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ABSTRACT

A finite alement computer program, developed previousiy to pre-
dict the creep response af bedded rck salt, has afso been used to
successfully predict the creep closure ratas of seveval caverns us-
ing an approximation of the cavern geomerry and moterial prop-
ertigs from the site.

The caverns at Bryan Mound., Texas have been analvzed with
ihis program by approxdmuiing euch with @ two-dimensional axi-
sypumernic finite element mesh, Inivial leaching and thermal ef-

fects were freated in an approximate manner. An element dele.
tipr techaigue wus wsed lo simulate the leaching that ocours
when oil ix withdrawn and replaced with fresh water,

Euch cavern was anelyzed for thivty years und an indication of
the long-term stability and volume change was obraived. This in-
Jormaiion will be used in the formulution of vperaiing proce-
dures far the caver.

INTRODUCTION

The U.5. Strategic Petroleum Reserves (SPR) is a Na-
tional Program devoted to reducing America’s dependenice
on imparted oil. The program calls for storage of approxi-
mately 750 militon harrels of crude oil or more. Salt cav-
emms leached in salt domes around the Guif of Mexico have
been identified as economical sites to store the majority of
this petroleum. This plan allows easy access to the ship-
ping lanes and pipeline networks which already carry
much of the flow of foreign oil into the country, The natu-
rally occurring salt domes also provide an excellent under-
ground storage medium that is safer and more economical
than steel tanks.

Another advantage ta the use of salt domes is the avail-
ability of an existing mine and numerous caverns which
are suitable for purchase and immediate petroleum stor-
age. The final storage volume will thus be split berween an
existing mine, existing caverns and newly leached caverns
in five salt domes around the Gulf.

The purpose of this paper is to present results of finite
element analyses of caverns at Bryan Mound, Fexas which
were previously leached by industty and recently pur-
chased for use in the SPR.

*This work wis perfornmed o Sandia National Labaratories and was
supported by the UL, Depariment of Erergy under contracy number
BE-ACH.T6DPO0TIS for the 1.5, Depantment of Encrgy.

BRYAN MOUND SALT DOME

The Bryan Mound salt dome is locafed in southeastern
Texas near the city of Freeport, approximately two miles
infand from the Guif. The edges of the dome have been ex-
plored for oil since 1901, but the amount preduced has
been small. The major use of the site has been production
of sulphur from the carprock and brine from five leached
caverns. These five caverns were acquired by the H.5. De-
partment of Fnergy (DO} in April 1977 for use in the SPR
program. AH of the caverns uhderwent certification stud-
fes between 1977 and 1979 and all were deemed suitable
for off storage except Cavern Three, which appeared o
have some fresh water circulation. New wells were drifted
into the caverns to meet design injection and withdrawal,
and oif injection started in October, 1977 {(Hogan, 1970,
pg- 1-1}. The five caverns at Bryan Mound were analyzed
in the present study fo confirm the structural safety of the
caverns and to predict the volume losses from the caverns
due to ereep closure. Figure | shows a plan view of the
Bryan Mound salt dome and the five existing caverns in
refation to each other and 1o the edge of the dome.

ANALYSIS APPROACH

Fiite Element Program, The finite element method of-
fers the flexibility to treat alizost any geometrical shape
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Figure 1. Plan View of Bryan Mound Salt Dome.

under a variety of loads. This makes it ideal for analvzing
salt caverns that vary greatly in shape and average depth.

A considerable amount of development work has been
done on a finite element program {o predict the creep re-
sponse of bedded rock salt (Key, 1980). This program was
one of nine codes used in the Benchmark II exercise wherein
a generic drift for nuclear waste iselation in bedded salt
was analyzed (Morgan, 1981}, The program’s results com-
pared very well with results from the eight other structural
codes that were exercised in the benchmark study. This
program was also used to analyze existing caverns that
had been instrumented to provide pressure increase in
capped caverns or volume change data due to creep clo-
sure. The resuits of the analysis were in agreement with
the field data giving immproved confidence in future work
(Preece, 1982B).

