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Discrete element simulation method for clayey grain-cementing type methane

hydrate bearing sediment considering pore size and physicochemical properties
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Abstract: Methane hydrate (MH) is an important clean energy resource, widely distributed in clayey type methane hydrate
bearing sediment (MHBS) in the South China Sea. The mechanical behavior of clayey type MHBS is affected by many factors,
such as temperature fields, back pressure fields, chemical fields, pore size, MH saturation, physicochemical properties of clay,

which is significantly different from that of sandy type MHBS. Therefore, the development of numerical analysis methods

reflecting the mechanical response of clayey type MHBS under complex loading paths is crucial for the safe exploitation of MH.

This work establishes a semi-theoretical equation of strength and stiffness of MH considering pore size and physicochemical
properties by introducing the potential of water, and then this equation is introduced into the existing contact model of structural
clay. The algorithm of the pore size is developed by the initial fabric parameters associated with the contact model, and the
isotropic compression tests, the conventional triaxial tests and the true triaxial tests are conducted, and the effect of MH
saturation, temperature and physicochemical characteristics (represented by water content) on mechanical behavior of clayey
type MHBS are analyzed. The results show that the simulation results are consistent with those of experiments. Higher MH
saturation and water content, as well as lower temperatures increase the yield strength and peak strength of clayey type MHBS,
and higher MH saturation will significantly enhance shear dilation of clayey type MHBS. The true triaxial tests show that the

hardening rule and the critical state strength are closely related to the principal stress coefficient.

Key words: clayey grain-cementing type methane hydrate bearing sediment; distinct element method; mechanical behavior

EEWH: BERERFFEGEATHHE (52331010); FEZKEH AR AEEGHE RIH WS (51890911) This work was supported by Key Program of National

Natural Science Foundation of China (Grant No.52331010), and Major Program of National Natural Science Foundation of China (Grant No.51890911).

im B EA(Received): 2024-08-20 181 HHA(Revised): 2025-03-05  3#3 HHA(Accepted): 2025-03-13 M4k HEA(Online): 2025-03-14

*E S/ (E-mail: mingjing.jiang@mail.usts.edu.cn)

© Editorial Office of Chinese Journal of Geotechnical Engineering. This is an open access article under the CC BY-NC-ND license.



128

KA, 55, B BRI S T RE VR RS £ 2 BOTEAT 1% 2457

0 3l =

B TR KA W B TR T R A s U
00, BRI L 0 )2 AT N R - R R -1k
SR, 22 Bk AR PR ALK A
B R MR, B, Rt R
J1 S AR KB A 12, 2 XK A 22
STFRERE, HILE T E KR UK SR

N/

X
H 17 % B2 T /K GV I RAT S48 58 F 22T
FERD R REIE 1 b, A A [ e g3 ) e s 3 DA I
Fit B AE ORI AR FE i) ),
PR TR RRYR 1, RRVRES - B A /N AR 2
PR, 0 Smith OB TIGHF L T FLAR
X E 7K A ) AR T i 1 5 3 AR EE RS2 . Ren
FUIEH T B HAEA RIS KE T AR R, KM
Fh LA R S BN IK AL R S R AT A OC R
SONA) o 3K S A Al A P 1 D5 2 I 2 R e R R 1 1)
JIATN, R EAE N HAR A SR E H HA
T KM TR UR - KA ES AR 2 R re iR
LKA, RS BRI S TR A .
BEXFIX— a8, [ P Ah— e S R AR TR A
J1FR R 7 — s 9T
(D =PNIRE 71, H A=A R AR T
B, DRI — M0 DA B 98 - P B o e b A TG
TR ER, 2 ORI E e e SO T 1 g 1 i
FhEI R T VUK K S PR LR AR, &
— R BEYTYTUAL R Li SFIE T il - 5 K
G T IR R IR, B TR REIRE R -
AR S A AR FERFPE T . IR Ee B T XA Y
HIE, WA T RERS LEA L, HARERIRE S
DA AR TR R 2 S5 22 e, e AUERf 8 7R e IR 2
TIE R TIFIT N
(2) BT, A—8UA LT =
HHEx) Duncan-Chang #AYFHATIEIE, #7 TIRIERE
TR AR . (H BRI e T 220 )
o R EAT B4, HRFE BB IES R R
GOIA 1) REVE - BUE AL, 7 1 = B0E A T DA
& B TT N A A BR TGE B A R 22 0%, FILLES
IR B HOTIE . ARSI R v HLR 2 2%
RN AL RIS b 2 0 I b/ A W AR = R oY
TG LA BT YR - 10 22 O R, B AT EE DL REYR R
+ A3 U Jiang S50 MBSO H AR ER TR A NS
WKL, 3T 7K GRS R SR BRI . b4,
Li Sl i (A5 7 V240, 1 RedsA L 15 AT A,
RS2 IR TR, B 6 ) BTRLECA ir BR 1
B BUTELR L] oy oy BIE A ER B AL, H,

P il I AN B B A A AU, A28 - 7 (19 702247
Ny R A2 U R RCR s, HadE AT
T RRL RTI4TN FE,  Wnscik[16, 17]. BTk
B AR R L KL A BRI BR A DA ASE AL
i R SIS o R A S S R R S S PV E ST
S STR I Al i35 T S VR - 0 11T,
WS 7B IIRCR - TERETREE L ATRLrh, shiRipAE)
R PAT ISR TT & 1 IR BE VR 1 =l e 4
(T B ORI, (H A A Y 1 R 28 R 6 - R[] 1)
WAAE R, ToiE R HE S RS L 1 1247 . 2R
ST T 7 REALAR AN 3 FEE A 5 25 7Y RE R 85 L O
AR, 3 I S BIOCIR I BE IR T R AR AR
(ERSE R rhofig 3 LR RS 1 D9 2 B N B 45 o 7
R BB BT L PR AL RN, R AR
58 TR J2 T S LA R BEUR RS = 71 2 AT s e

