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1. Poly-tank Storage Facilities
2. LPG: Liquefied Petroleum Gas
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MASSIVE ROCKS

JOINTED ROCKS or BLOCKY MATERIALS

PARTICULATE
MATERIALS

SPECIAL
MATERIALS

occur often In weakness zones and faults

A B c D E
Rocks intersected Jointed rocks Intersected Highly|ointed or crushed Soft and weak
Weak to strong rocks by Joints and partings | by seams or weak layers || rocks, and soll-like materlals malerlals

Rocks with plastic properti
(soapstone, rocksalt,
\many weathered rocks)

1
Brittle, homogeneous . Jointed rocks intersected Highly jeintad or crushed Alternating soft and hard
and foliated rocks mig:%ggegnhdmbn;j%ﬂje%l Csks by seams (filled joints) rocks with clay seams layers (as clay schist-
(granite, gneiss, quartzite) {seamy and blocky ground) or shears sandstone-clay schist)
S
2 N
~
Schistose (deformable) - N Highly jointed or crushed Rock fragments with few
rocks rocks with high Promgw‘ggt w;g%r;ermg rocks (sugar-cube etc.) contacts, in & matrix of
content of platy minerals 9] fitte clay soft (clayish) material

Layered and bedded rocks
with frequent partings
(slate, flagstone)

Jointed rocks with
geak bedding layers

Soil-like materials with
friction properties (poorly
cemented sandstones eic.)

Soft or weak materials with
plastic properties (mud-
stone, clay-like materials)
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1. DEM: Discrete/Distinct Element Method
2. DFN: Discrete Fracture Network Methods
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FLAC3D 3.00

Stop 5735 Mocel
238503 Sun Jun 26 2011

Hasca Consutng Group, Inc
Mimeapois, MN USA

[Job Titie: Oil Storage Cavern
View Titie: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Mari M=MC

(«)

FIL.AC3D 3.00 Job Title: Oil Storage Cavern
Step 5735 Model Perspective View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Marl M=MC
23:55:54 Sun Jun 26 2011 D =

Z:5.000e+001 Z: 0000
Dist 645604001 Mag: 1
Ang: 22800

Contour of Shear Strain Increment
Magfec = 000064000
Gradiert Caiculation

Interval = 5.0e-003

Itasca Consuting Group, Inc.
Minneapols, MN USA

(ah

FLAC3D 3.00

Step 5342 Wodel Perspective
00:21:47 Mon Jun 27 2011

Conter Rotaton:

X:-3853e014 X 0000
¥:1050e4002 Y 0000
2:500004001 20 0000
Dist 6173e+001  Mag: 1

Contour of Volumetric Strain Increm

Magfac = 000064000
Gradient Caiculation

Interval = 1.5¢-004

Itasca Consutng Group, In.
Mimneapols, MN USA

Job Titie: Ol Storage Cavern
View Titie: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC

()

Job Titie: O Storage Cavern
View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC

FLAC3D 3.00

Step 5342 Model Perspsctve
00:18:36 Mon Jun 27 2011

Center. Rotation
X: 3553014 X: 0000
Y: 1.05084002 Y: 0000
Z:5.000e+001 Z: 0000 [
Dist 6.1736+001  Mag. 1 ™ H
Ang: 22500 q

X

Contour of Shear Strain Increment [N
Magfec = 000064000 ¥
Gradiert Caicuiation M-

481910-00410 500008004

7
e
e

o
7

=it

Interval = 5.00-005

B

&

T

X
W0 T T
et
g Al i et

v
N et

Itasca Consutng Group,Inc P e e e e e e
Minneapols, MN USA
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1. Shear-Now/Tension-Now
2. Shear-Past/Tension-Past
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FLAC3D 3.00 Job Title: Oil Storage Cavern FLAC3D3.00  |b Tite: O Storags Caven
Stop 5342 Model Perspective View Titie: W=15m H=20m HW=13 L=150m D=100m K=1 R=Sand M=MC Stop 5735 Mods! Perspective View Titie: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Mari M=MC
10:34.29 Wed Feb 16 2011 23:37:47 Tue Feb 15 2011
Center Rotation Center Rotaton
X: 1.73084001 X: 0.000 X:209764001 X 0.000
904804001 Y: 0000 94450001 Y: 0000
2 5.000+001 2 40000 2500004001 Z: 40000
Dist 83856+002  Mag: 195 Dist 8385+002  Mag: 195
Ang: 22500 Ang: 22800

