TUNNEL & UNDERGROUND SPACE Vol. 24, No. 2, 2014, pp. 143-154

http://dx.doi.org/10.7474/TUS.2014.24.2.143

7IAGIO|EH0|E JHEMHA RN 2] O]
HAskY OIMM HYIE 2§t X|2M[7 = A R

|
=]

TUNNEL & UNDERGROUND SPACE

ISSN: 1225-1275(Print)
ISSN: 2287-1748(Online)

7 ExE0)
ot

8Z* Jonny Rutqvist

Geomechanical Model Analysis for the Evaluation of Mechanical Stability of
Unconsolidated Sediments during Gas Hydrate Development and Production

Hyung-Mok Kim*, Jonny Rutqvist

Abstract In this study, we simulated both dissociation of gas hydrate and mechanical deformation of hydrate-bearing
sedimentary formation using geomechanical model. The geomechanical model analysis consists of two distinct codes
of TOUGH+Hydrate and FLAC3D. The model is characterized by the fact that changes of temperature, pressure,
saturation and their influence on the consequent evolution of effective stress, stiffness and strength of hydrate-bearing
sediments during gas production could be well simulated. We compared the results of simulation for two different
production methods, and showed that combination of depressurization and thermal stimulation results in the
enhancement of production rate especially at early stage. We also presented that the hydrate dissociation-induced
geomechanical deformation in unconsolidated clay is much larger than that in sandstone.
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(b) In TOUGH+Hydrate calculation (Moridis et al., 2008)
(Lw: liquid water, H: hydrate, V: vapor (gas phase), I: ice)

Fig. 1. Pressure-temperature equilibrium relationship in the
phase diagram of the water-CHs-hydrate system
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g. 2. Classification of gas hydrate deposits (Modified from
Sung et al., 2009)

o Swgt sl Foe SEsh] s direr od
AlRto] Ae)ar, FAEHS RS HﬁH F7H%

HAHA7L FaE oo gtk JAIA] YRS d=o
B ARSE7| R e 2 dAHe] as
& 9Jgt BxgHos £3 A g} Fig. 1bs & <
JLol| A ARESF TOUGH+Hydrate A& ollA] 2eist

SE-ore WY TAolT,

22 FHASIO|EHOIE S HEHol M2 3|4-A80 Al
FisjolEeols REgel s AFle] ks U
=z 220 o rqﬁ} Fig. 22} Zro] 3719] HH3(class)

2 ERE 4 olck W 19] 49, slo|selel =S sl

o S50 s 9 ol EAes 92

32 Aol Sfs) sRslol=ol=S Bkl 2

3t HHMEAH(bottom simulating reflector, BSR)

A 5 = U= 540 ek W Pol‘:

glol5 shioll 5 Herie —J”POP‘% 1’41’\101

A= 73—?—011, W M shtol 54 FA17}

ZABHA o= 7ol s Sung et al., 2009).
stol=do]F sHtell i Al SR S

ol ozt Sl WA 28RS Aske TaTt

felor g3ttt slo|=go]ES shol - 05“ r

A7E EAL 7S F(pumping) & S FEUEH=

ASAIZ 2 913 o QreAsIh stol=alolE 5t

A] kel Qrelasiol me sz S Ea) we

58 AT o2 SUsA) Sk 4= Sl uebAl,
sisiolEdolE ERH] e e W L 4

F 119 2%, APEE ol g3 Abo] Thsaht W

o] Ao, ARIHE o]ast AWAMFALL T1eisteiof

Tk 0 off U % AR oA
o) WS Ae] AT R MRS T4

4
A2 # olek

ol



146 F1ssolSeol= byambgol o) v Hase] deta ey BIE

3. 7tAS0|E20|E =|-Mit 0 AlZ20|M8S
{8t XI2HFIHARH

3.1 TOUGH+Hydrate - FLAC3D ¢ 7|5{A

2 Aol ZERsto|Ego)E 34 Ak oA
Hsl= 7tasto| B0 E sfe, 7tA /-, 39
W3} T EF3e e 9 iy B4 HskE A= o
E 2709 MR EE AR o= vhe sjAFho RN W
ALSESITE ZkAstolEglo|E sfje] 9 kA X|Ek f-F
3fAol= TOUGH+Hydrate 3437 =(Moridis et al.,
2008) ARESHRLaL, W EXSo o5hd HIPS
FLAC3D(ltasca, 2002)& AMg3lo] A|EHo)Hdalgick
afg] Ao EAsk= 7A oY AT fE-8EY
A}, olo] W2 Fa7tx 9 FatEA W), slol=y
o|E sfigjo] wE EHUure] e 9wt
osta §4 #3k= FLAC3D9| FISH ARE-gH
AA 2 E(coupling module)S T AANATNES AT
225k WHAl(Rutqvist and Moridis, 2007)-2 zjes}

:

=2

N

3 gl ol 712 Qb @-4ef-cota B3AE
AL 91T ATPA(Kim et al, 201104 TH R A

A 52 AEYo]Ask= TOUGH2(Pruess et al.,
1999)5 A&t Ank Aojalck
TOUGH+Hydrate sjA]FCoAx E|AZ

g Hglo)] mE 3=E 9 FHEA HEE aEsy
At 712AQ] 752 At glovt 7|z HE
Aol ZAB] wjiEel] L A8/ Aol ok whet
A, 7129] Tt A 94E Foll 5% FLAC3D9t
o] AAE Sl ARE W ko] T AE Wk ofujet
g As W A¥(creep) S 22 ARE 9EH HE
AS7A LATFORN Hh AAAQ] F]4APA A

aL10})
o

A evrpdsnd s

o] AlEdolAdo] 7hssith ESE & AtollA= AT
g Aiag A1E sl S (background) %
WY AXL 7152 2| ¥el= FLAC3D Version 4.0 (Itasca,
2009)2} Fortran 952 2FJ%] WA x|k (object-oriented)
TOUGH+Hydrate Z=5 AATOZH FFS A|FAJAE
5o] AHg AHo|Me] magel U |Ag 57}
NolE FEHeR BEE 4 ol

Fig. 3> TOUGH+Hydrate2} FLAC3D A|3)4 1}
AE wAH oz Yehdich WA TOUGH+Hydrate 3
4o Be) £x $AU 2 2HES Akl oF
2o} a2 U ALY Arol=gith Aro|=3t
JHE 0|83 FLAC3D §2-13E ALk Sl 3=
£ W35 AMtstol TOUGH+Hydrate A4S HHES}
A ek, Eg mswe] g AGuAL, B2t
5 A4E Aok, 358 9
E Rale, mAme 52 485 e BT
4 Qlek AR Fig. 3014 Ao BAE 27e
(direct), FAR= IO 2 A 714 H(indirect) 7|
of sfgeich

=)

o
m
r
o

32 siMeme U

Fig. 4= 7}aslo|=
ke QI3 B0 4 YAl
2 eItk Fig. 4a0] HAoz
T} Aol aidate], SHAEA=

=7

—

2 QI AP We) 4, AR we
Agse HHGS 271 10 m x
Kggele] 271202 Fig 4sh 2ol Atk

B Ao dehue olgstel 159 Bt 8l A

[ TOUGH+Hydrate |« __

[ ]

N — Direct coupling
\ -=- Indirect coupling

[Trse] |

Ad

sediments

THM model for
hydrate-bearing

C: Cohesion

G: Shear modulus

K: Bulk modulus

’ k: Intrinsic permeability
P P: Pressure

P, Capillary pressure
Sy: Hydrate saturation
T: Temperature

&: Strain

\ | aAP, er. ey | |

¢: Porosity
| w: Coefficient of friction

~~

“eos]