HIE T I, WEARERBREERR L E 2 (R
FIEALE) . ZRAR LR KEWBME-F+)
HFIED FAMIR AR B8 AR T IBUE M 515 0
o AFRE - ME AR (BLEK
FHATRAL) R R S5 R RE IR L Y, A
BHUCHEI R TR HM SRR R, X —
LN BRI R, B RY RIS 1 10 70 2
etk 5 OA KBEIER LY RIS 2 R AT X B, JF
IIMTVANRE . ) B AR AR X RE IR 5 024
YRR, SR A Y REVR AT AR AL SR 1 T
ROBAE -

1 EEFLEMILSFENEREHMLSE

BT iRARREY

5 HCT H f A Y A, UL (1) 2 Al A5E 28 R 285 A5
LS IR i w6 vl TSR O = (oS5 A I i vk
TR BRI, R 2 R 2 1) f 3 AR B
2B I8 AR 53 5 NBRAR 2 [A) R s A oh -
1= S AL A S < B B < 1l i vl T e VRS
JEAREEMIIR, KK G I15AT NG NE RS
A, EREEAE b, 51N EURCRR R v NS AUL R - TR
WEARAAZTEAT M
1.1 RIlEHERmRE

WORL A AL N — 12N R, = BR (WA T, H
B NI R A, R U RLSCER[21]. R =
2RR, /(R +R))» R, R, NI,

Fit A 2 M m J1 2 E S Born 772 4% il
71~ AR R e asEaes] 7324, O 7 iR
W] 75 R S84 A, 2 8 Anandarajah® ' H i 7
SE AN [V ER A B0 7 AR AR AIE R 9 S s b B, R
VB AN I d, SRR S d A SIN 3



2458 =

+ T B % ik

2025 4F

FfE T PSR ZELER b, T MOT R A
BRI 2 D) /1247 9 T4 860 Gouy-Chapman
SO0 AT B 4 1 Niw 5 T b 2 3 A RAR 45
SR, 4 T pe R TR B B SO R,
RIS A ST

0 (Lpe > dpc)

A
FVD + Fopr :_12L3 (2Rc2 +LPcRc)+
PC

64mn,k,T
__75JL{KR3+Rgnﬁxpeme) (dy <Lpe <d,) -

A
Fo+ Fopy + Fopp :k:(dmc _LPC)_W(chZ +dmcRe)+

4 T
4R (R 4 R )y exp(-xd,)
K

(LPC < dmc)

(1)
X By NGELES J): By AWHEFTT: Fy N
Born J577, BURL[AIEE L,.<d_ B Born /577, 8
RS HAEZEF o d,, < Lye < d, NTFATEHESE
SR 77 AN Hamaker F 4 ny AR LR
TR AL B FIREE, RIS o, WE—hE,
SREFE WL SCHR[26])s k, NG 2 E G TONERE; 1/«
WHZERE: RO E ARSNGB T 1 &)
7, WEINESE 2.
EHOTERUE R MRS R IR WE 1 ()
Fios . RPN 3 FP, BHE MP R M 3270
wE 1 (b ~ (D Fow. B 1H, kP, kR 535
NVD A, R AL o W, kP =kP/E
kP =0.25k"R?, kP = 0.5kPR>, & NMURLEE Ml ff1i% 1)
IR LG . & NBURL = SRR R E, o S UK B i 2
i&[ﬂ]o

Fy E
WA,
AL [B] B
(a) BT %R
R
=
= A“’ L
s U= Fy=Tp)
1
Giibapi[ive: 4
(b) YIS 2R

@ v
o AI k!
0258 R (P =Ky =I)
XTI
() BHE 12 m AL
g e
1
0.65}11€U(1‘:\p-1§n )

MR FALR
(d) HF R Sy 2EmNE

1 VLR Ak S0 R
Fig. 1 Microscopic mechanical behaviors of contact

1.2 RIfERREERE

BRSNS IE L BRI KL, 1%
SR R AR Z LRI Fy . VIR FY, S5
M RHHAR M K EWAE 4 AT7 TR )RR R 5
2.

2 ok R KD D9 1 JR A NI EE AT T) e JR A I B
i 3 AR IR MR A TS5, B R S5 W) TE AN &
FEXS ML REM, TH AKX S5 3CHR[28]. 4, AR
SRR, 1, A1 T N S5 A T PR B PR AR B P

SR 5 B T T R A K S SCHR[29], 55
FEALT 25 B8 T IRES M I T AR AN 2 A (R 52

RBC
R
E KAy
® 1
=
" b D ap7 S Lifg 2
(a) ¥
RY
R
g i Kb Ay
g 1

yishonzi ativg: S
(b) Y1



128

SKIBZR, 55, B BRI 1 I 45 T RE IR - B OT A T ik 2459

FARF S
(c) BHm

TR AR
(d) ¥
2 RESIZMRL
Fig.2 Mechanical behaviors of bond
1.3 ARPMFLEMIELF MR TAIE K &4
SR ARIE T E A
ki KGR IE g, FNIE E RIS %
Hyodo Z#PYA Jiang B2 THER A, THEIT .
e
G /Gy =69.38- L, )
E/E,=888.78-L+150.49 3
e LOAIREE -7 P B E IR E R 77 5 B P4
e MMEEES; g, =1 MPa Al E, =1 MPa 45l N 547
SRR JEE A BT I B
R BE K P AH P48 B AE DT Hh 1R ik O P12
1npi;=RiZg%+ In(a,)+1In(a,) - (4)
A RVAERFERG Z, JURISH R H .
In(a, ) NIKIEFE, 2R, WSS E A
ARG A P BAC 2R RS, AT LGB KA 22 3, ot
HB, Aln(a,)=An, /RT .
FLARR KA 223 1, 15205 Young-Laplace 24 X
FHORB, JUARYI W2 I R KALJZ o s 20 KAk
FH g AP, R A

