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Three-dimensional discrete element analysis of mechanical behavior
of methane hydrate-bearing sediments
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Abstract: The mechanical behavior of methane hydrate-bearing sediments has been a research focus in the area of exploiting
methane hydrate from deep seabed currently. This paper presents a numerical analysis of mechanical behavior of hydrate-bearing
sediments by using the discrete element method (DEM). Firstly, a new method for preparing hydrate-bearing samples in the DEM
simulation is proposed. Then, a series of numerical simulations of drained triaxial tests are performed on hydrate-bearing sediments
with different hydrate saturations. And the simulation results are compared with the test results obtained in the laboratories. Finally,
some numerical experiments on hydrate-bearing sediments with different micro-bond parameters are performed using the same
method. The study shows that the DEM simulation is able to capture the main mechanical characteristics of hydrate-bearing
sediments; and their mechanical properties will change with the variation of the properties of the bond between methane hydrate and
soil particles. Furthermore, it is found that both of their peak strength and elastic modulus are enhanced by the presence of methane
hydrate in hydrate-bearing sediments with the forms of cementation and pore-filling in combination.
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with different hydrate saturations



258 b +

VA 2 2014 4F

(1) IKEWHFN LR K G oTRR ) B8 -
M W . B KSR G, KA
VIR I HE R B B 2 ) N AR AR A I 5

(2) FKEWUTR) (AR 388 R 5 7K A W v 2
HEEVINR . KEWHRREER, YRR
R P AR, LU i i 52 ) 38R PR B ] X2

(3D IKE VIR LT 7K B TR (R 5 4% i B
H— M. (KGR RN, Ut
T R AR R B AN SZ K G, T 47K A
WV FERORIS , ORIk A i e B 2 34 m, - H
L T FEE it 7K 25 A LRI E ()8 i Y
3.2 HERAR

Bl 4@zt TAFZKEWHFIE (0% 10%-
20%F1 30%) JURIIFEAE 1 MPa [ R 4742 2k (1)
BIHOTHHUZE AL, 18] 4(b) A AH A A 24 Bs N AN A
R (7.70% 9.38%- 22.5%F1 37.6%) FIR/KE
YD) A HE KRS BT A I AR AR i Y
4(a)~ 4(b)r] LIRIL, —3 R T BEAR—SUR AR R
At WRESE B4R Bk, HOKE WM RO, BY
BRI

0.10
0.08
o 0.06 IR 30%
B |
= 0.04
0.02 F
0.00
-0.02
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
ol ) AR
(a) HELER
IFIEE Ry 37.6%
#
£l
z

-0.02

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
o ) AR
(b) kg R

B 4 AFEK G ETIRYRZR Lk
Fig.4 Volumetric strain response of hydrate-bearing
sediments with different hydrate saturations

3.3 MR Es

Kl 5(a). 5(b)Z3h 1 MPa 52 s R B ot
HOE AR & Py = Al HE KR 50 A3 21 1 7K 5 DU
Psp iR Esy Sk PRE Ak e &M
Bl s ATLUE H, RS PRI V9 B R R s
Wit Eso (EHUH FAAE— s m e, (HILHKEY)
TRLRIE AR AR H R T — By, Bt
Eso SKEPBABE AR R LR

180
160
140

120

PR Eso/MPa

100 ¢

80
0.0 0.1 0.2 0.3 0.4
KE PR
(a) MR
400

350
300
250
200
150 | a
100 |
50 L

PRI Eso/MPa

0.0 0.1 0.2 0.3 0.4
KGR
(b) kg R
B 5 VIRYHRIERE Es SKEYRANERIRR
Fig.5 Relationships between Young’s modulus at 50%

stress level (E5) of hydrate-bearing sediments and
methane hydrate saturation

3.4 EEHERSE

1 MPa {330 e N /KA i eR e (e i 1 5 7K
EYIBRFERE R WE 6(a). 6(b)FT7R, B 6(a) kA
BTG R, K 6(b)hE N =K 45
SRR AT, BRI A R S g Rk
I AR AR A R s URR A (P WA 5 B B VK 5 4
PRLRIFE [ 184 fin it S LR M3

gr LTRSS EOTR S R S AR R
Bl IR N O = N Sl HE KR 6 45 SR I ) - B AR 56
R KRR WIEEIE Eso SO RS 7 1Tk
ITERAE, ATRLRIL, R XEes AEHE bAoA
S, AHEUE AL AT AR B2 I b S et /K 5t



