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e AR dolsh 27)7e)9] mlEelm 4 2.39 o] EAAL
3 (Shear Strain)e 28w} 28ulslo] 4=2¢ o] HIPAL=
o

= A 249 Zo] xdAHT

Ly |
Normal strain e=AL/Lg Shear strain Y = tan®

Figure 2.10 Normal Strain and Shear Strain

Normal Strain € = AL/L, (2.3)

3 = i g
10 -':l'h._i';'.'lll!;-.i.



(2.4)

Skear Strain y = tang

Aol &9 o

ke
T

24 (Elasticity)

. 54 &4 (Isotropic

5 (Young’'s

eHA & (Elastic Modulus)+=

material) <]
modulus)2}

AT,

o}%H] (Poisson’s ratio) 2 YER 4

Ay
e i

o]

(2.5)

ol w

obg]

Ay
s

2e 0.2~0.49]

)

ol

(2.6)

T
>Tr=

Test)

3

Compression

(Uniaxial

3
=

™

O

_Zrl

S
=

Compression  Test)

(Triaxial

53}
=

A5 EA

)

—_
file)

zel

A
ol
e
o)

o
TR

el

—_
file)

N
o
o
e

o)

of

A (Plasticity)

A= Figure 2.113% &4,

Sof it}

x%o]
[© e RS

&

d

gq

B

1
s

limit) 7} A]

ELAd $H7] (Elastic

(strain)©]

o

H

SIS

sk,

1A # A 917 (Brittle Failure)7} 24

o] T7}s

3
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Brittle failure

Elastic limit '
o - Wil
E \ plastic Vo2 w”
@
o |
o &/
2 & !
8 & l !
n $§ | I
&
I |
I J

Strain (Percent)

Figure 2.11 Typical results of Compression test

AbZzolZ= A& v 7S A A=A (static

)

et & (Elastic moduli)+«= €%

measurement)¥ ofyg} &= ZF(well bore sonic)¥ #2 acoustic

methodZ2% A M o]& #%4=74(dynamic measurement)©]&} 3t}
127

B 5] FA S A 2,79 4 2.82 F3]Fth. 6= Shear ModulusE

o et
Young s Modulus Eqyn = G(3vp 4p? )/(vp —v2) 2.7)
Poisson Ratio Vayn = (vp 2v2 )/2(vp —v2) (2.8)
Qurow AHEHghe BASAg 47 Ve 24 242 o
Aers] mAlgith, weEbd 22 543 & BA 4 (correlation)S 8k
3

4549 Wellbore7-7boll A o] BAS5A kS sl oFghrt. 1 #Aof &
e A7t AgHolgka oy #AN o] EAFTE MXZEE FE
i = 4 2.99F S Linear correlations AF&3}%13 Poisson's
Ratiow W &gt A aA7F glo] =o] Zohar 7FA ok(2 2.10).

Esa = 04346 % Egyn (2.9)

Vsta = Vayn (2.10)

UCS(Unconfined Compressive Strength)& 7Fg &3 ¢4
drdgloltt UCSe ti7IdelA 5954138 3 5 o] sd
W7kl 7HE w2 SEEB RN SAHAY. Y P o] EAEHA ¥
uj o] 13 7]F(failure criteria)#t-& UCS©] T}

12 ; .H L 1_'.]'| G



Mohr circle> 54 WHel #&st= 89 AEHe FEE Ul
71884 el 2 ekl Aotk Mohr Circle2 Hth 2 H 4 T2 8
Aoz FAHEY. Mohr circles 18l& x5S 2 §859 ZFxolH
yES Ad S8 Frolt) g, T oy S xF Yol BAE L I B e

q

o1& T (Figure 2.12).
‘ J

(74 201

ol gy ZHH 2a8 R Zt=o &= Heo 4
T A, o] AHL o ZHE o 4= 4|
Ad-&E S vedlt) o] x = Mohr Circle2 42

Rl whet o7 whrl =4 Lepdl

jus)

Mohr CircleS 34 33 %7 (Failure Criteria) o 5= 32l st 4= gl
AEAFA AT TFHSH(03) S 7M7Y v 3o WEE
HN-sH (o ) At 2 2 Aldoz ok B Hete A<

3 L&A (Failure Envelope)S T8 4 9™, Mohr Circle©]
g g ot = AL A TS 9w slal, Mohr Circleo] A 3AY
o+ 3HS on| s th(Figure 2.13). S Eeha o] A AL

13 . H .I*',Jr- 1_-_” 3



_—— friction angle

;x\

cohesion| - / /< /
/ /
- Jlf fl \I I‘I

— 0
Figure 1.13 Mohr Circles and Failure envelope
T = c+tang x g, (2.11)
c © TSl 0due] HAeSHEd SHE(cohesion)E, ¢ &
ulzH 7 (friction angle)o|th. ARFA QL ARQte]l 79 30~409] wpzEzbs
et
Tk Az oy F o= AFA] HAE A 2 A= 2
2.129} 2},
0, —Nxg3 = UCS (2.12)
N = (1+ssing)/(1 — sing) (2.13)
UCSE A4 73 S A= rh22he ol §alH % ANe 5 k.
UCS = (2c * cosg) /(1 — sing) (2.14)
AFFANA FAS FUshe FFAAE, 3 S A FFo)
s7tete] fra 82 #Aad Aot 18 Mohr circleo] f% o=
o] F3te] vl mle] Eeahd oA shalsh BT 5 Ak
=2 AFsodA FAE Bists A3dAAx oA g7t AT 5

Hek(g, )2l AEoln MXZE% 7)o sldett. ARFZEe G417}
AAH Y FFo] gadtn §& S2o] Zr1e=0 gy (0,) 0 Z7HES 4

ZFES 2] 2,163} 2Tt o] Agy 7t

\")
o
fo,
Y
=
S
n
o,
olo
L)
©
ofN

Ao; FET B A2 2 Mohr Circleo] LE% 02 o5} FAl U<
A717F AAA Ha s Eepdel mee Ag b ] 7F 2 A SH(C.



