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ABSTRACT

This report updates the estimated values of the baseline available drawdowns for the caverns
at the Big Hill storage facility, and an updated table listing the available drawdowns. An
updated finite element numerical analysis model, which included a fault in the caprock layers,
was constructed and the daily data of actual wellhead pressures and oil-brine interfaces was
used. The number of available drawdowns for each of the Big Hill SPR caverns is estimated
using the new model. All caverns are predicted to have five available drawdowns remaining
from a geomechanical perspective. BH-101 and 105 have a region of concern at the floor edge
and/or sloping floor, where tensile and dilatant stresses are predicted to occur during each
workover. The tensile state is predicted to occur because of the geometries of the edge and
floor. Therefore, geomechanical examination for two caverns would be recommended after a
drawdown leach. The well integrity of each cavern is not investigated in this report. The
estimates for the number of baseline available drawdowns are subject to change in the future
as the knowledge of physical phenomena at the sites, and the further development of the
models of geomechanical behavior at the sites, evolve over time.

Keywords: Available Drawdowns; Geomechanical Simulation; Salt Behavior
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EXECUTIVE SUMMARY

This report updates the estimated values of available drawdowns for the caverns at the Big Hill
storage facility, and an updated table listing the available drawdowns. This report follows up the
comprehensive SAND report [Sobolik et al. 2018] that gave greater detail to the decisions behind
the estimates for the Strategic Petroleum Reserve (SPR) caverns.

The estimates for the baseline available drawdowns for each of the Big Hill caverns have been
updated based on the recently upgraded Big Hill geomechanical model [Park, 2019b]. The new
estimates for Big Hill are summarized in the following table:

Basis in 2014 Updated

Cavern . Geomechanics Remarks
2D P/D < 1|3D P/D < 1 |Geomechanics|Best Estimate in 2020

BH-101 5 Re-examine after a drawdown

w
w
w
w

BH-102

BH-103

BH-104

BH-105 Re-examine after a drawdown

BH-106

BH-107

BH-108

BH-109

BH-110

BH-111

BH-112

BH-113

wWlwlwlw|d|d|NMN|w[d|plwinv|ps
njiwlw|lbloun|lvw|lu|d|d|plwlibd|p
|l |lun
njiwlw|lbloun|lvu|lu|d|d|plwlibd|p
vl |lun

BH-114

BH-101 and 105 have a regions of concern at the floor edge and/or on the sloping floor, where
tensile and dilatant stresses are predicted to occur during each workover. The tensile state is
predicted to occur because of the geometries of the edge and floor. Therefore, geomechanical re-
examination for two caverns is recommended after a drawdown leach.



ACRONYMS AND DEFINITIONS

Abbreviation

Definition

3D Three-Dimensional

2D Two-Dimensional

BH Big Hill

DF Dilatant damage factor

DOE U.S. Department of Energy
ECP Engineering Change Process
E-W East-West

FE Finite Element

FFPO Fluor Federal Petroleum Operations
ID Identification

MMB Million Barrels

Mbbl Thousands of barrels

N-S North-South

OBI Oil-Brine Interface

P/D Pillar to Diameter ratio
Sandia Sandia National Laboratories
SPR Strategic Petroleum Reserve
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1. INTRODUCTION

This report updates the estimated number of available drawdowns for the caverns at the Big Hill
(BH) storage facility. This report follows up on the comprehensive SAND report [Sobolik et al.
2018] that gave greater detail to the decisions behind the estimates of available drawdowns for the
Strategic Petroleum Reserve (SPR) caverns.

A consensus has now been built regarding the assessment of drawdown capabilities and risks for the
SPR caverns. This work began in 2014, when the SPR issued an Engineering Change Process (ECP),
PM-00449, Baseline Remaining Drawdowns for all SPR Caverns. It described creating a technical
baseline for all available drawdowns for each cavern considering pillar to diameter (P/D) ratios and
other factors. These meetings led to the establishment of baseline values for available drawdowns
for each cavern [Sobolik et al., 2014; Sobolik 2016]. Then in September 2017, Sandia National
Laboratories (Sandia) was directed to update these reports annually to include a process to track the
evolution of drawdown capacity for each cavern as operations are performed on them. This request
was in response to legislation in 2015 directing the sale of SPR oil through the year 2025, to reduce
the stored oil inventory at SPR from approximately 700 million barrels (MMB) to approximately 500
MMB. As a result, meetings were held between Sandia National Laboratories (Sandia), U.S.
Department of Energy (DOE)/SPR, and Fluor Federal Petroleum Operations (FFPO; the SPR
M&O contractor), to define the process that will be used to track volume changes and their impact
on drawdown capacity [Sobolik et al. 2018].

The two-dimensional (2D) and three-dimensional (3D) P/D ratios for each of the BH caverns are
described in detail in Rudeen and Lord [2013]. Computational results from Park and Ehgartner
[2011] were used to determine the geomechanical drawdown limits. No BH caverns are currently
predicted to exhibit a 2D P/D < 1.0 on the first raw water drawdown. The 14 SPR caverns at this
site are predicted to be structurally stable well beyond the 5th drawdown leach [Park and Ehgartner,
2011]. However, the caverns in the numerical model for BH were simplified to cylindrical shapes. As
a result, the 3D P/D-developed limits have been used to provide the best estimate assessment of the
drawdown capacity for these caverns.

A new finite element (FE) numerical analysis model was constructed that consists of a realistic mesh
capturing the sonar-measured geometries of Big Hill SPR site and the daily data of actual wellhead
pressures and oil-brine interfaces was used [Park, 2019b]. The model contains the interbed between
the caprock and salt top; and the interface between the dome and surrounding in situ rock to
examine the interbed behavior in the most realistic manner. The fault, which was ignored for the
simplification in previous report [Park, 2019a], is included in this model to perhaps better represent
the large scale deformation considered in this study. The number of available drawdowns for each of
the BH SPR caverns is estimated using the new model.

The well integrity of each cavern is not investigated in this report. Only the structural integrity of the
caverns is examined at this time. The estimate of the number of baseline available drawdowns for
the BH caverns in this report will be incorporated in future assessments of the available drawdowns
for all the SPR caverns at four sites. Additionally, due to modeling constraints and the assumptions
used to create these geomechanical models, an upper limit of five possible available drawdowns has
been designated for all the SPR caverns. Many caverns that are shown through geomechanical
analyses to have five baseline available drawdowns may actually have capacity for more than five, but
will be limited to five for the present. The estimates for the number of baseline available
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drawdowns are subject to change in the future as the knowledge of physical phenomena at the sites,
and the further development of the models of geomechanical behavior at the sites, evolve over time.
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2, SITE DESCRIPTIONS

Figure 1Errot! Reference source not found. shows a plan view of the BH site with contour lines
defining the approximate location of the salt dome top and the locations of fourteen SPR caverns
currently in-use (101-114). The figure also specifies the undeveloped area north of the DOE
property line (Sabine Pass Terminal). The horizontal shape of the dome is approximated as being
elliptical. The major and minor ellipse axes are measured as approximately 7000 ft and 5800 ft,
respectively.