2cosPE
#Sa = VWA ’ (5)
I
_ Ny E(x)? (6)
Hhd £, 3k, T ’

AV, NI RIEE R AR D flAzs ¢ K-
RidEfl i E,, AKEW-KFERE: N RTRMES
WG e AR G 6, NES TR
o AACKIEIE 75 n vl E(x) NEEEE &

T — 7€ BE B ) FRLA

E(x)=\/2§§c° {exp[zjljj;(x)j—l} - ()

A FONERSR R o MBI IR, 2/
NETME: ox) MR LR —E A BAL M HE
H, WRIRNex) =g, WEH R RKLZ
LA KA 2234 0

2 i —KX
—2Nc¢,RT| a + n exp ZFee ™ -1
3k,T RT
- (8)

(¢.6,)
b x AUBE R LRI

MR SCHR[36], FERG LR Ab— € BRRg Ab 1 T 45
B KT T A [ B Zh KA, LA T a6 T
BOKEW. B, SIAN—AKIEERNE S, & XA
BEAR A7 B O T SRR B9 x,, » DB AR ISR L
SE R K NG A K E B wy, M wE,
E, =07 REEAKFAE. KL, ANFEEKE T KE
FERITHEAL B PR IR A x = x,(WE, /w,)"” o

luad =

2 BRI ERUTEGE

51N A T H LA R i 25 A
REVR RN LAY, 2 1 T RTA, B RUTHEROLRE
75 BRI U SRR [P AL AR AR L KA, ¥
H 5 A A i FLAREOCHR, (8 nT DABLAAS [RIFLBR
RS RIS IR IR R o o, KEDERTHE
[ ) AT DA o G Y R VR A L AN E, TR
[F AN REIR R L 14T A
2.1 HEBTAILFEIRAGE

FSL AR LA T E A, ELLHER F]
ARSI B I, K FLRRE 5 8] L (1) SR AR
NIRRT, @ TR AR RS TIRYE
BRI R, THE R TR LR, Hodid
I 58 S PR S HOE S B 7 % WA B2 N
FERPEIFLR .

Cooke ZEPEEHES: T a0l 3 B LA RRRHES
NFLRR S RO TR LR SR E A . THERTE
FIFLBRZWIER | fion. FESLAERE B, KK 4 N E
A5 R ITR, W LA B oo R AL bR T &
2 N AT —HEF A 5 FLBRAR AR Ve ITH R 2K
Viey =8c0s(8") cos(w')cos(n’) -

4
(R+mAR) - —?TER3 ),

X 0", w Al 3 RIONRRLAE 3 AT EIEE s A,
NIEEEFARAT, T RALRES AL AR R m
NIEEE I AR, T RALRES B RE: Vi, AH
KLIEDK &R B ITE, =12, % 3CHR[14],



2460 HoE L OB ¥ M

2025 4E

Vi T Voo 73 900588 F - J0RE 22 8] 76 28 28 1) 15 D0 A
HEHHE.
XF BT To RGO I FLBRARER W, A N
W, =8cos(0")cos(w')cos(n") -

(R+m%Rf—%§R3 . (10)

DS

(a) EJfE

(b) Btk
3 3 MEERHS IR LR E

Fig. 3 Schematic diagram of particles in special arrangements

(c) 384K

4 FLERTHELE

Fig.4 Schematic diagram of pore size calculation
=13 MANHS T FLBRZE

Table 1 Porosity in special arrangements

Hez i = TR FLBR /%
EJ7 A S8R’ 47.64
BT 43R 39.54
I 8V2R 25.95

B AL L TT AR R T SRR AR R R AR AR R T SE AR
{1, LR h 7 E A B AR AR RAEAT I, B

LN W
cos(0) cos(0")
cos(w) |=T cos(w')} o (11)
cos(1) cos(n')

A T ABRBLEAGH
2.2 BHTENSRILETERSE
EFRHARERAR, TR LR S e AR LR RN
S HirEEROK, WGt 1 A B oA 21 B A4 4t
FERIFLAE rT AR R (1) I FLAR RS, X S H
BAGME XA TR, MABIFURTE S, AT
AR BAFER T FLAR . 58 X E(n) N n J7 18] B0k
PR 2 E, ] E(n)dn RRAE (n,n + dn) 5 FE A 1
WURLEEAMAE % . MRIEZE S, E(n) 0 2 DL R 2645
ﬂﬁ@ﬂwlo (12)
BT, e

1 2N
F, = N kZ:n,.knf =<n,.nj> o (13)

A N OB BRSSO T Al s F, vl RE
SERUR IWIIRART: nf NE k AR A T A i
TiE L. DT W5 R A A AE 3 A
Tl L, R 3 A5 1A oy R A R LR
WIBEE, BIDATACmE 3 ASIr BT 1Y oA R AL :

