using the direct tensile method, it is used to measure the tensile strength of SMS specimens.
The maximum tensile stress acting in the center of the specimen is calculated according to
Equation (2).

2P

0 = —
P dt

@)
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where 0} is the maximum tensile stress in the center of the specimen, MPa; P is peak tensile
force at failure, N; and d and t are diameter and thickness of the pressure-bearing disc, mm.

Figure 3 shows the failure modes of the two samples after the TCS test and the Brazilian
splitting test, indicating that SMS conforms to the failure characteristics of typical brittle
materials. Table 2 illustrates the final mechanical property parameters of the two samples,
including the UCS, tensile strength, elastic modulus, internal friction angle, and cohesion.

(a) S

Figure 3. The failure samples in: (a) TCS test; (b) Brazilian splitting test.

Table 2. Mechanical parameters of SMS sample.

Tensile Compressive Strength Internal Friction . Elastic
SampleType gy ength/(MPa) /(MPa) Angle ©/(°) Cohesionc/MPa 1 4 ulus/(GPa)
Black 3.84 33.73 32.19 9.31 9.85
White 2.25 20.57 29.67 5.98 1.98

3. Fluid-Structure Coupling Method

In underwater rock cutting simulation, how to treat the separate phases, solid and
fluid, and the coupling between these two has always been one of the key difficulties.
Therefore, we established a numerical model of rock drainage effects through DEM-SP
coupling. It should be noted that the two methods of DEM and SP have similar algorithms,
but the interaction and scope of interaction in the algorithms are different. Among them, the
coupling model of pore fluid pressure between particles and rock is transformed into a pore
pressure diffusion equation, which is solved by the method based on the smooth particle
(SP) technique. The coupling between the two phases is based on the force generated by
volume deformation and pressure gradient.

3.1. Rock Model—DEM

The discrete element method can treat the rock mass as a discontinuous discrete
medium, in which there may be large displacement, rotation, sliding, and even block sepa-
ration, so it can truly simulate the discontinuous and large deformation characteristics of
the rock mass. Itasca-PFC is widely used in geotechnical engineering, geological engineer-
ing, mechanical engineering, and other fields. In PFC, rock material is represented as rigid
spherical (3D) or circular (2D) discrete elements (particles) [28]. The interaction between
any two particles is realized by the contact constitutive model between particles. The
constitutive model is composed of the stiffness model, the slip model, and the bond model,
which control the deformation, separation, and movement of particles. The translation and
rotation of particles are controlled by the standard equations for rigid body mechanics:

miu; = F; 3)

Liw; =T; “4)

where F; and T; are the sums of force and moment of particle i, respectively, m and I are
the mass and moment of inertia, u is the position vector of particle centroid in a fixed
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coordinate system, w is the angular velocity. The vectors F; and T; are calculated by
Formulas (5) and (6).

nC

F; = B 4 Y RO 4 O LR 5)
j=1

nC

_pext Y t  pdamp
T =T¢ + ) S5 x F" + T 6)
j=1
where, F&*t and T are external loads, Ffj“”t is the interaction between particle i and
adjacent particle, j = 1, ..., nf, with n{ is the number of neighboring particles in contact
with the particles i, Numerical damping load F?ﬂmlg and T?amp , Sfj are the vector connecting
the centroid of particle i and the contact point of particle j. The contact force Ffj"”t can
be decomposed as normal component and tangential component. FZ.VP is the coupling

force generated by the fluid pressure gradient on the particle, which will be described in
Section 3.2. the numerical damping is defined by Formulas (7) and (8).

u;

F?“”’P —_ _a‘Flgxt + Fgont‘ - (7)
0|

TV = —a|T§ + ¢ | Wi ®)
| i

with «, the numerical damping coefficient.