The West-East cross-section #1 through the northern-most row of caverns (Cavern 101-105)
provides a geologic representation near the middle of the dome (Figure 2). The site has a thin
overburden layer consisting of sandy soil; and an exceptionally thick caprock sequence comprised of
two layers. The upper caprock is comprised mainly of gypsum and limestone, whereas the lower
caprock is mostly anhydrite. For numerical analysis purposes, the top layer of overburden is
modeled as having a thickness of 300 ft, the upper caprock 900 ft thick, and the lower caprock 420
ft thick. The interbed layer of 20 ft thick is assumed to exist between the lower caprock and salt
dome. The bottom boundary of the present analysis model is set at 6000 ft below the ground
surface, so the height of salt dome is 4360 ft as shown in Figure 2.

A major fault (shear zone) extends approximately North-South along the entire length of the
caprock and for an unknown depth into the salt. This fault zone has a pronounced effect on the
subsidence measured above the site and is a consideration for future cavern placement [Ehgartner
and Bauer, 2004]. The salt dome is essentially two large salt spines. The two masses of salt are
operating somewhat independently, pushing up creating the shear zone separating the two spines
and resulting in faulting in the caprock above. The shear zone is a region separating two salt spines,
typically characterized by containing impurities, compositional changes, physical property variations,
and possibly inclusions of hydrocarbons [Snider Lord, 2019].

13
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3. MODEL DESCRIPTION

3.1. Finite Element Model

A 3D FE model capturing realistic geometries of BH site has been constructed using sonar and
seismic survey data obtained from field investigations [Park, 2017a]. The model contains the
interbed between the caprock and salt top; and the interface between the dome and surrounding in
situ rock to examine the interbed behavior in the most realistic manner. The fault, which was
ignored for simplification in a previous report [Park, 2019], is included in this model to better
represent the large scale deformation considered in this study.

Figure 3 shows an overview of the finite element mesh of the stratigraphy and cavern field at BH.
These cavern colors will correspond to the input histories and analysis result curves in the following
sections. The element blocks in Figure 3 are combined into single FE mesh as shown Figure 4,
which includes the boundary conditions for numerical analysis. The surrounding rock block
encircles the caprock and salt dome blocks. The lengths of the confining boundaries are 14,600 ft in
the N-S direction and 12,400 ft in the E-W direction. The boundary dimensions are determined by
more than two times of the dome’s range in each direction. The salt dome is modeled as being
subject to a uniform regional far-field stress state acting from an infinite distance away. The sizes of
the caverns are horizontally much smaller than the dome. Therefore, the North and South sides of
far-field boundary are fixed in Y-direction, and the East and West sides are fixed in X-direction. The
bottom is fixed vertically. The top surface and four sides are vertically free. The acceleration of
gravity used in the model is 9.81 m/s* (32.174 ft/s°).

Overburden

Caprock (Limestone)

Caprock (Anhydrite)

Shear Zone
(Fault)

z

| Y (North)
X (East)

Figure 3. Images of Big Hill salt dome and caprock obtained from the seismic, sonar and borehole
survey (left), an overview of the meshes of the stratigraphy (middle), and caverns (right). The
cavern ID numbers are also shown [Park, 2017a].

(Surrounding Rock) =
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Figure 4. Entire finite element model and boundary conditions at Big Hill. Uy=0, Uy=0, and Uz=0
means no displacement in X, Y, and Z-directions, respectively, at every node [Park, 2017a].

12,400 ft (3780 m)
UY=O UZ=O

3.2, Internal Pressure Change

The modeling simulates the cavern responses forward in time from the initial cavern creation. The
actual wellhead pressure histories of BH-101 through BH-114 have been recorded since the dates in
Table 1 as shown Figure 5. They are recorded at the oil-side wellhead, i.e. oil-side wellhead pressure.
Pressure drops occurred during workovers and fluid transfers. For the purposes of the present
simulation, it is assumed that the initial leaches of the caverns started on dates one year before the
wellhead pressure recording started, i.e. they were leached to full size over a one-year period. For
example, the wellhead pressure of BH-101 was recorded from 9/19/1990, so it is assumed that the
initial leach of BH-101 started on 9/19/1989 with one year leaching period.

Figure 6 shows the wellhead histories, which consist of the actual (4/20/1990 - 9/18/2017) and the
assumed future (9/19/2017 - 9/18/2047) pressure records used for each of the 14 SPR caverns in
the simulation. The previous approximately two-year (2/3/2007 - 2/12/2009) wellhead pressure

history of each cavern as shown in Figure 5 is selected for the assumed future wellhead pressure
replication. The selected period, during which no drawdowns take place, contains the typical normal
operation histories. These histories are replicated two and half times for the next five-years

(9/19/2017 - 9/18/2022). This five-year histories are replicated for the next five-year drawdown
cycles thereafter (9/19/2022 - 9/18/2047). The first drawdown leach is assumed to start at
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9/19/2022. Note that the 1st, 2nd, etc., in the plots indicate the drawdown leach start dates
(9/19/2022,9/19/2027,9/19/2032, 9/19/2037, and 9/19/2042, respectively).

In general, the SPR caverns are most susceptible to structural instability when a workover is in
progress. In this analysis, the workover is simulated by means of an internal pressure change in the
SPR caverns. Modeling of the workover processes is used to investigate the structural stability of the
caverns. For simulation purposes, the pressure drop to zero psi for each cavern lasts for three
months, or 5 percent of time during a 5-year period. The duration of the workover may be slightly
longer than is historically encountered in the field, but is chosen to provide an adverse condition and
closely simulate actual subsidence measurements [Park et al. 2005].