Volumetrie Calculations. The wellhead usually provides
the only access to a cavern, and consequently it is the only
paint to monitor cavern response, Typical information
coming from an instrumented welihead includes pressure
increase from fluid thermat expansion (due to heating the
oil from injection temperature to in-situ temperature) and
creep closure, and flow from the cavern when the welthead
is opened to reduce pressure. These two parameters pro-
vide operators with a daily cavern volume change which
we will call cavern flow rate.

The finite element program computes the nodal dis-

placements at the end of gach time step specified by the
uscr. 'The volume of the cavern at each time step is com-
puted by using the coordinates and displacements at each
node on the cavern surface. The volume and time data can
then be manipulated inte fiow rates and pressure in-
creases, B needsto be remembered that the predicted flow
rates given later in this paper were obtained in this man-
ner and do not include the flow rate due to thermal expan-
ston of cavern finid. Limited data have shown the pressure
increase duc to fluid thermal expansion 0 be about ten
perceni of thar due to creep closure {Preece, 19824,
pe. 21}

Material Properties. The program uses an elastic con-
stitutive model and a secondary crecp steain model of the
form

= Aexp(—Q/RTHe)" {n
where

= secondary effective creep strain rate
= laboratery determined constant

= activation energy

= universal gas constant

= temperature in degrees Kelvin

= effcclive stress

= stress exponent.

B oo = mOo e
!

e A 8 e
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The coeflicicnts in the above equation have been deter-
mined by thorough triaxial creep testing of Bryan Mound
salt to be: {Wawersik, 1980}

A = 9,51 X 10" (units in days and psf}
Q = 12.1 Keal/mole® K
n = 3,52

The elastic properties of the salt were determined from
standard triaxial creep tests to be: (Wawersik, 1980)

Youngs Modulus = 6.80 X 10% pst
Poissons ratic = .33, .

Detenmining Mesh Width. The program can currently
analyze only two-dimensional plane strain or azisymmetric
shapes and since the true caverns are three-dimensional,
some approximation is required. If a cylindrical cavern
were surrounded by six other equal sized cylindrical cav-
erns, as shown in Figure 2, the width of the mesh shown in
Figure 3 can be taken as one-half the center-to-center dis-
tance berween cavertis. An axisymetric treatment of this
mesh will provide an approximation to the three-dimen-
sional geometry.

I, however, an example cavern we desire 1o analvze is
surrotnded by caverns on the same level, as shown in Fig-
ure 4, the mesh width for analyzing cavern A is determined
by averaging half the pillar widths to surrounding cav-
ems. In cases where there is a 180-degree are around a
cavern, where no other caverns exist on the same level, we
also Include (in the averaging process) the pillar distance
reguired to simulate an infinite boundary. This distance
has been determined to be approsimately eight times the
cavern diameter (Precee, 1980A, pg. 14). Using this infor-
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Figure 2. ‘Top View of Cyfindrical Cavern Array.
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Figure 3.  Vertical Axisymmerric Finite Element Mesh of Cylin-
drical Cavern.

mation, we can calculate the mesh width required for cav-

ern A it Figure 4 as

AB/2 + AC/2+AD/2+8  d
4 2

The euter boundary of the mesh describing cavern & isalso

shown in Figure 4, Comparison with limited field data has

W =

2
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Figure 4. Top View of a Typical Cavern Group,

shown the method to be valid, However, more data and
subsequent analysis of the data source would be helpful
and is being actively pursuzed.

Sometimes, two caverns are close encugh together to
violate the recommended P/D {pillar to dismeter ratio} of
1.8 (Hart, 1981, pg. 1-3). In this case, an analysis is per-
formed to determine the stability of the pillar with the
mesh width being chosen as half the pillar width plus the
cavern radius. This is a conservative method which im-
phies that there are six caverns surrounding the cavern of
interest, each with the same pillar width. If this cavern
configuration can he shown {o be stable, then the actual
cavern with only one other cavern at the specified pillar
width should also be stable.

