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ABSTRALT

Sinple. fsolated cavities or smaell clusters of cavities far re-
moved jrom e periphery of their host salt dome con usually be
san‘.yhcmn'{p analpzed with rwe-dimenstonal methods. In some
instavces. three-dimensinnal effeces of « cavity array and, per-
haps, the sedimentary layers surrounding the host selt dome are
important. In ai attempt oo caprure essential three-dimensivnal

effects within the constraines of o two-dimensionitl aralysis cu-
pability, (ke concept of uxispmmetric rings iy introduced.
This paper discusses the epproach of axisymmetric vings and
presenty an example of its application. i.e., rhe anulysis of the
LOQP starage fucility in the Clovelly sult dome.

INTROBUCTION

The underground stovage of fluids in salt and other for-
mations has been practiced for several decades. Typical is
the seasonal, or other temporary, storage of LPG or ole-
fins, c.g., ethylene and propylene, by the petroleum and
chemical industries, in cavities leached by solution min-
ing within bedded or domal salt formations. Such storage
cavities commonly have volumes of around one million
barrels (1 MMB). Within the last decade, considerable
aitention has been directed toward the development of
larpe crude-oil storage facilities, e.g., the U.5. Strategic
Petroleum Reserve, with cavities having volumes in the
range o [0 MMB and lurger. To accomplish the goal of
providing hundreds of millions of barrels of storage
capacity, large mumbers of cavities are reguired. Because
sait formations are limited in extent, the problem nartu-
rafly arises of how to best design cavity lavouts to achieve
maximum wtilization of availabie salt volume. Long-term
structural stabifity of the storage cavities is essential, but
unduly large cavity spacing, or separation, could severely
fimit the storage potential within, for example, a salt
dome,

A salt dome containing a number of storage cavities is
shown schematically in Figure 1. Salt domes available for
storage purposes occur in great abundance in the Gulf

- Coast area of the United States and Mexico. These domes
can be 5,000-10,000 Feet in diameter and can extend
from the ground surface to depths of 20,000 feet or more,
as discussed by Halbouty (1967). Because a 1 MMBE cavity
might be 1,000 feet tall, its diameter wouid be only
around 100 feet. Hence, i is obvious thar for typical salt

domes. many such cavities can be, and have been, located
across the lateral extent (cross section) of the dome. Fur-
thermore, different operational constraints might dictate
the appropriateness of deep (4,000 feet) or shallow
(~ 2.000 feet} cavities. Fthylene, for example, is typically
stored at a depth of around 4,000 feet to ensure that it will
be i a supercrivical state. This is compatible with pipe-
line conditions and cbviously allows more matferial to be
stored than at lower pressures asseciated with more shallow
depths, By contrast. there is a real incentive to store erude
oil at as shallow a depth as possible, in order to minimize
hydraulic losses associated with cavity filling and empty-
ing. Thus, it s not unlikely, as indicated in Figure I, that
a dome wilk contaln cavities at more than one levei.

The concern over horizomtal and vertical spacing re-
quirements for multiple cavities has always existed to some
extent but has significantly increased with the need for
facility design optimization, as noted above. Historical
information on the performance of existing cavities is very
bereficia! in planning new, similar cavities, However, thiy
information should not be used as the sole basis for design-
ing individual cavities or groups of vavities wherein geo-
metical {spacing} and/or operational (pressure) condi-
tions differ greatly from conditions of existing cavities.

As with any structure, an underground storage cavity
should be examined with regard to its structural integrity.
Such an examination, or analysis, however, is compli-
cated by the fact that severat significant parameters needed
for such analyses are. at best, poorly understood. Among
these are the im situ stress state within the salt (prior to in-
troduction of the cavity) and the mechanical properties of
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tiers of cylindrical storage cavities,

the salt. Where doubt exists and the penalties for structurs]
failure are high, comservative assumptions pertinent to
unknown parameters are usually made. Several modes of
structural “failure” within salt cavities have been dis-
cuszed in the hterature {Serata, 1978} These include sig-
nificant loss of cavity volume due fo creep closure, spail-
ing of salt on the walls of the cavity due to creep rupture
(altowing large blocks of salt to fali to the cavity botiom)
and roof coftapse. On oceasion, the asbove events have
afso been accompanied by subsidence at the ground sur-
face abave the cavity.