Rather than complicating the analyses, the following assumptions are made:

e 'The replicated five-year histories (9/19/2017 - 9/18/2022) ate applied for the future
simulation, with pressure drops periodically included.

e For workover conditions, zero wellhead pressure is used.

e Not all caverns are in workover mode at the same time.

e BH-101 is the first cavern in the workover which starts on 1/1/2019 and lasts for three
months.

e After that, workovers are performed on BH-102, BH-103 ..., and BH-114 in order with
three months duration as shown Figure 6.

e These workover cycles are repeated every 5 years to meet the drawdown cycles.

e The pressure due to the oil and brine in the cavern plus the wellhead is applied on the cavern
inside boundary.

Before a cavern’s initial leach statts, the model has a stabilization period (1/1/1900 - 4/20/1989).

To avoid the numerical shock, gravity is applied gradually into the mesh for ten seconds. After that,
the model is allowed to consolidate with gravity for approximately 89 years so that every element is
stabilized numerically.

The analysis simulates caverns that were leached to full size over a one-year period by means of
gradually switching from salt to fresh water in the caverns. Creep is permitted to occur over the

entire simulation petiod (1/1/1900 - 9/18/2047). On 9/19/2022 and subsequently every 5 years

thereafter, the SPR caverns are instantaneously leached to produce an increased volume of 16%
during each leach cycle to simulate drawdowns. The 5-year period between each drawdown allows
the stress state in the salt to return to a steady-state condition, as will be evidenced in the predicted
closure rates. The simulation was run out to 9/18/2047 to investigate the structural behavior of the
dome for approximately 57 years, as the process of salt creep continues to reduce the caverns’
volume.

In actuality, the caverns were not always fully filled with just oil. Brine fills the bottom of the
caverns, and the proportion changes with time depending on cavern operations. The difference
between pressure gradients of oil (0.37 psi/ft of depth) and brine (0.52 psi/ft of depth) cannot be
ignored [Park, 2017a]. So, the amount of oil and brine in a cavern over time needs to be considered.
Figure 7 shows the oil-brine interface (OBI) depth history of SPR caverns used in this analysis. The
history data (1/1/1990— 9/18/2017) wete obtained from the BH field office. The previous
approximately two-year (2/3/2007 - 2/12/2009) OBI history of each cavern is selected for the
assumed future OBI replication for the rest of the simulation.
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As far as withdrawing oil, they keep the pressure between 400 and 500 psi during the transfer,
typically, and it stays that way as long as they are pumping. The maximum drawdown rate is 12
Mbbl/hout, i.e. 288 Mbbl/day. However, they never withdraw at that rate. In general, they typically
remove around 100 Mbbl per day for 10 to 18 hours. So the OBI change is going to be dependent
on the strapping curve and shape of the cavern. A daily pressure during a drawdown would be about
400 psi (oil-side wellhead) for three days before the transfer, the same throughout the drawdown
period, then jumping back up operational range at the end [Hart, 2019].

The following assumptions ate made for the future OBI histories (9/19/2017-9/18/2047):

e The duration of withdrawing oil is 4 months, because 14 cavern volumes range 14.2 MMB
(BH101) to 11.2 MMB (BH108) [Park, 2019b], and 0.1 MMB/day is assumed for the oil
withdrawing rate. The same duration is applied to all 14 caverns for the simplification
(Figure 7).

e Fach cavern is emptied completely after the withdrawal period, and then filled with oil again
for two years — The OBI moves up from the cavern bottom, which is actually obtained from
the OBI replication period for the normal operation (2/3/2007 - 2/12/2009), to top for
four months, and then moves down from the cavern top to bottom for two years.

e The wellhead pressure drops from the normal operation pressure of each cavern to 400 psi
for three days and is kept at 400 psi during the withdrawal of oil for four months and then
returns to the normal operation pressure for three days (Figure 06).

e The replicated five-year histories of OBI (5/19/2022 - 5/18/2027) ate applied for the
future OBI histories and these withdrawing cycles are repeated every five years.

e All caverns are in withdrawal mode at the same time.

® The pressure due to the oil and brine in the cavern plus the wellhead is applied on the cavern
inside boundary.

Table 1. Dates of initial leach completion, wellhead pressure recording started, and assumed
initial leach started

Date of Initial Leach  Date of Wellhead Pressure  Assumed Date Initial

Savernid Completion Recording Started Leach Started
BH-101 09/17/1990 09/19/1990 09/19/1989
BH-102 10/19/1990 10/20/1990 10/20/1989
BH-103 11/27/1990 11/29/1990 11/29/1989
BH-104 10/21/1990 10/21/1990 10/21/1989
BH-105 05/13/1990 05/14/1990 05/14/1989
BH-106 10/15/1990 10/17/1990 10/17/1989
BH-107 04/23/1990 04/25/1990 04/25/1989
BH-108 06/13/1990 06/14/1990 06/14/1989
BH-109 07/23/1990 07/25/1990 07/25/1989
BH-110 04/18/1990 04/20/1990 04/20/1989
BH-111 07/14/1991 07/15/1991 07/15/1990
BH-112 06/17/1991 06/19/1991 06/19/1990
BH-113 04/30/1991 05/02/1991 05/02/1990

18



BH-114

Wellhead Pressure (psi)

1600
1400
1200
1000

08/26/1991 08/29/1991

08/29/1990

—BH101 —BH102 —BH103 —BH104 — BH105

Replicate for future histories
{

I 0 ;
h . 4 d s

il

. Field wellhead pressure histories for the 14 Big Hill SP

BH106 —BH107 —BH108 —BH109 —BH110

BH111 —BH112 —BH113 —BH114

T
[

S
8 X
R

caverns

Wellhead Pressure (psi)

1600
1400
1200
1000

—BH101 —BH102 —BH103 —BH104 - BH105

Field data ends

1995
2000

|
i1st ‘
T T

BH106 — BH107 —BH108 —BH109 —BH110 -

2nd

2025

BH111 —BH112 —BH113 —BH114

3rd |

4th

sth |

2045
2050

Wellhead Pressure (psi)

Field data ends

1st

2nd

Sth

Gl

1990

1995
2000 |
2005
2030 |
2075 |
2029 |

2025

2030 |

2035 [

2040 |

2045 i
2050

Wellhead Pressure (psi)

1600
1400
1200
1000
800
600
400
200

!

