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ABSTRACT

Exploratory boreholes generally are drilled in rack salt depos-
its prior tu construction of sturuge caverns. Cores are tuken over
selected intarvals of depth for fivsthand inspection of sult geolugi-
cal characteristivs, and ulso for pussible laboratory rests 1o derer-
mine the meckanical properties { sirength "y uf the rack salt relo-
tfve 1o the intended storage application. Applications can include
stovage of lguids, e.g., ol and viher Eydrocarbun products, and
gases, e.g.. naturad gag or compressed air (for phergy storagef.,
Storage of puses generally includes cavern stabiliry consideru-
tions, which may be vitad for deep caverns fdepths greater than
around S0 m} subject v cyclic inrernal pressure, Additional
vontpfications can oconr if the rock salt formation contains “ine-
purities, ' e.g., shale andsor clay. or if the in situ stress state it
wther thai {ithastatic, f.e., due o vverburden alone.

Borehole resting can be used o predict cavern perfarmuance on
the busis of dimensivnal analysts ond physical model iheory.

Such tests have the advaniuges of incorporating site specific fea-
tures, Effects of relatively undisturbod soft cud in situ stresses are
takes o accuunt vver the depihs of plamned cavern develop-
ment. Test programs can be designed in stages of cormplexity fand
costi to fit the level of conceris for the intended storage project,

A first stuge af tests includes performing iutial and subseguent
borehole caliper survays. alostg with manitaring outflow of drilling
Jhutd from open borvholes. On the buasis of dimensional anulvsis,
predicred volume changas of a cylindrical cavern over a selected
depth interval wi the borekole site can be derived as AV, =
) Eﬂ/’Dj;j AVyg, where AV, D are volume change and divmeter re-
spectively, tmnd the subseripts C. B refer to cavern and borehuie
respectively. More precise dara can be obrained by sedfing off por-
tions of bureholes with packers ar plugs.

Orher borehale tosts ave outlined and disenssed. with potentiol
henefits, for the geostorage idustry working in rock sair.

INTRODUCTION

Usable volume of a storage cavern in rock salr generally
decreases with time, and the volume loss rate can be used as
a measure of cavern “'stability,”” i the volume loss rate is in-
tegrated over the engineering ife of the cavern, and thereby
an uneconomical storage valume loss is projected, the cay-
ern genevally is defined as unstable. Corrective measures
may include enlarging the cavern periodically with solution
~ mining. However, most gas storage cavern operators prob-
ably would prefer to avoid such measures, so that a fairly
uniform reservoir capacity is generally available,

A need obviously cxists for estimating stability of storage
caverns in rock sakt formations, This need is more acure for
gas storage caverns {including compressed air} than for
liquid-storage, because the latter are inherently more sta-
ble at similar depths because of a larger, and more reftable
hydrostatic head. Gas filled caverns thus are prime sus-
pects for cases of instability ameng storage caverns in sal
formations. Their siability has been analyzed both with
physical models and with numerical modeling coupled
with laboratory tests. {Dreyer, 1974; Lux and Rokahr,

1962; Hardy, 1982.) The laboratory rests generaily are per-
formed on salt specimens prepared from cores taken by
drilling exploratory boreholes at the site and depth of the
prospective storage cavern(s).

An alternate, or complementary method for estimating
cavern stability can be implemented wherein the explora-
tory borehole itself serves as the test specimen. Dimen-
stonal analysis, as used in classic physical modeling, can be
used to ser forth modeling “laws™ to predict cavern perfor-
mance based on berehole test data.

This paper reviews the borehole tests approach for esti-
mating cavern closure with time. and also includes ex-
amples of estimates based on closure data coliected from
twe borcholes dritfed to depths of 3000 feet (1300 m) in dif-
ferent Morth Louistana salt domes.