3.2. Fluid Model—Smooth Particle

Owing to the low permeability of rock-like materials, the contribution of hydrody-
namic effects to mechanical rock properties mainly depends on the pressure gradient [29].
In the case of deep-sea excavation with a high cutting speed, the influence of internal
fluid speed on the mechanical behavior of rock can be ignored. Furthermore, the thermal
effects are negligible relative to the fluid pressure effect. Then, the final pressure diffusion
equation is described as follows.

=P _Mmv. (%w) = —aM—Y )

with pore pressure p, Biot modulus M, intrinsic permeability x, dynamic viscosity of fluid y,
effective stress coefficient «, volumetric strain ¢y .

Due to the discontinuity of DEM, the continuity Equation (9) cannot be solved directly.
Therefore, the pressure diffusion equation is coupled with DEM by applying the interpola-
tion technology based on the smooth particle (SP) method, which weights and accumulates
the attributes of each particle around by kernel function. Here we also select Wendland
C2, a kernel function with good consistency, a small compact domain, and smoothness, for
correction. The calculation method of field quantity A is shown in Formula (10).

Z] A]m]W(rl — I']',h)

A(ui) Z] m]-W(rl- — I']‘,]’l)

(10)

where m is particle mass, W is kernel function, & is smoothing length, with index i for the
particle under consideration and index j for the neighboring particles (including particle 7).
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However, the higher derivative of Formula (9) cannot be calculated directly. There-
fore, the diffusion term is discretized by using a method similar to that of Cleary and
Monaghan [30] for simulating heat conduction. The diffusion terms can be expressed as

nz-]- . VW(I‘i — I']', h)

|r; — 1

V-(EV;?) :Zm]-(xi+1cj)

i ; Pi(ViJrﬂj)(piipj)

(11)

According to the pore pressure distribution, the local pressure gradient of the fluid is
calculated. Then, the pressure gradient on the particles is added as an interaction force to
the external force acting on the particles.

F; = —Vpnr? (12)

As illustrated in Figure 4, the coupling force generated by the fluid pressure gradient
on the particle builds a bridge between the fluid phase and the discrete phase. The pressure
gradient on a particle is added as an interaction force to the sum of forces acting on the
particles as Equation (12). Then DEM is advanced half a timestep and the volumetric strain
rate is calculated for the fluid based on the intermediate velocities of the DEM particles. It
is then used to promote pore pressure diffusion once again. In the whole simulation, the
interpolation points of SP coincide with the centroid of DEM particles and move with the
movement of DEM particles. In addition, bidirectional coupling is applied at each time
step.

]
\l, Verlet integral iteration

: 1.,
@Qu =u! +u;’At+Eui At

@ =i +%ﬁ;’At /’\

n+l \ n+l/2 __n+l
J;p = f@"7,u"")
Fn+1 - g(pn+l)

@ l'j:"H-l :mLZF\in+1<\+

cycle
n=n+1

1

. . l..
@ u;1+1 :ufz+l/2 _l_Eu:HlAt

Figure 4. Flowchart of the coupling in DEM-SP.

3.3. Boundary Identification

In the process of underwater cutting, the water around the mineral boundary flows
freely, while the internal liquid is in a restricted flow state due to the restriction between
particles. Therefore, the boundary particles in high-pressure fluid should be identified first
in numerical simulation. In addition, due to the random fragmentation of rock cuttings and
the fact that the internal particles may also become the external boundary, the boundary
recognition should be real-time and dynamic. Thus, a method that can deal with disordered
particle structure and uneven particle size and mass distribution is needed in the process of
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boundary recognition. These requirements can be achieved by using the position divergence
formula proposed by Muhammad et al. [31].