Determining Mesh Height. Prior to the present set of
analyses, the vertical distance between top and bottom
boundaries was made three times the height of the cavern
with the cavern situated in the middie. This works very
well with a long slender cavern, but some of the caverns at
Bryar Mound are shorter and wider than normal. Tt was
determined that there should be at least twice the widest
radius of the cavern in the mesh above the cavern and pre-
ferably three times. This was determined from the state of
effective siress at the top boundary after 60 years of creep
stress refief. It is desirable to have the effective stress at the
top of the mesh less than ten percent of the effective stress
immmediately surrounding the cavern. This assures mini-
mal interference of the top of the mesh with the cavern re-
sponse.

Boundary Conditions. The finite element mesh of Bryan
Mound Cavern One s shown in Figure 3. The boundary
conditions applied to this mesh are typical of those ap-
plied to the other caverns in this seport. Across the top of
the mesh is placed a lithostatic pressure corresponding to
its depth (I psi per foor of depth). Inside the cavern is a
brinehead pressure from the surface of the ground (0.521
psi per foot of depth). Siace brinchead pressure i less
than lithostatic pressure, the cavern will creep inward.
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Figare 5. Axisymmetric Finite Element Model of Bryan
Mound Cavern One,

The right and leff sides of the mesh are allowed to move
vertically, but they are fixed horizonially, as indicated by
the vertical rollers. The bottom of the mesh iz allowed o
maove horizontally, but it is fixed vertically. The creep al-
gorithm requires a stress state to predict the next set of
creep displacements in time. To start the algorithm cor-
rectly, an initial lithostatic stress state is computed for the
entire mesh and s used during the first time step.
Stmulating Initial Cavern Leaching, Each cavern starts
as a borehole and gradually grows as fresh water is pumped
in and brine is pumped out. The borehole disturbs the glo-
bal state of stress away from the hole very firtle, leaving a
state of lithostatic stress throughout the region where the
cavern will be leached. The stress at the current cavern
surface gradoally changes with time from lithostatic 1o
brinehead as the cavern develops from & borehole to its
present state, It has been determined that this leaching
process must be simulated in order to accurately predict
the cavern response immediately after leaching is com-
pleted. One method is to linearly reduce the pressure inside
the current cavern geonetry from lithostatic w brinchead
over a finite period of time. Figure 6 shows the predicted
flow rate from a cavern for three different treatments of
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Figure 6. Flowrate Versus Time for Three Different T'reatments of the Initial Leaching Process,

the initial leaching. Curve A shows the cavern response
when it is loaded initiaily with brinehead pressure inside,
In this case, the effective stress around the cavern is very
large initially and gradually decays through creep stress
reliel. The jump in Curve A at 300 days is probably not
real but iy the result of numerical oscillation as the system
adjusts to the instantaneous loading., Curves B and € show
the cavern response when the pressuve inside is reduced
from lithostatic to brinchead over 300 days and 1000 days,
ruspeetively, In these cases, the initial effective stress
around the cavern is zeto as it would be before the cavern
was leached. The effective stress increases as the inside
pressure is reduced. At the time the interior reaches brine-
head pressure, the effective stress around the cavernisata
maximum, then it gradually dissipates with time {o steady
state effective stress. In all three cascs, the steady state of-
fective siress distribution on the mesh s essentially the
same and it corresponds to the steady state flowrate from
about 3000 days on in Figure 6, in all three cases, the flow
rate at time zero results from the initial elastic response of
the cavern.