BHI0Z

Field data ends

1st

2nd

3rd |

4th

Sth

1990

1995 |
2000 |
2005 |
2010 B
2075 |
2029 |

2025

2030 |

35 F—

2040 |

2050

2045 |

19




0C

1990

1995 |

200y |

2005 |

2010

2015

2020

2025

203p |

2035

2040 i

2045 |

2050

Wellhead Pressure (psi)

Wellhead Pressure (psi)

0091

= = e
) I IS & 2] (=] N S
B [oa} N Py D 8 3
8§ 888888 8 - 8888883
[ 199y R
B e
=
2965 | —
o i s e
mu Y
2009 1=
L S
205 ST e
= :£
=
=
200§ 3
- = g
T Ra - ~a RN
3 ARRRARARRAEES—=p iRl
o o~ 4 o
g 2075 | , g
1 L o
2 ——= 2
% g “vt o
I = z
[=| = a
9 | 202 g
=
g § 2
2025 =
=
=
N F § !5)
> - 3
il 203 =
Ny
~— w
2 =S
n 35 L L L LSl ]
= ﬁ
=
EEEEESESE B
£y =E
= 2040 =
=
=
g e
= -
2045 1 fam L]
171 =
=
=
2050

1990

1995

2000

2005

2010

2015

2020

2025

2030

2035

2040

2045

2050

o

Wellhead Pressure (psi)

N
[=]
o

r 00t
- 009
- 008
r 000T

00zt

- 00T

0091

spus e3ep pjaty

YOTHE

T

puz

| PIg

Yy

RARARARRUARR A N

| WS

Wellhead Pressure (psi)

0091

© O o B
£ D
% 3888 8 8
1999 P
1995 |
200, |
2005 i =
2010 | [T
- n
g
Iy
20, ]
15 4 L1 :
3
i %
MISERIINE {lRiit
- —,___§
N
NI IRIAE fiinis
2030 —3
w
HE il
2035 %
Ny
NN AIANE Siini
2040 _3 |
w
MASEEMEIINE Jinii
2045 F———— l
2050




Wellhead Pressure (psi)

1600
1400
1200
1000
800
600
400
200

L

BHIO7

Field data ends

1st

2nd

3rd

4th

sth

1990

1995 |

2000 |

2005 |

2010 a

2075 |

202 |

2025

2039 |

2035

204, |

:
g
~

2050

Wellhead Pressure (psi)

1600
1400
1200
1000
800
600
400
200

!

Field data ends

1st

2nd

3rd |

4th

Sth |

YT

1990

1995 |

200 |

2005 |

2010 |

2075 |

2020 |

2025

203¢ |

2035 H

2040 |

045 |

2050

Wellhead Pressure (psi)

1600
1400
1200
1000
800
600
400
200

Field data ends

R (118

1st

AMMAAA

2nd

AA AAAAMAAA,

3rd |

AAMAAA

4th

AAAMAAA

Sth |

A AAAMAAA M/

rrreyy

T

YTy

YYrrrevr

FYITery

~
=

IAANLA RS AR A

1990

1995 |

200 |

2005 |

2010 i

2075 |

2020 |

2025

203¢ |

2035 H

2040 i

2045 |

2050

Wellhead Pressure (psi)

1600
1400
1200
1000
800
600
400
200

BHIIO

Field data ends

1st

2nd

3rd |

4th

Sth |

1990

1995 |

200y |

2005 |

2010 J

2075 |

2020 |

2025

203p |

2035 |

2040 i

2045 |

2050

21




= =
£ =
A
=
< =
el
2
m
= L
-] =
[+ ~
o~ —
A
%
-~
e
=
v
m B
[~
Lo
o
3
©
o
T
@
w
I
B e B N
o o o o o o o o o
S & & @ & & & &
O < o~ o 0 o < o~
- - - -

(1sd) aanssaud peayjlam

QM:Q >

%VQ.:V

Opp >

M,MQN

QM,D >

WNQN

020,

M;NDN

S.ow

WQDN

00p, >

M;Q%N

QMIQN Q%QN
=
3
38 - Stop =1 - Stoy
IES £ £
wn S V2] "2}
s
T [ Oroz [ %0z
= = £ £
< = < <
ERRENNE: N INENNNNNNRN NRRNE: TRNRNN i .
TR €0z al €0z il
5= | & &
| St——1[IT1]] 1
[
3 [
= L
ol mV Qm,Qrv = QMQN &=l
.m: uwv.. ~ ~
, <
| =
T Seoe Seop
@ = 7 ©
— = — =
Rt s
s
N £ 920z | | " 020z | |
! um — ]
B2 5 e
| < c
m7 CY LY
o) Lod o)
@ @ @
w w .
QN.QN m |Q~.°N
S0, T " S00,
f s W
| =
|
_ 00p, 000
,
|
|
7 L
| o6 Se6r
7
| —+
T ﬁ T T T T T Qm.mw T T T T T T oo.mw T T T T T T ﬁ
o o o o o o o o o o o o o o o o o o o o o o o o o
S &6 &6 &6 & & © © S &6 & & & & © S & © &6 &6 & © ©
& § &8 6 ® © ¥ « ® § & 6 ® © F ® § & &6 ® © ¥ «
- - Ll - -~ - Ll - - Ll - -

(1sd) aunssaid peay||am

(1sd) aunssaid peayjam

(1sd) 2anssaud peayjam

o%ow

WVON

QVQ >

M,MIQN

QW;Q >

WNQN

Q..vo >

WNDN

QNQN

M,DQN

0oy, >

M:Q@N

Qo.m,w

Figure 6. Individual Big Hill SPR caverns’ wellhead pressure histories used in this analysis
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Figure 7. Oil-Brine Interface depth histories applied to the simulations for the 14 Big Hill SPR
caverns
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4, SALT DAMAGE CRITERIA

Potential damage to or around the SPR caverns was evaluated based on two failure criteria: dilatant
damage and tensile failure.

For purpose of these analyses, the tensile strength of the salt is conservatively assumed to be zero in
order to check for tensile failure. Tensile cracking in rock salt initiates perpendicular to the largest
tensile stress direction. The potential for tensile failure exists if the maximum principal stress (07) is
numerically zero or tensile (a positive value of oy).