! g(nknk)—F (14)
ZNC — [ i °©

A i NZMEBPR R T 3 AN EROT I, i=1,2,3

¥ XADOTHRAAR G A SHANEI D,
(10>, BIAT{3 0B Boe Bty sp ik LR R, 3t
R ROT SIS o, TR SE R LR T
[ A5 REVR R K 24T

BEREFh T BT & 51E
3.1 BHUTIRHESIE

KA BRI 5 BT IR, kil FR
FARIRE, 20 R 5 1 Ak (] FR BE 5 . BTG AatRE A L
3 L B S o, BRLP20R4R dyy =10 pm s
ASTM FrifE J& Head PR FEl0- @ SGARE I R 5 &%
KEFRRARZ LK T 100 #E4k, Collop 221 H g2
JR 48 A4 77 5V R 1 B /D R B 20000 PRI, AR
SCHIRER (R BREECA 20040 A4S BFER S 5 kL K
FLAR LB N 260 [F] B il 2 Rk £ 1) B2 SRR A LB
ER . SRR A DIARIEL E =15, RMHER
N 0.7, FRLR R RIS, =2.1, BUbEE R
u=05, EHEEAKL=04, FHIUESH LW
PEZE bR e RIS, RFEAE S TE 1 MPa FIET &
 [FPE R, T I B REIR RS 16 AL R IR I
R E S SIS0 o ARFEINBEOLRE T, RS R AR
IR, FCRIR A TR I 5 1 ROORL G5 43 A 2 2% SCTik
[43]. Z -+ BRI B S B0 B S5 SR (1 8] bR & 45
B,

A =

6de

ol
(a) BHUTHAE



128

SKIBZR, 55, B BRI 1 I 45 T RE IR - B OT A T ik 2461

=)
(=}
T

ok Rt 4 H/%
I
(=]

53
(=]
T

0 7.5 8.0 85 9.‘0 9‘.5 16.0 16.5 li.O 11‘.5 12‘.0
R B AR um
(b) HALHLE
5 BETTIAE BRI R B
Fig. 5 Specimen and particle size distribution curve in simulation
3.2 FITIEMIRERESY
UL 2 8] (A7 LA 2 77 A A PV TR 2R AR
Wi B e o Horp s Wi R d,, = 0.9 nm
Yo BEAL 5 kW B 4, =250m , XU R R R
1/x =5nm. Hamaker 4 4=2x107"17J, FRHHH
@, =200 mV . &5 REMBEERENX (2, (3) i
B, RAMEDIANIEELL & =15, BRI R
n. =035, fiEMELLy, =01, SHBBIIIRELS
SREO i FACHH EL m AR K S PR BT E o Gt
RGP LB AT G, R EKE PR T
P 5% 2 O
_{-35x(n/T)+35 (T=T)
In(P/F)=

. (15
~75x(T,IT)+75 (T<D, (15)

XF: B =223MPa, T,=273K . iHH/KIGER,
IKE- KA RE E,, =0.027 Jm® o A I At S B
X =91 nm A FEE 7K w,, =30% M HUE AR 5
ARG FEEBATRR E, AR g Rkl 6 s, brEs

Pk F SCHR[44].
03 [
02 —ﬂ‘ﬁ{ﬁ(wm:30%, Xeri=91 nm)
« REME
0,1
i
oo
200 [
-0.1
. ) , " ,
025 20 40 60 80 100

FKE %

6 FREIZKRETHKEEXEEMNITHE
Fig. 6 Experimental and calculated values of water activity under

different water contents
3.3 tEHlIIE

WEVIIILIRLE ¢, =1.5 (FRLJPIRE D #EAT R .
N T BTN T B AR BEVR RS = 1 AT ORI,
Bl 7 4 e I ik e, H A =Rl ae A4 p B =ik
o URE B SE SR A IR 4 LB BN 21 0.9 72 AL R

EAERBOKEIIE, AR E AT AR 1) 4k, BE AR LA
g B = e B A R N 23 TRUE [
JEJa, DAMERRSRAFREATEI UL, M5 AR D)4 ), %
MR TIE IS Al e 72 =i p S e e, IR
IR AR, bR AR AR, DA AR
BEATEIY), A Sl s ERREN S oy, EREK
TR R R E b ASAEE RPN ) p, $2 I
N A ORA IS AR AR L) o

. _3p(1=b)+ (21,

2 ’
2-b (16)
3p—(1+b)o,
e

4  BEREFhTARBIGEIE X S0 R 43 #

K B8 1) i 4 136 A = i 56 78 AN [ 1 AN
FE . MR AL B PRl R AT I uE, N T
FULITERAR XS RRIR R T J15AT NS, RIS, T
5 p H = HARIG AT 772500 LA HT o
4.1 FrEEEREINUER 3T

Kl 7 (a), (D 7 al A RIEAE T ReER L5
) R A 25 SRR IG5 5 . AT R TE 18 2 = N K
I RN LR, K E W IIAAAEAE 1S REIR Z L 1 il
SR FE RGO, HLARYE 8 s M FLRR e T AT K
KR IR 518 5 KSR REE. B 7 (b)), (e)
ST AR T ReYE LR gE 2k . RS IR
B A BRI AR, 5 1 PRI 2 1 DR R 2 - 1) il
PRFE o

Kl 7 (o) gt T & KEX) R 46 i 26 g, 75 22
FERE, XRABGSITRE (DL KERT
XK GV LTI AT R, 2B T KM AR
itz . MW 7 (o) IREGSISKETN, REIRES
TR VP ES, RAEEKE T ERKERE
AT BEVE L (1) JE IR R BE R LN, AR Bk i
R RElE L JE R AL, XA Fo ORI
IKE R R LR R 45 G KR, ] T KEY IR
AR, 4i TR - ) R BT EE B, 15K
A A BEYR - 1 i IR R

090 -
0.80 |
U
= 070 1=2795 K
=5 w=95%
=060 - L 6
—o— S =10%
050 | —a—g i =30%
—o—EMt
0.40 L
100 1000 10000
SR 1 p/kPa