Haug et al. 2018)(Figure 2.14).

Ao, = —alPp,
1-2v
Ao, = T ] aAP,

VA
ai= Biot Coefficient, B,= &5 %4S 9 n] gt}

a)
60

(2)

(2.15)

(2.16)

a=1

v=0.17
AP=43.5MPa

" | L
0 20 40 60 80

(1) a0'= [(2) - 1] ane, Nl

(2) ad'y = —asap,

100 120

Figure 2.14 Coulomb Failure in Normal Fault Stress Regime
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A 5 A A owFg 2 A B o)A

A @7k 2= AlE g o]

A W o] o} (Zienkiewicz, O. C., & Taylor, R. L. 2005)

N

el
olo
G

o)
«ﬁo

—_—

.

B

—~
file)

)

AAIsHH

F}. (Zoback,

3|
pul

A5 4L 5

M.D. 2010)

A W7k 22 AlEd| o]
(Finite Element Method)©]t}.

HR

element=

Al

finite—sized

A @ w7} 2ol 4] o] element

[e) o
< A&

domain

o] A &

h=
=

A=Se]
=

ol
<

wel AFZ= A EHolg7 A

A rkel

AlgdolE ¢ Coupling®] o]

)

_Z#O

!

A @7k 2 Al o]

b, 7ol

S

Wl wuk ohe} Ak

o)
<

A &=t} (Fjaer E et al. 2008).
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A 3% 9T U
A 14 AeHItg 2 study workflow

B A= AFST  AlEYCIE®ZE SLBiile] ECLIPSEE,
S 7P = A EH ol B = BALe] VISAGES, 18] 29 ¥ Coupling 2
A3} ZA]of = PetrelS AF&3F T 754 = Figure 3.13} £t}

1. Existing Reservoir simulation model

'

2. Create Geomechanical Grid

'

3. Define materials and function

'

4. Populate Properties

'

5. Discontinuity modeling

'

6. Define Temperature, Pressure, and saturation

!

7. Specify boundary conditions

!

8. Define and launch the simulation

!

9. Import and analyze results

Figure 3.1 Geomechanics study workflow

1. MXBEO A ARE AEdold dEow 43

(b

EEEERS

2. A= 99l Overburden, Underburden, Sideburden GridZ
F7tele] A7ty 28 =& A4 gt
17 7



T4 (Regions)E 2 A}

1
R

of AR&x
A & (Elasticity),

= e)}
=

a-

3.

B2 A(Yield criterion), 5%

5}

)

5

|

S o

[N

<=3 coupling®] 7=

z]—;l
T,

3

g

launch

caseE W=

Simulation

8.

coupling ©.

S 2-way

simulation

ECLIPSE®} VISAGE

FchH(Petrel).
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A 2 A 1D MEM(Mechanical Earth Model)

Earth Model(MEM)2 A|3}e] 9st% EA3 wH-&-&

Mechanical
o8 2AdE 28 YL Aodasg AR TS

MEMe] Aol = A2 8 A pe) Aush Ao et o £l o] g3m
HE BAE Y, IR, FE A4, 38 BE 9N 4E 52

1D MEM2 well& metA 92 A3A59} AIFHIAZEE ALbst
AU ES ZAAF A} calibrationste] Aoy, 7]+

% Hyd e x7] 59, ¢48 Fo] xgdT. 1D MEM2S % 3D
MEMA Al 2 Wellbore Stability =47l o] &-#t}. 1D MEMe] A4 #7442
Figure 3.29} &t}

1. dlol¥ % (Data Audit)
1D MEMAA o Fo3 = 7] A|Faol A S
AR, AlF B, MX-2 F7FA oA 4L 2o g 2par) o]

2. A% oldlE

21 (Drilling Event Analysis)
LOT(Leak Off Test) 4>

o} A1 5314 % 9] Break Out WA o] 12 &<13ht},

)=
i
e}

3. ®rA & (Elastic Moduli)
%

s Ayet FAEEEARS] ol dAN((Fier et al., 2008)=
ol g FAGEAES ANt o 7]l ARGE A2 ofefef )

RHOB
Gayn = 1347445 * —s 3.1)
K, =1347445«—2_ _%¢ 3.2
ayn = 13474. *Drcoz 3 lan (3.2)
9Gd * Kd
dyn = 2 - (3.3)
Gdyn + 3Kdyn
3K, — 26,
Vayn = — 20 (3.4)

6Kgyn + 2Gayn

Gapn & ATVEHES SJulat B9lE Mpsiolth Kuyp & AATAES
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olulslar @9= Mpsiolth p, £ WE goln g/cctoltt. DTSM¥}
DTCO+= 234 ZFolA <Lojz  Shear slowness®t Compressional
slownessE 91|} 9= ps/fto] o,

MXBEAA A4 BEe T8 doli ZojddArsle] AR
oW 7 AIE A 35% Pk Tobulel F9 W JuuAst

LFERLEA] @hot 34 arolEu|of S dskAl FATHA 3.6)

Esta = 0.4346 * Egyy (3.5
Vsta = Vdyn (3.6)
1. Data Audit

'

2. Drilling Event Analysis

pa—

3. Elastic Moduli

a—

4. Overburden Stress

pa—

5. Pore Pressure

pa—

6. Rock Strength

-

7. Stress Direction

-

8. Minimum Horizontal Stress

-

9. Maximum Horizontal Stress

}

10. Wellbore Stability Analysis

Figure 3.2 Workflow of 1D MEM Construction
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4. A2$-=#(Overburden Stress)
AAgHL  SFHeRRE g Heo7kx] dlaeHe dWEe)
UEASOoORHE A2 AFEUEE o] & ‘5H T2 3.7). AF=olA
AA-&=H o] 57Hd E(equivalent density)+= ¢F 1.61g/cm3°] AT},

V4

(@) =g f p(@)dz €X

0

5. &=%(Pore Pressure)
T=eke 7183 XPT(Express Pressure Tool)®t MDT(Modular
formation Dynamics tester) 74 #kS A W 7FsFo] 131 T (2] 3.8).