Block State Block State

None None

shear-n shear-p. shear-n shear-p

shear-n shear-p tension-p ‘shear-n shear-p tension-p

sheer-p shern tension-n shear-p tenson-p

shear-p tensionp
tensicn-n tension-p
tension-p

shear-p
sheer-ptension-p
tensicn-n shear-p tension-p

Itasce Consutng Group, Inc Itasca Consutng Group, Inc
Minneapolls, MN USA Minneapols, MN USA

(«) (<l

FILAC3D 3.00 Job Title: Ol Storage Cavern FILAC3D 3.00 Job Titie: Ofl Storage Cavern
Step 5342 Model Perspective View Titie: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Sand M=MC Step 5735 Model Perspective View Title: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Mari M=MC
09:37:30 Th Feb 17 2011 09:20.48 Thu Feb 17 2011

Center: Rotation
X: -3553014 X: 0000
Y: 105084002 Y: 0000

Center. Rotation
X: -3553014 X: 0000
¥:1.05024002 Y: 0000

2500064001 2: 0000 2:5.0006+001 2: 0000
Dist 2007e+002  Mag: 1 Dist2007e+002  Mag: 1
Ang: 22800 Ang: 22500
Block State Block State
None Nane
shear-n shearp tension-p shear-n shear-p
shearp £ shear-n shear-p tensionp
sheer-p tension-p BN shear-n tension-n shear-p tension-p
tensicn-p shear-p
| sheer-p tension-p
[ tension-n shear-p tension-p
Itasca Consutng Group, Inc tasca Consuting Group, In.
Minneapols, MN USA Minneapols, MN USA

) @



Job Titie: Oil Storage Cavern

FLAC3D 3.00 | Tite: Oil Storage Cavern FLAC3D 3.00
Stop 5342 Model Perspective View Titie: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC Step 5735 Model Perspective View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=hari M=MC
03:40:11 Thu Feb 17 2011 09:27:57 Thu Feb 17 2011
Center. Rotation
X 3853014 X 0000
V105084002 Y: 0000

Center. Rotation
X: -3553e014 X: 0000
Y:1.050e+002 Y: 0000

Z5.000+001 Z 0000 2500004001 2 0.000
Dist 1.317e+002  Mag. Dist 12914002  Mag: 1
Ang: 22500 Ang: 22800
Block State Block State
None None
shear-n shearp shear:n shearp
shearp shearp

Block State
None ne
tension-p tension-n tension

tensicn-p

Itasca Consuting Group, Inc
Minneapols, MN USA

(9) (»)

Itasca Consutng Group, Inc
Mimeapols, N USA

FLAC3D 3.00 Job Title: Ol Storage Cavern FLAC3D 3.00 Job Title: Ol Storage Cavern
Step 5342 Model Perspecive View Titie: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC Stop 5735 Model Perspeciive View Title: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Mari M=MC
09:4243 Thu Feb 17 2011 03:30.47 Thu Feb 172011

Center Rotation Center Rotaton
X:-355%014 X 0000 X 3853014 X 0000
10504002 Y: 0000 V105004002 Y: 0000
7:500004001 2 0.000 2500004001 2 0.000
Dist: 131704002 Mag Dist 12914002 Mag

Ang: 22800 Ang: 22800

Block State

None
shearn
Block State

None
tension-n

Block State
None
shear-n

Block State

Mo

Itasca Consuting Group. Inc.
Mimeagols, MN USA

Itasce Consutng Group, Inc
Mimeapols, N USA
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FLAC3D 3.00

Step 5735 Mode! Perspective
10:37:58 Sat Feb 192011

Dist 10774002  Mag: 1
Ang: 22800
Block Contour of SXX Stress

-3 679504006 to -3 500064006
-3.5000e+005 to -3.0000e+006

Interval = 5024005

Job Titie: O Storage Cavern
View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=hari M=MC

FIL.AC3D 3.00 Job Title: Oil Storage Cavern
View Titie: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Marl M=MC