Dilatancy is attributed to micro-fracturing or changes in the pore structure of the salt, resulting in an
increase in permeability. A dilatancy is considered as the onset of damage to rock salt. A dilatant
damage criterion is used to delineate potential zones of damage in the salt formation surrounding
the SPR facility. Dilatant damage criterion typically relates two stress invariants to access failure
and/or dilation of pressure-dependent materials: the first invatriant of the Cauchy stress tensor, I,
and the second invariant of the deviatotic stress tensor, J,. These two invariants are defined
mathematically as:

Iy =0, +0;+0; )

2 2 2
(01— 03)" + (02 — 03)" + (03 — 01) 5
]2 = ( )
6
where, 01, 0z, and 03 are the maximum, intermediate, and minimum principal stresses, respectively.
Lee et al. [2004] suggested the following strength criterion of BH salt based on a series of quasi-
static triaxial compression tests:

\/]_Zza-e”"1+c 3)
The values of the parameters are calculated as follows:

a = -1320.5 psi

n=-34%10" (1/psi)

¢ = 1746 psi
A dilatant damage factor (DF) for the BH salt can then be defined by:

a-e™ 4+ ¢

DF = )
V2
If DF <1, the shear stresses in the salt (4/J, ) are large compared to the mean stress (/;) and

dilatant behavior is expected. If DF > 1, the shear stresses are small compared to the mean stress
and dilatant damage is not expected. To calculate the dilatancy damage potential in salt, the post-
processing code ALGEBRA is used with the output of the FE code ADAGIO to determine spatial
locations of dilatant damage.
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5. CAVERN INTEGRITY

5.1. BH-101

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. The exact volume increase depends on the insoluble content of salt, so a 16% volume
increase is used for a drawdown for the BH salt [Park et al. 2005; Park and Ehgartner, 2011]. Also,
typical leaching processes tend to increase a cavern’s radius more at the bottom than at the top of
the cavern, with very little change to the roof and floor. For the purposes of this modeling effort for
Big Hill, leaching is assumed to add 16% to the volume of the cavern, and is assumed to occur
uniformly along the entire height of the cavern, with no leaching in the floor or roof of the caverns.
Each leaching layer, or “onion skin,” is built around the perimeter of the meshed cavern volume
using the same rules stated previously.

Figure 8 shows the cavity of BH-101 as developed from sonar data, along with drawdown skins
(leaching layers) and extra skins. In this simulation, BH-101 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities. The thicknesses of five layers
and extra skin 1 are calculated to get a 16% cavern volume increase for each drawdown. Five
drawdown skins and extra skin 1 are used for examining the analysis results after the initial leach, 1*
drawdown, 2™ drawdown, ... and 5" drawdown leaches, respectively. Six layers and an extra skin 2
of 40 ft thickness are used for applying the cavern specific calibrated values of multiplication factors,

A2F and KOF [Patk, 2017a].
4th 3rd 2nd 1st 1st 2nd 3rd 4th 5th

Extra Extra
Skin2  Skin 1 Cavity Skin 1 Skin 2

Cavern

Extra Extra Sth

Figure 8. BH-101 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 9 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-101. In the numerical analysis, 07 is calculated in every element in the salt dome at
each time step. The maximum 0; means the maximum value among all 07 values calculated in all
elements in a specific volume (in this case, each skin layer) at a specific time. In the plot, a positive
value (+) indicates a tensile stress. In the similar manner, DF is calculated in every element in the salt
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dome at each time step. The minimum DF means the minimum value among all DF values
calculated in all elements in a specific volume at a specific time. As mentioned in Section 4, when
DF = 1, we consider dilatant damage to have occurred. Note that the 1st, 2nd, etc., in the plots
indicate the drawdown leach start dates (9/19/2022, 9/19/2027,9/19/2032, 9/19/2037, and
9/19/2042, respectively) of all SPR caverns.

The initial cavern cavity volume was 13.1 MMB on 9/20/1990 and is predicted to be 11.9 MMB on

8/20/2022. The cavern volume is predicted to decrease by 8.8% over 32 years (9/20/1990 -
8/20/2022).

The maximum 0, reaches a positive (tensile stress state) value during the workovers after the fourth
drawdown leach. The maximum 07 are calculated to be 45 psi at 2039.22 yeats (on 3/21/2039).
Figure 10 shows the contour plots of g; on 3/21/2039 to show the area in tension in the cavern
skin layers during the workovers after the 4th drawdown leach. The areas in tensile state are located
in the sloping floor. The tensile state may occur because of the geometry of the relatively horizontal
floot, but not vertical wall.

The minimum DF never reaches to be less than 1 during every workover until the end of simulation.
The smallest predicted value of the minimum DF is 1.15 on 3/21/2039.

In conclusion, BH-101 is expected to be structurally stable until the fifth drawdown leach. However,
the tensile stressed area is created on the sloping floor of the cavern during the workovers after the
4th drawdown leach substantially. The consequences of a salt fracture here are minimal, in that it is
unlikely to propagate to a nearby cavern, and it is in the brine-filled portion of the cavern. In
addition, because the predicted tensile stress is confined to a small area at the bottom of the cavern
where the sonar measurements of geometry gives a more jagged surface, the predicted tensile stress
may be more of a numerical artifact than a true tensile condition. However, tensile stresses are
something ideally to be avoided. Therefore, we recommend a re-examination of the cavern stability
with a new cavern volume obtained from a sonar after a drawdown leach in future.
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Figure 10. Contour plots of o4 on 2039.22 (3/21/2039). Areas in tensile state are shown in red (o4 >
0). The value of maximum o4 are indicated by the arrow on 3/21/2039 in the 3™ panel in Figure 9
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5.2. BH-102

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 11 shows the cavity of BH-102 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-102 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities as mentioned in the previous
section.

LT

Extra Extra Cavern Extra Extra
Skin2  Skin 2 Cavity Skin 1 Skin 2

Figure 11. BH-102 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 12 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-102 over time. The initial cavern cavity volume was 12.9 MMB on 10/20/1990 and
is predicted to be 12.0 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 7.3%

over 32 years (10/20/1990 - 8/20/2022).

The maximum 0y never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -515 psi on 6/21/2019 during the

workover started on 4/1/2019 for 90 days. The smallest predicted value of the minimum DF is 1.88
on 8/20/2005 during the workover started on 7/20/2005 for 31 days.

In conclusion, BH-102 is predicted to be structurally stable through the fifth drawdown leach.
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5.3. BH-103

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 13 shows the cavity of BH-103 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-103 is modeled as having five drawdown

Ei

layers to be removed to account for the future oil drawdown activities.

Extra Extra Cavern Extra Extra
Skin 2 Skin 1 Cavity Skin 1 Skin 2

Figure 13. BH-103 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 14 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-103 over time. The initial cavern cavity volume was 13.0 MMB on 11/20/1990 and
is predicted to be 12.1 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 6.9%

over 32 years (11/20/1990 - 8/20/2022).

The maximum 0y never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -141 psi on 9/20/2044 during the

wortkover started on 7/1/2044 for three months. The smallest predicted value of the minimum DF
is 2.41 on 7/20/2044 during the workover started on 7/1/2044 for three months.

