31 45 10 ] FEEHEERFR

Volume 31 Number 10 The Chinese Journal of Nonferrous Metals

DOI: 10.11817/j.ysxb.1004.0609.2021-42068

SRKETBRZ SRR
RN R BUER R

# %', 2 £ & &' ZHi!
(1. R HLH TR, Kb 4100835
2. VR P EIRIT R R EORE R E S =, Kb 410012)

2021 45 10 A
October 2021

O BT AL EOKR B LT ORIR K ik IS AR, 10 A B A e K s 0 AT e 2 S 2 R
HUIEIREE . D 7 W FC Rk s T IR 22 <2 R B AL 0 (SMIS) IR R BG4 B L 7 A PR REX RS R A B2,
AL e ER 2R T AA DI E] SMS IR . SR 1 — i R B K B O B Read MR D
KRR AN SO VI EI AR AT SR . FESRIEAE b, A TR E R th RGO R . )
IPATRHAEAN B AT AR . G5 R B OGS OIS AR AT R 5o, G S i n, ) L kr 2V R
AR/, RO 2 2H0H . R, fEmb kAT, JJRMET I LB SORUIE, R IR

A5 2 A A 1 S AR e A

Kigia): Hlk; DIMIPLE, oo ZERE); bk

XEHRS: 1004-0609(2021)-10-2913-13

hEDES: TDSST

XHEIFRERE: A

SInTAg: e Xk, &, B s L EEKE NBIRZ SRR EEST ] P EE A4
JE S, 2021, 31(10): 2913-2925. DOI: 10.11817/j.ysxb.1004.0609.2021-42068
DAI Huan, LI Yan, LI Hao, et al. Numerical study on fragmentation mechanism of seafloor massive sulfides under

high hydrostatic pressure[J]. The Chinese Journal of Nonferrous Metals, 2021, 31(10): 2913-2925. DOI:

10.11817/j.ysxb.1004.0609.2021-42068

Bl A il M DR ) H 2 g, S R
AW AR BT 7 B DAOR 35 2 5 ) RF B e
KU 2SNk, BREEFAEGRRE R T £ 4
&%, BIRZEEHAY . EHERESE/
PRUO), P SR SR B A T B B A S
Lz —. WK Z &8 ALY) (Seafloor massive
sulfide, SMS)Y{EA—FF 8 BN = 5508, HT
ER BRI 1388 O AR T, HAS EhE
BURE. ff22. ORI S5 EEIF R 1 iz i =)
BRIF KA AT, R L &R K2
RS LS LA S RIS i 2 R A 11 s i A
WOBAR DRI R, 54 A 0 . B S,
HIEEH, AR . R T S 0, 8

2021 4F 6 H, ARG 721 4, IRE
A LB 1M 1 AT, FAGRS 2 4 AR TE 2000~
3000 m KIRVEFE N, 96.8%M% & @ik ¥F A T
4000 m ZKIR VAP o« JE TRl FyR IR0,
DAL 750 5 7K 0 S IR R I R 7 A KB
i, Pk, AT %4aH 8RR, T
R WD AE B K R R (R R AL R A T L A
B Wi 2 Bs, PRI IEE R B RS [F TR
FK, EER B TR, mEKES p &
R E AT AL R . SR, FER IR
(5 A DAL, AN Rl FH s 2 22 R PR 7 2k
A IK R ST 6

H AT, — & [ BRI AT TRt P )

E&TE: EXARRFELSTEIDH(51674286); Wir 4 RHEHE KL I(2020GK 1020); #1748 BHE vHRIT H (2019SK2271)

WHSHHR: 2021-07-20; 1&ITHHEA: 2021-09-17

BEEE: &, 292, ML #iE: 13677353895; E-mail: lylsjhome@163.com



2914 T EA O8RS

20214F10 A

(Y]
W
(e}

309

—_ — N [\ (9%}

S [ [} [O4] o

(=) S [} (e} (=}
T T T T T

Number of hydrothermal vents

W
S
T

0 0-1 -2 23 34 45 56
Water depth/km
Bl1 ARKREAB
Fig. 1 Depth distribution of hydrothermal spots'"