P, = (TVDSS + 10145)/3.2661 (3.8)
6. 947 %(Rock Strength)
A Gl UCSet whaH2H(Frictional Angle)S t& B &3
TE, o9 B4R Y FHAAAAE T3 Aot A7 oloiA gk
B AP o] EAgT. MXEE 9] oA AT A A& Egy 2t A=
AP RAE Frol AP R4 3.99 4] 3.10& AT

UCS = 1.0944 * Eg,, (3.9)
FANG = 4.0107  Eg, (3.10)

%
el vk Xﬂ,oi A 2 HA FHSHWUEES =2 Image Log®t Caliper
LogollA =kl Breakout4 Weko 2 gttt AR MXI = A=
AlF= % Breakoute] A YEUA gFdth wEbA Qe FA 9
FMI(Fullbore Formation Micro imager)®} World Stress Map(Figure
3.3)S #a13}o] Maximum Horizontal Stress® e e 2 NE70S AF-&-3)t}.

rol
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&Max.Hori

stress frop
Borehote

Image

Method:
focal mechanism
breakouts
7/ drill. induced frac.
¥~ borehole slotter
overcoring
hydro. fractures
geol. indicators
Regime:
ONF #3535 @TF @OU
Quality:
A
B

[ R—

* (2008) Wodd Sress Map 7 7
=13 = —

Figure 3.3 World Stress Map

8. & 9. A& % AY <3 H(Minimum Horizontal Stress &

Maximum Horizontal Stress)

AGx4 WEad(Tectonic Effec)Es wiAgS o R HA
g3 Ho) 49 g0l B AH LI A 3119 2e BALE
Zk=1}.

0ﬁ=01,q ko, (3.11)
Y (3.12)

)
SErASH Q3 SaSH S v S, v = Toldu|olt}
A A Fe Azbel W2 AT 2N WES wom S MY o} H
2 Hy Sgede Fg7)xfe] & wbgko] wAIslt}. o] W] Poro-Elastic
o
=

/‘ﬂi‘%\" /\hj’

v v vE
aﬁ—l_vav—l_vaPp+aPp+1_ 2€x+1_v2€y (3.13)

v v vE E
0H=1_VUV—1_VaPp+aPp+1_vzex+1_vzsy (3.14)

s 7FE =32 0,=13.4~13.5ppg, 0,=12.5~13 ppg, and

e
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oy=12.8~13.5ppg = e

& %t g = A7 HA FHSEHUIEY Hd 9
W (strain)S ovst o] F& S
(Calibration)sl= Ao Al 3 th. MXZ =+ Normal Fault Stress
RegimeA| 9 O.2, o,=03 7} AHIH. HE3F LOT(Leak-off Test)?|
Closure Pressure(Figure 3.4)% fracture’} @23l @3] $EH o2 g3
Ut Z MXZEo A= o5 wAd ALE-FTh

O

o

-

wn

8 Breakdown pressure

D’: ;

Leak off Tensile strength
Fracture propagation pressure | Re-opening pressure

9 Cl
TH osure pressure

Time

Figure 3.4 Illustration of typical LOT test results
MXZ Eo|| A straingk< e, = 0.0002 and &, = 0.0006 .= s xtt. 1D
MEMOl A 234 s &dE 2 44 A% 52 Figure 3.52 YEMRaL, 7}
S HAAYRO Figure 3.6°0.% L}E}RTE
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Figure 3.6 Principal stress profile after calibration with LOT
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Al 3 A 3D MEM(Mechanical Earth Model)

3D MEM2 A 2|7} 2 AlE# ol do] 2 a3k 3D RS ThEo] o]
3 A % SH(subsidence), T 2H8-(Compaction), 94 1+¥], 52 ¢H4g A
BAS 7bsskA siath. 3D MEM S A A 34 8 Figure 3.73 2t}

o

O

1. Create Geomechanical Grid

v

2. Define materials and function

v

3. Populate Properties

v

4. Discontinuity modeling

|

5. Define Temperature, Pressure, and saturation

v

6. Specify boundary conditions

Figure 3.7 Workflow of 3D MEM Construction

1. AeH7td 2~ 18/= AA (Create Geomechanical Grid)

WA 7]Ee] AFF A|E# o)A AewWIy ag=E F7hgt
o] 7]9ll== Overburden, Sideburden, Underburden GridE©] *ir [Rah=
A wl7hd 2~ g 27t gl Bl A= bW st S A A [Tl 3

HFo] WAt o]Z WA|slarAl  Sideburden Grid7} —r7} t}.
Overburden¥} Underburden Gride Sideburden Grid®] ZF7}o]%
THoR Yozl ®do] 3Jojx|= Stress Bucklmg EffectS ¥WA]5}7]
Al F7rEeh. E3 Overburden Grids F7Fgto 2 AFZF A4
A5 FA 2 SHe EARH. 7]% Ad 2de 1,519,76071 9]
cell& 7k ow F7} 18] =3= 1,743,64070 cellZ F 3,263,40071 cello]
A e w74 2 A& o] Aol AFE-E A TH(Figure 3.8).
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PRESSURE [1 01,2027] 480000
Pressure [bar] T2 12

3250.0000
3000.0000
2750.0000
2500.0000
2250.0000
2000.0000
1750.0000
1500.0000
1250.0000
1000.0000
750.0000