Step 5735 Model Perspective
10:27:25 Sat Feb 192011

:.":’!";% Y: 105024002 Y- 0000
[ 17 ”"’5‘

Interval = 1.0s-001

tasce Consutng Group, Inc tasce Consutng Group, Inc.
Minneapols, MN USA Minneapols, MN USA
(<) (A
FILAC3D 3.00 Job Title: Oil Storage Cavern FILAC3D 3.00 Job Title: Oil Storage Cavern
35 Mode Peapecive View Title: W=16m H=20m HW=1.3 L=150m D=100m K=1 ReMarl M=MC 09 5735 ModelPeapaciive View Tite: W=18m H=20m HW=1.3 L=150m D=100m K=1 R=Mari M=MC
10:36:59 Sat Feb 192011 10:42:59 Sat Feb 192011

Itasca Consutng Group, inc
Minneapols, MN USA

Rotation:
X: 0000
¥: 0000
2z 0000
Mag: 1
Ang: 22800

Contour of Z-Displacement

5.0000¢-001 to 5.1812¢-001
Interval = 1.0s-001

tasce Consuting Group, Inc.
Minneapols, MN USA

) @

Yy



FLAC3D 3.00 | Tite Oil Storage Caven FLAC3D 3.00  |ob Title: Ol Storage Cavern
View Titie: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC

2 ModelPerspective Stop 5342 Modsl Perspective View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC
11:44.07 Sat Feb 192011 11:60:10 Sat Feb 192011 =
Center Rotation Center Rotation:
X: -35530-014 X: 0000 . X:-35530-014 X: 0,000
Y:105024002 Y 0000 105024002 Y- 0000
2500004001 Z: 0000 - 250004001
Dist 107764002 Mag: 1 Dist 1.077+002
Ang: 22800

Block Contour of SXX Stress

-7.308264005 10 -7 000064006

7.00006+005 to 6 000084005

-6.00006+006 t0 5000084006

,00008+006 to 0.0000e+000
0.0000e+000t0 1.6115e4004

Interval = 1.084006
1.20000-002
terval = 1.5-003
Itasca Consutng Group, Inc tasca Consutng Group, Inc.
Mimneagols, N USA Mimeagpols, MN USA
FLAC3D 3.00  |%bTie: Oi Storage Cavern FLAC3D 3.00 oo Title: Ol Storage Cavern
5342 Model Perspectve View Titie: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC ‘Sop 5342 Modsl Perspeciive View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC
11:44:58 Sat Feb 192011 11:41:08 Sat Feb 192011
Center: Rotaton: Centar: Rotation:
X:-3553014 X 0000 4 X-355%014 X 0000
Yi10504002  Y: 0000 Yi105084002 Y 0000
2500004001 2 0.000 2:500004001 2 0.000
Dist 10776002  Mag: 1 Dist 107764002  Mag: 1
Ang: 22500 ‘ - Ang: 22800
Block Contour of SZZ Stress i Contour of Z-Displacement
-7.32854005 to -7 000064005 Magfac = 1.000e+002
7.0000¢+005 to 5.000084006 Exaggerated Grid Distortion
6000064005 to -5.00008+006 -1.06136-002 10 1.05008-002
-5,00008+005 to -4 000064006 -9.00006-003 10 7.50008-003
4.00006+005 to -3 000064006 6.00006-003 to -4 50006-003
-3.0000+006 to -2 00004006 -3.00006-003 to -1.50002-003
-2.00006+005 to -1.00008+006 00000840001 1.50006-003
+1,00000+005 to 0.0000+000 300000-003to 450008-003
000002400010 1342164004 £.0000-003 0 7.50006-003
Interval = 1.084006 500002003t 1.0500e-002
1.08008-002t0 1.07466-002
Interval = 1.5-003
tasca Consuking Group, Inc. tasca Consuting Group, In.
Mimespols, UN USA Mirneapols, MN USA
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Job Title: Oil Storage Cavern
|View Titie: W=15m H=2(

FLAC3D 3.00
5735 Model Perspective
15:38:14 Sat Feb 192011

Center:
X:-3.5530-014
Y:1.0508+002
Z:5.000e+001
Dist: 1.077¢+002

Block Contour of Min. Prin. Stress
3770764006 o -3 500004006
3

Interval = 5.0e4005

Itasca Consutng Group Inc
Minneapois, MN USA

FLAC3D 3.00

Step 31 Model Perspective
18:01:28 Sat Feb 192011

Center:
X: -3.553-014
¥:1.05084002

Itasca Consutng Group, Inc
Mimneagols, N USA

Job Titie: O Storage Cavern
View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Mari M=MC

(h

FLAC3D3.00 |¥b Tile: O Storags Cavern
5342 Hodel Perspective View Titie: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC
15:24:14 Sat Feb 19 2011