Tool

\J

p

SMS mineral deposit

B2 KFUIHIRE

Fig.2 Schematic diagram of underwater cutting

2RI T — 25 TAEFFdad w58 ik Bk A& 4
J7VETT A e W AT 1192006 £EBSRGIZE
M A EAEEATHT ) LN TR Manus 7 iE4T T VR
2 &R BRI RS DTERES, IR T
I 15 t ATk, SRR IR R aekeim KT
Fi EVIHEI. HARNTF 2017 SEA4E 48 608 0 )
RISHLLE 1600 m [IHEETERK T SMS B TAE, I
R A E SR T B B R B IR
FUE 7K SMS W P2 ml AT, (H2H T4
PR 5 R A6 1 B AL 5 35U A R A5 B A S
AR y—LemtFr N 51 a1 e sk 0 A A e
TS RERATIE I, AN eI K 2 2 T E
SMS ML FERLH - i1 KAITKAY 25078 5 7 — A
KEE E DI SEIG3E B, X KHE A I R ) EHK
35, 45 SR BIBE I 775 B 3G I i 36 X DT HI
WP AR T H#ORYIE . GRIMA & Y1k 7 —
ANIREE B IR A KA AT T mg S ERL,
SR FPEEE T UIE RS TR E S R YE

HEAFEEZES. ERET, HTEKEIIEN,
Wrdar ok, BUYIR SRR SR e iR . Y)E
JIBE A K RAN) E T FE 3 i 3G hn,  H 3RS 5/
HIE FE A UIRE . TR0 AR, Ok ik
Z 1) 538 W BB AR T R SRS 7 . 2003
4 LEI ZP5EF PRC™P S AF T & 1 IS AL »
W FTER K B R S A AE SRR I 7L, 45 SRR
JEAIH] TR 5k IF S EUIH 1 B E RS, F
B E LR R, UIEE AR ME PR3 A8 o I P e R
. HUANG 5T B e 7 vkt 1) i f it
1T TEUERAL, FIL T S8 BRI BE A VIR B
S DI VPN 8 N s W e 8 N e W T 2
HELMONS 22122152 B e 5 0% 1 hE 1 AR 45
GHITERN. T A AT HIR R AR S8, FRdid
B GRIMA 25 g sz i R k4T 7 B6IE . 45
REIR, BAETCEEME AR N RO R %
B, B B K 1O ) I A S TR
(RS2 B, L) 1 Tl AR vy s ) L [ A P o 2
PR UIEI RN BLEFETFHE SMS MR YA
W9 AR AT LA SMS R ik i — 112555,
{5 T ANFE AR GER B AN [E e vE . [
P 24 S P 5 T A PR T LS-DYNA 2237 T
B UIH] SMS AP BUE DTHIALRY, B 58 K L
B BEIREZMS I, JJEVIAIE 3K, H
AFERAE T Ha—2E 3648 . SRR A% 07 16 e 0 i ]
JEAEVIHIE R s Je 58T, PRI el A R
Fe¥em. 2R BFTR, X 2 &Emi 7K E &
BB 7T H AT IS LR s =, SR LA AL
5 R R 00w vt JUH 2 T B k] 2 )
G, A LB R — Bt o,

RAE H AT AT RFE SMS FE J15 M RE A %L
PR, RPRHOBUE SR R /N T 50 MPa, FLER
HN 10%~50%. HIACE A VIHIE, FLB AT RE &K A4
FMK B s, HoAr 2K 5 3L 52 e AT 38 K1)
Bl 7, 2 S B B IS M T B A D) i) 412227,
PhRNAE S A VA R R AT DRI & A, i He R g
— M E SN EER R TR ER, ERGERT
RS9 £, MER KRR KL S
F S T AR SR AL R 52 B B K T SEEL LI
JEFERIBR S, LR 2B, B2 K stk S R A
XTS5 . SMS FE o fE A a R, @ LR
FRARG, AR} o P bk vy o ZERR AL 0 R D) HI I A