~
- 500.0000 ™ Underburden

—250.0000

T
440000

Figure 8 8 Geomechanics embedded grid

2. =23 s+4 A o] (Define materials and function)

A% A% 3 AT 25 92 Vp, Vs 2 Density HolHE A8l
welldte] 42 Hlgl 1= (Vertical Variogram)S A3t 3
H 2] & 1312 BHd 3} 9 AH(Seismic inversion) &2 5 7lo] =¥ Zlol e}
At olZE A AAE H W 1HS 7O ® Gaussian random
function simulationg AF&-3}4 Vp, Vs & Density Z2S A5, o] &
35487 (Co-kriging)®] 22t W= ALgato] A Bdlo] gk Vp, Vs
2 AEgS g ostlth

3. &7 A<A(Populate Properties)
ool A} o] 83 Esta, PRsta, UCS, FANG4S Fd3tA #&3le] 3D

Modelol] 8- &3} A7 % 55 3ot

4. E4< wd (Discontinuity Modeling)

2o wdd gdAo A= g ) (Fracture), ©5(Fault) 2] 243 2a
WS AAST MXZEd A ©F 2 Fgle] g3fo] AA o} &
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5. vk /9 / x3tx A7
o] A= ZF 1gl=7}) 7R = =9 ¥ 3= (Water Saturation),
IS AAdd} X FE¥EE MXZE AlE#HolMde & JFS
u| x| =] eFol AFE T A FFH G A= 2-way coupling I A
A7 Aledoldoziy daws dES A8 AFS 979
overburden, underburden® ol 0.1bar/m(AFLd L) <+

Tl A g3,

6. AAZ7A A A (specify boundary condition)
Visage A 2 W] 7}4 2~ Al & ¥ o] H &= #-3F 2 4~ W (Finite Element Method)<-
= E=EZ%Y AlEdold AxF U S8 E

S_MC
Rock strength [bar]

- 75.00

Figure 3.9 MX field reservoir model with defined rock strength(UCS)
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Al 4 A Coupling Simulation

1€ AFS AlEOIAE e wE AT Wiy o= A3
E4WstEs A8stA o F8kA] Eetrth. SLBiike] Visaget 3 s A W<l
3t 2 A% (Finite Element Method) 2.2 #| 59 ¢+ &4 24 WslE
A5st=  AlEHoIHet JYAEEE AFT FAATd g%
gEHsts Wa, FEARE fFaReERsier 1o wE AT
WM (deformation) ¥ =8 2 =A4WSE o Seto] I

=, 3}

ALmztd 2 AlEdoldo] AFTS AlEHHY GEARE W=
coupling WHol= AA 37F4 WHo] gt AHA, One-way coupling
FHAAME WA AFFT AEHAS dEo " FggrhFigure 3.10).
a8 2 =9 Al time-step®  ¢E WIE A ovvtH
AlEEold e dHAER AR F AlEE ol
AlREA ROl Zho), SEARE X Qw7 2 Al E = o] Al ¢

o

coupling®@H el A= WA AFS AlEolde] Hdwa ARz
dEuists Aedrtd s AlE#Eelde] dEAsER AREST Ea
Aozt 2~ AlEdelde] ARl ¥5E, FrE MIE A AR
Al B ol JeEgtorm ALg3ta the time-stepS # 3 scH(Figure
3.11). One way coupling®® ¥t} A 7tA Q7 AT AFF9 A EA
HstE whgetn= Algdoldo] AHAAl A o Aot EAREH
vpA et o % Fully coupling 'S AF5%H ALHzHs WS
g3l 1719 EW(SolvenZ Aol Fojdlth, gkl Ja 285
b 8] At ® T A ek A| N, Aldke] Bk al Ak ) vl Atk

MXZEe AFSE vad AdgeR 7k Al mE AFS
U (compaction)2H-8- 2.2 Q13 Jafo] F Ao = o dH et webd &

N
Ao A= 2-way coupling®H S o] &3 o, T80 W3l Kozeny—

Carman <= ¥+ alth(4] 3.15).

¢3/(1 - ¢)?
(K] = [Ko]m (3.15)
¢ =do—Ad/(1 - Ad)Ad (3.16)
A¢p = Ag, (3.17)
Ag, = Agg + Agy + Agg (3.18)
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<

Ky © Z717E19] PermeabilityE ¢p © Z71EHSY F5ES ¢ ©

A A ¥ & (volumetric strain)< 2] w] 3k},

[
l

[0 e 89, aky| [0 80, 8ks] [ s 3 A Ak

Figure 3.10 Schematic of 1-way coupling simulation

o Fel

v A A4 A\

0 O O [

[0 A k]| [2.22 Ao Bla| [0 3 A5 k]

Fig 3.11 Schematic of 2-way coupling simulation
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Al 5 A Case Study

2 AT A= MXZE el flojA Het SAbEAR S el fIsl
A NLAE S Base Cased 7|F0& olg W Ao|As wEL
JEd ol skl 12 Aol 2~ 328 (Compaction)l o g
Ak WAskel xuk A 3H(Subsidence)E EAEth I MXI=
Aol FHARE Sand Production Issued] HEE IHH Ao

=
FA 8t 4= 2= Near Wellbore Geomechanicsi4 S 35} t}.
52 7 2t Base case® AFF AlEd o]l A
£ x4 Table 3.1¢} Zt}.

o?rl_, ‘W _lZi
Og(:‘l‘
AN o HU

=
ol
==

Table 3.1 Base case reservoir simulation input and assumptions

Input Parameters Value
Dimension 121 x 157 x 80
Permeability(mD) 442.3
Porosity(%) 33.6
GWC(m) 2,438
Fluid type Dry gas
Drive mechanism Depletion Drive
Number of wells 2
Field abandonment gas rate(MMscfd) 20
Well abandonment gas rate(MMscfd) 5
Abandonment tubing head pressure(psi) 305
Production period 2027.04 — 2050.01
Production requirements during the 200
plateau period(MMscfd)