Simulating Cavern Leaching During Qi Withdrawal,
The SPR program is designed (o allow five oil withdrawals
of each cavern during ifs thirty-vear life. When the oil is
‘withdrawn, itis replaced by fresh water, which leaches the
cavern to a larger size. A compuler program (Saberian,
1977) for predicting leaching was obtained by the Fluid
and Theemal Sciences Department at Sandia and changed
to hetter meet SPR needs, This program (Russo, 1981)
was used to predict the new cavem gize after each leaching

cycle. The cavern leaching was taken into account during
the finite element analysls by predefining the mesh to
match the layers that were predicted o be leached. as
shown in Figure 7. The timing of the five withdrawals is
not known a prior, since it depends on the national energy
situation. For analytical purposes, the withdrawals were
divided evenly over the lifc of the SPR program {30 years),
which results in vne withdrawal every six years. At the
time the withdrawal occurs, the pressure is transferred
from the cuerent cavern surface to the newlv created sur-
faces as the layer of leached clemuenis is removed. The
creep closure, and hence che flow rate, from the cavern in-

7 CAVERN BURFACE AFTEH
FIVE OfL WITHDRAWALS

CAVERN SURAFACE
AT PHESENT -.

LEACHED LAYERS

Figuee 7. Bryan Mound Cavern One with Leached Lavers
Censshatched,
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creases because the volume has increased. Figure 8 shows
the total volume of Cavern One plotted against time, Each
step in the curve represents a volume increase due (o leach-
ing. After each volume increase, the cavern continues te
creep inward as shown in the close-up of one leaching cy-
cle in Figure 9.

Temperature Effects. As can be seen in Equation (1),
the creep rate is an exponential function of remperature.
The fluid going into the cavern is approximately 70°F and
gradually heats to the in-situ temperature of the cavern
{between 100°F and 130°F depending on depth). This has
two effects. First, the fluld expands as it heats and flows
from the cavern if the welthead is open, or the internal
pressure increases if the welthead is shut. Second, the fluid
cools the walls of the cavern, resulting in thermal contrac-
tion and temporary reduction in creep rate. The computer
program has the capability to treat the thermal stress
problem aad also the thermal influence on creep. A ther-
mal analysis of one cavern included the initial placement
of cool {lnid in a cavern and subsequent injections af cool
flnid for the drawdown/leaching cycles. This time-depen-
dent thermal fleld was included in the structural creep
analysis of the cavern. The same analysis was also made
without the time-dependent thermal fiekd but using a con-
stant temperature corresponding to the average tempera-
ture of the mesh. Immediately after the first cool fluid in-
jection, the analysis that included the thermal field had a
flow rate that was S0% less than the flow rate in the con-
stant temperature analysis. Within three or four years,
howaver, the two flow rates were about the same, Includ-
ing a thermal analysis in each cavern structural analysis
proved to be more expensive than the current computing
budget allowed, so each analysis was performed with 2
constant temperature, It is felt that this gives a good rep-
reseniation of the cavern performance three or four years
from the time of injection,

Predicting Sall Fraciure. A function which conserva-
tively predicts when rock sakt will fracture or crush has
been proposed by Wolfgang Wawersik (Miler, 1982, pg.
36-37). This function relates confining pressure and ef-
fective creep strain and becomes positive when the poten-
tial for fracture or crushing exists:

¢ = 150.0(c — 0.023 —H#P)
() = { 0.132f0r P 2 1.256 X 10° psf
{ (2,117 X 10-8) P — {8.450 X 1{12)p2
otherwise

where

¢ = fracture/crush function
P = {0y 4+ o7 + 03)/3.0(confining pressure}
#P) = fanction of confining pressure.

Possible problem regions around a cavern are determined
by post-processing the finite element data to determine
whether the function ¢ i positive anywhere on the mesh.