2531 4555 10

N T G SRR 3 A AW R T L ) B e it 4
H—LeiR T, BARNIZH BRI TS DL, RISEE
B mtE ot . RNy 7425 A D)L R fa e it
S, RAEFKE KR, BT TR IERE AL
B AN % RS T A S K el S R o 4 P
JCREIF PFC™, MWL A R IR 2 4 R B A6 1)
(SMS)HI A PERERVIHIAT . H RN T il
R AT 2 < B A R B R B A D) A
M, Do 1A DT RE AR bl A RS
MR BT R, N TREER R 12
WAKIE BRI R RIS, 0 TR A A AR
KIZH TREMAA —ENSHNE.

1 BR7GE

1.1 PFC®

PFC? J& T B B 70(DEM) 75 12 MOV £ 3 A6
A A VI HLS A T B R EonEmi Fid
LS R S N 1 i1 VS S e o S = € LA B VA
o 7 SR S 0 5 G B AR ) 6 B 3R R T
FE, BB o igsh, il 3 fis.

T2 5 A AT 2 AN SR (] 1) A A P A2 o 3o 3
L 1) PR A AN R R S SB35 i A A A 70 oy 5
B | T RS ARG A R A i, 458 1R PR AR T
SEALEEN Y. o, PR S . ik
) FVBT U] 77 ] AR L RS A O TR LIRS R e e
183 H NI g 2 i o g e s i«
mii, = F, )
Lo, =T, @)

KH: Fo TRRRT i &1 AT m Al
Ly SRRT @ BRI A s a2 B0 E
AR R HIINIR B : o, 2 MAIESE . W& F, AT, 38
T RG)RI@)

Newton’s second law

Updata positions of balls and walls

W W, S mEOKIE TR S SR S AR L A BB AT 5L 2915
F=F"+3 ) F™ + F" (3)
T=T + 3 S E e T )
R PO TR F R 1A

Ry j=1, = Z MM AR nf KT i A AR
BRI H, BUEBLJE B & R T L Sy 24k
T i BUOANTRLT j Al S A . ) F gy
R RE(S) s I AT YT 1A o

Fo = F 4 Foy 5)

e e S UKL 2 T 7E 5 ok i AL B BV T s o
eV J08 5 AL D) )

PN JIUREL 2 8] B AH B AR AT DL 2 45 4 F B
HRAEAEH] . FERRBAUIT R, Al R 7 1
SERNAEAE D, X LURE SR e A e MR AR R SR A
o PSR ST BARE G5 IN, BT F] 4 AH
BAF BRI O RE A . AR T AR 7 i 2K(6) 1(7)
Py
F™ = k,u, (©6)
AFS™ = —f Au, )

K ky ERNIEE; & ABIOICUITFDRIEE ;s u, /2
VEFARXS AL s ug AVIEARO AR o

4 B 7] 56 5 (I 1)) B fef 9 B2 (325 0 ) o A e
AR R LA BRI, UKL 18] F) 25 5 s k TR) R R AR
REIE] ) [ 2 AR AR AN 2 S BRI BIR, HZEMR
JEE b 1 s 445 2 B M TR W FRLPEE L ) B ) R o
o

PFC?® M RHRAE FURL 2 1) 1E F (¥ 12 A A 3 Ay
LRNE BB, | AT RIS BT T IR . R
AR PRC?D SR UL (KR A AR U G SMS FEA
HR o 5 FE 31 SMS H: ity AN BE AR SE B N AT I 77 5
M HEAPUE . FUHE 2R, RN 25 8 S dh
FARLANE I IAEAE, B T AT R R R e A
Y53 A D RRE 8] AORE- 5 B T [A] Fr) 42 A A Y

(applied to particle)