1. 2-way Coupling &2 213+ AALA o SFEA]
b et E) KA b A= Eavd I
stelsl7] 93] Table 3.19F Zo] AH =
uj 9} 2-way coupling &2 F3 S wo] Ao AE WA S AL v



Table 3.2 Cases to check the effect of geomechanics simulation

With 2-way Coupling
(Base Case)
Coupling ECLIPSE and

Without Coupling

Method ECLIPSE stand-alone VISAGE
L B A5 hE AR R AN 9T B
@megﬁaTNA@&@g1%&Lﬂ0iﬁ@5@4t}:aq
Mol A& we} YAAS Mert HEsE 4 9o v 2 Table 3.29
o] 2

o] Al MgE 2olAY 530S Wl Aolxs AAdsta B

A& HlaLsklT

Table 3.3 Cases for analysis of the effect of a number of wells

Case 1 Base Case Case 2

Number of Wells 1 2 3

3. 9= A HEY wE A L MAA 9T B4
MXZE=E QI B9 AAEY s s duolunz QIdE ALk
W5 o whe} E4F == 7H4bo] 7 Ek), Bk A4S Sand Production®}
& o] Ao QJ\PAE?-_ Table 3.3¢} 7o] Base Case(200MMscfd) X.t}
= O

WA B A3} A ek,

Table 3.4 Cases for analysis of the effect of a field production rate

Case 1 Case 2 Base Case Case 3

Field Production

Rate (MMscfd) 100 150 200 260

4, FHTZ Qo] ¥l wWE kAA JFEH
Al MXZ= A 5 o AE = Sand Production Issue©] t-2-3he
300me] 4HA A|F(Horizontal well drilling)E A& 5ol =347k
Zolol thil TEZQ oALAAS ¢ Table 3.49F #o] AolAEL
Ay star AAd T b4 Ad S vl skl

b i i
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Table 3.5 Cases for analysis of the effect of a horizontal section length

Case 1 Case 2 Base Case 3 Case 4
Case
Hz 200 250 300 350 400
Length(m)

5. AAA YAl e AL I3 E4
A2 MX AN ELS AFZo 8-1/2° A7 2 vgoll e 37 (Gravel
Packing) & & ¢tZdst= A 02 Al G g o] . sHAI N A F A WA A thE
2170l AlF7VsAo]l EAEte] Table 3.5¢F #o] AolxZE AAsIw

A& HlaLsklT

)

Table 3.6 Cases for analysis of the effect of a well design

Base case Case 1
Well Design OHGP O.HGP
(Contingency)

T
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A4 AT 23

Aol Al A vpe} o] Aol 2HYE AT} Ao] 2o e

AL A oM = SF7FAREUR) G e 2 AL AlHS Bk

Mol = "reo A u(Rock failure)o} x| uh

(Subsidence)E H.komw F7}= Near Wellbore Geomechanics¥
1

=483l

A 1 A 2-way coupling®] F4Hd F &

71E AT AEdHolA dxo® FAT MX A9 F57HZHEUR,
estimated ultimate recovery)$} #] Q. v 7}H 2~ A& & o] A 3} coupling}¢]
AL w2 AR{S EAARSE s FH7HES vl

AR VIE Afs AlEdeld wEgdAl EURS 611.24bcf,

couplingA] o+ 610.83bcf = 0.41bcf °F 0.1%%}o] 7} YR thH(Figure 4.1).

Field, Gas production cumulative
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Gas production cumulative [MSCF]
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Figure 4.1 EUR from reservoir simulation stand alone case and

geomechanics 2-way coupling case

o] = AYAtel| wE A 735 compactionCZ & FoEo] A A=
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HAk AL 27|e} $7]9] F4E&LS 717 364.7mD9F 353.7mD=E
el T} Figure 4.2 534 28] =(53, 71, 66)014 9] F4& W3S
e Figure 4.3& MXZE=9 EAHAZK= 95 AL
Z71(2027 )¢k $71(2049d) 2] AFT F-&A =olt},

v_base Permeability | (53, 71, 66)
333
3374
3361
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3341
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333+
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33+

01012028 01/07/2030 01012032 01012034 0101/2036 01/01/2038 01012040 01/01/2042 01012044 01/01/2046 01/01/2043

Figure 4.2 Decreasing permeability during a depletion

Figure 4.3 Permeability map of MX field at initial state and end of life
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Figure 4.4 Placement of MXD wells on GX reservoir
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Figure 4.5 Placement of MXD wells on GX reservoir

A o] el WE &= 7FA = 2Fol = Figure 4.67% 7o) YERRL O™
712k 2 A Table 4.1 A2 sk3lth. Case 2% Base case®
skl S o] 78 o= Qe = 7HAE S7tade gle A=
YERSTHO.78bcf7rAr). Case 2014 F=7HllF 7H42 9] o] = MXZ =9
Forad ddAe] Fom TN iAol BETE 7 LAY
HAarF% 20 (GMMscfd)d e =dslr] wo|th(Table x.xx). HEg
Field AAb=Fo] 7Lﬂ*l AL AR N7 B =4 BEet o=
iAol BEaE AU frol WA A=, 2 AL w4t
(Drainage Area)# e Awr) k] ujFo))
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Gas production cumulative [MSCF]
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Figure 4.6 EUR difference by different number of wells
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Figure 4.7 Gas production rate of each well on case?2 study
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Table 4.1 EUR and field life of each case on number of well study