513

PR RGO AT — 2 B e Hr 259

W) L) A PR, I BRI Ay
R KGRI I T 2P TR A T PERIT N %2
AT

3.0
£ 25
=
~
2.0
=
& g5
&
1.0
0.0 0.1 0.2 0.3 0.4
KE PR
(a) Pifplgh g
10

VAL 55 )% / MPa

00 01 02 03 04 05 06
KE PR
(b) k4 R

Bl 6 VIRYEHBESKEYRMERXER

Fig.6 Peak strength of hydrate-bearing sediments vs.
methane hydrate saturation

4 TOWLBEES PERE IR R0

IKE WD A [ 4 2 eh R B /R S 3K
AL 1 RSP 4 11 HY BeRs L0k 57K &
PrE L i — R LAIE IR A S ), BB, XA R
PR AN S RS GO 3 2 i oL A W) A 5
Wi A AR ] )R/ ORI S P EE )
EPEIA R, AR P R AR R R RE S
A PERERIARAL,  BETSE R SR )1
PE. CATHITRYL, KSR A i LAy
il HAAFE UG, s, WADBAR. I
TR, KEWIRE SR, 534h, A s
FLBRHB IR, AANFIE R R SRR G TR
Wb L SERL A s B AR AR TN Bk, BFK
)5 LROREZ 18] B 45 R BEXT DR 0 2 e )
S BAT LR L, SO R A AT B TR T il
IKE MR A M K A SR o A R
TOIEF, BRI G, i 5 R A~ AR AN B HCR
Y LA LI = PN P NS | D S S R N
B2 2 5 5 IR A AR I K S DRI R A T B DT
ARG, DARTHIOR ) 2k S i v g
Z IR AR

4.1 WREEEREW

Bl 7 A iE i BT A RIS 2 K A P AN
FEA 30%, JR&:F4EH0 0.5, HEREMEARR (1.
5. 10 MPa) [HUURIFEIIRY - AR ihek. s 7
AT LA HY S 0K [] (14) s &5 580 B R 7K A5 i R g
- N ARREME BAT — @ W5 . BEAG 4l o n,
DURRA) (1 Ve 5 P55 R P S i T K, (LT SR
I SR P AR A IR 5 0 AT W S 2

3.0
s L £ 10 MPa
£ 20t
= 1 MPa
S 15
§ 5 MPa
E 10
0.5
0~0 1 1 1 1 1 1 1 ]
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
il ey AR

B 7 ARG REVIARYIN - RFR
Fig.7 Stress-strain curves of hydrate-bearing sediments
with different bond strengths

42 RELRKIZW

IKE MR R 30%, AR 455% 4 10 MPa, {H
4R (0.25 0.50 F1 0.75) IIUIRIRER)
N = AR i 2 8 oo FH AT AN, BR&s ARt
DU S B ORI AR, sk
B, (HRE 2 AR RO A WA 5 2 4D 5 i )
FHXTR 7N

3.0

g2 4200 0.75

WY 1/ MPa

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
il 16 2R

B8 AR EEVRYHIN - KRR
Fig.8 Stress-strain curves of hydrate-bearing sediments
with different bond radii

1 EIRAAE G 45 R T, K G Rk
(I PR REXS K G DR R )~ M AT e 1
M. PTEL, AN AT ISR 5 DI 4 T RE AL
S, BAEKEPRAT R AR, AT RE R —



260 b +

VA 2 2014 4F

Sen b TR, AU sORRR . MR TR AR,
DI, FEBEAT K SR 0 2 P R S, N
% 8K L ORLE AR AL Pty SR (R o

5 PR

AT AT AL, KGR 241
5 /KGR R TR A AR 2 DI G, A
SCHEARE B U2 R AR R K SR R 2 )
SEREIE I N AE R A

IKETE B B8 T DU b ) ST FLRR, A
IKEPUIRIFLBRIR S, KA IR RO, It
LB R N o EARBETC, MuKE P
M 0% INE] 10%. 20%- 30%I, DIRIFEIFLER
M 0.41 73 HIE/NE] 038, 0364 0.33. 4KEW
YRR/, R DRI FLBRAT BTk, {H
TUORRYIH LB DR ECR, KEYLEZ 3 Lk
YEFI B M REREAT AR B FH IR B, AR T 12
T H, I, KAV 1 2E T R AR
s (HBEAE K SR BE R34 0, TR FLIR
BRI, TEAMATEIER T, KAV S
Z R 2 PR, AR 2 5 5 [ ok 4 A i
BCOAFE IR, TIER = T KA AR 1) 5 i R s
PEBLE, IR T DR B 5 AR RIS

