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Fig. 1 World map of major marine deposit locations and different seabed minerals''*": (a) Marine deposit locations;
(b) Polymetallic nodules; (c) Cobalt-rich crusts; (d) Polymetallic sulphides
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Fig. 2 Common deep-sea mining system: (a) Single ship CLB system; (b) Double ship CLB system; (c) Shuttle vessel

mining system; (d) Deep-sea hydraulic-lifting mining system
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Fig.3 Mining vehicles towed mining vehicle!"”(a) and Archimedes spiral self-propelled mining vehicle(b)?*'!
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Fig. 4 Deep-sea tracked mining vehicle (in Germany and India): (a) Made by German in 1992%; (b) Made by

German-Indian cooperation in 2000*; (c) Made by German-Indian cooperative in 2006"*"
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Fig. 5 Deep-sea mining vehicle (in Korea): (a) MineRoTM mining vehicle™; (b) MineRo 1 mining vehicle™!
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Fig. 6 Deep-sea crawler mining vehicle (in China)®: (a) First-generation deep-sea mining vehicle; (b) Second-generation
deep-sea mining vehicle; (¢) Kunlong 500 mining vehicle; (d) “Nautilus New Era” deep-sea mining vessel



2531 4555 10

BRAKAE, S DRI PR VR SR R AT B 1 RERIT TT

2799

EZFTAREAT T 135 m IR, ahiblicse
79000 kg N TAREE R0, 9125 S28L 7 U H AR
2018 4, H[E B LW IR 500 KA 418 /58
T B ORIRFEIE R 514 m. A 49 d (R, Ak
HEREMREN TR B FSE, MAC A4
el S ERE DRI A A A ST EER Ry
WEE LT SRR A AR TEAR N RS OLE 6(d)),
MK 227 m. 253 EE 773X 39000 t. A R /KIRE 2500
m, J& TG U AR R AR R, 2019
8, W ERERCRIE RS S TR LT SRR T 2498
m IR R 4 iR, A4, JRIE I IEAE X4T
T 1000 m O RN R ARSI,
TR R PR R A B 32 6T e ) A
] PrigiE R o

2 REHRERFEMRER
21 RERHURRE AR

FERA VML R R (R P AN g 2
PEXS KA A2 5] JIRIAT 7 S MoK . AR 3k

FFIRTPE C-C B JREIERIX N, AR T AR
FRAEFENE L E, HP R, XA R4
i 53%A 74%. B 2110 38%A1 21%. HRER)
KR TEHE A 0.06~76.32 pum, 32 1A 40 i 10 kL
(0.075 mm <d<2 mm). # #i(0.005 <d<0.075
mm). FH(d<0.005 mm)FIEHKI(d<0.002 mm)Zl
B BURRBOL 4.5~6.7, J&Tm R+ R
W), HmERAEREREREMEN 17%~
20%01, SRR R AT X AT
HFBERS NGRS FRIA. EhCA e, H
T AL 32 B DL T W R s s 2tk 4 A A
RLA IR 2 B RREE R A E (B T(a)), HEM
HE S KR (312%~577%) He/N N EEHE A1 (<8°).
TR (160%~280%) #1281 (105%~136%)~ KL
BREL(Z) 90%). fK 38 S (-=4.0~15.5 kPa) MK 25 &
(1.13~1.15 g/em’YEHREPEILIE 7(b))P" 3273, VR g
BORTARZ T AN B4 N R A /N T 1 kPa 1
WA EAKT 1 kPa (E 252 (L 7(c)PY, Her
IR R R AR SR 2 AT 3T Vi R
RAP), R RBRE A5 R RS 17T )7,

