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Background – deep sea mining

• History 

− HMS Challenger, 1874: polymetallic nodules (manganese nodules)

• Why Deep Sea Mining interest recently? 

− Growing demand for resources

− Depletion of onshore easy accessible deposits

− Independent from other countries
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Onshore

Source: Mining Technology, 2012 

Offshore 

Source: NOOA Photo Library



Background – DEEP SEA MINING (SMS)

• High grades of Cu, Zn, Au, and Ag

• Hydrothermal origin

• ‘Black Smokers’
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Source: Shanks and Thurston, 2012
Source: Tivey, 2007



Excavation of deep sea deposits?

• How to excavate sea mining deposits ?

− Up to 4000 m below sea level and even deeper

− Ore in veins and chimneys such as the case of SMS deposits

− Which excavation tool needs to be used for each deposit?

− What is the effect of hyperbaric pressure on cutting forces?
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(Source: IHC Merwede, 2011)



Phenomenological model ROCK cutting process
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Tensile crack occurs when KI > KIC

KIC: Critical stress intensity factor  

P – Q DIAGRAM

Verhoef (1997)



EXISTING Rock cutting models

• Evans (1965) – tensile failure

• Nishimatsu (1972) – brittle shear failure

• Goktan & Gunes (2005) – tensile failure

• Miedema (2014) – tensile/ brittle shear failure

Models were developed mainly for dry and/or saturated conditions at shallow water depth!!  
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MODELS MECHANISM

Source: Miedema (2018) 



Hydro- mechanical effects in rock deformation 
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• Pe < 1 drained behavior 

• Pe > 10 undrained behavior 

Van Kesteren, 1995



Brittle – ductile transition
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Verhoef, 1997



Phenomenological description – rock chip 
forming process: HYPERBARIC - HYpothesis

Crushed zone

Shear failure

Tensile FailureProduced chip

Shallow Water

Crushed zone

Shear failure

Tensile Failure

Produced chip

Deep Water

SHALLOW WATER (Verhoef, 1997)

DEEP WATER (> 1000 m)

From Brittle to Ductile behavior 



Experimental investigation

Linear cutting tests of hyperbaric experiments focused on:

• Effect of hyperbaric pressure: from atmospheric conditions to 18 MPa (1800 m water depth)

• Effect of cutting speed: from 0.01 m/s to 2 m/s

• Cutting depth 20 mm

• Tooth with 21 mm

• Cutting angle 68 deg.
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Rock properties at atmospheric conditions
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Rock type: Savonnieres limestone

• UCS values between 7.92 – 10.64 MPa
• BTS values between 0.86 – 1.15 MPa



Numerical simulations – brittle ductile 
transition – PFC2D
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Brittle-ductile transition found at about 5 MPa confining pressure  

Ref. Yenigul; Alvarez Grima, 2010 



Hyperbaric lab test set-up
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Cutting forces vs hyperbaric pressure
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• Minimum cutting force measured, Fh = 4.7 kN (atmospheric conditions)
• Maximum cutting force measured, Fh = 22.7 kN (hyperbaric conditions) 



Cutting forces vs time - example  
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• atmospheric condition – speed 0.2 m/s • 18 MPa – speed 2 m/s



Ratio cut cross sectional area/cutting area 
vs cutting velocity and pressure 
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Shallow cutting vs hyperbaric cutting

• Shallow water (atm.)

• Deep water (18 MPa)
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Overview of complete cut 
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• a) P= atm & v = 0.2 m/s • b) P = 18 MPa & v = 0.2 m/s • a) P= atm & v = 2 m/s • a) P= 18 MPa & v = 2 m/s



Composition of laser scan cut geometry
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a) Atmospheric with low cutting velocity (0.2 m/s)
b) High hyperbaric pressure (18 MPa) with low cutting velocity (0.2 m/s)
c) Atmospheric with high cutting velocity (2 m/s)
d) High hyperbaric pressure (18 MPa) with high cutting velocity (2 m/s)



Effect of pressure on Production 
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• a) P= atm & v = 0.2 m/s • b) P = 18 MPa & v = 0.2 m/s • a) P= atm & v = 2 m/s • a) P= 18 MPa & v = 2 m/s



Hyperbaric cutting model 
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HYPERBARIC CONDITIONS 

FORCES ON THE LAYER CUT FORCES ON THE BLADE

Extension of Miedema shear cutting model (1987) 



Hyperbaric cutting model - results 
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Model assumes full cavitation 



Effect of water depth on cutting forces: 
possible explanation 
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Ref. Helmon’s et. al. 2018 



Weakening and strengthening vs strain rate

25

Undrained Triaxial test at 50 MPa on Kimmeridge Bay shale (Swan et. al. 1989) 

Ref. Helmons 2017 (PhD Thesis); Helmons et. al. 2016
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NUMERICAL SIMULATIONS – 2D DEM-SPH 

Damage for rock cutting at atm. conditions Damage for rock cutting at pressure of 10 MPa

Ref. Helmons 2017 (PhD Thesis); Helmons et. al. 2016



Pore pressure distribution – 2D simulations 
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• cavitation on shear zone (dark blue)

• crushed zone – (dark red)  

Ref. Helmons 2017 (PhD Thesis); Helmons et. al. 2016



Comparison of simulation and experiments
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Ref. Helmons 2017 (PhD Thesis); Helmons et. al. 2016



Simulation tool: gibraltar
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Simulation tool: cutter and breach
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Simulation tool: cutting forces example
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conclusions

• In general the cutting forces and specific energy increases as the hyperbaric pressure increases. 

• The brittle behavior of the material and the brittle cutting process changes into an apparent ductile mode.

• Cutting forces at high hyperbaric pressure (18 MPa) were found to be 4 to 6 times higher than at atmospheric conditions. 

• Side-break out angle at high hyperbaric pressures is much narrow than the side-break out angle at atmospheric conditions. Less 
tooth production.

• Depending on the combination of hydrostatic pressure, cutting velocity and rock properties - compactive weakening or dilative 
strengthening might dominate the cutting process. This is a theory that needs to be confirmed with more experiments. 

• The hyperbaric cutting model proposed can reproduce the measured values rather well. However, the calculations done with 
the model assume full cavitation.

• The numerical framework proposed by Helmon’s (PhD thesis) offers a possibility to study the build up and dissipation of pore 
water pressure when cutting rock at high pressures. The results agree rather well with the lab experiments. 
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Thank You!

Artists impression of rock cutting – deep sea ROV, source: IHC 
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