Kev ingredients to any specific cavily analysis are cavity
geometry, cavily pressures, in situ siress state and me-
chanical properties of the sak. Once the problem of in-
terest has been appropriately formulated, @ can usually
be solved Lo some degree of approximation with a variety
of analytical and numerical methods. The most powerful
of these methods are the so-called general-purpose finite-
element codes, or programs, of which MARC (Marcal,
1976), ANSYS (Swanson, 1981), and REM {Serata, 1978)
are examples,

i

Truncated Extent-
of Rock and Salt Dome

Schematie profile of an idesliced, axisymmetric salt dome containing two

The results of a stress analysis performed by the author
using ANSYS is shown in Figure 2. Axisymmetry and
glastic behavior of the salt have been assumed. The in sita
stress stafe within the sakt wag assnmed io be isotropic
and to increase with depth at a rate of 1 psi/ft. This is
consistent with the assumptions of vy = 144 Ibs/ft* and
cemplete reiaxation of shear stress within the salt over
geologic time, The latier i3 a somewhat common, albeit
unsubsiantiated, assumption made by geomechanics in-
vestigators. Although yield of the salt has been precluded
by the assumption of elastic behavior, an examination of
the maximum shear stress within the salr gives some indi-
cation of the disturbance to the salt caused by introgduc-
tion of the pressurized (brine-filled} cavity. This figure
serves the following purposes:

1. It introduces the approach of axisymmetric ideali-
zation

2. It introduces the concept of examining only a por-
tion of the salt surrounding the cavity of interest

3. It indicates large values of shear stress in the
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Figure 2. Contours of maximum shear stress within salt surrounding a brine-fitled

cylindrical cavily., Axisymmetry and elastic behavior kave been assumed.
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immediate vicinity of the cavity and, hence, sug-
gests that plastic yield of the salt may occur

4. It suggests the extent of stress disturbance intro-
duced by the cavity

3. It demonstrates the gradual vertical (axial) varia-
tion of salt stress (away from the ends of the cavity)
which suggests that over this region, the fwo-
dimensional axisvinmetric analysis procedure can
be stmpiified l{urther to a one-dimensional radial
problem assuming generalized plane sirain in the
vertical direction,

SIMPLE PROBLEMS AND MODELS

A thin, hotizontal “slice” taken through the salt-cavity
system of Figure 2, together with appropriate boundary
conditions is shown in Figure 3. Provided the material
hbehaves as an elastic material or as an elastic-perfectly-
plastic material, analytical solutions for stresses and dis-
placements exist (Fligge, 1962). Fur more complex ma-
terial behavior, numerical solutions may be necessary. At
any rate, this simple boundary value problem has been
found fo vield benefictal insight into the behavior of sak
surrounding single. isolated cavities. The beneficial ef-
fects of the cavity ends are lost in this approach, however.

As seen in Figure 2. infroduction of a cavity distarhs
the surrounding salt for a considerable distance bheyond
the cavity boundary. Elasticity solutions for cvlindrical
cavities indicate that stresses decay as r 2, while for
spherical cavities, siresses decay as ¢ 3. Plasticity solu-
tions indicate that stresses bevond the vield zone sur-
rounding a cavity arc greater than wonld be predicted on
the basis of an clasticity sohution {Obert and Duvall, 1967,
pp. VIO-177, and Savin, 1961, pp. 205-213}, In other
words, cavities in yielding materials will, in general, dis-
turb the surrounding formation to a yreaier extent than if
the malerial could noi vield. Hence, the extent of distur-
bance by the cavity, as indicated in Figure 2, is probably
less than actually occurs.