Center: Rotation:
X:-3.5530-014

X: 0,000
Y: 105084002 Y: 0000
Z:5.000e+001 Z: 0000
Dist 10776+002  Mag: 1

Ang: 2250

Block Contour of Min. Prin. Stress

Itasca Consutng Group, Inc
Minneapois, MN USA

()
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FILAC3D 3.00
Step 30 Model Perspective
18:05:18 Sat Feb 192011
Conter:

X: -3853-014
Y:1,05024002

Itasca Consutng Group,inc

Mimneagols, N USA

Job Titie: O Storage Cavern
View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC
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FILAC3D 3.00

Step 5735 Model Perspective
19:25:56 Sat Fed 192011

Conter: Rotation
X: 1.31404001 X: 20000
Y:9.7410+001 Y: 0000
2500004001 2 30000
Dist 2503e+002 Mag. 1
Ang: 22500

Contour of Displacement Mag
Magfac = 000084000
Null zones only
8.5518e-002t0 1.0000e-001

£.00006-001 to 9.0000e-001
9.00000-001 to 9.6249-001
Interval = 1,06-001

Itasca Consutng Group, Inc
Minneapolls, MN USA'

Job Titie: Of Storage Cavern
View Titie: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Mari M=MC

FLAC3D 3.00

Step 5735 Modsl Perspective
19:31:52 Sat Feb 192011

Center: Rotation
X: 975684000 X: 0000
Y:9.337e+001 Y: 0000

2:5.000e+001 2: 50.000
Dist 336564002 Mag: 1

Block Contour of Max. Prin. Stress

-2.5399e4006 to -2 5000e+006
-2.5000e+005 to -2 000064006
-2.0000+006 to -1.50008+006
~1.5000¢+005 to -1.00008+006
-1,0000e+005 to -5 000024005
-5.0000e+005 to 0.0000e+000
0.00006+00010 7245584003
Interval = 5004005

Itasce Consuting Group., Inc.
Minneapols, MN USA

Job Titie: O Storage Cavern
View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Mari M=MC

(<)
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FILAC3D 3.00

Step 5342 Moce! .
19:27:13 Sat Feb 192011

Center:
X: 1.314e4001 X: 20.000
Y: 974184001 Y: 0000

Ang: 22500

Contour of Displacement Mag

Interval = 2.0e-003

Itasce Consutng Group, Inc
Mimeapols, N USA

[Job Titke: Oil Storage Cavern
View Title: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC

FLAC3D 3.00

Step 5342 Modsl Perspective
19:43:15 Sat Feb 192011

Conter Rotation
X:975664000  X: 360000
Y: 9.337e+001 Y: 0.000
Z:5.000e+001 Z: 50000
Dist 333204002 Mag: 1
Ang: 22800

0000e+000
0.00008+00010 3547204004
Interval = 5064005

Itasca Consuting Group, Inc
Mimespols, N USA

Job Title: Oil Storage Cavern
View Titie: W=15m H=20m HW=1.3 L=150m D=100m K=1 R=Sand M=MC
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X AC3I 3. 00

Step 6154 Model Perspective
18:19:25 Sat Mar 26 2011

Center:

X: 3.000e+001
Y: 1.050e+002
Z: 5.000e+001
Dist: 1.690e+002

Mag.: 4
Ang.: 22.500

Contour of X-Displacement
Magfac = 1.000e+000
Exaggerated Grid Distortion

-1.2009e+000 to -1.2000e+000
-1.0500e+000 to -9.0000e-001
-7.5000e-001 to -6.0000e-001
-4.5000e-001 to -3.0000e-001
-1.5000e-001 to 0.0000e+000
1.5000e-001 to 3.0000e-001
4.5000e-001 to 6.0000e-001
7.5000e-001 to 9.0000e-001
1.0500e+000 to 1.2000e+000
1.2000e+000 to 1.2011e+000
Interval = 1.5e-001

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Job Title: Oil Storage Cavern
View Title: W=15m H=20m H/VW=1.3 L=150m D=100m K=1 R=Marl M=MC

X AC3FI» 3. 00

Step 6154 Model Perspective
18:21:50 Sat Mar 26 2011

Job Title: Oil Storage Cavern

View Title: W=15m

Center:

X: 3.000e+001
Y: 1.050e+002
Z: 5.000e+001
Dist: 1.690e+002

Mag.: 1
Ang.: 22.500

Contour of Z-Displacement

Magfac = 1.000e+000
Exaggerated Grid Distortion
-1.0638e+000 to -1.0000e+000
-9.0000e-001 to -8.0000e-001
-7.0000e-001 to -6.0000e-001
-5.0000e-001 to -4.0000e-001
-3.0000e-001 to -2.0000&-001
-1.0000e-001 to 0.0000e+000
1.0000e-001 to 2.0000e-001
3.0000e-001 to 4.0000e-001
4.0000e-001 to 4.8502e-001
Interval = 1.0e-001

Itasca Consulting Group, Inc.
Minneapolis, MN USA

H=20m H/W=1.3 L=150m D=100m K=1 R=Marl M=MC

AD
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T ACFI>» 3.00
Step 6154 Model P

Job Title: OIil Storage Cavern
View Title: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Marl M=MC

18:35:40 Sat Mar 26 2011

Center: Rotation:
X: 3.000e+001 X: 0.000
Y: 1.050e+002 Y: 0.000

zZ: 000e+001 Z: 0.000
Dist: 1.690e+002  Mag. 1
Ang.: 22.500

Block Contour of Min. Prin. Stress
-4.8447e+006 to -4.5000e+006
-4.5000e+006 to -4.0000e+006
-4.0000e+006 to -3.5000e+006

-3.5000e+006 to 0000e+006
-3.0000e+006 to 5000e+006
-2.5000e+006 to .0000e+006

-2.0000e+006 to .5000e+006
-1.5000e+006 to -1.0000e+006
-1.0000e+006 to -5.0000e+005
-5.0000e+005 to -4.7966e+005
Interval = 5.0e+00S5

Itasca Consulting Group, Inc.
Minneapolis, MN USA
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Step 6154 Model Perspective
18:36:04 Sat Mar 26 2011

Job Title: Oil Storage Cavern
View Title: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Marl M=MC

Center: Rotation:

X: 3.000e+001 X: 0.000
Y: 1.050e+002 Y: 0.000
Z: 5.000e+001 Z: 0.000

Dist: 1.690e+002 Mag.:

1
Ang.: 22.500

Block Contour of Max. Prin. Stress
-2.65200+006 to -2.5000e+006
-2.5000e+006 to -2.0000e+006
-2.0000e+006 to -1.5000e+006
-1.5000e+006 to -1.0000e+006
-1.0000e+006 to -5.0000e+005
-5.0000e+005 to 0.0000e+000

0.0000e+000 to 3.7027e+003
Interval = 5.0e+005

Itasca Consulting Group, Inc.
Minneapolis, MN USA
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Step 6154 Model Perspective
18:156:14 Sat Mar 26 2011

Center: Rotation:

X: 3.000e+001 X: 0.000
.050e+002 Y: 0.000
.000e+001 Z: 0.000

Z:
Dist: 1.690e+002 Mag.:

K |
Ang.: 22.500

Block State
None
shear-n shear-p
shear-n shear-p tension-p
shear-n tension-n shear-p tension-p
shear-p
shear-p tension-p
tension-n shear-p tension-p

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Job Title: Oil Storage Cavern
View Title: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Marl M=MC
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Step 8334 Model Perspective
12:18:58 Sun Mar 27 2011

Center: Rotation:
X: 3.000e+001 X:

Y: 1.050e+002
Z: 5.000e+001
Dist: 1.699e+002

Block Group
Mrock
FAP
Maximum = 3.374e+005

AP
Maximum = 3.374e+005

Itasca Consuilting Group, Inc.
Minneapolis, MN USA

Job Title: Oil Storage Cavern
View Title: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Marl

M=MC

X ACFI» 3.00

Step 8334 Model Perspective
12:04:29 Sun Mar 27 2011

Job Title: Oil Storage Cavern

View Title: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Marl

M=MC

Center: Rotation:
X: 3.000e+001 B
Y: 1.050e+002
Z: 5.000e+001
Dist: 1.699e+002

Contour of X-Displacement
Magfac = 1.000e+000
Exaggerated Grid Distortion
-1.1870e+000 to -1.0500e+000
-9.0000e-001 to -7.5000e-001
-6.0000e-001 to -4.5000e-001
|.|-3.0000e-001 to -1.5000e-001
|| 0.0000e+000 to 1.5000e-001
3.0000e-001 to 4.5000e-001
I| 6.0000e-001 to 7.5000e-001
9.0000e-001 to 1.0500e+000
1.0500e+000 to 1.1873e+000
Interval = 1.5e-001