(a) HFIBERIR R



2462 = + o W 2025 4
090 - Llp
Lot
080 | 09
5070 %gg
& = -
R 0.60 |5 gg
Qm.ﬁim iﬂ*
—e—2795K 03}
040 L T TEE . ) 02}
100 1000 10000 0.1
SR 1 plkPa . . ‘ ‘ ,
(b) EEEHEM 0 02 04 06 08 1.0
090 Sv/%
8T Or o pmas
5 070 ¢ 09 [ —— ERAREY
|
& o8|
= 060 | 2
050 | =R
1 06
040 | gas
100 l(I)OO 16000 04 |
S48 1 plkPa
(o) BKRHYI 0353 04 056 08 1o
170 .
& 8 /KEMIEFIE S L T IEIRSEE R FNmR0 45-47)
155} Fig. 8 Yield strength in variable MH saturation and parameter L
S 4.2 BASHIRRBIERSH
1.40 -:;g}‘;};g:g =y 9 (a) ~ (o) NAFMAIEE, SKFAEEE
Qgﬁg'%\\xwg N REVRA 5 E IR A I = AR R B g AR S R
125l . . . i 2k FIALI LA 2k, [ 9 ht R B2 1 MPa,
002 0.1 1 10 100 . . X
— B 9 (d), Ce) 4 AN SRR RN R 1= Pk
()R FRAIE T 2 PRt H4s) o6 o BRI B L 9 (a), 10 (d) A4, BEss R
17 ¢ A NI E R —5, FEEWAE S, RelRgs 1
(UG 50 P 1 vy, N ) AR O 2R El B AR B AR S B AR
o NRAACRES, HEEER. B9 (b), (&) A
%15 | ANTRIURE T e 45 70 e YR 2 b iR SO A A B 56 A
i B IR I PR, AEVRZS AW R k. FLBR ELTE
14 - WA AE, HEERE T m sy 4a e, RIAEE
. BUBLRIISO IS B9 (o) RIBGKEAE
001 0.1 /}w , 10 100 SHORRETRES AR . & Sl m) ARG N, e
(o) RFIRAE F 2 I R BT R R S SEME S, FHAIG TR,

B 7 geiRHtFERERSERNRELER
Fig. 7 Simulation results and laboratory test results of isotropic
compression
Kl 8 4ythh 7ASE A FE NS LB T REVR RS 1)
VA — A e i B PR R A AR SR . R AR S A
WITES BRI S5 R AR — B R4S
BATINE, IS5 KA IS E L e R
JEZRIEAN
Py=Do+a@ Sy L (17)

A Py =500kPa, a” =936, b" =0.527, ¢’ =1.1.

10 Ca), (b) &5 T UM LRI S H00 fe i
R LU SRR, S S IR Es REEAT X H
RYIBUL R G E RIS R . 98 B2 X L
v 7 76 2 20 I T AT 06, KRR 8 AR idtAT .
BEAk, 3% HLE H Y % A IR 2 R AR Bl SRS
XPEEBU A R TR, RS B FORES Ja TR BT 3
A, (HRAEHNAR TR A ZE RO . BAE s
VORIRE S SN, X2 RO BRI 3008 N K &4
AN H R SEAIR , A EASZBIN Ay, BP0k
ERPEEN . AESEBTYIAHT SN K & IR E AR AR
IR, W] RALRER AR S AR 28, PR A LR ELIFRIT T2



% 12 3] KA, 5. B BRI S Y RE VR RS £ 2 BOTET 1% 2463

4000 )
3500 6] pp.-8MPac}=IMPa
st 0000000000z 1y
3000 AAAAAAAdquqqqqddqd%
5 2500 . o
[ ©00000 O 0 00
R 2000 Oé)f 00000000000 00000 © 000
= L &% 50° c'.o"’ L
&£ 1500 Sy =4.6% & ge0**”
1000 T S\uE10% o
== Syi=30%
500 —EE+ ® 71=9C o7=7T
. . . . ) & 7=5C 13
0 10 20 30 40 50 — S5=0 7=16C

B B %

0 3 6 9 12 15 18 21
/%

P.P.=8 MPa 3 =1MPa

1
2
—o8,=10% 5 3
A S 1=30%
041, Sus0 4
03, 10 20 30 40 50 51 o 19t orc
B 6 | o st Opag
(a) AR — 0 16t
; L
0 3 6 9 12 15 18 21
&/%
(e) AREE T ZNRLE R

9 RMMEARE TRERGERM T EN=MXIEL
Fig. 9 Results of conventional triaxial tests simulated and in

laboratory

11

. . ) ‘ ; 10 —e— NIRRT
0 10 20 30 40 50 VI BRI
1) N3 % 09 |

—— w=20%
—o— w=40%
—A— w=80%
—o— E¥t

VB — e A B

R
D WL R L
T

\?

0 05 10
IH—4ESwn

g 10 2 30 10 50 o (a) RRMEAEE

BIFREAE%
(c) Bk M 10

e
o
T

VA — {3 BE /kPa

L R
—— HRRRLY

o
=N

—o— Sy=27.3%(€1=0.645)

0.4 0.6 0.8 1.0
L

(b) RFELIE
10 UE{ERAEIELIS 0]

Fig. 10 Peak stress in variable MH saturation and parameter L

o
n

—o— Sh=36.8%(¢1=0.650)

o
%}

(d) AREMEET ZNABER



2464 Hs O+

2025 4F

4.3 EBE=HRE ot

4.1, 4.2 TR = SR 0 AN A5 ) T e
B FIFAT T I . AT RS B R VR 3 - &
—HRIG SR, T E RN 1A TR T RER R+
1) 73 2] .