In conclusion, BH-103 is predicted to be structurally stable through the fifth drawdown leach.
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5.4. BH-104

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 15 shows the cavity of BH-104 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-104 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

Extra Extra Cavern Extra Extra
Skin2  Skin 2 Cavity Skin 1 Skin 2

Figure 15. BH-102 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 16 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-104 over time. The initial cavern cavity volume was 13.0 MMB on 10/20/1990 and
is predicted to be 12.1 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 6.8%

over 32 years (10/20/1990 - 8/20/2022).

The maximum 0, never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -205 psi on 12/20/2044 during the

workover started on 10/1/2044 for 3 months. The smallest predicted value of the minimum DF is
2.3 on 1/21/1992 during the workover started on 1/5/1992 for 85 days.

In conclusion, BH-104 is predicted to be structurally stable through the fifth drawdown leach.
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Figure 16. Predicted volumetric change (top), volumetric closure normalized to initial cavern
volume of BH-104 (2nd), maximum o7 (3rd) and minimum dilatant damage factor (bottom) in the
salt surrounding BH-104 over time
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5.5. BH-105

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 17 shows the cavity of BH-105 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-105 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.
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Figure 17. BH-105 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 18 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-105 over time. The initial cavern cavity volume was 13.0 MMB on 5/21/1990 and
is predicted to be 11.9 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 8.2%

over 32 years (5/21/1990 - 8/20/2022).

The maximum 0, reaches a positive (tensile stress state) value during the workovers started on
5/14/2010 for 412 days. The maximum 0 ate calculated to be 233 psi on 6/22/2011 (2011.47
year). The value of maximum gy goes up and down with zero until 9/18/2017. The second peak
appears on 9/20/2022 (2022.72 yeat) and calculated to be 21 psi. The positive peaks appear during
the workovers after the 3rd drawdown leach. The maximum g are calculated to be 397, 920, and
1550 psi at 2035.22, 2040.22, and 2045.22 years, respectively. Figure 19 shows the contour plots of
07 on the specific times to show the area in tension in the cavern skin layers during the workovers at
2011.47, 2020.22, 2040.22, and 2045.22 years. The areas in tensile state are located at the floor edge.
The tensile state may occur not at vertical wall but floor because of the geometry of the edge and
floor.

The minimum DF reaches less than 1 (onset of dilatant damage) during the workovers started on
1/1/2035 for three months when the maximum g reaches a positive (tensile stress state) value
simultaneously. The minimum DF is calculated to be 0.98 on 3/23/2035 (2035.22 year). The peak
values of DF appear during every workover as shown in Figure 18. The minimum DF are calculated
to be 0.0017, 0.13, and 0.4 at 2040.30, 2042.55, and 2045.22 years, respectively. Figure 20 shows the
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contour plots of DF at specific times to show the areas in dilatant damage state (DF<1) in the
cavern skin layers after each drawdown leach. The areas in dilatant damaged are located at the floor
edge. The dilatant state may occur because of the geometry of the edge of floor, but not vertical
wall. The consequences of a salt fracture here are minimal, because the predicted dilatant and tensile
stresses are confined to a small area at the bottom of the cavern, and it is unlikely to propagate to a
nearby cavern. Additionally, it is in the brine-filled portion of the cavern, so oil loss to the
formation is highly unlikely. This implies it does not affect the cavern structural stability.

In conclusion, BH-105 is expected to be structurally stable until the fifth drawdown leach. However,
the dilatant damaged areas in tensile stress state are created on the floor edge of the cavern during
the workovers. Therefore, we recommend a re-examination of the cavern stability with a new cavern
volume obtained from a sonar after a drawdown leach is completed in the future.
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Figure 18. Predicted volumetric change (top), volumetric closure normalized to

volume of BH-105 (2nd), maximum o (3rd) and minimum dilatant damage factor (bottom) in the

salt surrounding BH-105 over time
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Figure 19. Contour plots of o4 on specific dates. Areas in tensile state are shown in red (o1 > 0).

Each value of maximum o are indicated by each arrow at each specific time on the 3 panel in

Figure 18
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Time: 2040.39 Time: 2040.39 3.0 Time: 2045.22 3.0

Figure 20. Contour plots of DF on specific dates. Areas in dilatant are shown in red (DF < 1). Each
value of minimum DF is indicated by each arrow at each specific time on the bottom panel in
Figure 18
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5.6. BH-106

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 21 shows the cavity of BH-106 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-106 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

Extra Extra Cavern Extra Extra
Skin2  Skin 2 Cavity Skin 1 Skin 2

Figure 21. BH-106 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 22 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-106 over time. The initial cavern cavity volume was 13.1 MMB on 10/20/1990 and
is predicted to be 12.5 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 4.7%

over 32 years (12/20/1990 - 8/20/2022).

The maximum 0y never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -427 psi on 6/20/2097 during the

wortkover started on 1/17/1997 for 229 days. The smallest predicted value of the minimum DF is
2.06 on 4/22/1991 during the workover started on 4/15/1991 for 20 days.

In conclusion, BH-1006 is predicted to be structurally stable through the fifth drawdown leach.
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5.7. BH-107

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 23 shows the cavity of BH-107 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-107 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

Extra Extra Cavern Extra Extra
Skin2  Skin 2 Cavity Skin 1 Skin 2

Figure 23. BH-107 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 24 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-107 over time. The initial cavern cavity volume was 12.8 MMB on 4/20/1990 and
is predicted to be 12.0 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 6.1%

over 32 years (4/20/1990 - 8/20/2022).

The maximum 0; never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum o;is -708 psi on 8/21/1991 during the

wortkover started on 7/22/1991 for 60 days. The smallest predicted value of the minimum DF is
2.65 on 6/20/1997 during the workover started on 3/28/1997 for 126 days.

In conclusion, BH-107 is predicted to be structurally stable through the fifth drawdown leach.

46



Sth

4th

3rd

2nd

1st |

BHIO7

Field data ends

[=]
<

T T T T T T T
wn o wn o wn o wn o
o o o~ o~ - -

(GINIIN1) dwinjoA usane)

QM.Q >

WVQN

ovo >

WM:QN

Qm:Q >

02p, >

WNQN

S.ow

WQON

00p, >

.m,m.m,N.