BOREHOLE AND CAVERN CLOSURE
IN SALT FORMATIONS

Factors affecting closure of openings {especiafly caverns)
in salt formations were surunarized in a recent presenta-
tion. (Thoms and Gehle, 1882). These Factors included:
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(1) the pressure difference, or “effective overburden”
comprised of the difference between geostatic stress and
cavern pressure; (2) sall formation mechanical (constilu-
tive) properties; (3) salt formation temperature at planned
cavern depths; and (4) cavern configuration or geometry.

The first three of the above factors can be made to act
directly upon borehole closure at the jocation and depth of
aplanned cavern. A cement plug(or plugs) with access pipe
can be set to isolate and test an intervad of borehole depth
planned for a prospeetive cavern. The test interval of bore-
hole can he blown clear of brine by high pressure gas, and
subsequently subjected to the same pressures as planned
for a storage cavern under aperating conditions. The cas-
intg seat is never endangered from this test procedure. Peri-
adically, the test interval can be refilled with brine to mea-
sure loss in hole volume. By this approach hele closure
data can be obtained for realistic operating pressures over
depths of interest and with well established technology.

Hole closurs data ¢an be interpreted directly in terns
of potential cavern volume loss if “slender” caverns are
planned. Here caverns will be called slender if their length
to diameter ratio is greater than around 4 {L/D > 4), The
number 4 is noted {o be an engineering judgment at this
time; it s an cstimate of the configuration of caverns for
which lateral closure clearly dominates over end effects for
increasing L/D values. Numerical experimentation with
accompanying laboratory tests would be usefi] to obtain a
more rational basis for the lower limit of L/D defining
slender caverns.

For slender caverns, the fest inferval of horghaole can be
regarded as a distorted physical model. (Thoms, Moghar-
rebi and Gehle, 19823, Then the theory of dimensional
-analysis (Lunghaar, 1951) can be used Lo derive modeling
“laws” which predict cavern volume loss directly from
borehole closure data. The derivation of these laws was
presented previously by Thoms and Gehle (1982}, the re-
suiting, relatively simple relationship between potential
volume loss of planned caverns and test interval of explor-
atory borehole is:

D¢
AVe = —5° AVjp. where
Dy

De, By = initial dlameter of cavern, borehole.

In Equation 1, a common depth interval and similar
pressure foading history have been assurmed for the test
barehole and planned cavern{s). Note cavern end effects
and wall slabbing are not taken into account by Equation 1,
nor are possible interaction effects between neighboring
caverns.

As derived in previous work, Equation 1 can be used to
refate valume changes at similar times. Field tests generally
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are fimited in time, and esfimates of fong-term cavern be-
havior then must be obtained by extrapolation once ar ap-
parent “steady state” closure is indicated from test data.

A second major use can be made of borehole tests as
described here; that is, the data can be used to verify site-
specific numerical models for underground openings in
salt formatiors. This concept is consistent with basic geo-
technical engineering philosophy, 1.¢., any field data, as it
becomes available, should be used io update predictive
analysis for construction. {Terzaghi, 1960}, Once verified
with field data, numerical models can be used with im-
proved confidence to analyze a wider class of geometrically
disstmilar openings in the same salt formation. However, a
major degree of uncertainty remains for the implementa-
tion of the test in conjunction with numerical modeling;
that is, the initial geostatic stress state. For slender caverns
where Equation 1 can be applied directly, using specific
horehole closdre data, the initial geostatic stress field need
not he known.

If the salt formation is strongly anisotropic (e.g., some
bedded saits}, then this effect must be noted in use of bore-
hole test data. Also, megascopic features such as anoma-
lours zomes must be identified and accounted for. Scale ef-
fects certainly will enter to some extent in borehole tests;
however, they should be less severe for an Bto @inch {200 to
230 mm) diameter borehole than for a 4 inch {100 mm)
diamcier conventional laboratory sall tesi specimen.