Sixth international Symposium on Salt, 1883—Vol |

With the growing interest in arrays of cavities as opposed
1o single, isolated cavities, comes increased complexity of
cavity anpalysis. One idealization worthy of mention is
shown in Figure 4. Here, an infinite array of identical,
hexagonally arranged, cylindrical cavities is assumed.
Surrounding each cavity is a hexagonal symmetry bound-
ary. With a little imagination. this hexagon can be trans-
formed into a circle and the problem presented in Figure
4 can be further idealized as shown in Figure 5. This
boundary value problem is identical to that of Figure 3,
except for the conditions at the outer vertical boundary.
Now, this boundary is at the symmetry boundary, B, (not
=10 R} and, by symmetry considerations, Uy = 0,
rather than having Py specified. Again, for elastic and
clastic-perfectly-plastic behavior, analvtical solutions are
possihle. Numerical methods are generally required for
more complex, i.e., realistic salt behavior.

Ht is significant to note that in this simple medel, mul-
tiple, closely spaced cavities are explicitly considered.
Agam, the beneficial effects of the ends of the cavity are
neglected. However, these effects can be retrieved by ex-
arination of a geonietry similar to that of Figure 2 with
Ug=0Catr= R,

it should be mentioned that if the cavities of Figure 4
had not had a regular arrangement or if the pressures
within the cavities had been different, the approach de-
picted in Figure 3 could not have been justitied. In this case,
the most simple justifiable approach would have required
examination of a horizontal “stice”™ through the salt-cavity
section of interest using the method of plane or generalized-
plane srrain. This is a two-dimensional method and, de-
pending on the actual problem of interest, may or may not
be appropriate. That is, important three-dimensional ef-
fects may be mistakenly neglected.

An example.of a multiple-cavity probiem that does not
fend itself to axisymmetric, or other significant, simplifi-
cation is shown in Figure 6. Here, two adjacent cavities
whose stress fields can inieract are shown. At a minimum,

R

Cavity Axis UZ - 0

Re
|

Figure 3. Simplified geomerry and boondary conditions nsed for the axisymunetric analysis of 2 hori-
zontal “slice” taken through the salt-cavity system shown in Figure 2. R_ is the cavily radius, P denotes
pressure, U denotes displacement and r, is the {r, zl-component of shear stress.
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Plane of Symmaetry

Figure 4. Horizontal cross section through an infinite arreay of hexagonally arranged cavities showing

vertical planes of symmetry.
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Figare 5. Simplified geometry and boundary conditions used for the axisymmetric analysis of a horizontal “shice™

taken through the sal-cavity system shown i Figure 4.

it must be treated as a two-dimensional problem of plane
or generalized-plane strain. Regardless of the cavity radl
and/or pressures. the X-axis {as shown) is & symmetry
axis, Provided R, = Ry and Py = P,, the Y-axis isalso a
symmetry axis. Such observations can significantly re-
duce data preparation and computing effort when using
finite-element programs, If these two cavities are suffi-
ciently far removed from other cavities and the salt-rock
boundary of a salt dome in which they might reside, this
two-dimensional analysis approach is both efficient and
appropriate,

After a hrief discussion of realistic mechanical models
for salf behavior, some numerical results will be pre-
sented for the models/problems of Figures 3 and 6,

A MECHANICAL MODEL FOR SALYT

Sait cxhibits many characteristics, When loaded uni-
axially, mest Gulf Coast salts will display a markedly brit-
tle behavior. When the mean stress of the salt is elevated
to that present in salt domes, i.e., 1.000-4,000 psi, duc-
tile hehavior is chserved, as noted by Serata (1978). Salt
will flow in the presence of shear stress. The extent of this
flow, or deformation, is dependent upon the level of shear
stress present. Some of this flow is recoverable when the
imposed shear stress is relaxed and some is nonrecover-
able, Large, nonrecoverable deformations appear to o¢-
cur only for sufficiently large values of shear stress.
Hence, it is quite logical to postulaie a yield strength for
saft. One rheological model that has been proposed and
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Figure 6. Horizontal cross seetinn through two adjacent celindrical cavities.
substantiated by numerous laboratory tests is that due to will oceur when 75 < Kg and that ry = K, is required for
Serata (1978}, One form of Serata's spring-dashpot-siider nonrecoverable viscoplastic deformation.
mode! is shown in Figure 7. H 7y denotes the octahedral Typical properties for “weak™ Guif Coast salt are given
shear stress and Ky the actahedral shear strength, the in Table 1 along with properties for other materials to be
model indicates that only recoverable viscoelastic flow meationed later.
Viscoetastic Shear {7, < K} G,
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Figure 7. Rheologicat model for salt praposed by Serata { 1978) possessing both
viscoelastic and viscoplastic flow behavior,
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TABLE 1