&

(applied to contaci

Resultant force and moment

J

B3 ‘ERucisitHrEl

Fig.3 Calculation cycle of discrete element iteration

Update contact force and contact moment

Relative motion an
constitutive relati




2916 T EA O8RS

20214F10 A

1.2 HEREE

T s A A VIS R, # KR T 444E H
FERE SRS 5 b, DR e 838 e K FBLIR F
S A A FH 2 ASTIE 7T I3 A5 o — KA, £ PEC™P
FEFFH, A PR 7T DA AR RN A A
— b D7 9 ) R O B R 2 T ) fih 7 Jn 3%
BURRLZL S, R FE A PRS2 1 O P R 1
A7 e R S R N8 2106 70, IR BB RRE ST 5
Y R7Sy A=R G I DUR TS A R L =S BUR 0 A
INAN 770 %5 REE AN S 284k, (HHERE
WK TR EAREE R D) R R 2R
ENASIHI, AR R T R A R ER K LR A
TEH

AT FE R F 780 e A R KWL
HEAT T HUE A, %518 1 ShiR BB 75
T FERORE, R R A F LE JBURL_F K A K/ Ay
W W 4 B, N7 iRAUERR A E T RTE
AR, Ty LGS Ia LT 4 F1 O MikE s, LA
Wi O AP OB M RERR T, IHdsERT O
MR TR R SRR 04 KNSRk
filo (EE 4, g RSO O I FTE Bk
B/ N ELF, URET B G ST I SR It
S HT o WS BORETRD O KL T-43 5911 B Sy 48
ZHOAERIWIE R HEE FR e, RYE b
D75 SEBN e B30 T (Y e R AE

FEFE K PFC?® (1 Fish & S %5 1 . 75340 51
SRR, ZHaiE R R — MR B

v

4 LTRSS

Fig.4 Schematic diagram of boundary recognition method

RT3 A 2 b 7, DRI AR 0 H AT IR0 Al Ak
Bl fEREUHERI, R EALR D SR T AT 47
fitf, ARSI TR W BRI, R
R N TR T RS . RN, SRR A
B, SRR AL 2 ROk -
WONAE XA ISR, Rpliatb s s8I
BENN — K

2 BEEFRTIHIEE

2.1 MRhESMER

B T U AR 1 5 R 2 R N 22 TR ) 9% R
AE, N TR BUTE A e TR LB SMS
WA, A LEXN RS EHATIRE . AT A S
24 L2910 o8 (1 3 fih 286 45 0 1 AT B 45 R R B M0 E L
A, I AL R ARG L B T 47 S N U
FE AR50 OW S H0HAT ThnE . Wl S@)fw,
B K iy A R 6 R B R b 2 RS J2 B R e o AR
S FE v SRARA AR B b A . 4 5(b)F(c)
o, ) . 77 A2 368 3 4 o] B A e 4 AR 00Uk e 4
BTN SR AR BRI . T AU e
TE NI 355 2 31 2 117 75 22 08 1 3% 4] iy 24 B b
JE o MEINTEA A RS .

AU S Hbr Tt , RHPBEREARRST A
d 50 mmX 100 mm, XJFifE 0.5~0.75 mm(/NEiFTL)
HEATHRSE o 1F S5l R 4 A0 0L 1 4 056 i 46 0.05
m/s (OANECE R, DARARUHES AR 0 , YE
SRR T 2 P R BN A X SMS A PO
AT S bR, b SMS BURE I 22 0 A
R 1R, BT SCERATIR MRS 5 A b 5 2
¥, B, 52 HANMEREARIE 1R e T A
AR R AR BE, 13 205 NS L 2 Fios.