BOREHOLE CLOSURE DATA AND EXAMPLES
OF PREDICTED CAVERN BEHAVIOR

In early 1978, exploratory boreholes were drilled ro
depths of 5000 feet (1524 m) in the North Louisiana salt
domes of Vacheric and Rayburn’s. An carlier report sum-
marized the drilling of the exploratory holes or corcholes
(Hawkins, 1978). The exploratory boreholes were logged
several times with 4-arm caliper “tools™ over a time pericd
of approximately four years and accummlated borehole
closure data were collected {Thoms and Mogharrebi,
1979; Mogharrebi and Thoms, 19803; and Moghattebi,
1981}, A final caliper logging of both holes was performied
in April, 1982. The data presented here are taken from the
summary report written after all data was collected and
analyzed. (Thoms, Mogharrebi and Gehle, 1982). Data
with a relatively high degree of confidence were selected
for the discussion of this paper.

Data from drilling records and also from the initial call-
per legging “runs” following “well completion™ on April
1l and May 7, 1978, for Vacherie and Rayburn's respec-
lively are presented in Figure 1. Downhole temperature
data along with reference elevation and relative depth data
are included in Figure 2. The notation DAIL designates

“days after initial logging.” Tnitial logging occurred in
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igove 1. Configuration of boreholes.

Rayburn’s twenty-six days after the Vacherie barehole,
and this is reflected in subsequent DAL references for
later caliper logs performed on the same calendar day for
bath holes.

Closure data for the borehales in the Rayburn's and
Vacherie sait domes are reported in Figures 4 and 5. In
Figure 3, referring to Rayburn’s dome, the borchole is ap-
parently relatively stable over ifs entive depth. An earlier

logging at 137 DAIL is not depicted because the data were
essentially the same as for 387 DAIL. Slight tendencies for
accelerated hole closure occur for Ravburn’s at two depths;
first, around 2500 feet (750 m}, and again arcund 3300 feet
(1065 m). 'T'he effect of the depth of 3300 feet (1065 m} ap-
pears more significant for hole closure.

Vacherte borehole closure data are given in Figure 4,
and now a considerable vartation of hole closure with depth



mEBECwmornli 9™ ENGE -~

Sixth International Symposium on Salt, 1983-—Vol. I}

2004
+|3” Dl
i A 1350 oaR.
14 ] -9 GAK

-~

2%

TEMPERATURE

— T -A-83DAL

—
+ +
VACHERE /f‘/ ¢S oan,
e owe 27r" 4t {7 MAY 78)
+ TS -024 Z—-{//A +
+§: o B e
/;,b DAL ~DAYS AFTER INITIAL LOG

i A EL. F-ELEVATION OF BRADEN HEAD
/ RATBURN'S FLANGE
EL wF s’ T8 ~ TOP OF SALT RELATIVE TOD
5 8. - 267 BRADEM MEAD FLANGE
F- ~RAYBURNY TEMP
+ - VACHENMIE TEMP
50 $ § —f- } + o + ¢ $ 4
p W0 KOO 1500 2000 2%00 OO0 MWMOT 4000 #4500 5000
DEPTH-FEET
Figure 2. Temperature in Vacherie and Raybuen's boreholes (after Thoms, et al., 1982),
1.8
- DAYS AFTER INITIAL LOG (DAIL)
W 1439
4+ 387
1.8
1.8
a
.3 L
*
4.9
e "‘“!"f'- v ,v ™rT T B T 'llti L v vv-l--rvvw l v T T L 'r'-“l
] 1 31 1009 iso0e 1909 1300 L1-1-3-] 3309 4000 4506 3000

REPTH-FELT

Figure 3. Ravbumm's hole closure.



Bareholz Tests to Predict Cavern Performance

MEBECAMOrNDIuemIOI -

~EC WMoy eI OX -

MEPETETA |

-]
L ]

MMMJv &l—“—l—‘-&-‘—l—l—lw LA-KJ J-J-.L-A.M—L

L]
o

RS FETTTTTNY PO TTE FYNNTUT TS FU T

[

DAYS AFTER INITIAL LOG (DAIL)
B 1463

+ 413
< 183

> &
rr—ry

M AR L L Mg Y
09 AE-T2 1800 1660 1380 b2-3-4- 3500 4000 4500 fJoo0
CEFMTH-FEET

Figure 4. Vacherie hoie ¢losure.