Brugada USR] LIE A FLBUE A7 A4
FUOR T K G, AT S SR KT 20% 0,
A 0TI 7 2 1 S5 A B I S PR ), IXIE
BT EIR BT A 3 o AN SOREARL 45 R DL SR AR
IKEPDIRREG 25 R R 0, RIMEK A i
FE/NT 10%, DURBRPII G R S o MR fE s 52K &
VI sem,  IX 1 B K G e U g P )
FERL M 75 255 A IR RE o

KGR LR R IREAE, e 5 LR E
Fefub s AL 2l DRk, 5 TEIR S IAA B L ROREAH EE
IKE IR RS2 B A RAE T K. KA
W RN FEOK, 0N 57K A 2 IR R R 4t ik %2
FEARRE T A7 HIORLSZ 2 1) 29 SR F ki, X
BN KGR R AR T2 Z e i,
Rk, DURR AT SR s St fis . K19k
B BOCEUER K R R AN R K S R B DU
2 45 50 E Bt 1) AR (19 AR AR B o %) B I 9 T 3(a)
IR e 7/ LUV <y N e = e el o) 35V E i
%, M, ORI i A S R B .
FARFFRFE P IR S5 5 H AR, BRSSP R A
A, A SR EE, TR A B T G e
B, WRRFERE IR I T 75 (8 BE AT AR &3 Ny,

M5 SO B P OB 40 1D e JE R L P A 18 T
Bl 10 MAHFEZK SRR (30%), (HAN[RI R 40
JEMPURRIRE P I S5 5 H AR ol K 10 5
Bl 7 BEAT LR T DL, Ml b A AR ) Bl o) i
SERNARIN R4S R IARKRE & A I R AR, B
T ek, T DAL o SRR A AR 1 B 4 0
s PRCP rp gl 242 1 e PR 41, e AR i
HOK BRI I T R I S5 R T s A e, (3
T AS N, BT CADUR ) 5t B AR A A /N s TG
SEPAR IR RS KO s R (W BL e Bhae 1, B A
DURRP IR A 15 B 2 45 A2 () 19 K T B S 3860
K11 K EIMORIE S 30%, (HE4E AR AN A 1)
DURIRE I 25550 H AR B R B rh AR A o
R R LY, LR RGBT,

g TR, KGRI 2, e
B, SRS, BUIK LIS A, LR S AR
[ e & A E K S AL RIE R 45 3, B
IR . KSR ER /N, T
FLBE A (7K B T DR (1) 3 2 M T i S AN AT
Semy, AR S R M EIAN AT 20 . DR, EATE
FOKE YD S 2L T, A% [ I 2% R 3 5
LEAETE K G 50

25000

20000

15000

10 000 | YRIEE N 30%

JB &5 K H /A

5000

0 : ———
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Al i AR
B9 ANRKEYRMBETARYIRT S35 E 2t
Fig.9 Variations of bond number of hydrate-bearing
sediments with different hydrate saturations

25000

20000

IS

15000 |

10000 4558 0 10 MPa

JRAEHH /

5000

0 wpa

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Al i AR
B 10 NRREEZTRYIET R S5 E L
Fig.10 Variations of bond number of hydrate-bearing
sediments with different bond strengths




513

PR RGO AT — 2 B e Hr 261

25000 r

20000

15000

2% /A

10 000

B

5000

0 1 1 1 1 1 1 1 ]
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

Al i AR
B 1 ARG ETRYE TR S5 H 3L
Fig.11 Variations of bond number of hydrate-bearing
sediments with different bond radii

6 4

(D) 2l T RS K SR ot ulFE
WIFT T k. ZIRERER . 7 A R R RUK
EPMRZYRRIRE,  HaAE b A N A A LB
TR EGE IR R IK

(2) RAASCE RT3 2 1 45 R RERL
L M S WK S TR BB ket BEER K&
YA RN, DU I ik BE RS PR R 1O
BTN AR SR AL DL G S W S

(3) JREW)E L JURL A 45 P RE R AR AL 23 5
IKE DRI T2 N o 7K ) 0K ] R Ji
SR, KA IR T i BE A S PR RO,
1113 45 A RO R R U 32 S5 [ O AR A 1
Ko XTSRSE RIS AHRT LN o

(4) DIBTE SLBUR R 45 - AAR0R: 2% 4 Ffr 1 377
FERIK G2 WK SR S22 i, K
EEE7/RS RN AL o RPN E- AT P/ e PRI (B
Hle
B ORI SRR BUTIH S S T IR 53

Fr!
2 % 3 MR

[1] SOGA K, LEE S L, NG M Y A, et al. Characterisation
and engineering properties of methane hydrate soils [J].
Characterisation and Engineering Properties of
Natural Soils, 2007, 3: 2591 —2642.