Case 1 Base case Case 2
# of well 1 2 3
Gas Rate Per 1
200 100 66.6
well(MMscfd)
Field Decline 2029.03 2030.12 2031.07
Field Cut-off 2043.07 2041.07 2040.08
EUR(bcf) 566.00 611.24 610.05
A ol oA XS W] £8iA Near Wellbore Geomechanics
2dg 3} AlEYo]dS 8 dltt Near Wellbore Geomechanics= % A
29 cell59 &E, S8#ts AR 2 BAxHoE A5t HAHA
olto]l A uFtY s MR e WY oltt base casedld AFS
T-7Fel 300m 4 o] 9] " openhole®, AF FAlo]AL 9

4
B ok
ol

[o

00)

—

~

NS}

/8" Aol =2 AAgT. A% Tangential W3 60+, radial *&F
43, AxialFdd 502 ste] 7 welld 72,000709]  gridE©l
F&-E Ak mde] A F77he] A7 857 % A Atk MXD-13 MXD-2¢]
open hole77+¥ casing 772 Figure 4.89] YElY 2t} MXD-20l A
Near Wellbore Modelling 23} Figure 4.99F 7t} Aol A kol =
Formation¥} Hole <FXtell Aol AWER ZRdHsPon 1

T8 &L Figure 4.10% 2t}

a1

> Do

1\

L T
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Flgure 4.9 Near ellbore Model of MXD-2

@8 settings for ‘Element type [Completion]' x
[B Colors 1% Operations I Structural analysis I Quality atributes |
& Syl @ ko [l Statistics [ip Discrete staistics [Wly  Histogram

% 8 [ [EE = (@

1] 1
[EElement type [Completion]

« Fpply + 0K 2 Cancsl

Figure 4.10 Composition of MXD-2 Near Wellbore Model, O = Formation,
1 = Interface, 3&5 = Cement, 6 = Steel(Casing)

$  Near Wellbore Geomechanics X2 2027~20497}4]
AlEY o] S Rlaekgl om Azl o whel Wellbore Sl A S0l A oH4]
93 (Rock Failure)7} 278 th(Figure 4.11). o]&3 oA mtaj= Ak
Z&ol wel Sand Production@ S 74 o5 A A|gkt}, Figure 4.11&
Ak z719F 7)o MXD-2 Q1tollA ¥wHAIeE Rock Failure?] H&S
Ueldtk 7] 2.0%% AF34 T 2ASE Rock Failureolth. $-7]d &=

. 5 A&t st



1.6%7F <78k % 3.6%2] A%l A Rock Failure’} 2%t} Figure
4.12%= MXD-29] axial Wako| 9] rock failure7} &3k hH S YeERA
a1 olt},

Figure 4.11 Rock failure near wellbore of MXD-2 in 2027 and 2049

Figure 4.12 Rock failure near wellbore of MXD-2 (x-section along well)
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Al kol w2 AAE &l w2 Rock Failure? 712 Figure 4.13%}
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El ko HF Rock Failure®] v &2 Table 4.29} o] A 8] ¥ At}

o] 7N4=7F 370Q1 case24l A Rock failure®] &3 S7H&5%7F 7HS

b 4 o] g},

Increase of rock failure near well (MXD-1)
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Figure 4.13 Increase of rock failure near well of each cases(2_1 = casel, 2_2
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Figure 4.14 Mohr Circle diagram on rock failure
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Figure 4.15 Rock failure and maximum effective stress near MXD-2 well
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Table 4.2 Rock Failure Near wellbore at last time step (%)

Case 1 Base Case Case 2
# of well 1 3
MXD-1 - 0.2 0.1
MXD-2 1.9 1.6 1.2
MXD-3 - 0.6

Ao 4] Geomechanics RiskE

dtdl= AA7tx]  HEa

e}
A7) Eo] Qlv}. 349 SPE 845533} SPE 1846030 4= A4 <l 9]

Formation Compaction strain®} L]

e BPAYS e

BSghonE HeSi Table 439 2& /1ES 919 Wz ow

ARSI 2 AT M ' 7S ol&

she] MXD 444 ] 91942

B71st o 1 Axbi= Table 4.43 o] 42 3s3ith

Table 4.3 Risk evaluation of near wellbore geomechanics(SPE 184603)

High Risk

Medium

Risk
Average 1-2%
Reservoir

Compaction
strain

>2%

Note Sand

Production

Excessive
sand
Production

Table 4.4 Risk evaluation of near wellbore geomechanics(MX field)

Case 1

Base Case Case 2

Number of wells 1

2

Formation Compaction
Strain near MXD-1 (%)

1.24

Formation Compaction

Strain near MXD-2 (%) Lot

1.22

Formation Compaction
Strain near MXD-3 (%)
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il

A

2] B HAA Art. MXZ = A 1% 200MMscfd A AFaEe]
Arkel 100MMscfdE el Casel B dho]Z kel AH|E 1S
o FHo AaFEQ] 260MMscid A4F Aol ~(Case 3)7HA 9] Aol 255
A3 star A& HlaLsklth(Table 4.5).

A= A WEd wE EURS Y 611.88bcfHE Ha
611.11bcfo = 0.77bcf(SF 0.1%) ol Al x}o] 7} #AY &t f-ofm] sk A =7}
ol A} (Figure 4.16).

w3k Aok A S A x| uk Sk (subsidence) S &213517] 9 &) A4k
Z71(2035W@)} AAFE71(2049@)e] AF59 H o] s (displacement)
S MW Table  4.6). AAF FEF= EE  Ao]2d A
0.028~0.029me] A¥+-zl &7} A FTE, Aak 57](2035)00 = # 1¥k3 3}¢]

AE7EEaton o= 22 AR FA AN Aol = Qg TG slow

Bk At H3) 9o = H=9] o433 (Rock Failure) &4 12| =85S
gttt AL F71 U A1F2039W)el Aty HAAFEE AR
2Fo] 7} L o (Figure 4.18), time-stepB 2 131 uff A kafo] wje}
AT v shiftHE s W HFE AT AR
BAS =127 AL A EH(Figure 4.19).