Material Properties Used for Analvsis of

Sel Hard
Cuoefficients wl:}ziu Salt Rewk Rock Sl
g, (O psi 1000 100 2000 010
Gs 107 psit 36.0 i w0 0.0
G 10 g S 1000 2530 008
Vv, (e put-day 1700 17.0 0.0 617
Vv, PO psi-day B0 2000 SOO0 0010
vy 10 psi-day 1000 280.0 0 700G 0.14
K, 107 pst W0 M0 4000 020
K, 107 psi G 2000 2000 020
D, 1079 psi-day 6250 625 1250.0  0.0025
Ke P a0 1000.0 20000 100
TYPICAL RESULTS

The character of the stress interaction occuning be-
tween two closely spaced cavities is shows in Figure 8,
The problem under consideration corresponds to the cav-
ity geomctry of Figure 6 where Ry = Ry and P, = Po.
Furthermore, the rheological model of Figure 7, together
with the mechanical properties of Table 1, has been em-
ployed. The depth at which this cross section is taken is
2,735 feet and Py = Py + 3K,/v2. The distribution of
octahedral shear stress at t == 10,000 days s given for
three cavity 5/D (spacing/diamerer) ratios. As the cavi-
ties hecorne more closely spaced, the regions of yield
t{shaded) suironnding each cavity, wherein ry = K, co-
alesce, The shapes of these regions are also nhserved to
change, as do the elastic stresses beyond the yield region.
Under the assumption of vertical plane strain. Serata
€1978) has found volume {or areal) closure of these cavi-
ties to he around 15% for §/D = 4 and around 17% for
$/D = 2. Depending upon the failure characteristics,
e.g., creep rupture, of the panicular sakt formation of in-
terest, these closures and the associated strains within the
salt may be of concern to the cavity desipn engineer. It has
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been advocated by some design engineers that the spacing
between cavities should be larpe enough to prevent co-
alescing of the respective yield zones surmunding cavi-
ties. Such a philosophy here would require an $/D ratio
of around -6, Such a spacing requirement would be
udged excessive when compared with the spacing of exist-
ing cavities that have exhibited long-term stability.

The closure of cavities in an idealized infinite array of
cavities is given in Figure 9. The model of Figure 5 to-
gether with the assumption of uniform vertical strain
{gencralized plane strain) was employed. The sak mode!
and properties are the same as for Figure 8. For compari-
son purposes, it should be noted that radial closure, ex
presseid as a percentage, is roughly one-half of areal clo-
sure, Le., dASA = 2dr/r for & cireular region. For S/D =
4, the radial closure for the infinite array of cavities is
substantially lower than that found in the two-cavity
analysis. This appears to be an anomaly untif one recog-
nizes that the symmetre planes of Figure 9 {circular sym-
mefry boundary of Figure 5) act ro “hold back™ the salt
from flowing inward loward the cavity. This beneficial ef-
fect dominates so fong as a portion of the salt surrounding
the cavity remains in the efastic state. For §/D «< 4,
essentially all of the salt throughout the cross scetion has
vielded. Thus, competent support for the verrical over-
burden ceases to exist and large radial closure oceurs.
Based on these results, a decision should probabiy be
made to maintain 3/ > 4, It is also interesting to note
that if vertical plane strain {r,, == 0} had been assumed,
comperent vertical support would have been guaranteed
(unreafistic) and the large closure seen in Figure 9 would
not have been predicted; problems sometimes can be as-
sumed away.