Qmmw

omdw Q%QW |
| <] = |
HEEN ST e iiia=a
f / Stop < Stps =t
=1 < ] =11
wn m =
f e
, \W =R
, L T
Op, 0, -
< , u QN = m VQN < {
g 7 g 3 |
| B
|
, = :
HT § Ni M ===
5ol 7 m,QN - m/QN - 1
= £ g
() . oo Lg
, i3 ,
| o 1
r O0g Og, = T
2 W 0e < 4 % 5
~ S il S
i 3 M
AIRRNRENARRNNNNANE TRRAS EEamEL i
Ll WNQN Z %NQN w
Ll o} w g
| i |
—
L =
~ 0202 4
= i
)
«»
BT 38 s
© 7 L uw T o 8
2 Sloz M
©
o 1
o
*1
| |
| i QNQN QN.QN |
|
f . B
- y.rs PE T == 2
WQON W %QQ.,V m
ol "W Bk
| 2| — | £l®
| i 2|3 LT 2|5
, 00, QQQN |
, T |
, S + :
| 3 3 -
| e E 4 |, & |
6r | S6r ||
W r K /e N
ﬁ LT
, lw ———
7 e ————
T T T T T O66; bquf T
X X X X 8 X ® ¥ 8 8 8 @ 8 8 8 8 =] Q =] o o ] Q
© © © 9 9 o 9o o a 8 s 2 S 1 S © 1) < ] ~ i (=}
OA/AP ‘21ns0[) BWN|OA pazijew.oN (1sd) To (4@) 101064 28ewequele|iq

QM,QW

«VQN

QVQN

%%QN

Q%QN

%NQW

QNQW

«,NQN

QNQN

%QQN

QQQN

%QWN

QQW,N.

tial cavern

ini

Figure 24. Predicted volumetric change (top), volumetric closure normalized to

volume of BH-107 (2nd), maximum o7 (3rd) and minimum dilatant damage factor (bottom) in the

salt surrounding BH-107 over time
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5.8. BH-108

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 25 shows the cavity of BH-108 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-108 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

Z
E
Extra Extra Cavern Extra Extra
Skin2  Skin 2 5th 4th 3rd 2nd 1st Cavity 1st 2nd 3rd 4th 5th Skin 1 Skin 2

Figure 25. BH-108 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 26 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-108 over time. The initial cavern cavity volume was 11.7 MMB on 6/20/1990 and
is predicted to be 11.0 MMB on 8/20/2022. The cavern volume is predicted to dectease by 5.6%

over 32 years (6/20/1990 - 8/20/2022).

The maximum 0y never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -312 psi on 12/20/2020 during the

workover started on 10/1/2020 for three months. The smallest predicted value of the minimum DF
is 3.09 on 12/21/2003 during the workover started on 10/16/2003 for 89 days.

In conclusion, BH-108 is predicted to be structurally stable through the fifth drawdown leach.
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Figure 26. Predicted volumetric change (top), volumetric closure normalized to initial cavern
volume of BH-108 (2nd), maximum o (3rd) and minimum dilatant damage factor (bottom) in the

salt surrounding BH-108 over time
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5.9. BH-109

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 27 shows the cavity of BH-109 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-109 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

Extra Extra Cavern Extra Extra
Skin2  Skin 2 Cavity Skin 1 Skin 2

Figure 27. BH-109 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 28 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-109 over time. The initial cavern cavity volume was 12.9 MMB on 7/21/1990 and
is predicted to be 12.2 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 6.0%

over 32 years (7/21/1990 - 8/20/2022).

The maximum 0; never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -470 psi on 3/22/2046 during the

wortkover started on 1/1/2046 for three months. The smallest predicted value of the minimum DF
is 2.73 on 1/21/2036 duting the workover started on 1/1/2036 for three months.

In conclusion, BH-109 is predicted to be structurally stable through the fifth drawdown leach.
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5.10. BH-110

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 29 shows the cavity of BH-110 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-110 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

4th 3rd 2nd 1st 2nd  3rd 4th 5th

Extra Extra Sth Cavern 1st Extra Extra
Skin2  Skin 2 Cavity Skin 1 Skin 2

Figure 29. BH-110 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 30 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-110 over time. The initial cavern cavity volume was 13.0 MMB on 4/20/1990 and
is predicted to be 12.1 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 6.9%

over 32 years (4/20/1990 - 8/20/2022).

The maximum 0, never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -129 psi on 6/20/2026 duting the

wortkover started on 4/1/2026 for three months. The smallest predicted value of the minimum DF
is 2.30 on 4/20/2026 duting the workover started on 4/1/2026 for three months.

In conclusion, BH-110 is predicted to be structurally stable through the fifth drawdown leach.

52



0 BHITO _ ;
35 - - ! |
30 4 Field data ends 1st 2nd 3rd | 4th S5th |

25 A

20 4

Cavern Volume (MMB)

w
!

1990

1995 |
2000 1
2005 |
2030 |
2075 |
202, | ?
2025

203 |
2035 ‘{
2040 ]
20gs LU CHTTOP T LTI
2050

12.0% BHIT0
10.0%

Field data ends 1st 2nd 3rd | 4th Sth
8.0% -

6.0% -
4.0% A

2.0% A

0.0% s wan | - | == Vi

Normalized Volume Closure, dV/V,

-2.0%

1990
1995 |
2000 |
2005 |
2070 |
2075 |
2029 |
2025
203y |
2035 |
2049 |
2045 |
2050

1
S DHLILU Field st 2nd 3rd 4th 5th

1000 data
ends

500

Tensile

Compressive r\\h
-500 4

-1000 ‘\J\M’\V/\‘]vwvw Vw MWJV \WW V\WM\"M\,‘J o JH\J d U ~

-1500

oy (psi)

e
=
e
—
—
—

)
===
=
=N

-2000

[S)
2,
.990
0

s 1‘9‘95
?ooo
J 3005
2010
2015
?oeo
2035
?o\i,s
> | 3040

% <03,
K

—
-

4.0

TF 'm i
|

3.0

2.0

Non-Dilatant
Dilatant

Dilatant Damage Factor (DF)

1.0

0.0
S o o
$ S S

N 9 S

05

$ $

QS
&y
¥ v ¥ v

2 25
. 230

o S o
> IS I

(S
S
? 5 5 ¥

Figure 30. Predicted volumetric change (top), volumetric closure normalized to initial cavern
volume of BH-110 (2nd), maximum o7 (3rd) and minimum dilatant damage factor (bottom) in the
salt surrounding BH-110 over time

53



5.11. BH-111

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 31 shows the cavity of BH-111 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-111 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

4th 3rd 2nd 1st 2nd 3rd 4th 5th

Extra Extra
Skin2  Skin 2 Cavity Skin 1 Skin 2

Extra Extra Cavern

5th

1st

Figure 31. BH-111 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 32 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-111 over time. The initial cavern cavity volume was 13.3 MMB on 7/21/1991 and
is predicted to be 13.1 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 2.9%

over 31 years (7/21/1991 - 8/20/2022). The amount of volume closure is smaller than that of other

SPR caverns because the lower volume of cavity is relatively small. The creep closure rate increases
with depth because the difference between lithostatic and cavern internal pressures increases.