[2] WAITE W F, SANTAMARINA J C, CORTES, D D, et al.
Physical properties of hydrate-bearing sediments[J].
Reviews of Geophysics, 2009, 47 (4): RG4003, doi:
10.1029/2008RG000279.

[3] SULTAN N, COCHONAT P, FOUCHER J P, et al. Effect

of gas hydrates melting on seafloor slope instability[J].

[4]

(3]

(8]

[10]

(11]

[12]

[13]

[14]

Marine Geology, 2004, 213 (1): 379—401.

BROWN H E, HOLBROOK W S, HORNBACH M J,
et al. Slide structure and role of gas hydrate at the
northern boundary of the Storegga slide, offshore
Norway[J]. Marine Geology, 2006, 229(3): 179—186.
NIXON M F, GROZIC, J L H. Submarine slope failure
due to hydrate dissociation: A preliminary quantification[J].
Canadian Geotechnical Journal, 2007, 44(3): 314—
325.

FREIJ-AYOUB R, TAN C, CLENNELL B, et al. A
wellbore stability model for hydrate bearing sediments[J].
Journal of Petroleum Science and Engineering, 2007,
57(1): 209—220.

RUTQVIST J, GROVER T, MORIDIS G. Coupled
hydrologic, thermal and geomechanical analysis of well
bore stability in hydrate-bearing sediments[C]//Offshore
Technology Conference. Houston: Offshore Technology
Conference Publisher, 2008.

KLAR A, SOGA K, NG M Y A. Coupled deformation-
flow analysis for methane hydrate
Géotechnique, 2010, 60(10): 765—776.
HYODO M, NAKATA Y, YOSHIMOTO N, et al. Basic

extraction[J].

research on the mechanical behavior of methane hydrate-
sediments mixture[J]. Seoils and Foundations, 2005,
45(1): 75—85.

MASUI A, HANEDA H, OGATA Y, et al. The effect of
saturation degree of methane hydrate on the shear
strength of synthetic methane hydrate sediments[C]//
Proceedings of the 5th International Conference on Gas
Hydrates. Trondheim: Tapir Academic Press, 2005: 657 —
663.

MASUI A, HANEDA H, OGATA Y, et al. Triaxial
compression test on submarine sediment containing
methane hydrate in deep sea of the coast of Japan[C]//
Proceedings of the 41st Annual Conference. Kagoshima:
Japanese Geotechnical Society Publisher, 2006.

YUNT S, SANTAMARINA J C, RUPPEL C. Mechanical
properties of sand, silt, and clay containing tetrahydrofuran
hydrate[J]. Journal of Geophysical Research, 2007, 112,
B04106, doi:10.1029/2006JB 004484.

MIYAZAKI K, MASUI A, SAKAMOTOYY, et al. Triaxial
compressive properties of artificial methane-hydrate-
bearing sediment[J]. Journal of Geophysical Research,
2011, 116, B06102 doi:10.1029/ 2010JB008049.

KK, Tz, 1, 55 RRUKEDIIR N
2 RERIG TS [T]. 1 4127, 2010, 31(10): 3069 —
3074.



262 F I S 2014 4F
ZHANG Xu-hui, WANG Shu-yun, LI Qing-ping, et al. JIANG Ming-jing, HE Jie, ZHOU Ya-ping. Distinct
Experimental study of mechanical properties of gas element analysis of macro-mechanical properties of
hydrate deposits[J]. Rock and Seil Mechanics, 2010, deep-sea methane hydrate-bearing soil using micro-bond
31(10): 3069—3074. thickness model [J]. Rock and Soil Mechanics, 2013,

(15] Bk, BEE, BRR, 55 RGBS KEY 34(9): 2672—2681.
bR EE R m[T]. AL RS, 2012, 34(7): 1234— [19] JUNG J W, SANTAMARINA J C, SOGA K. Stress-strain
1240. response of hydrate-bearing sands: Numerical study using
YAN Rong-tao, WEI Chang-fu, WEI Hou-zhen, et al. discrete element method simulations[J]. Journal of
Effect of hydrate formation on mechanical strength of Geophysical Research, 2012, 117, B04202. doi: 10.1029
hydrate-bearing  sand[J]. = Chinese Journal of /2011JB009040.