It is worth mentioning at this poini that the problem
formulation of Figure 9 both possesses and lacks conser-
varistn. Ht particular,

1. End effects of cavities are ignored (conservative}
2. As applied to large but finite arrays of cavities, no

=7 Bea
12 b= S 12 o
66
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g | S o g #87 g ) I
8 4 202 46810 4 20 24 8 810

Figure 8. Octahedral sheur stress distributions within sait surrounding one of two identical, adjacent,
brine-filled cavities for three §/D {spacing/diameter} ratios. Plane sirain was emploved for the geome-
try of Figure 6. Mechanical properties of the sall ure given in Figure 7 and Table 1. Depth = 2,715 #

and Py = Py + 3Kg/v2 (Serata, 1978).
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Figurs 9. Radial closare of hexagonally arranged brine-fitled cavities versus
$/D. Generalized plane strain was emploved for the geometry of Figure 5.
Mechanical properties of the salt are given in Figure 7 and Table 1 (Serata,

1978),

vertica! support by unyizlded salt or other sedimen-
tary layers has been considered (conservative)

3. The assumption of fixed symmetry boundaries for
large but finite arrays of cavities would not be valid
(anconservative}, There would be a general tendency
for all the caviiies and sakt subrounding the cavities to
move inward toward the most central cavity, i.e,, the
symmetry boundaries wouald lose some of their effec-
tiveness.

To improve one's confidence in predicted cavity be-
havior, more sophisticated rwo-dimensional or three-
dimensional models are needed.

LOOP PROBLEM

The Louisiana Offshore Oit Port (LOOP) is a facility in
the Gulf of Mexico for handling deep-draft crude-oil
fankers having capacities up to 700,000 DWT. An -
tegral part of this facility is 2n onshore storage facility
which may consist of as many as 14 underground storage
cavities each having a volume of 4.5 MMB. The cavities,

which are nominally cylindrical in shape, are presently
being created by standard soletion-mining techniques.
Access to existing onshore crude-oll trunklines was a key
consideration in LOGP’s selection of fhe Clovelly sait
dome in Lafourche Parish, Louisiana for this storage
facility.

The Clovelly dome is rather shallow; its top of salt is
around 1,200 feel. {2 has a profile not unlike the idealized,
axisymmetric dome shown in Figure 1. The dome cross
section at a depth of 1,500 feet is shown in Figure 10. The
minimum distance across the dome is around 3,400 feet at
this deprh and becomes slightly greater with increasing
depth, :

The proposed layout for 21 cavities with tops. or roofs
at 1,500 feet and three cavities with tops at some lower
depth is aiso shown in Figure 10, The profile for such a
layout has been given earlier in Figure 1. The circles in
Figure 10 are referred to as “spacing circles.” The actual
cavities would be denoted by smaller circles concentric
with the spacing circles.

The 21-cavity layout was not chosen arbitrarily but
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Figure 10, Horizontal cross section of the Clovelly salt dome ar
1,500-f1 depth showing the “spacing circies” for a 21-cavity lay-
out at this depth and three cavitivs at & lower level {dashed cir
cles). The solid dows dencte locations Eor entry wells inio the
lpwer-level cavitics,
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vather is the result of the consideration of numercus
operational constraints ané the compurted long-term re-
sponse of the cavities under extreme loading conditions.
Two of these considerations were

1. At least 14 cavifies had to be locared in the top level
of the dome, preferably more

2. The upper cavities, with tops at around 1,300 feet,
should not extend betow 3,000 feet in order to keep
fixed (steel tubuiars) and variable (hydraulic power}
costs at reasonable levels,

Preliminary computational results, such as those
shown in Figure 9, suggested that a value of 5/D = 4 was
probably appropriate. Additional consideration of these
results, together with the assumptions going info the
analyses, suggested that adequate 571 ratios of three or
less might be possible, In order to assess this conjecture,
more sophisticated models than discussed previously
were required. It was felt, in particular, that beneficial ef-
feets due to the salt dome caprock and surrounding seds-
ment were likely to exist, The extent of significant stress
modification surrounding a dense array of cavities in the
Clovelly dome is shown schematically in Figure 11, I cor-
rect, Lhis suggests that some vertical support for the salt
surrounding the cavities may be provided by the more
competent rock outside the dome. Furthermiore, arching

o Wast Epst
1000 'h f’:‘,’;ﬁ;’ﬂ'éf ?ﬂm ?J"'IIIM;;. o
i i i
I
g
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Figure 11, Fast-west profile of the Clovelly salt dome to 4,000-ft depth showing five of a possible 21 cavities
at 1,500-ft deprh and indicating the anticipated extent of significant stresy modification,
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above the cavity array could also act to mitigate
downward loading on saft surrounding the cavities,