Sixth International Symposium on Sait, 1983—Voi, I

There is no provision for computing ¢ during the analysis
and redistributing stresses when fracture ocours,

BRYAN MOUND CAVERN ONE

The weil for Bryan Mound Cavern One was initially
drilled in 1942, The volume of the cavern is currentiy 5.3
million barrels (mmb} (2,98 X 107 #3). The cavern i lo-
cated well away from the edge of the dome and the caprock
bat kas a pillar of only 245 feet hetween it and Cavern
Four. Caverns Four and Five are the omly existing caverns
that are on the same level as Cavern One, Two new caverns
will be leached about 8} feet away and two more sew cav-
erns will be leached about 1000 feet from Cavern One on
the same level. The shape and dimenstons of the cavern as
determined from sonar data are shown in Figere 10 {Ho-
gan, 1980, pg. 4). The finite element model of Cavern One
is shown in Figure 5 and has a volume of 5.0 mmb (2.80 %
107 £t3). The volumeiric response of the cavern versus time
is given in Figure 8 and a summary of the flow rates imme-
diately before each oil withdrawal is given in Table 1.

Post-processing of the fracture/erush function given
earlier shows the cavern to be structurally sound and will
continue as such through the first several drawdown cy-
cles. There is the possibifity of coalescence with Cavern
Four on the second or third drawdown, requiring that the
growth of both caverns be monitored closely. Because of
our two-dimensional approach, the present analysis will
not predict the stresses or fracturiag of the pilar as the
two caverns approach each other. This can, however, be
treated approximately by performing another analysis
with a nairower mesh.

BRYAN MOUND CAVERN TWO

The initfal well for Cavern Two was drilfed in 1942 and
the 5.5 mmb (3.09 X 107 ft*) cavern shown in Figure 11
was sebsequently developed. Cavern Three is the only cav-
ern (including the new caverns) on the same fevel as Cav-
ern Two and it is located 430 feet away. The cavern is well
away from the edge of the dome, but it is ondy 365 feel be-
low the caprock. This distance has been found suitable by
past and present finite element analyses {Hogan, 1980,
p. 4} The finite element model, as shown in Figure 12, has
avolume of 4.9 mmb {2.75 X 107 £19). The volumetric re-
sponse of the cavern versus time Is given in Figure 13 and
the flow rates immediately before each oil withdrawal are
given in Table 2,

TABLE 1

Cavernt One Flowrares

wh

Withdrawal Number Initial | 2 3 4 3
Volume { X 1074} 2,80 3.20 3.80 4.36 527 600
Flowrate (ftd/day) 220 313 3946 3518 640 75.3
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Figure 10, Bryan Mound Cavern One.

Results from the fracture/crush function show this cay-
ern to be structurzlly sound throughout its entire SPR life
inchiding the five drawdown cycles.

BRYAN MOUND CAVERN THREE

Cavern Fhree was initiated in 1941 and currently has a
volume of 6.4 mmb (3.59 X 107 f'). This cavern was pur-
chased for oil storage along with the rest of the caverns but
was subsequently deemed unsuitable for oil storage. Early
i its testing, it appeared to have fresh water circulation
and continual leaching taking place within the cavern.
There are also problems with the well jeaking, and until
both of these problems are fixed or reconciled, oil will not
be stored in this cavern (Hogan, 1980, pg. 3).

A finite element analysis of the cavern was cartied out in
the present study to conflrm its structural stability over
the life of the SPR program and to predict the creep clo-
sure rate of the cavern.

The Cavern, shown in Figure 14, is refatively shallow

and Cavern Two is the only other cavern on the same level.
The tinite element mesh which has z cavern volume of
12.76 mmb (7.16 X 107 ft'} is shown in Figure 15, The
mesh was made vsing the largest cross-section found in
the sonar surveys. It was used because showing that this
larger cavern is structuratly spund would also indicate the
safety of the actual cavern. The fracture/crush function
shows this cavern 1o be stable throughout the Bfe of the
SPR program. The analysis predicts a loss of approxi-
mately two percent of the original volume over sixty years.
Unfortunately, there does not seem to be zny field data for
comparison.