K11 A H T KB N Svuin=4.6%, 5 JE
279.5 K, &/KEw=20% F, ZEBERN. 77 1 MPa FHIE
BTG B, B 11 (a) NN NiAs Lk, %
B 15 &35 B8R 28 1 1 77 25 ) . B S AR T b SR N D &
2, EMHFBIUINAT, ARG R WS /16 b E
BTN, X A 32 8RB T AR AR
(IR & [RISEAT AHEM, K- R R e sl i
SHARKIS, 328 BB i 45 BRI 52 BB
ST FRE R AR . 2R B R 45 e TR AN E S D
WA =R RE S, B RO ARG FOIRAS
R T F B DI AR R AR 3 ) R B11 ()
NFLBR L AR, PTRLE B R It 2 N R
SHSARFE MBI IR . (SRS, B’ 11 ()
FLBR Ee s AU 2B 4 - BT K- BY 4 e dh, HAE b
(B A T (R BE O I o XA PRR b B A e i) AR B
K 5 N R R s AR %, JRIARAET
WA, WK 12 P, B 11 (o), (d) NE=H
IRIG N K E NASFI /N 3 AR AR A, RIE R E
N g, TEAR N R, NERNAR ¢, [IAMERK, H b EEOK,
kBBl s R ¢, 7E b 4 0.0, 0.2 BRI SMEIK,
1E b=0.4 BT IR %A%, 4 bt 04 J5,
TN S5 1R AR 4

2000
1800
1600 |
o 1400
-% 1200
1z| 1000
= 80 —m—1=20%(5=0)
600 ‘ —o— w=20%(b=0.2)
—A— w=20%(b=0.4)
400 —o— w=20%( b=0.6)
200 w=20%(5=0.8)
0 e w=20%( b=1.0)
0 10 20 30 40 50
IR NS /%

(a) REFINIARHHLR

B RAE %
(b) FLERH

-140 | b=0.8
—*— b=1.0
0 10 20 30 ) 30
&1 1%
(c) NERAE TR

81/%
(d) RN R

11 RBURGERRERF T B = it ek

Fig. 11 True triaxial simulation results
51

631
501

38r

JBEETRERE 1%

251

131

w=20%
[—=—b=0
—o—p=0.2
—A—b=04
20 ——b=0.6
b=0.8
—*—b=1.0

25

15

10+

Zip i )

10 20 30 40 50
€] 1%

12 RREETRRF R AN RN R
Fig. 12 Percentage of bond breakage and aggregate crushing

5 %% 1
T R SR AR TR WAL R A 2



128

SKIBZR, 55, B BRI 1 I 45 T RE IR - B OT A T ik 2465

TN EAE M T8, W EUK SR IR E R
HE . EN G NKEESES T BB NE L
PR AR G YR . WIF RS AR, JREST
T B BRI R R AR - T - - I S5 A g
IR MR SN T HMS S LB RT R &,
FESL T AR REIR RS LR, O YR
Rt AT 1 RAIE, R RO 2R S =
g R B B, MRS Y, AR DL N
TIBRARHIRER . VAN EEAR IS S HUE A IR i TR
ZETREVR R AR, B AN L 2 H R RE IR A
fugiti . Beah, IR R B X REIR R L s T
P SE I RGN, JiE S A [ 3 SN R 2 R LR .
LT EUA RIRHU 5, ASCHE R AR BOT /& B
T A 3 AT LA XS ReVR L ) AT A, A
FHRIMFR. HE, FEENFREGKE TR SR
JRW 15 R G A R, ASCHR BN RN E AR T
EIREM LA RPN ES R s, e
BT HE— D 5 NS, SRS HE AR R 45 R RE YR
BEMIIET N,

B R SR BB A R L B

Fl£3 2 FRA/Conflict of Interests: JITfT 1E# 75 W AAAER 25
1%, All authors disclose no relevant conflict of interest.

{£%& STfk/Authors' Contributions: % BHEE BT 7 N7, $24t
WHIRT, AR TERAH R T, SKIBRME RS 580
FAEMMES . BT 1 2 5 3 ) S R AR AR 3R 5 . This
study was designed and supervised by JIANG Mingjing. The
numerical analyses were conducted by ZHANG Xudong. The
manuscript was drafted and revised by JIANG Mingjing and
ZHANG Xudong. All the authors have read the last version of

manuscript and consented for submission.

SE -

(1 #0E, B 6, X 57, WEREIE LI R IRIE T
) 52 B 5t B[] & - DO R, 2010, 32(9):
1412-1417. (JIANG Mingjing, XIAO Yu, LIU Fang.
Methodology for assessing seabed instability induced by
exploitation of methane hydrate[J]. Chinese Journal of
Geotechnical Engineering, 2010, 32(9): 1412-1417. (in
Chinese))

[2] HE J, JIANG M J, LIU J. Effect of different temperatures and
pore pressures on geomechanical properties of pore-filling
type of methane hydrate soils based on the DEM

simulations[C]// Proceedings of the 7th International

Conference on Discrete Element Methods. Singapore:
Springer Singapore, 2017: 827-835.

[3] IANG M J, LIU J, SHEN Z F. DEM simulation of
grain-coating type methane hydrate bearing sediments along
various stress paths[J]. Engineering Geology, 2019, 261:
105280.

[4] ZHANG W, LIANG J Q, SU P B, et al. Distribution and
characteristics of mud diapirs, gas chimneys, and bottom
simulating reflectors associated with hydrocarbon migration
and gas hydrate accumulation in the Qiongdongnan Basin,
northern slope of the South China Sea[J]. Geological Journal,
2019, 54(6): 3556-3573.

[5] LIANG J Q, ZHANG W, LU J, et al. Geological occurrence
and accumulation mechanism of natural gas hydrates in the
eastern Qiongdongnan Basin of the South China Sea: insights
from site GMGS5-W9-2018[J]. Marine Geology, 2019, 418:
106042.

[6] SMITH D H, WILDER J W, SESHADRI K. Methane hydrate
equilibria in silica gels with broad pore-size distributions[J].
AIChE Journal, 2002, 48(2): 393-400.