(b) 100 T T T T T T T T T ! ! ! T [ ! !
A:[,=0.66 X (0, =20) - 4
80 | B: 0 =42% eedo il
C:1,=26%
60 --+-
L
~ :
40 |-+
20 -k-nd 3 2.
I =
p..l:l:!:{::l:l:l
0 30 60 90 120 150 180
/%
©,
s
H =
- =
2 2
3 E 1T g
&g g
= @
'qc; T IO T ICR IO IO & 77mm
< LI HH‘H [T T Hlll\rHHH namn g -
3‘5 NN NN HIJLHUHUHU';,& . .
Lv% = T IO LI L) £5 tu is linear change
< ] | 1l —
al &u“m”n”m¥&]mn}luﬂﬁ‘uﬂ‘ﬁlml‘Jx‘]n“vjvlunlﬂxwLyu‘u‘xf“ = 200 mm
P - — &
= 2 N r—wr—r— W W >
I = .
o | EPePFPQmMQ/m/————— o t, 1s constant
-
=%
,,,,,,,,,,,,,,, i
R e T T 250 mm
i~
Q
o
[~

Bl 7 R POR TR R

Fig. 7 Physical characteristics of deep-sea soft sediment”®™": (a) Microstructure; (b) Cartesian plasticity diagram;

(c) Macrostructure
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Fig. 8 In-suit testing results of mechanical properties for

deep-sea soft sediment™™: (a) Relationship between shear

strength C, and in-situ depth %; (b) Relationship between

penetration resistance p and in-situ depth 4
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Fig. 9 In-situ testing system of deep-sea sediment™: (a) Model; (b) Tester; (c) Test procedure; (d) Operation interface
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Table 1 Comparison of shear strength among different soft clays

[37]

Type Void ratio, Water content, Cohesion, Internal friction angle,
e /% c/kPa o/(°)
General clay soil 0.55-1.00 15-30 10-50 15-22
Freshly deposited clayey soil 0.70—1.20 24-36 10-20 7-15
Coastal silty soil 1.00-2.00 36-70 5-15 4-10
Deep-sea soft substrate 6.03 246.2 12.6 3.1
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Fig. 11 Compressive displacement—time curves of

deep-sea sediment simulant in compression-shear creep

tests: (a) 0=10 kPa; (b) o=15 kPal*!
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Fig. 15 Turning trajectories of tracked vehicle at rate of 0.5 m/s(a) and 1 m/s(b)™ (SR: Steering ratio; SWR: Side wall

resistance)
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Fig. 17 Simulation of deep-sea mining vehicle overcoming obstacles

[63-64]

of crossing obstacles(a) and climbing(b)
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Research progress on characteristics of
deep-sea soft sediment and walking performance of mining vehicle

RAO Qiu-hua', LIU Ze-lin', XU Feng’, HUANG Wei', MA Wen-bo’

(1. School of Civil Engineering, Central South University, Changsha 410075, China;
2. School of Mathematics and Physics, University of South China, Hengyang 421001, China;
3. College of Civil Engineering and Mechanics, Xiangtan University, Xiangtan 411105, China)

Abstract: The rich mineral resources in deep-sea area are the most important alternative resource for land ores in
the 21st century. Increasing the exploitation and utilization of the deep-sea mineral resources has become an
important choice for the sustainable development of the global economy and a major strategic demand for China to
build a marine power. The walking performance of mining vehicle on the deep-sea soft sediment has an important
impact on the safety and stability of deep-sea mineral resources mining. In this paper, the development of the
deep-sea mining methods and mining vehicles were reviewed and the basic physical and mechanical properties of
deep-sea soft sediment, especially its rheological properties and constitutive relationship, were summarized.
Besides, the research progress and main problems of the mining-vehicle walking kinetic characteristics and traction
force were analyzed, and the future research direction of the walking performance and structural optimization of
the deep-sea mining vehicle were proposed. It can provide a theoretical basis for designing an
environment-friendly deep-sea mining system.

Key words: deep-sea mining; mining vehicle; soft sediment rheology; constitutive relationship; kinetic

characteristics; traction force; structural optimization design
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