BRYAN MOUND CAVERN FOUR

Cavern Four is the second largest cavern in the SPR pro-
gram with a volume of 16.3 mmb (9.15 X 107 £t2). The
wedl for this cavern was drilled in 1942 and gradually de-
veloped into the shape shown in Figure 16, This cavern is
approximately in the center of the dome and is 1500 feet
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TARBLE 2
Cavern Twn Flow Rares
Withdeawal Number Initial | i 3 4 &
Volume (X 107#% 275 339 4.14 499 589 587
Flowrate (fri/day) 6,4 7.8 1L7 200 358 290
TABLE 3
Cavern Four Flow Ratgs
Withdrawal Naomber  Initial i 2 3 4 5
Volume (X 107 7 .49 kel 127 BLAR 1368 1744
Flowmate {ft /day} 1601 2067 270.% 2400 4231 S04.77
TABLE 4
Cavern Five Flow Ratey
withdrawal Number Initial I 2 3 4 5
Volume (X 107ft%) 188 — —~ — — 2.3
Flowrate {ft3/day) 4488 — — o 8496
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betow the caprock, s¢ no edge of dome or roof thickness
problems are anticipated. Caverns One and Five are on
the same level and relatively close (piliar thicknesses of
245 feet and 320 feet, respectivelv). Three of the new ex-
pansion caverns are also on the same level and within ap-
proximately 1100 feet (Hogan, 1980, p. 6). The finite ele-
ment mesh shown in Figure 17 has a cavern volume of 16.9
mmb (9.49 X 107 %), The volumetric response of the cay-
ern is given in Figure 18 and a summary of the flow rates
from the cavern immediately boefore each deawdown i§
given in Table 3.

Post-processing of the fracture/crush funciion indi-
cates the present and future (after five drawdown cyules)
stability of this cavern. There is the possibility of coales-
cence with Cavern One, as mentioned previously, and akso
with Cavern Five. The growth of these three caverns and
the pillar distances between them needs to be closelv mon-
itored,

BRYAN MOURD CAYERN FIVE

Cavern Five was initiated in 1937 and subsequently de-
veloped into the 33.4 mmb (1.88 X 10® ft3) cavern shown
inn Figure 19, The cavern has an upper and lower lobe sep-
arated by what appears (o be an insoluble layer (the ledge
may also be the result of the leaching process rather than
insolubility). This cavern is the largest in the SPR pro-
gram, but since it is over 630 feet from the dome edge and
1000 feet from the caprock, no edge of dome or roof thick-
niess problems are anficipated. Cavern Four and two new
expansion caverns are located on the same level as this
cavern. Also included in the determination of the mesh
width was the distance to the edge of the dome (Hogan,
1980, pg. 6). The finite element mesh of the cavern in
Figure 20 has a volume of 33.4 mmb (1.88 X 10%£t%). This
mesh does not include a layer of elements for each draw-
down, An attempt was made to include the layers, but the
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resuiting mesh was so fine and had so many elements as 1o
make the analysis ovesly cxpensive. The present mesh has
one layer of elements between the originat and final size.
The volumetric tesponse of the cavers is given in Figure 21
and & summary of the flow rate afier each drawdown is
given in Table 4.

" The past-processed fracture/crush function does not
indicate any stability problems of the cavern at present or
in the future. As meniioned previously, therc is the possi-
hility of coalescence with Cavern Four. The present model
is not suitable for predicting pillar stability problems asso-
ciated with this coalescence process,

SUMMARY

The methods presented in this paper for determining
creep response of leached salt caverns seem to work rea-
sonably well, considering the lmits of two-dimensional
approximations of the actuat shapes. The volume change
versus time data, which have been predieted, will be use-
ful to cavern operators in the planaing of bleed-down
schedules, brine buffer sizes and disposai of brine dis-
placed from the cavern due to creep closure. This aid in
predicting and planning should result in a more efficient
cavern opetation.
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