Itasca Consulting Group, Inc.
Minneapolis, MN USA
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Step 8334 Model Perspective
12:03:33 Sun Mar 27 2011

Center: Rotation:
X: 3.000e+001 X: 0.000
Y: 1.050e+002 Y: 0.000
Z: 5.000e+001 Z: 0.000
Dist: 1.699e+002 Mag.: 31,

Ang.: 22.500

Contour of Z-Displacement
Magfac = 1.000e+000
Exaggerated Grid Distortion

-1.0664e+000 to -1.0000e+000
-9.0000e-001 to -8.0000e-001
-7.0000e-001 to -6.0000e-001
-5.0000e-001 to -4.0000e-001
-3.0000e-001 to -2.0000e-001
-1.0000e-001 to 0.0000e+000
1.0000e-001 to 2.0000e-001
3.0000e-001 to 4.0000e-001
4.0000e-001 to 4.6663e-001
Interval = 1.0e-001

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Job Title: Oil Storage Cavern
View Title: W=15m H=20m H/VW=1.3 L=150m D=100m K=1 R=Marl M=MC

X AC3ID 3.00
Step 8334 Model i

Job Title: Oil Storage Cavern
View Title: W=15m H=20m H/VW=1.3 L=150m D=100

12:05:54 Sun Mar 27 2011

K=1 R=Marl M=MC
[

Center: Rotation:

X: 3.000e+001 X: 0.000
Y: 1.050e+002 Y: 0.000
Z: 5.000e+001 Z: 0.000

Dist: 1.699e+002 Mag.: |
Ang.: 22.500

Block Contour of Min. Prin. Stress
-4.8471e+006 to -4.5000e+006
-4.5000e+006 to -4.0000e+006
-4.0000e+006 to -3.5000e+006
-3.5000e+006 to -3.0000e+006
-3.0000e+006 to -2.5000e+006
-2.5000e+006 to -2.0000e+006
-2.0000e+006 to -1.5000e+006
-1.5000e+006 to -1.0000e+006
-1.0000e+006 to -5.0000e+005
-5.0000e+005 to -4.9943e+005
Interval = 5.0e+005

Itasca Consulting Group, Inc.
Minneapolis, MN USA
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X AC3FI» 3. 00
Step 8334 Model

Job Title: Oil Storage Cavern
View Title: W=15m H=20m H/VW=1.3 L=150m D=100m K=1 R=Marl M=MC

12:05:24 Sun Mar 27 2011

Center: Rotation:
X: 3.000e+001 X: 0.000
Y: 1.050e+002 Y: 0.000
Z: 5.000e+001 Z: 0.000
Dist: 1.699e+002 Mag.: 31,

Ang.: 22.500

-2.6714e+006 to -2.5000e+006
-2.5000e+006 to -2.2500e+006
-2.2500e+006 to -2.0000e+006
-2.0000e+006 to -1.7500e+006
-1.7500e+006 to -1.5000e+006
-1.5000e+006 to -1.2500e+006
-1.2500e+006 to -1.0000e+006
-1.0000e+006 to -7.5000e+005
-7.5000e+005 to -5.0000e+005
-5.0000e+005 to -2.5000e+005
-2.5000e+005 to -8.8581e+003
Interval = 2.5e+005

Itasca Consulting Group, Inc.
Minneapolis, MN USA
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T AC3I 300 Job Title: Oil Storage Cavern
Step 8334 Model Perspective View Title: W=15m H=20m H/W=1.3 L=150m D=100m K=1 R=Marl M=MC
11:37:29 Sun Mar 27 2011

Center: Rotation:
X: 3.000e+001 X: 0.000
Y: 1.050e+002 Y: 0.000

Z: 5.000e+001 Z: 0.000
Dist: 1.699e+002 Mag.: 1
Ang.: 22.500

Block State

None
shear-n shear-p

shear-
shear-p tension-p

(9)

ta
]
i
N
i

Itasca Consulting Group, Inc.
Minneapolis, MN USA
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Job Title: Oil Storage Cavern
View Title: Support Design

FI1L.AC3D 3.00
Step 5891 Model Perspective

12:04:54 Mon Jun 20 2011

Center: Rotation:

X:-3.553e-014 X: 0.000

Y:1.050e+002 Y: 0.000

Z:5.000e+001 Z: 0.000

Dist: 1.987e+002  Mag.: 1
Ang.: 22.500

SEL Geometry
Magfac = 0.000e+000

Itasca Consulting Group, Inc.
Minneapolis, MN USA

R |0L05 Lgbb;iw:@.: :@)Lc 6L£b)Li.c kg)b‘e‘,ii sabls «(Y-7) JSM

FILAC3D 3.00 Job Title: Oil Storage Cavern
Step 5891 Model Perspective View Title: Support Design
12:35:15 Mon Jun 20 2011
Center: Rotation:
X: 1.426e+001 X: 10.000
Y:9.981e+001 Y: 0.000
Z:5.000e+001 Z: 20.000
Dist: 1.928e+002 Mag.: 1
Ang.: 22.500

Magfac = 0.000e+000

Itasca Consulting Group, Inc.
Minneapolis, MN USA
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FLAC3D 3.00

Step 5891 Model Perspective
13:48:06 Mon Jun 20 2011

Center: Rotation
X:-915001  X: 0.000
Y:99814001  Y: 0000
2500004001 Z: 0.000
Dist 140684002 Mag: 1
Ang: 22500

Contour of Z-Displacement
Magfac = 500064000
Exaggerated Grid Distorton

250006-001 to 2.7500e-001
3.0000e-001 to 3.0757e-001
Interval = 25e-002

Htasca Consulting Group, Inc
Minneapolis, MN USA

Job Title: Oil Storage Cavern
View Titie: Support Design

FILAC3D3.00
Step 5891 Model Perspective
1345:32 Mon Jun 20 2011
Center: Rotation:
X:-915%001  X: 0.000
V938164001 Y: 0000
7500004001 Z: 0000
Dist 140564002  Mag: 1
Ang: 22500

Contour of X-Displacement
Magfac = 500064000
Exaggerated Grid Distortion

-1.25006-001 to -1.00008-001
-7.50008-002 to -5.0000e-002
-2.5000e-002to 0.0000e+000

25000e-00110 2.5187e-001
Interval = 256-002

Group, Inc.
Minneapoiis, MN USA

Job Title: Oil Storage Cavern
View Title: Support Design

(<)

(A

FILAC3D 3.00

Step 5891 Mode! Perspective
14:04:53 Mon Jun 20 2011

X-915%001 X' 0000
Y:9s81e001 Y- 0000
2500004001 2 0000
Dist 167164002  Mag: 1
Ang: 22800

Block State
None
shear-n shear-p
shear:n shear-p tension
shear-p
shear-p tension-p

Itasca Consutng Group, Inc
Mimeagols, MN USA

Job Title: Oil Storage Cavern
View Titie: Support Design

FLAC3D 3.00

Step 5891 Model Perspective
14:11:20 Mon Jun 20 2011

Center. Rotation:

X:884064000 X 0000
Y:8.818e+001 Y: 0000
2:500004001 2 40000
Dist 485204002  Mag: 1
Ang: 22500

Block State

Nane

shear-n shear-p

shearn shear-p tension

sheer-p

shear-p tension-p

Itasce Consutng Group, Inc
Mimeapols, MN USA

Job Titke: Oil Storage Cavern
View Titie: Support Design
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Job Titie: Oil Storage Cavern

FLAC3D 3.00 FLAC3D3.00
Stap 5891 Model Perspective View Title: Support Design Step 5891 Modsl Perspective
18:51:34 Mon Jun 20 2011 < 18:41:57 Mon Jun 20 2011
Center: Rotation Center: Rotation:
X:-3558014  X: 0.000 X:-3553014  X: 0.000
V10504002 Y: 0000 105084002 Y: 0000
2500004001 Z: 0.000 7500004001 Z: 0.000
Dist 124004002  Mag: 1 Dist 124064002 Mag: 1
Ang: 22500 ng: 22500
Block Contour of SZZ Stress Block Contour of SXX Stress
5148684006 t0 -5.0000e4006 -4.264764006t0 -4 250064006
4.7500+006 to -4 500064006 -4.00008+006 10 -3 750064006
4250064006 to 4 0000e+006 [ [ ] 350004006 t0 -3.250064006
3750084006 to -3 500064006 3000040060 -2 750084006
-3.25004006 t0 -3.0000e+006 il i 2500064006 0 -2 250064006
2750084006 to -2 5000¢+006 L ——T e 200006+006 t0 -1.750064006
225004006 t0 -2.0000¢+006 [ | -1.50008+006 t0 -1 250084006
-1.750004006 to -1 500064006 = | 1.000064006 to -7 50004005
-1.25008+006 to -1.0000e+006 Fai e Qi -5.00006+005t0 -2.5000e+005
-7.5000+005 to -5.0000e+005 | ~ 2500084005 t0 -1 984784005
2500064005 to -8.962664004 = e Interval = 254005
Interval = 2504005 1 ™~
1A N
L1 N
L] N
1 i
1 I | i
Itasca Group, Inc. -7 1 T Group, Inc.
Minneapolis, MN USA T e Minneapolis, MN USA