Table 4.5 EUR and field life of each case on field production rate study

B
Case 1 Case 2 ase Case 3
Case
Field Production Rate
(MMscfd) 100 150 200 260
Production Rate Per
Well MMscfd) 20 ™ 100 130
EUR(bcf) 611.88 611.63 611.24 611.11
Decline Start 2040.04 | 2034.02 2030.12 2028.11
Cut-off 2047.02 2043.02 2041.07 2040.10
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Gas production rate [WSCFd]
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Field, Gas production rate

Field, Gas production cumulative
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\ Eé /’/
,\_\\\ | : //////
Figure 4.16 Field gas production(left) rate and cumulative(right)
Table 4.6 Reservoir displacement and rock failure of each case
Base
Case 1 Case 2 Case 3
Case
Field Production Rate
(MMscfd) 100 150 200 260
Production Rate Per
Well MMscfd) 20 ™ 100 130
2035 Average -0.013 ~0.020 -0.023 -0.024
Displacement(m)
2049 Average -0.029 ~0.029 ~0.028 -0.028
Displacement(m)
2039 Rock Failure
(# of Grid) 1 42 42 88
e
45

2050



Rock displacement (ROCKDISZ) Rock displacement (ROCKDISZ)
Rock displacement [m] Rock displacement [m]
~0.000 ~0.000
0010 0010
0,020 0.020
-0.030 0.030

0.040 0.040

0.050 0.050

Case 1 (100Mscfd) Case 2 (150MMscfd)

Rock displacement (ROCKDISZ) Rock displacement (ROCKDISZ)
Rock displacement [m] Rock displacement [m]
~0.000 ~0.000
0.010
-0.020
-0.030

0.040

0.050

Invariant yield criteria yieldin, Invariant yield criteria yleldin
éLDF.IOD) yieding E‘Lnn.mn) yielding

mode (¥
General
0.5500

made (¥l

Case 1 (100Mscfd) Case 2 (150MMscfd)
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eld criteria ylelding ield criteria yielding

i
DMOD) |ELDMOD)

Base Case( 200MMscfd) Case 3 (260MMscfd)
Figure 4.18 Rock failure on field during production(in 2039)

Rock failure on MX field
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Figure 4.19 Increase of rock failure on each production rate case

Well'd  Aiebdd SHS 24387 98l Near  Wellbore
GeomechanicsE Tt ZAH L kX 249 Y& FLsir}h A4k
71(2039) % AAEE-71(2049) 9] LS Ao A 3 (Rock
Failure) W& Table 4.73 #%koW time-step™¥ Failure 5 7H4 &
Figure 4.209} o] YElSth MXD-19] 49 = Aikgfel Aaglo] w2
M 7F vERskth. MXD-29] A B= AAbe] wel oA 5ot
gEA et oy d=o] o wpi et wiirA R @es] g5 A 7| vk

== B gol At
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Table 4.7 Rock Failure near wellbore in 2039 and 2049

Case 1 Case 2 Base Case 3
Case
Field i);/?ﬁiitff)n Rate 100 150 200 260
2089NRec?gkNI£“§i)lL_1rle (%) 0 0.1 0.1 0.1
2049N§§£kl\/gzi;rle (%) 0.2 0.2 0.2 0.2
2039Nf<ec?£kN1§$;r2e (%) 0.3 1.1 L5 1.5
2049N£§gklvl£“}§i)l;r2e (%) 1.6 1.7 1.6 1.7

Increase of rock failure near well (MXD-1)

25

05

o
2025 2030 2038 2040
Year

——31 —#—32 —e—BaseCase —8—33

2045 2050

Increase of rock failure near well (MXD-2)

25

05

2025 2030

2038

Year

—s—31 —e—32 —e—BaseCase

2045

——33

Figure 4.20 Increase of rock failure near well MXD-1 and MXD-2

Rock Failure %

olygl 4% 249 W& wpz7FAE Reservoir

Compaction straing ©]-&3F H8A H7F 7|F=(Table 4.2)& o] &34
FAAE Hrkho BFE Medium Riskg ool TaHom Aojxgt
Froln) gk 2pol= YEhA] ek kvH(Table 4.8).

Table 4.8 Risk evaluation of near wellbore geomechanics

B
Case 1 Case 2 ase Case 3
Case

Field Production Rate

(MMscid) 100 150 200 260
Formation Compaction

Strain Near MXD-1 (%) 1.26 1.25 1.24 1.24

Formation Compaction 191 192 192 121

Strain Near MXD-2 (%)
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d Production Issue®] W&
) H FHdol= 300mo|A| Rt
] Zo]Z HAsax Table 4.93 o] 200m,
250m, 350m, 400me] 70|~ Z7ke AAeln o] we AN 2

QP2 ek,

Table 4.9 Generated Cases for Horizontal section length study
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BAgrite] dojol wE Aabd &S v ek (Table 4.10). %84

_)I:
dol|7} Eojde wel EURS7HF et ol 1.57bef #40](0.26%) =
Solu st zpo]l = YJEIA] stk (Figure 4.21).