_ ory aﬂ_

2 (13)

Equation (13) is also applicable to Lucy’s (1977) standard smooth particle method to
prevent adjusting position divergence to particle defects at the boundary. As shown in
Figure 5, it is assumed that Equation (13) is valid within the blue search radius r. However, if
the search range (such as the magenta search circle) is at the boundary, V - r will be less than
2 due to fewer particles. In this work, particles with V - r < 1.5 are considered to be boundary
particles. In fact, when the search radius is given in the model, the average number N of
adjacent particles of each particle within the search radius is constant. Specifically, particles
with fewer than (1.5/2) x N particles in the search domain are judged as boundary particles.
Eventually, all boundary particles are identified, and their pressures are fixed to the target
value. Generally speaking, a larger search radius leads to more accurate particle judgment,
but the computational overhead also increases correspondingly. Therefore, it is necessary
to balance the accuracy and computational expense of the research.

Figure 5. Boundary recognition.

3.4. Implementation Method

PFC provides the Python environment and the interface API between these two.
Figure 6 shows the DEM-SP model implementation architecture. Python first calls the
specific API of PFC software to obtain the velocity vector and position vector of discrete
particles in PFC at n + 1/2 steps. After Python preprocessing, it is submitted to the CUDA
computing core on the GPU for parallel computing. By substituting the data into the fluid
pressure diffusion equation, the fluid pressure of the particle located and the coupling force
generated are calculated. Then, the data is transferred back to PFC through a specific API,
and the external force is applied to the particles to realize the coupling of the discrete phase
and fluid phase. After that, PFC updates step n + 1, and iteration was achieved according
to the above process.

The DEM part of the simulation is written in the fish language provided by PFC. In
contrast, the fluid part is programmed with the CUDA module provided by the Numba
library and accelerated through real-time compilation. Before calling the Python program
every time, the kernel function written by CUDA was compiled, and then GPU was
called to accelerate the above program calculation. The Python program is called by
PFC software in the form of a plug-in. Once the Python file is called and run, Python
will read the parameters provided by PFC and perform some steps, such as parameter
initialization, variable initialization, GPU initialization, etc. Then the CUDA kernel function,
data exchange, and coordination functions of the GPU are defined, and finally, the iterative
function is inserted into the PFC operation step through a callback. Each iteration of
PFC will automatically call the CPU data exchange and coordination functions defined
by Python and GPU calculation functions for hydrodynamics calculation so as to realize
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coupling calculation. Since two-dimensional cutting is more convenient for analyzing the
cutting mechanism and stress from the meso point of view, the algorithms and simulations
are set up in 2D.

| PFC | | Self-designed algorithm ]|
| I p_| ||
| | ft |
| Update contact force Parallel computin g |
| | and contact moment, Python task allocation
| f st Encapsulation | | scheduling — | CUDA |
+1 DEMOILo @ API J Update fluid pressure | and data | Calculation results kem.el |
| » | I processing [ function |
| |
| |

Figure 6. DEM-SP model implementation architecture.

4. Material Calibration and Model Establishment
4.1. Material Calibration

The difference in mineral formation environments and conditions result in significant
differences in mechanical parameters measured by different types of samples in different
regions. As described in Section 1, we obtained the basic mechanical parameters of two
SMS samples. However, the macro mechanical parameters of ore samples cannot be directly
used in simulation. They should be calibrated repeatedly by biaxial compression, uniaxial
compression, and other simulation tests to determine the appropriate meso parameters so
that the numerical model has the same macro performance as the real experiment.

For SMS, its macroscopic characteristics are not only able to bear the action of tension
and compression but can also resist bending and torsion. Meanwhile, based on the consider-
ation of nonlinear forces in ore, we chose the parallel bond model and linear contact model
as the contact models between particles and between particles and tools. In the calibration,
particles obey a uniform size distribution with a radius of 0.5-0.75 mm. Practice has proved
that it is easy to simply meet the requirements of compressive strength or tensile strength.
However, no matter how to adjust the combination of normal and tangential bond strength,
it cannot meet the ratio of tensile strength to compressive strength. This is because the
actual rock is usually composed of particles with significantly different stiffness. Different
particles can coordinate the deformation in the deformation process while using uniform,
same-bonding parameters and stiffness parameters cannot reflect this phenomenon. There-
fore, a mixed bond parameters model was applied in parameter calibration. Soft particles
account for 40% of the total, and their tangential and normal strengths are 5% of the hard
particles. The micromechanical parameters of SMS ore calibrated by multiple numerical
simulation tests are shown in Table 3, and the corresponding macro parameter error is less
than 10%.