[77REN J J, YIN Z Y, CHEN G J, et al. Effect of marine clay
minerals on the thermodynamics of CH4 hydrate: Evidence
for the inhibition effect with implications[J]. Chemical
Engineering Journal, 2024, 488: 151148.

(8] Eillz, PRI, KO, 5 BKEGWE LA
U WE 9T (0] SZI6 J7 5, 2018, 33(2): 245-252. (WANG
Shuyun, LUO Dashuang, ZHANG Xuhui, et al. Experimental
study of mechanical properties of hydrate clay[J]. Journal of
Experimental Mechanics, 2018, 33(2): 245-252. (in Chinese))

(9] AL, sKiakE, Bmele, & MK EME IR %
RIS S )], 1% 24k, 2015, 47(3): 521-528.
(SHI Yaohong, ZHANG Xuhui, LU Xiaobing, et al.
Experimental study on the static mechanical properties of
hydrate-bearing silty-clay in the South China Sea[J]. Chinese
Journal of Theoretical and Applied Mechanics, 2015, 47(3):
521-528. (in Chinese))

[10] Sete, SRIOME, AL, & FLKEGWITRY ) ¥4
P B N ) AR % 2R [T]. o K 2 SR (B R B AR,
2017, 47(10):9-13. (LU Xiaobing, ZHANG Xuhui, SHI
Yaohong, et al. Mechanical properties of hydrate-bearing
silty-clay and stress-strain relation[J]. Periodical of Ocean
University of China, 2017, 47(10):9-13. (in Chinese))

(117 &%, RRSUKEDUTORDER 80 )1 R AT SE[D]. K
WE: KIEFL T K2, 2016. (ZHU Yiming. Study on Static and



2466 HoE L OB ¥ M

2025 4F

Dynamic  Characteristics of Natural Gas Hydrate
Sediments[D]. Dalian: Dalian University of Technology,
2016. (in Chinese))

[12] B83T3T. RIRFKEVIT RS R BT )1 2 e VAT
FL[D]. K KIEH T K%, 2020. (LUO Tingting. Study
on Mechanical Properties of Silty Sediments During Natural
Gas Hydrate Exploitation[D]. Dalian: Dalian University of
Technology, 2020. (in Chinese))

[13]LIY H, SONG Y C, LIU W G, et al. Analysis of mechanical
properties and strength criteria of methane hydrate-bearing
sediments[J]. International Journal of Offshore and Polar
Engineering, 2012, 22(4): 209-296.

[14] JIANG M J, SUN R H, ARROYO M, et al. Salinity effects on
the mechanical behaviour of methane hydrate bearing
sediments: a DEM investigation[J].
Geotechnics, 2021, 133: 104067.

[ISTLIT, LIL Q, LIU J J, et al. Influence of hydrate participation

Computers and

on the mechanical behaviour of fine-grained sediments under
one-dimensional compression: a DEM study[J]. Granular
Matter, 2021, 24(1): 32.

[16] SHEN Z F, LI X X, YI X J, et al. DEM simulation of
microscopic structure and macroscopic mechanical behavior
of clay in oedometer and triaxial compression tests[J].
Computers and Geotechnics, 2024, 173: 106544.

[17] LIU J, LIN C L, MILLER J D. Simulation of cluster
formation from kaolinite suspensions[J]. International Journal
of Mineral Processing, 2015, 145: 38-47.

(18] “=5REk. 3T BIRLBRE I G5 M VERE 1 ) AR Ve i) = 4E
BOCHEE 78 (D], B [FEFR%, 2022, (NIU Maoyi.
Three-dimensional  Discrete  Element  Simulation  of
Mechanical Properties of Structural Clay Based on Particle
Breakage[D].
Chinese))

(19] #dRte, K, M 8, 55 FH0 BRI &K
BRIV I AR R BT FE[T]. AR AR, 2021,
29(6): 1733-1743. (HAN Zhenhua, ZHANG Luqing, ZHOU

Shanghai: Tongji University, 2022. (in

Jian, et al. Effect of clay mineral grain characteristics on
mechanical behaviours of hydrate-bearing sediments[J].
Journal of Engineering Geology, 2021, 29(6): 1733-1743. (in
Chinese))

[20] % B RESBLRIEREIR RS 00 S RV B BOT R S S
TR BRI AR 23 AT [D]. KKK 22,2023, (LT Zheng.
Discrete Element Simulation of Mechanical Properties and

Structural Damage Evolution of Grain-cementing Type

Methane Bearing Clay[D].
University, 2023. (in Chinese))
[21] JIANG M J, SHEN Z F, WANG J F. A novel

Hydrate Tianjin: Tianjin

three-dimensional contact model for granulates incorporating
rolling and
Geotechnics, 2015, 65: 147-163.

[22] ANANDARAJAH A, CHEN J. Van der waals attractive force

twisting  resistances[J]. Computers and

between clay particles in water and contaminants[J]. Soils
and Foundations, 1997, 37(2): 27-37.

[23] ANANDARAJAH A, CHEN J. Double-layer repulsive force
between two inclined platy particles according to the
gouy-chapman theory[J]. Journal of Colloid and Interface
Science, 1994, 168(1): 111-117.

[24] SHANG X Y, HU N, ZHOU G Q. Calculation of the
repulsive force between two clay particles[J]. Computers and
Geotechnics, 2015, 69: 272-278.

[25] ANANDARAJAH A. Numerical simulation of
one-dimensional behaviour of a kaolinite[J]. Géotechnique,
2000, 50(5): 509-519.

[26] NIU M Y, JIANG M J. Discrete element modelling of
reconstituted and natural clays using crushable cluster[C]/
8th Asian Particle Technology Symposium, Osaka, 2021.