The above problem is truly three-dimensional in
nature. Theee-dimensional analysis capabilities seldom
exist, arz cumbersome to use, and are usually prohibitively
expensive to exceute. These are sufficient reasons to ask
whether or nor reliable resuits might be obtained with a
two-dimensional treatment of the problem,

For similar problems, other investigators have exam-
ingd horizontal and vertical “slices” through the rock-
salt-cavity systems appealing o the assumption of plane
strain or generakized plane strain normal to such slices. If
appropriately done. such an approach would require iter-
ation between herizontal and vertical analyses, making
use of the previous solution results for the current analy-
sis. There can be no a priori assurance that sach an itera-
tive scheme woanid converge. An alternative was thus
sought. One such alternative, which heavily exploits sym-
metry and near symmefry, is presented in the foliowing
section.

RING IDEALIZATION

Over the depths of interest, the salt dome contours are
no more irreguiar than shown in Figure 10, If the slight
protrusion of this contour is removed. along with the two
cavities its presence permiits, what is feft is & cross section
as shown in Figere 12a. Here, 19 hexagonally arranged
cavities are contained within a nearly axisvmmetric column
of salt {the dome}. As for the cavities shown in Figure 4, a
grear deal of symmetiry can be implied. provided the cavi-
ties are wdentical and equally pressured, as is assumed
here, In particular, radial lines (planes) of symmetry exist
every 30 degrees as indicated by the shaded wedge in
Figure 12a,

Nearest the center cavity is a ring of six cavities. The
radius of this ring is 5, the cavity (or wellhead) spacing.
Surrounding this ring of six cavities is a ring of 12 cavi-
ties. The average radius of this ring is (2 + v3)5/2 =
LR7 S,

The approximation of axissmmetry is introduced hy re-
placing the discrete cavities surrounding the center cavidy
with “calbrated axisymmetric rings.” This is shown sche-
matically n Figure 12b. The mean radius of the inner
cavity ring is that of the ring of discrete cavities it re-
piaces, L.e., S. The radial width of this annujar ring is
compuied to make the area of this annulus eqnal to that
of six diserete cavities, i.e., 8(xD?%/4). Similatly, the outer
cavity ring has a mean radius of = 1.87 §, while its width
vields an annulus with an area equal to 12{=xT¥/4). With
reference to Figure 12, specific dimensions for the LOCP
study under discussion are

D = 2R, = 190t
S = 50 ft

R, = 546 ft

R, = 103&ft
R, = 1089 f1.
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Admittedly, the above has been only an exercise in ge-
ometry. The task now is to “train,” or calibrafe, these
rings to behave In a2 manner similar to the system of dis-
crete cavities they are fo replace. Calibration means the
selection of ring surface pressures {fictitious), as shown in
Figure 12¢, such that the closures expericnced by the cen-
tral cavity and surrounding rings equal (or closely ap-
proximate) the closures camputed for the discrete cavity
system.

Generalized plane strain sclutions were obtained for
the axisymumetric geometry of Figure 12c and the 30-
degree wedge shown in Figure 12a. The proprietary finite
element computer program, REM, developed by Serata
{1978}, was used for these compuiations. The finite ele-
ment discretization of the 30-degree wedge of salt is
shown in Figure 13. For both of these analyses, the rock
surrounding the salt-cavity system extended radially o
11,500 feet.

Solutions were sought near the top, middle and bottom
of the propesed LOOP cavities ar depths of 1,600, 2,100,
and 2,600 feet, respectively. A trial and error approach
vielded the pressures shown in Table 2. These pressures
(probably not unique) were chosen on the basis of close
agreement of cavity closures as predicted by the two
methods deseribed above; the closures ar t = 1M days are
given in Table 2. Also shown are assumed in situ pres-
sures and computed radial displacements at the salt-rock
interface and at the outer rock boundary (r = 11,500 feed).