4.2. Model Establishment

Deep sea mining is a high-speed cutting process with a large cutting depth. As shown
in Figure 7, according to the method described in Section 3, a two-dimensional model of
rock breaking with a single cutter is established by using PFC2D software. A linear cutting
simulation was carried out on a block with a size of 300 mm x 120 mm and a total number
of 24,300 particles, and the particles at the right end and bottom of the ore body model are
fixed. In this model, the cutter is modeled as a rigid body by using the wall element, and
the cutter breaks the ore at a constant speed v. The cutter is placed at an inclination of 45°
with a tip angle of 60° and a cutting depth of 15 mm. In the 2D simulation, the cutting
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process is carried out with a pressure of 0 MPa, 10 MPa, 20 MPa, and 30 MPa, respectively,
according to different mineral occurrence depths.

Table 3. Solid parameters of SMS sample.

Meso Parameters Value
Black White
p/kg/m3 3050 3150
Kn 1 0.8
Ks 1 0.8
Tn/Pa 13.4 x 10° 7.8 x 10°
Ts/Pa 9.8 x 10° 6.8 x 10°
Emod/Pa 3.5 x 10° 1.2 x 10°
Pb_emod/Pa 34 x 10° 5 x 10°
Fluid parameters (SP)
Permeability coefficient 1x 10715 1x 10715
Biot modulus M/GPa 2 2
Dynamic viscosity /Pa s 0.001 0.001
Macro parameters
Tensile strength/MPa 4.01 2.32
Compressive strength/MPa 38.6 20.1
Poisson’s ratio 0.14 0.17
Modulus of elasticity /GPa 9.45 2.13

Cutting Velocity

Cutter \ Depth

120mm

| 300mm Fixed |

Figure 7. Schematic of the rock cutting model.

We build the model according to the framework shown in Figure 6 and set the liquid
phase parameters after coupling with PFC2D through Python and a CUDA self-made
algorithm, as shown in Table 3. The dynamic viscosity of water is 0.001 pa-s, and the
permeability of SMS rock is set at 1 x 1071, The real-time pore liquid pressure in the
numerical calculation process is transmitted to PFC2D through API to promote iterative
calculation. During the simulation, the model status was saved every 0.005 s, and the
contact force of particles, the information of particles, cracks, and chips were also recorded.

5. Intact Coupling Cutting Process

To investigate the cutting mechanism of deep-sea minerals, several intact simulations
of the coupled cutting process were performed. According to the method described in
Section 3.3, the radius of the boundary recognition domain is set to 2.8 mm. Consequently,
particles with fewer than 13 particles within the research domain are considered to be fully
surrounded by hydrostatic pressure, and the coupling force of these particles is zero. It
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should be noted that in order to avoid large deviations in the number of particles in each
interpolation domain and reduce the possibility of particles being misjudged, the ratio of
maximum radius to the minimum radius of particles should not be too large. Figure 8
shows the results of boundary recognition, in which the red circles represent the boundary
particles recognized by the algorithm. Although several misjudged particles were found in
the model, the overall effect is good.

Figure 8. Boundary particles recognized in cutting process.

