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ABSTRACT

Salt Institute

Exploratory boreholes generally are drilled in rock salt depos-
its prior to construction of storage caverns. Cores are taken over
selected intervals of depth for firsthand inspection of salt geologi-
cal characteristics, and also for possible laboratory tests to deter-
mine the mechanical properties ("strength") of the rock salt rela-
tive to the intended storage application. Applications can include
storage of liquids, e.g., oil and other hydrocarbon products, and
gases, e.g., natural gas or compressed air (for energy storage).
Storage of gases generally includes cavern stability considera-
tions, which may be vital for deep caverns (depths greater than
around 800 m) subject to cyclic internal pressure. Additional
complications can occur if the rock salt formation contains "i 173-

parities, - e.g., shale and/or clay, or if the in situ stress state is
other than lithostatic, i.e., due to overburden alone.

Borehole testing can be used to predict cavern performance on
the basis of dimensional analysis and physical model theory.

Such tests have the advantages of incorporating site specific fea-
tures. Effects of relatively undisturbed salt and in situ stresses are
taken into account over the depths of planned cavern develop-
ment. Test programs can he designed in stages of complexity (and
cost) to fit the level of concern for the intended storage project.

Afirst stage of tests includes performing initial and subsequent
borehole caliper surveys, along with monitoring outflow of drilling
fluid from open boreholes. On the basis of dimensional analysis,
predicted volume changes of a cylindrical cavern over a selected
depth interval at the borehole site can be derived as LlIc
(Di,/D2B) d Vg, where D are volume change and diameter re-
spectively, and the subscripts C. B refer to cavern and borehole
respectively. More precise data can be obtained by sealing off por-
tions of boreholes with packers or plugs.

Other borehole tests are outlined and discussed, with potential
benefits, for the geostorage industry working in rock salt.

INTRODUCTION

Usable volume of a storage cavern in rock salt generally
decreases with time, and the volume loss rate can be used as
a measure of cavern "stability." If the volume loss rate is in-
tegrated over the engineering life of the cavern, and thereby
an uneconomical storage volume loss is projected, the cav-
ern generally 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 exists for estimating stability of storage
caverns in rock salt formations. This need is more acute 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 reliable
hydrostatic head. Gas filled caverns thus are prime sus-
pects for cases of instability among storage caverns in salt
formations. Their stability has been analyzed both with
physical models and with numerical modeling coupled
with laboratory tests. (Dreyer, 1974; Lux and Rokahr,

1982; Hardy, 1982.) The laboratory tests generally 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-
sional analysis, as used in classic physical modeling, can be
used to set forth modeling "laws" to predict cavern perfor-
mance based on borehole 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 collected from
two boreholes drilled to depths of 5000 feet (1500 m) in dif-
ferent North Louisiana salt domes.

BOREHOLE AND CAVERN CLOSURE
IN SALT FORMATIONS

Factors affecting closure of openings (especially caverns)
in salt formations were summarized in a recent presenta-
tion. (Thorns and Gehle, 1982). 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) salt formation mechanical (constitu-
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 location and depth of
a planned cavern. A cement plug (or plugs) with access pipe
can be set to isolate and test an interval of borehole depth
planned for a prospective cavern. The test interval of bore-
hole can be blown clear of brine by high pressure gas, and
subsequently subjected to the same pressures as planned
for a storage cavern under operating conditions. The cas-
ing seat is never endangered from this test procedure. Peri-
odically, the test interval can be refilled with brine to mea-
sure loss in hole volume. By this approach hole closure
data can be obtained for realistic operating pressures over
depths of interest and with well established technology.

Hole closure data can be interpreted directly in terms
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 to be an engineering judgment at this
time; it is an estimate 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 useful to obtain a
more rational basis for the lower limit of LID defining
slender caverns.

For slender caverns, the test interval of borehole can be
regarded as a distorted physical model. (Thorns, Moghar-
rebi and Gehle, 1982). Then the theory of dimensional
analysis (Langhaar, 1951) can be used to derive modeling
"laws" which predict cavern volume loss directly from
borehole closure data. The derivation of these laws was
presented previously by Thorns and Gehle (1982); the re-
sulting, relatively simple relationship between potential
volume loss of planned caverns and test interval of explor-
atory borehole is:

P VC = 
D

ZAK? , where
B

A Vc, A VB = change in volume of cavern, borehole (1)

Dc, DB -= initial diameter of cavern, borehole.

In Equation 1, a common depth interval and similar
pressure loading history have been assumed for the test
borehole and planned cavern(s). Note cavern end effects
and wall slabbing are not taken into account by Equation I ,

nor are possible interaction effects between neighboring
caverns.