Table 4.10 EUR of each case on horizontal section length study

Base

Case 1l | Case 2 Case 3 | Case 4
Case
Horizontal Section 100 150 200 950 300
Length (m)
EUR(bcf) 610.18 610.64 611.24 611.64 611.65
50

&) s



Field, Gas production cumulative
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4E+08 5E+08 6E+08

3E+08

Gas production cumulative [MSCF]

2E+08
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Date

—4_1_200m
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Figure 4.21 Gas production cumulative of each case (study4)

T3 dolFol| wE kg £48 $18) Aol Near Wellbore
S T ANEE(20499) Ve AL A
A2 9493 (Rock Failure): Table 4.113 Zo] A& vt MXD-
29 g7k dol7t sojdas 3 TE o= Algtel W&
A 131 9 —z‘ﬂé EAIgE A¥= Figure 4.229 #2v ol AMHA 9
Zol7} A2 A AFZ d#EAsr W@y wioltl. Fig 4.23&

Geomechanics

S A o) 7}t ZOOm(case DY wol 400m(case 4)Y w FH A =9
e xfololt), 400mY W) ©F lbar/}F 2 48 o] YEd AS &3t}

Table 4.11 Rock failure near wellbore(study 4)

B
Case 1l | Case 2 ase Case 3 | Case 4
Case
Horizontal section 200 950 300 350 400
length(m)
MXD-1 2049
Rock Failure (%) 0.4 0.2 0.2 0.2 0.4
MXD-2 2049
Rock Failure (%) 2.1 2 1.6 15 1.2
51 H 2- 1_'.]| [



Increase of rock failure near well (MXD-1) Increase of rock failure near well (MXD-2)

15 15
% %

2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045
Year Year

—e—4_1 —8—4_2 —e—BaseCase 43 —e—44 ——41 —8—42 —e—BaseCase 43 —e—44

Figure 4.22 Increase of rock failure near well (study 4)

PRESSURE [1 01,2039)
Pressure [bar]

37.0000

Figure 4.23 Reservoir pressure near MXD-2 at different hz length

o] Axe} npz7kA| 2 AF% Compaction straing 7|50 &
A S Fdsigd. 2 A3 A8 "o Aol YERA
kot 7 Aol 7t 5o]Y4= Formation compaction straingto]
3l
=

o] 50] SHEA o] Aeste a3t UATHTable 4.12).
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Table 4.12 Risk evaluation of near wellbore geomechanics(study 4)

Case 1 | Case 2 Base Case 3 | Case 4
Case
Horizontal Section 200 950 300 350 400
Length (m)
Formation
Compaction Strain 1.2 1.29 1.24 1.11 1.07
Near MXD-1 (%)
Formation
Compaction Strain 1.4 1.3 1.22 1.23 1.05

Near MXD-2 (%)
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Figure 4.24 Generated near wellbore model

Table 4.139} 7o] Contingency #Ho]2~9¢] &AW xfolo] wE
Aol 2~E st ok A 415 513t} Time-stepol] W A4 Q1:-9]

o}A u} 3] Z7}= Figure 4.259F 2t}

|

for contingency plan

Table 4.13 Generated case and rock failure for contingency completion plan

Base Case Contingency Case
~ . 9-5/8" casing 7" Liner +
Well Completion Design + 8-1/2" Open Hole 6 Onon Tole
MXD-1 2049
Rock Failure (%) 0.2 0.2
MXD-2 2049
Rock Failure (%) 1.6 1.4
—
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Increase of rock failure near well (MXD-1) Increase of rock failure near well (MXD-2)

25 2.5
2 2
15 1.5

0.5 0.5
0 — 0
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045
Year Year
—e—Base Case -#-5_1 —e—Base Case —#—5_1

Figure 4.25 Increase of rock failure near well (study 4)

24, 34, 449 Ay} vUIX 2 AF5 Compaction strains
Vo ® orgA BAS ¢35kt 1 Ay= Table 4.143 Zkon

fro]u] g 2ol 7} LhERH) ek},

Table 4.14 Risk evaluation of near wellbore geomechanics(study 5)

2050

Base Case Contingency Case
Well Completion Design + 89__1?/255”00563?51016 6"7;)IljennerHJcr)le
Siveim Near MXD1 (1 124 125
Sivain Near MXD-2 () 1.22 1.23
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Abstract
Productivity and Stability Analysis by

adapting 2-way Coupling Simulation
in MX Field

Hojang Jeon
Department of Energy Systems Engineering
The Graduate School

Seoul National University

Productivity prediction through reservoir simulation is essential in
oil field development plans. However, existing methods do not
accurately predict productivity changes due to reservoir depletion, and
it is not easy to ensure the stability of gas field facilities and formation.
Geomechanics simulation is linked to reservoir simulation and
simulates mechanical characteristics in the underground environment
and predicts the formation reaction during oil gas production. Through
this, it plays an essential role in clarifying the feasibility of developing
gas fields and preventing accidents by predicting possible risks.

The subject of this study is the MX field, the site of Dry Gas
development in the deep sea. As a result of the exploration, the
reservoir properties of the field and Sand Production during DST
indicated that the field is an unconsolidated formation. Therefore, it is
necessary to identify changes in productivity due to reservoir
depletion and verify the stability of the production process. Therefore,
this study conducted a two-way coupling simulation linking reservoir
and geomechanics simulations.

This study first collected exploration data, well-logging data, and
b oy i
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drilling reports. Based on this, a relationship equation between rock
properties was established to generate 1D MEM. After that, a
geomechanical grid was added, and proper properties were populated
to each grid to generate 3D MEM. Finally, we defined possible
development option cases in the MX field and conducted a two-way
coupling simulation to analyze the differences in productivity and
stability between the cases.

As a result of the analysis, although the reservoir of the MX field is
an unconsolidated sandstone, there was little change in rock properties
due to depletion, so there was little decrease in productivity. In the
development option case analysis, the increase in production wells
improves near—-well stability. However, the EUR remains the same,
resulting in poor economic feasibility. Field gas production control did
not help ease the rate of rock failure. However, additional factors, such
as Erosional Velocity, must be considered to select appropriate gas
production. Extending the horizontal section of the production well
alleviates the pressure drop in the surrounding formation, thereby
decreasing rock failure amount. Therefore, it is necessary to select an
appropriate horizontal section length considering the drilling cost

which increases as it extends.

Keywords : MX field, Geomechanics, 2-way coupling simulation,
productivity and stability, case study
Student Number : 2021-27330
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