FLAC3D

|

o' : Effective stress

Fig. 3. Concept of coupled analysis of TOUGH+Hydrate and FLAC3D (Rutqvist and Moridis, 2007)
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(a) Schematics of gas production using multiple horizontal wells
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Initial conditions:

Temperature : 12.5 °C
Pressure : 9.7 MPa
Vertical stress : 10 MPa
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(b) Model region and initial boundary conditions

Fig. 4. Model region, initial and boundary conditions for the
gas production analysis
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Table 1. Geomechanical properties of hydrate-bearing sediments

Value (Vg & Vg,—1)

Parameter Hydrate saturation Base case Comparison case
(sandstone) (unconsolidated clay)
Cohesion Su =20 0.5 0.125
(MPa) Sy =1 2.0 0.5
Friction angle Su=0 30 20
@) Su =1 30 20
Su =20 95 24
Bulk modulus (MPa)
Sy =1 670 670
Sy =10 87 22
Shear Modulus (MPa)
Sy =1 612 612
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Table 2. Hydraulic and thermal properties of hydrate-bearing sediments

Parameter Value
Permeability (m”) 296 x 107"
Porosity (-) 0.3
Grain density (kg/m’) 2,600
Dry thermal conductivity (W/m/K°) 0.5
Wet thermal conductivity (W/m/K°) 3.1
Specific heat (J/kg/K°) 1,000

Relative permeability model
(Moridis et. al., 2008)
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1=8ua |’
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Capillary pressure model
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*_ (5_4 - S,r_4)
<SrrurA - SM)

max —

— P, <P <0
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1/P,=5.0x10""
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max
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Fig. 5. Time dependent results from the simulation of 15 days of production (solid: depressurization, dashed: depressurization

+ thermal stimulation)
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Fig. 6. Spatial evolution of the results from the simulation of 15 days of gas production using depressurization
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-1.70002+006 to-1.6000e+006
1600064006 o -1.50006+006
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Minneapolis, MN_USA
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(a) Maximum effective compressive stress (b) Minimum effective compressive stress

FLAC3D 3.10 FLAC3D 3.10
(612006 tasca Consuing Group, Ine (¢)2006 ltasza Gonsuing Group, nc
Step 140857 Model Perspective Step 140857 Model Perspective
00:37:37 Mon Jan 27 2014 003227 Mon Jan 27 2014

Center Rolation
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X:500004000  X: 0.000 X:500000000  X: 0.000
¥:5.0006:001 ¥ 0000 Y:5.0006-001 ¥ 0,000

7100064001 Z 0000
Dist:53800+001  Mag: 1
ng: 2500

7100064001 Z 0.000
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Ang: 22500
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Magfac = 0.0006+000
Live mech zones shown
Average Calculation
-2.0000e-002 fo-1.90006-002
~1.90006-002 fo-1.80006-002
~1.8000e-002 fo-1.70000-002
~1.7000e-002 to-1 6000e-002
~1.6000e-002 to-1 5000e-002
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Interval = 1.06-003

Contour of Z-Displacement

Magfac = 0.0006+000

Live mech zones shown
-2.50006-001 to-2 25006001
-225006-001 f0-2 00008-001
-2.00006-001 fo-1 75006-001
~175006-001 to-1.50006-001
~1.50006-001 to-1 25006001
~1.25006-001 fo-1 00006001
~1.00006-001 fo-7 50006-002
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Linestyle ————————
Outsde anly

Iiasca Consultng Group, Inc

Htasca Consultng Group, Inc
Minneapos, MN_USA

Minneapois, MN_USA

(c) Volumetric strain (d) Subsidence

FLAC3D 3.10
(€)2006 Itasca Consuting Group,Inc
Step 140667 Model Perspective
00:5341 MonJan27 2014

Centor. Rolation

X:500004000  X: 0.000
Y:5000e-001 ¥ 0.000

Z-10000001 20 0.000
Dist 558064001  Mag: 1
Ang.: 22500

Block Contour of Zone Extra 1§

Live mesh zones shown
00000600010 500006002
50000600210 100006001
100006001 to 150006001
15000e-00110 200006001
200006001 to 250006001
250006001 to 300006001
300006001 to 350006001
350006001 to 400002001
400006001 fo 450006001
450006001 lo 500006001

Inferve = 508002

Iiasca Consulting Group, I
Minneapols, MN_USA

(e) Ice saturation

Fig. 7. Spatial distribution of the results from the simulation of 15 days of gas production using depressurization
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FLAC3D 3.10
(c)2006 tasca Constiting Group, Ic.