KA B bRE 7, 3 EIRAR 0.5~0.75 mm(7)h
FOCRL) [ e b O e 1R B )R AR A it 28 ] 6 B
e HE 6(b)d, 0 MPa 2k %R Bl R 4515 5
IR —NAR N2 . SRR 2 Pk 4 S Hon ke
0.75~1 mmCRK KL HEATARE , R I/ INRIORE 2H F0 KR
RLZAXE R 2 S HOR ZE /T 10%, FIGIA /N
b 5 KBk AT LIARER K 1 Frik SMS FE i R,
RIA SR 3 2 FTid 1 1R — L S 500 /N S0k A K
PAIIEHDYIE S



2531 4555 10

WO, S miOKIE TR D SR RALYI I HLEE B BUE BT AL 2917

Upper particle layer

(@) (b)

Bottom particle layer

Bl 5 SMS RS Hibr e i A

Upper wall

Bottom wall v

Fig. 5 Calibration models for meso-parameters of SMS specimens: (a) Uniaxial tension; (b) Uniaxial compression; (c)

Biaxial test

1 SMS K2 s 1
Table 1 Macro parameters of SMS sample

Parameter SMS sample”™” DEM
Density/(kg'm ) 2940 2943
Compressive strength/MPa 10.24 10.10
Compressive strength(at 0=6)/MPa 35.6 33.6
Tensile strength/MPa Unknown 1.64
Poisson’s ratio 0.11 0.11

Elastic modulus/MPa 11.5 11.2

T2 SMS IR0 o Rk

Table 2 Micromechanical parameters of SMS sample

Micro parameter Parameter Value
emod Linear modulus/GPa 4.0
kratio Stiffness ratio 1.2

fric Friction coefficient 0.577
pb_emod Parallel modulus/GPa 11.8
pb_kratio Parallel bond stiffness ratio 1.2

pb_ten Normal strength/MPa 6.1
pb_coh Shear strength/MPa 8.0
pb_fa Friction angle/(°) 65
dp_nratio Normal limit damping ratio 0.3
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Fig. 6 Stress—strain curves of SMS sample: (a) Uniaxial

tension; (b) Biaxial test
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Schematic diagrams of rock cutting model at

(b) Confining pressure with force chain
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Fig. 11 Crack evolution under unconfined condition with cutting velocity of 1 m/s and depth of 10 mm: (a) 0.02 mm; (b) 5

mm; (¢) 12 mm; (d) 30 mm
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Fig. 12 Crack evolution process under confining pressure of 30 MPa with cutting velocity of 1 m/s and depth of 10 mm:

(a) 0.02 mm; (b) 5 mm; (¢) 12 mm; (d) 30 mm
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Fig. 13 Contact force distribution during cutting: (a) 0.1 MPa; (b) 30 MPa
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Numerical study on fragmentation mechanism of
seafloor massive sulfides under high hydrostatic pressure

DAI Huan', LI Yan"2, LI Hao', LIANG Ke-sen'

(1.School of Mechanical and Electrical Engineering, Central South University, Changsha 410083, China;
2. State Key Laboratory of Deep Sea Mineral Resources Development and Utilization Technology,
Changsha 410012, China)

Abstract: Deep-sea minerals are distributed in a high hydrostatic pressure environment with hundreds to thousands
of meters deep, and the high hydrostatic pressure around minerals may significantly influence their cutting
characteristics. In order to study the fragmentation characteristics of cutting seafloor massive sulfides (SMS) under
high hydrostatic pressure and how its mechanical properties influence the fragmentation process, a model for
cutting SMS with a pick under high confining pressure was established. In this paper, a force chain method was
used to simulate confining pressure, which could adapt to the irregular boundary of the sample and update in the
cutting process. On this basis, the crack evolution process, stress distribution characteristics and load variation law
were analyzed. The results show that the confining pressure significantly affects the cutting process. With the
increase of confining pressure, the tool load increases linearly, the load fluctuation decreases, and the crack
propagation is restrained. Meanwhile, under high confining pressure, the strip chips are generated on the rake face,
which indicates that the failure mode of seafloor massive sulfide transfers from brittle mode to ductile mode.

Key words: confining pressure; cutting mechanism; discrete element method; SMS; force chain
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