The strong impact of the cutter forces the rock particles to disconnect and move away,
and the separate particles represent the rock fragments that have been cut away. In the
cutting process, the pore fluid pressure is applied to the particle center by PFC2D in the form
of an external force, which is constantly updated by calculating the fluid pressure diffusion
equation. According to the theory introduced in Section 3.2, the external force is formed by
the pressure diffusion caused by the increase or decrease of the pore volume. Consequently,
the external force exerted on particles is mainly concentrated at the front and bottom of
the contact surface, while it is zero on the particles at other positions (Figure 9). Due to the
relative motion between the parallel bonded particles, the contact force or moment along
the relative direction will be generated. The bond will break, and microcracks form in the
case where the contact force exceeds the bond strength. The particles separate and move
under the combined action of the strong impact of the cutter and the fluid pressure. As the
cutter moves forward, the pore pressure is also updated iteratively.

3.807x 107
3.750%x 107
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Figure 9. Fluid force applied to particles.

More interestingly, with the use of the DEM-SP coupling method, it is possible to
investigate effects that are difficult to measure, such as the pore pressure distribution.
Figure 10 shows the pore fluid pressure diffusion process in local rock samples around the
tip. When the tip of the cutter wedges into the rock, local pore compression occurs due to
particle extrusion, resulting in an increase in local fluid pressure, as shown in Figure 10.
With the gradual advancement of the cutting tool, the bond between particles is destroyed,
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and cracks appear, which leads to local pore expansion and further leads to the reduction
of pore pressure. The low pore pressure area in front of the tool tip indicates that the rapid
deformations applied to the rock might result in cavitation of the pore fluid.

333810l

Figure 10. Pore pressure diffusion process (ambient pressure of 30 MPa).

Figure 11 shows a variation history of the x and y components of tool force in cutting
the black sample, where positive Fx represents the force in the opposite direction of tool
advance, and positive Fy represents the tool being pulled into the rock. Since the model is
two-dimensional, the force refers to the force on the tool per unit thickness. The rock-cutting
process is a typical cycle of elastic deformation, crack initiation, propagation, and failure.
Accordingly, the cutting force oscillates as saw-teeth in the cutting process. The upward
stage of the curve represents that the tool resists the adhesion between particles. The
downward stage represents that the pick penetrates the rock to form microcracks, which
are combined into macro cracks to form rock cuttings. As the cutter advances, the cutting
force fluctuates with the formation of chips. Due to the randomness of crack propagation
and chips, the peak value and period of cutting force in each cycle are not consistent.
In the whole cutting process, the main cutting force Fx along the tool speed direction is
dominant, which is also the main source of energy consumption. Thus, the subsequent
detailed analysis related to the cutting force is only completed for the main cutting force Fx.

100

;Fy I, |/
A ‘ldf W)
_wb\

Distance(mm)
Figure 11. A typical cutting force history (ambient pressure of 10 MPa).

6. Results and Analysis
6.1. Crack Evolution

In order to further analyze the influence of fluid pressure on fragmentation character-
istics of the SMS specimen from the mesoscopic point of view, the cumulative changes of
microcracks were recorded by the program. As the simulation starts, the tool gradually
contacts the sample, and then an initial crack is generated beneath the pick tip, which is
called crack initiation. As the tool continues to advance, the crack propagates further until
the fragment spalls. In PFC2D, the microcracks can be divided into tensile cracks and
shear cracks according to fracture forms, which are represented by red and green segments,
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respectively, in this work. Figure 12 shows the distribution of cracks with displacement at
the end of the simulation of SMS samples under different ambient pressures. Cutting rock
under different fluid pressures is mechanically a comprehensive failure mode, accompa-
nied by tensile and shear cracks. Although there is no obvious signal that tensile cracks or
shear cracks are dominant, we can observe that the crack propagation is deeper under low
confining pressure. At the same time, the internal damage of the model is more likely to
occur under higher pressure, such as 20 MPa and 30 MPa. Regardless of the pore pressure,
some chips collide with the high-speed moving tool in the simulation, accompanied by
secondary breakage.

(b) 10 MPa __(c)QOMPa 1 @3oMmra

Figure 12. Crack distribution diagram.