The maximum 0, never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -290 psi on 3/22/2017 dutring the
wotkover started on 11/23/2016 for 129 days. The smallest predicted value of the minimum DF is
1.36 on 7/22/2036 during the workover started on 7/1/2036 for three months.

In conclusion, BH-111 is predicted to be structurally stable through the fifth drawdown leach.
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5.12. BH-112

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 33 shows the cavity of BH-112 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-112 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

5th 4th 3rd 2nd 1st 2nd  3rd 4th 5th

)
(E

Cavern Extra Extra

Extra Extra
Skin2  Skin 2 Cavity Skin 1 Skin 2

1st

Figure 33. BH-112 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 34 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-112 over time. The initial cavern cavity volume was 13.1 MMB on 6/21/1991 and
is predicted to be 12.9 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 2.0%

over 31 years (6/21/1991 - 8/20/2022). The amount of volume closure is relatively small because
the lower volume of cavity is small like BH-111.

The maximum 0, never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -266 psi on 9/20/2045 during the
workover of BH-107 started on 7/1/2045 for three months. The peaks appear during the workovers
of BH-107, BH-108, BH-112 itself, and BH-113 since the 1* drawdown of 14 caverns occuts.
BH-107, BH-108, and BH-113 are neighbor caverns as shown in Figure 1. This implies that the
volume closure of neighbor caverns affects the behavior of BH-112. The smallest predicted value of
the minimum DF is 1.17 on 10/21/2026 during the workover started on 10/1/2026 for three
months.

In conclusion, BH-112 is predicted to be structurally stable through the fifth drawdown leach.
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5.13. BH-113

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 35 shows the cavity of BH-113 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-113 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.

Z
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5th 4th 3rd 2nd 1st 2nd  3rd 4th 5th

Cavern Extra Extra
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Skin2  Skin 2 Cavity Skin 1 Skin 2

1st

Figure 35. BH-113 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 36 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-113 over time. The initial cavern cavity volume was 12.9 MMB on 5/21/1991 and
is predicted to be 12.0 MMB on 8/20/2022. The cavern volume is predicted to dectrease by 6.9%

over 31 years (5/21/1991 - 8/20/2022).

The maximum 0, never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of

simulation. The largest predicted value of the maximum oy is -438 psi on 3/21/2047 during the
workover started on 1/1/2047 for three months. The smallest predicted value of the minimum DF
is 2.26 on 11/20/1995 during the workover started on 10/25/1995 for 333 days.

In conclusion, BH-113 is predicted to be structurally stable through the fifth drawdown leach.
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Figure 36. Predicted volumetric change (top), volumetric closure normalized to initial cavern
volume of BH-113 (2nd), maximum o7 (3rd) and minimum dilatant damage factor (bottom) in the
salt surrounding BH-113 over time
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5.14. BH-114

Modeling of the leaching process of the caverns is performed by deleting a pre-meshed block of
elements along the walls of the cavern so that the cavern volume is increased by 16 percent per
drawdown. Figure 37 shows the cavity of BH-114 as developed from sonar data, along with
drawdown skins and extra skins. In this simulation, BH-114 is modeled as having five drawdown
layers to be removed to account for the future oil drawdown activities.
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Figure 37. BH-114 cavern cavity with five drawdown skins (leaching layers) and extra skins

Figure 38 shows the predicted volumetric change (top), and volumetric closure normalized to initial
cavern volume (2™ panel), maximum oy (3 panel), and minimum DF (bottom) in the salt volume
surrounding BH-114 over time. The initial cavern cavity volume was 13.6 MMB on 8/20/1991 and
is predicted to be 12.7 MMB on 8/20/2022. The cavern volume is predicted to dectease by 6.2%

over 31 years (8/20/1991 - 8/20/2022).

The maximum 0y never reaches a positive (tensile stress state) value through five drawdowns, and
the minimum DF either never reaches to be less than 1 during every workover until the end of
simulation. The largest predicted value of the maximum oy is -169 psi on 4/20/2013 during a seties

of workovers started on 9/8/2012 for 224 days. The smallest predicted value of the minimum DF is
1.60 on the same day of predicting the largest value of the maximum o7.

In conclusion, BH-114 is predicted to be structurally stable through the fifth drawdown leach.
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Figure 38. Predicted volumetric change (top), volumetric closure normalized to initial cavern
volume of BH-114 (2nd), maximum o7 (3rd) and minimum dilatant damage factor (bottom) in the
salt surrounding BH-114 over time
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6. CONCLUSIONS - AVAILABLE DRAWDOWNS

The estimates for the baseline available drawdowns for each of the Big Hill caverns have been
updated based on the recently upgraded Big Hill geomechanical model [Park, 2019b]. The new
estimates for Big Hill are summarized in Table 2. All caverns are predicted to have five baseline
available drawdowns remaining from a geomechanical perspective.

BH-101 and 105 have a region of concern at the floor edge and/or on the sloping floor, whete
tensile and dilatant stresses are predicted to occur during each workover. The tensile state is
predicted to occur because of the geometries of the edge and floor. Therefore, geomechanical
examination for two caverns would be recommended after a future drawdown leach.

The well integrity of each cavern is not investigated in this report. Only the structural integrity of the
caverns is examined at this time. The number of available drawdowns in Table 2 is may be updated
after the examination of the well integrity is completed through the upgraded BH geomechanical
model next fiscal year. Such an update will incorporate a future Sandia strategy on how well
integrity will affect drawdown capacity.

Table 2. 2020 Updated number of available drawdowns — Big Hill

Basis in 2014 Updated

Cavern . . Geomechanics Remarks
2D P/D < 1/3D P/D < 1|Geomechanics|Best Estimate in 2020

BH-101

w
w
(]
w

Re-examine after a drawdown

BH-102

BH-103

BH-104

BH-105 Re-examine after a drawdown

BH-106

BH-107

BH-108

BH-109

BH-110

BH-111

BH-112

BH-113

wWlwlwlw|bd|d|NMN|w[d|[plwin|pd
njiwlw|ldblon|lvu|lu|d|d|plwlips|ld
vl |ln|ln
njiwlw|lbloun|lu|lu|d|d|plwlips|lp
vl laulvn|lvn|ln|n

BH-114
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