Job Titie: Oil Storage Cavern
View Title: Support Design
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Block Contour of Min. Prin. Stress

— ol
5183724006 t0 -5.0000e4006 ] = 3607564006 0 -3 500064006
4.75008+006 t0 4 50004006 3500064006 0 -3 250064006
4250064006 to 4 0000e+005 | 1] = -3.250064006 0 -3.00006:006
3750084006 1o -350006+006 [ [t |1 3,00002+006 t0 -2.7500e+006

3250064006 10 3 000064006 il =i 275004006 to -2 500064006
2750064006 10 -2 5000006 11 —— -2.5000+006 0 -2 25006006
225004006 10 -200006+006 1 | 2250064006 0 -2.00006+006
1.750084006 t0 -1 500064006 |41 5] 2000064006 to -1.7500¢+006
1.25008+006 0 -1.00006+006 e L 1.75006+006 0 -1.50006+006
-7.5000+005 t0 7205984005 LT 1+ I~ 1,50008+006 to -1. 25004006
Interval= 2564005 = I~ 1250084006 t0-1.00008+006
L1 I~ 000064006 t0 -7 500064005
A N 7.50006+005 0 -5.00006+005
000084005 t0 -2 50004005
2500040050 -8.620364004
Intervai = 254005
77 N
S 1
Group, Inc. 1 Group. Inc.
Minneapoiis, MN USA 7 ] et | Minneapoiis, MN USA

Block Contour of Max. Prin. Stress

FLAC3D 3.00 [Job Title: Oll Storage Cavern FLAC3D 3.00 [Job Titie: Ol Storage Cavern
Stop 5831 Model Perspactive View Title: Support Design Stap 5891 Modsl Perspective View Title: Support Design
19:33:42 Mon Jun 20 2011 \ \ \ { / / 19:33:18 Mon Jun 20 2011
Center: Rotation: \ \ \ 1 [ / Center: Rotation:
Eama Y \ U712 T
2500004001 Z: 0.000 AL 7 7500004001 Z: 0.000
Dist 124004002  Mag: 1 Dist 124064002 Mag: 1
Ang: 22500 Ang: 22500
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2. Liner Structural Elements
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Abstract

Underground caverns have an important role in the principal nations
infrastructures e.g. oil and gas, electricity and communication, military, nuclear,
sewage, tourism, food, etc. Large rock or salt caverns are used for storage of
variety type of hydrocarbons in oil and gas industry. In rock caverns, liner system
or water curtain controls fluid leakage and prevent environment contamination.
In Iran, feasibility study of underground storage in rock caverns has been
commenced in the middle of 80’s. Therefore, in this thesis, the process of
conceptual design of Genaveh rock caverns for storage of 10 Mbbl crude oil is
clarified. The main scopes of this thesis are geometrical design, preliminary
support system selection and evaluation of parameters that affect stability of
caverns. Conceptual design process is done with numerical method and FLAC®®
software. Thus, the cavern dimensions are 15 m in width, 20 m in height and 500
m in length. Caverns distances are between 40 m to 50 m and their depth are
about 100 m below the ground surface. Because of the geomechanical and
hydrological properties of Aghajari formation, liner system is essential for oil
leakage prevention. Determined support system of cavern consists of shotcrete
and fully grouted rock bolts. The thickness of shotcrete is about 30 cm, the length
of rock bolts are about 12m in the crown and 15 m in the walls and their diameter
Is 32 mm. In parametric analysis, shear strength is the most sensitive parameter

and in sensitivity analysis, aspect ratio is the most important parameter.

Keywords: Underground Storage, Crude Qil, Rock Cavern, Three Dimensional
Modeling, Conceptual Design, Parametric Analysis, Stability Analysis.
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