The cumulative number history of micro-cracks under different confining pressures
was further recorded by the program. As illustrated in Figure 13, the cumulative number
of cracks under no confining pressure is similar to a step-by-step change. Thus, the
fracture process can be divided into two types of stages: one is the crack accumulation and
propagation stage, which is the main cutting process. The other stage is when the chips
fall off, the tool pushes the chip forward, accompanied by a certain degree of secondary
crushing, and the number of cracks is less in this stage. However, the alternating frequency
of the two stages accelerates, and the cumulative crack growth rate is obviously accelerated
with the increase in pressure. Figure 14 shows the relationship between the ratio of tensile
crack number to shear crack number and hydrostatic pressure. The ratio has no obvious
regularity with the increase of pressure, which is different from the usual simulation
in which pressure is favorable for shear failure. This is mainly determined by the shear
strength and tensile strength between particles in the parameter calibration. Grima et al. [14]
interpret that the cutting process under high-pressure changes into an apparent ductile
(cataclastic) mode and the failure of the rock will be predominately shear. When ductile
behavior prevails, the crack formation is mostly along shear planes, and more force will be
required to create a chip.

6.2. Load Characteristics

The horizontal cutting force Fx with respect to cutting distance for different rock
models is shown in Figure 15. We can see that the overall horizontal cutting force is
positively correlated with the ambient pressure, which is true for both black and white
sample models. Moreover, pressure seems to have a greater influence on the black model.
It is worth noting that for the two samples, the tool force will not drop to 0 when it drops
from the peak value. This is due to the high-speed movement of the cutter, which causes
the cutter to continuously contact a large amount of debris and cause secondary crushing.
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Figure 13. Cumulative number of broken bonds.
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Figure 15. Cutting force variation under different ambient pressure.

Figure 16 indicates the relationship between the ambient pressure and the average
cutting force for the black and white rock models. The average force for both the two rock
models increases with the increases in ambient pressure. For instance, the average cutting
force of the black sample under the pressure of 10 MPa, 20 Mpa, and 30 MPa is 30.8%,
55.2%, and 97.8% higher than those in the atmosphere, respectively. The average peak
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cutting force also increased from 57.6 MPa to 76 MPa, 85.2 MPa, and 102 MPa, respectively.
While the average cutting force and the peak cutting force of the white sample increase with
ambient pressure at a lower speed than those of the black sample. Although the strength of
the black sample is about 1.5 times that of the white sample, the force changes of the two
different materials do not show significant differences. In other words, there is no evidence
that the difference in mechanical properties plays a dominant role in high-pressure and
high-speed rock cutting. Under the combined action of high pressure and high speed,
serious secondary crushing occurs in the cutting process. In contrast, the influence of
rock strength on cutting force is relatively weak. As the average peak cutting force is
significantly greater than the average cutting force, it is a more reasonable parameter for
evaluating the working state of the pick and designing the excavation equipment. The
fitting curve of the black specimens was y = 1.43x + 58.7, R? = 0.985. The fitting curve of
the white specimens was y = 0.72x + 62.99, R? = 0.984. The correlation coefficient R? of the
two models was greater than 0.98, which shows a good correlation between the ambient
pressure and average peak cutting force for the two SMS specimens.
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Figure 16. Average cutting force under different ambient pressures.

6.3. Fragment Morphology

Figure 17 shows the shape of debris at the end of the simulation under different
hydrostatic pressure, where different color blocks represent chips generated in the cutting
process. It can be seen that chips of different sizes are dispersed above the model, and the
randomness of size is very strong, showing strong brittleness in atmospheric conditions.
In contrast, in high-pressure conditions, the chip is finer and uniform in general. This is
because the increase of confining pressure leads to more severe fragmentation in the crush
zone and more difficult crack propagation, thus resulting in finer fragments. According
to the research of Grima [14], lumps with the appearance of clay rather than chips are
formed in the high-pressure cutting process, and a more ductile process will occur. This is
consistent with the chip transformation shown in Figure 17, which verifies the correctness
of the simulation in this study. We can also observe that the hydrostatic pressure also has a
significant effect on the cutting surface of the model. Since the high pressure inhibits the
crack growth, a finer cutting surface is generated, and the size of the crushed zone decreases.
In atmospheric conditions, chips are scattered over the model due to the instantaneous
breaking of the bonds, while with the increase of the pressure, the particle flow property of
debris is stronger.
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Figure 17. Chip morphology under different ambient pressures.