As derived in previous work, Equation I can be used to
relate volume changes at similar times. Field tests generally

are limited in time, and estimates of long-term cavern be-
havior then must be obtained by extrapolation once an 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 formations. This concept is consistent with basic geo-
technical engineering philosophy, i.e., any field data, as it
becomes available, should be used to 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
dissimilar 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
borehole closure data, the initial geostatic stress field need
not be known.

If the salt formation is strongly anisotropic (e.g., some
bedded salts), then this effect must be noted in use of bore-
hole test data. Also, megascopic features such as anoma-
lous zones 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 8 to 9 inch (200 to
230 mm) diameter borehole than for a 4 inch (100 mm)
diameter conventional laboratory salt test specimen.

BOREHOLE CLOSURE DATA AND EXAMPLES
OF PREDICTED CAVERN BEHAVIOR

In early 1978, exploratory boreholes were drilled to
depths of 5000 feet (1524 m) in the North Louisiana salt
domes of Vacherie and Rayburn's. An earlier 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 period
of approximately four years and accumulated borehole
closure data were collected (Thorns and Mogharrebi,
1979; Mogharrebi and Thorns, 1980; and Mogharrebi,
1981). A final caliper logging of both holes was performed
in April, 1982. The data presented here are taken from the
summary report written after all data was collected and
analyzed. (Thorns, 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 cali-
per logging "runs" following "well completion" on April
11 and May 7, 1978, for Vacherie and Rayburn's respec-
tively 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." Initial logging occurred in
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Figure 1. Configuration of boreholes.

Rayburn's twenty-six days after the Vacherie borehole,
and this is reflected in subsequent DAIL references for
later caliper logs performed on the same calendar day for
both holes.

Closure data for the boreholes in the Rayburn's and
Vacherie salt domes are reported in Figures 4 and S. In
Figure 3, referring to Rayburn's dome, the borehole is ap-
parently relatively stable over its entire 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 Rayburn's at two depths;
first, around 2500 feet (750 m), and again around 3500 feet
(1065 m). The effect of the depth of 3500 feet (1065 m) ap-
pears more significant for hole closure.

Vacherie borehole closure data are given in Figure 4,
and now a considerable variation of hole closure with depth
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Figure 2. Temperature in Vacherie and Rayburn's borehotes (after Thorns, et al., 1982).
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anticipated 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 liquid hydrocarbon storage with a brine "leg"
may be located slightly above a yield depth; but if it is con-
verted to natural gas or compressed air energy storage, it
may then be located below a more shallow yield depth asso-
ciated 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 two holes from the final logging (Figure 5).

The depth of openings at which accelerated creep closure
occurs in salt will be called the "yield depth" in this paper.
(Thorns and Gehle, 1982). For the brine filled holes of
Vacherie and Rayburn's domes, the yield depth is approxi-
mately 3400 feet (1036 m). In general, yield depths can be
can be observed. Clearly a considerable increase in hole
closure occurs at a depth of around 3400 feet (1036 m).
Thus, hole closure consistently increases at approximately
the same depth in both the Vacherie and Rayburn's domes,

storage caverns to gas storage. Conversely, marginally use-
ful gas storage caverns possibly could function satisfactorily
for liquid storage (if creep closure is the main difficulty).

Equation 1 can be used with the data in Figures 3 and 4 to
predict closure of example caverns. From Equation 1, for
the same depth and at similar 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 visual-
ized by the reader. With reference to Figure 6, it appears
brine displacement storage caverns would be satisfactory
to depths of around 3400 feet (1036 m) in both the Vacherie
and Rayburn's domes. At greater depths the Rayburn's
dome appears generally more stable; and depending upon
economics beyond 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-
cherie dome appears less than satisfactory for storage at a
depth of 4000 feet (1220 m), and essentially unacceptable

4,..

Figure 6. Percent volume change versus time for different depths (ft) in Rayburn's and Vacherie boreholes.
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at a depth of 4700 feet (1430 m). Volume closure data at
other depths can be generated from the curves of Figures f ,
3, and 4 if the reader desires.

SUMMARY AND CONCLUSIONS

A field test method has been reviewed for predicting
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 Louisiana salt
domes exhibited different amounts of closure below a yield
depth of around 3400 feet (1036 m). Based on these data
and a modeling "law" for predicting cavern closure, depth
ranges in the example domes can be classified as satisfac-
tory (or unsatisfactory) for storage caverns, depending
upon planned usage and economics.

In conclusion, borehole tests can be performed in the
field to explore the utility of salt formations over a range of
depths for storage of both liquids and gasses. For planned
facilities requiring large investments, a complementary
series of laboratory and field tests with numerical model-
ing is recommended.
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