Step 147632 Model Perspective
00:28:10 MonJan 27 2014

Center Rotation:
X 500004000 X: 0000
Y:5.000-001 Y: 0000

7100004001 Z 0.000
Dst 5500001 Mag: 1

Block Contour of Zone Extra 17
Live mech zones shown
000002400010 250008002

150006001 o 1.73006-001

250000001 to 2.75006-001
275000001 o 3.00006-001
Interval = 256002

Itasca Consuiing Group,Inc
Mimeapols, MN USA

FLAC3D 3.10
(¢)2006 tasca Consuting Group, Inc
Step 147632 Model Perspective

00:37:27 Mon Jan27 2014

Center. Rotation:
X:500064000  X: 0.000
Y: 50006001 Y 0.000

ZA000001  Z 0000
Dt5580e:00t  Mag: 1
Ang.

Contour of Volumetric Strain Increm
Magac = 0.0006+000

Live mech zones shown

e Cation

150002002 to-1.40008-002

140002002 10-130006-002

130002002 10-120006-002

120002002 10-1.10006-002

110002002 to-1.00006-002
Interval= 106003

ltasca Consuiing Group, Inc.
Minneapolis, MN_ USA

(a) Hydrate saturation

(b) Volumetric strain

Fig. 8. Spatial distribution of the results from the simulation of 15 days of gas production using both depressurization and

thermal stimulation methods
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Fig. 9. Comparison of cumulative production rate (kg) of
methane gas between depressurization method (solid)
and depressurization & thermal stimulation method
(dashed)
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FLAC3D 3.10
(612006 Hasca Consuling Group, Inc.
Step 114247 Model Perspective

015137 MonJan 27 2014

Center otaton
X:5000e4000 X 0.000
Y- 5000e-001 Y- 0.000

2000001 Z 0000
Dist 558024001 Mag: 1
Ang

Contour of Z-Displacement
Magfac = 0.000+000
Live mech zones shown
383816001 to-3 5000e-001
350006 001 to-3.0000e-001
-3.0000e-001 to-2 5000e-001
-2.5000e-001 to-2.0000e-001
200006001 to-1.5000e-001
-1.5000e 001 to-1.0000e-001
1,000 001 to-5.0000e-002
-5.0000e.002t0 00000200
Interval = 506002
Displacement
Maximum = 3838 001
Linestyle

Outside oy

Itasca Consuting Graup, Inc.
Mimeapolis, MN USA'

FLAC3D3.10
(c/2006 hasca Consuking Growp, Inc
Step 14247 Model Perspective
015219 Mon Jan 27 2014

Center: Rotation
X'5000e4000 X 0000
Y:5000e001 Y- 0000
200001 Z 0000
Dist5580e+001  Mag: 1
Ang: 22500

Contour of Volumetric Strain Increm
Magfac = 0.000e+000
Live mech zones shown
Ayverage Calculation
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-3.0000002 to -28000e-002
-2.8000e.00210 -2 60006002

-2 6000e-002 to -24000e-002
240006002 to -22000e-002
-2.2000e-002 to -20000e-002
-2.0000e-002 to -1.8000e-002
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Interval= 206003
\
[

Itasca Consuting Group, Inc
Mimeapoii, MN USA

(a) Subsidence

(b) Volumetric strain

Fig. 10. Spatial distribution of the results from the simulation of 15 days of gas production in unconsolidated clay rocks
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