We also make statistics on the volume of fragments generated in the cutting process (it
is actually the area in 2D), in which the volume of each fragment is the sum of the volumes
of all particles in the fragment. The statistical data under different pressures is shown
in Figure 18. As depicted, the chip size distribution of the two samples with different
pressures is similar, and the small size accounts for the majority. Meanwhile, the variation
trend of chip size produced by the two samples is basically the same, and there is more
small debris and less large debris with the increase of pressure. In other words, the fluid
pressure will make the generated debris more uniform, which is consistent with the chip
morphology diagram in Figure 17. The existence of fluid pressure will inhibit the extension
of cracks and make the size of debris smaller.
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Figure 18. Fragment size distribution.

6.4. Specific Energy

Specific energy (SE)is an important and valid parameter to evaluate cutting efficiency,
and it is widely used to evaluate the performance of mining and excavation machinery. SE
is calculated by:
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FRL

v

where Fy refers to the average horizontal cutting force, L is the cutting distance, and V
denotes the total volume of chips. A large amount of powder or fine particles is produced
during cutting, but some rocks are still relatively complete. Note that a large amount of
powder or fine particles is produced in the cutting process, so it is inaccurate to calculate
the volume directly by summing the volumes of all fragments. In fact, the calculation
error can be reduced by subtracting the remaining volume from the original volume of the
sample model.

Figure 19 shows the relationships between ambient pressure and specific energy
for different rocks. For each rock sample, specific energy is positively correlated with
the pressure. Moreover, the growth rate of specific energy of black samples with higher
strength is obviously higher than that of white samples. This is due to a higher cutting
force and a lower total amount of chips with the increase in pressure. Moreover, the slope
of the “SE vs. ambient pressure” curve of the black sample is bigger than that of the white
sample. This means that the cutting efficiency of black rocks with high strength is more
sensitive to ambient pressure than that of white rocks with lower strength.
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Figure 19. Relationships between ambient pressure and SE.

7. Conclusions

The purpose of this work is to study the effect of high hydrostatic confining pressure
on the cutting performance of two SMS seabed minerals. The analysis results draw the
following conclusions:

(1) The cutting force is significantly improved with the combination of high cutting
speed and high pressure. Furthermore, the cutting forces increase with increasing ambient
pressure.

(2) The increase in ambient pressure leads to the variation of chip morphology. With
the increase of pressure, fragmentation in the crush zone becomes more severe, and crack
propagation is more difficult. For these reasons, the fragments are finer and more uniform,
and the cutting surface is flatter.

(3) Compared with the white sample, the cutting force of the black sample with higher
strength increases faster with the pressure. At the same time, the specific energy of the
black sample is more sensitive to the ambient pressure than that of white rocks with lower
strength.

The combination of DEM and SP provides an effective method for the analysis of
underwater fluid-solid coupling cutting processes, especially a valuable method for the
interaction between materials and tools under hydrostatic pressure. The study of rock
fragmentation mechanisms provides important information for the exploitation of SMS. It
should be noted that only the influence of pore pressure is considered in the discussion,
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and the influence of fluid viscous resistance on the trajectory of debris is not considered. In
addition, geotechnical characteristics may also have a strong impact on seabed excavation
tools. For example, the silica content in seabed minerals can have a strong negative impact
on the wear resistance of mining tools. Therefore, in future deep-sea excavation research, a
more in-depth and large-scale geotechnical investigation is also necessary.
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