[27] DERJAGUIN B, LANDAU L. Theory of the stability of
strongly charged lyophobic sols and of the adhesion of
strongly charged particles in solutions of electrolytes[J].
Progress in Surface Science, 1993, 43(1/2/3/4): 30-59.

(28] 2= V&, ¥WIBE, FMEHE. 2R ERAR T GE A IE A
WEHE AU B BOC /T [I]. 5 R IRE2AR, 2020, 42(6):
1159-1166. (LI Tao, JIANG Mingjing, SUN Ruohan. DEM
analysis of evolution law of bond degradation for structured
soils[J]. Chinese Journal of Geotechnical Engineering, 2020,
42(6): 1159-1166. (in Chinese))

[29] SHEN Z F, JIANG M J, WAN R. Numerical study of
inter-particle bond failure by 3D discrete element method[J].
International Journal for Numerical and Analytical Methods
in Geomechanics, 2016, 40(4): 523-545.

[30] HYODO M, NAKATA Y, YOSHIMOTO N, et al. Basic
research on the mechanical behavior of methane
hydrate-sediments mixture[J]. Soils and Foundations, 2005,
45(1): 75-85.

[311 YANG D H, CHEN Y, WU Y C, et al. Phase equilibrium of
methane hydrate in sediments: experimental and theoretical

characterization[J]. Energy & Fuels, 2023, 37(3): 1872-1880.
[32] KOOP T, LUO B, TSIAS A, et al. Water activity as the



128

SKIBZR, 55, B BRI 1 I 45 T RE IR - B OT A T ik 2467

determinant for homogeneous ice nucleation in aqueous
solutions[J]. Nature, 2000, 406(6796): 611-614.

[33] ZHOU J Z, LIANG W P, WEI C F. Phase equilibrium
condition for pore hydrate: theoretical formulation and
experimental validation[J]. Journal of Geophysical Research:
Solid Earth, 2019, 124(12): 12703-12721.

[34] Bk, BRI, RO, & BRI A
FHERK S VAP ATRRT]. B4R, 2011, 27(2):
295-301. (YAN Rongtao, WEI Houzhen, WU Erlin, et al. A
phase equilibrium model for gas hydrates considering
pore-size distribution of sediments[J]. Acta Physico-Chimica
Sinica, 2011, 27(2): 295-301. (in Chinese))

[35] LOW P F, DEMING J M. Movement and equilibrium of
water in heterogeneous systems with special reference to
soils[J]. Soil Science, 1953, 75(3): 187-202.

[36] BEN CLENNELL M, HOVLAND M, BOOTH J S, et al.
Formation of natural gas hydrates in marine sediments: 1.
Conceptual model of gas hydrate growth conditioned by host
sediment properties[J]. Journal of Geophysical Research:
Solid Earth, 1999, 104(B10): 22985-23003.

[37] COOKE A J, ROWE R K. Extension of porosity and surface
area models for uniform porous media[J]. Journal of
Environmental Engineering, 1999, 125(2): 126-136.

[38] OUADFEL H, ROTHENBURG L. "Stress - force - fabric'
relationship for assemblies of ellipsoids[J]. Mechanics of
Materials, 2001, 33(4): 201-221.

[39] JIANG M J, KONRAD J M, LEROUEIL S. An efficient
technique for generating homogeneous specimens for DEM
studies[J]. Computers and Geotechnics, 2003, 30(7):
579-597.

[40] HEAD K H. Manual of Soil Laboratory Testing. Volume 2:
Permeability, Shear Strength and Compressibility Tests. ed.
2[M]. Caithness: Whittles Publishing, 1994.

[41] ASTM Committee D-18 on Soil and Rock. Standard Test
Method for Unconsolidated-Undrained Triaxial Compression

Test on Cohesive SoilsfM]. West Conshohocken: ASTM

International, 2007.

[42] COLLOP A C, MCDOWELL G R, LEE Y. Use of the distinct
element method to model the deformation behavior of an
idealized asphalt mixture[J]. International Journal of
Pavement Engineering, 2004, 5(1): 1-7.

[43] CIANTIA M O, ARROYO M, CALVETTI F, et al. An
approach to enhance efficiency of DEM modelling of soils
with crushable grains[J]. Géotechnique, 2015, 65(2): 91-110.

[44] LA, R0 W0 /KA 0T BRI 13RS i LR 5
[D]. K& HHKE, 2022. (JIANG Shuhui. Study on the
Influence of Clay Minerals on Hydrate Formation and
Reformation[D]. Changchun: Jilin University, 2022. (in
Chinese))

[45] YANG D H, YAN R T, YAN M Q, et al. Geomechanical
properties of artificial methane hydrate-bearing fine-grained
sediments[J]. Gas Science and Engineering, 2023, 109:
104852.

[46] YAN R T, YU H F, YANG D H, et al. Isotropic compression
behavior for methane hydrate-bearing soil with varying
temperature and pore pressure[J]. International Journal of
Hydrogen Energy, 2023, 48(93): 36327-36339.

[47] WU P, LI Y H, WANG L, et al. Hydrate-bearing sediment of
the South China Sea: microstructure and mechanical
characteristics[J]. Engineering Geology, 2022, 307: 106782.

[48] YANG F, LI C J, WEI N, et al. Mechanical properties and
constitutive model of high-abundance methane hydrates
containing clayey-silt sediments[J]. Ocean Engineering, 2024,
298: 117245.

[49] YANR T, WU Y C, YANG D H, et al. Temperature and pore
pressure dependencies of the mechanical behavior of methane
hydrate-bearing  fine-grained International
Journal of Geomechanics, 2024, 24(11): 04024252.

[50] WANG L, LI Y H, SHEN S, et al. Mechanical behaviours of

sediment[J].

gas-hydrate-bearing clayey sediments of the South China
Sea[J]. Environmental Geotechnics, 2022, 9(4): 210-222.