DAYS AFTER NITIAL LOG (DAIL)

+ VACHERIE, 1485 DAIL
M RAYBURN'S, 1439 DAl

+B+ W

&
LR E it e Sungis St S sun s et aeui e e MdEL S | HA AL AR SRR A SRR S R I
9 $§09 iR 11 ] 1400 tR X1 p3-1.7 Jads 4244 1100
PLPTHR-FLEY

Figure 5, Vacherie and Rayburn's hole closure,

31



32

anticipared to be site specific, and will depend upon pre-
viously noted factors, i.e., temperature, salt bulk mechani-
cal properties, and effective overburden. For example, a
cavern for iquid hydrocarbon storage with a brine “ley”
may be located slightly above a yield depih; bat if @i is con-
verted to natural gas or compressed air energy storage, it
may then be located below a more shaflow vield depth asso-
ciared with an increased effective overburden {or pressure
difference). Thus care should be taken in converting liquid
however, the magnitude of closure varies considerably be-
tween the two holes at greater depths. The relative closure
of the twa holes from Lhe (inal togging (Figure 3).

The depth of openings at which accelerated creep closure
oceurs in salt will be called the “yield depth” in this paper.
{Thoms and Gehle, 1982). For the brine filled holes of

. Vacherie and Rayburn’s domes, the yicld depth is approxi-
mately 3408 feer (1036 m). In general, vield depths can be
can be observed. Clearly a considerable increase in hole
closure occurs at & depth of around 3400 feet (1036 m).
Thuas, hole closure consistently increases at approximately
the same depth in both the Vacherie and Raybun’s domes,
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storage caverns to gas storage. Conversely, marginally use-
ful gas storage caverns possibly could function satisfactorily
for liquid storage (if creep closure s the main difficalty),
Equation 1 can be used with the data in Figures 3and 4 to
predict closure of example caverns. From Eguation 1, for
the same depth and at sismilar times, the percent decrease in
volume per unit of depth is identical for borehole and slen-
der cavern(s), provided they have similar loading histories.
Percent volume closure versus time for different depths
in the Vacherie and Rayburn’s boreholes is depicted in Fig-
ure 6. Extrapolation to longer time periods can be visuab
ized by the reader. With reference to Figure 6, it appears
brine displacement storage caverns would be satisfactory
ta deprhs of around 3400 feer {1036 m) in both the Vacherie
and Rayburn's domes. At greater depths the Rayburn's
dome appears genarally more stable; and depending upon
econumies beyvond the scope of this paper, might be consid-
ered sufficiently stable for brine displacement storage to
depths of around 5000 feet (1524 m). By contrast, the Va-
chetie dome appears jess than satisfactory for storage at a
depth of 4000 fect (1220 m), and essentially unacceprable
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at a depth of 4700 feet (1430 m). Vulume closure data at
other depths can be generated from the cuorves of Figures |,
3, and 4 if the reader desires,

SUMMARY AND CONCLUSIONS

A field test method has been reviewed for prediering
performance of storage caverns in salt formations. Percent
volume loss per unit depth of appropriately tested bore-
holes should be identical with slender storage caverns over
similar depth intervals,

Two exploratory boreholes in North Louisitana salt
domes exhibited different amounts of closure below a yield
depth of around 3400 feet (1036 m). Based on these data
and a modeting “law” for predicting cavern closure, deplh
ranges in the example domes can be classified as satisfae-
tory {or unsatisfactory} for storage caverns, depending
upon planned usage and economics.

I conclusion, borchole tests can be performed in the
field to explore the atility of salt formations over a range of
depths for storage of both liquids and gasses. For planned
fuctlities requiring large investmenis. a complementary
serics of laboratory and field tests with sumerical model-
ing is recommended.
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