Geotechnical Engineering, 2012, 34(7): 1234—1240. [20] WANG Y H, LEUNG S C. A particulate scale

[16] BRUGADA J, CHENG Y P, SOGA K, et al. Discrete investigation of cemented sand behaviour[J]. Canadian
element modelling of geomechanical behaviour of Geotechnical Journal, 2008, 45(1): 29—44.
methane hydrate soils with pore-filling hydrate [21] CUNDALL P A. PFD* user’s manual. (Version 3.1) [R].
distribution[J]. Granular Matter, 2010, 12(5): 517—525. Minneapolis: Itasca Consulting Group Inc., 2004.

(171 HAT, BHIE, INANL 5 RBRA G M REUR  [22] MASUIL A, HANEDA H, OGATA Y, et al. Mechanical
72 W 7 2 M R O BUE L AT ], A 2, properties of Toyoura sand containing synthetically
2011, 323 F1 1): 755—760. produced gas hydrate in a triaxial pressure vessel[C]/
XIAO Yu, JIANG Ming-jing, SUN Yu-gang. Numerical The 2nd International Workshop on Gas Hydrate Studies
simulation of macromechanical properties of deep-sea and Other Related Topics for the Future Energy and
energy soil by discrete element method under simplified Environment Considerations. Kitami: Japanese Geo-
bond model[J]. Rock and Soil Mechanics, 2011, technical Society Publisher, 2005.
32(Supp.1): 755—760. [23] SONG Y, YU F, L1 Y, et al. Mechanical property of

[18] EEWIEE, PO, JEHEDE. BT 45 )5 R A Y 1y v vhs artificial methane hydrate under triaxial compression[J].
Redi 1 M) SR T /AT 3], A 1%, 2013, Journal of Natural Gas Chemistry, 2010, 19(3): 246—
34(9): 2672—2681. 250.

B 254 T

[23] £5F AR DO B . AR 2 ST 5 BRI, AKJIAHL, 2009, 35(5): 67—70.

TR E[R]. B SBFE/KRIE A X K ZEYE 5, 2000. WANG Nian-xiang, ZHANG Wei-min, GU Xing-wen,

[24] BN, BRATK. SEIPEETAHE A B0 S K A AR et al. Dynamic centrifige model test for Changheba
TESEM s A3 M 3], K1 H, 2010, 36(8): 51—53. dam([J]. Water Power, 2009, 35(5): 67— 70.

ZHANG Wei-min, CHEN Sheng-shui. Analysis on [28] FAREFY, wONR, BATSC, 4. Ok i RE &V
permanent deformation monitoring data of Zipingpu HEBRII]. A TSR, 2012, 34(5): 798 —
concrete faced rockfill dam after Wenchuan earthquake[J]. 804.

Water Power, 2010, 36(8): 51—53. WANG Nian-xiang, ZHANG Wei-min, GU Xing-wen,

[25] AR, FER, BATSC, & AT E K A et al. Combined model for seismic responses of high core
AFTEUEE R 25 OB RR IS IOAIE (D). /KA /KIZ TFE 243, rockfill dams[J]. Chinese Journal of Geotechnical
2011, (1):22—27. Engineering, 2012, 34(5): 798 —804.

ZHANG Wei-min, WANG Nian-xiang, GU Xing-wen, [29] Comision Federal De Electricidad. Effects of the
et al. Deformation mechanism study of top reinforcement septemter 1985 earthquake on dams built on the Balsas
of the earth-rockfill dam and its verification by the river[R]. Mexico City: Comision Federal De Electricidad
centrifuge = model test[J]. Hydro-Science and Mexico, 1987.

Engineering, 2011, (1): 22—27. [30] AHMED W M ELGAMAL, RONALD F SCOTT,

[26] ROMO M P. Model development from measured seismic MOHAMED F SUCCARIEH, et al. La Villita dam

[27]

behaviour of earth-rockfill dams[R].
Inistituto De Ingenieria UNAM, 2002.

FAEAY, BN, BUTIC, A%, KIEh ) O

Mexico City:

response during five earthquakes including permanent
deformation[J]. Journal of Geotechnical Engineering,
1990, 116(10): 1443—1462.