The next step was to iworporate these calibrated axi-
symmetrie rings into the full axisymmetric problem shown
{partially} in Figure 14. The salt dome and surrounding
sedimentary layers are modelled to & depth of 4,000 feet
and radially to a distance of 11,500 feet. Mechanical
properties of the various materials are given in Tahle 1.
Conservatism was introduced by assuming properties as-
soctated with "weak™ sait and by assuming that the lateral
in situ pressure had the maximum possible theoretical
value based on a value for K,, the octahedral shear
strengeh, of 600 psi. In particelar, the in site pressuves
were refated by Py = Py + IK,/VZ.

RESULTS

The arcal closure of the center (“real™) cavity is shown
in Figure 15 as a function of depih for 10°, 10, and 10¢
days. The maximum closure of 7% shown here can he
contrasted with the volume closure figures of Table 2.
Because the effect of verrical strain on volume changes in
this tahie is negligible, the percentage volume changes
are equal to percentage areal changes. It can be seen that
the present, fuil-dome analysis yields closures less than
one-half of those predicted by the unext best (probably)
problem formulation, i.e., that of Figare 13.

The maximum inward radial displacement of the salt-
rock interface is around 1.5 feet for the present study as
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Flgnre 13. Wedge of 30 degrees from horizontal eross section of Clovelly sakt dome shown in Figure 12. The radiat
lines are Hnes of symmetry. Wedge analyzed assuming generalized plane strain (Seraw, 1978).

contrasted with a maximuam value 7,78 feet given in Table
2. A probable explanation for this reduction is the pres-
ence of “solid” material above and below the array of
caviiies which helps to restrain the sait-rock boundary
from moving inward. This is similar to the effect of rthe
salt above and below an individual cavity in redueing the
closure over the extent of the cavity.

CONCLUSIONS

For the structural analysis of single, isolated cavities or
arrays of several closely spaced cavities in salt formations,
relatively simple one- and two-dimensional problem for-
mulations are probably adequate. For complex design
problems, such as the one considered here for LOOP,

TABLE 2

Summary of Wedge and Axisymmetric-ring Analvses at t = HY' days

DCPI}I Amdysis P‘; P“ R5 PCA\' P; P'}, p4

l(ah Avﬂ)
By aYVy/V, aVyV; 2\ ¥ Vi/ By Ug Uy

{feet) Geometry (psi}  jpsit  {ft]  (ps  ipsiy  ipsl) (psl} psl} (%) { %ot 1%} (xIB7% (lf)
OO0 Wedge 1800 2873 1,700 832 1040 1067 G.1t RT3 53R L6
§.500 Rings 1600 &7 10 8312 2440 1495 20000 20D 1045 160.94 9.4t 7350 515 1.5
2000 Wedge 20108 3375 1300 1092 1325 1459 11.39 243% 436 LM
2,180 Rings 2K 3375 bAOR 1,082 070 1981 2500 2,475 1316 1069 i1.57 2303 605 135
2,600 Wedge 2600 3875 LB 1382 - 16,32 6,70 £4.24 1wz 778 1o
2.600 Rings 2600 JETROLEN 1,352 3525 240 3000 LIGQ 1e.6d 1744 i4.48 DAY 749 190
Modaifa:

Byt D sita vertical pressae

P ko site forizoniad pressure

Ry Saft dome vadius

Byt Cavity brine pressure

P: Ring pressures, Figure 12
AV, Vo Volunw reduction and tatal volwse o it ding of cavities | = fir center cavity}

Ery: Vertical {uxiul) serain
(ke Inward radial displacement at saki-rock interface

Ug: Inward radial displacement at outer rock boundary (R = 11500 i)
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Figure 14. Profile of axisymmetric idealization of Clovelly salt dome with surrounding rock and soil. Discrete
cavities have been teplaced by annuiar rings {Seratz, 1978),
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Figmre 15, Area! closure due to gaft cveep versus depth for center cavity in Clow

velly sali dome.

simple problem formulations have been shown to be in-
adequate, or at least overly conservative. Where three-
dimensional effects are encountered, every attempt
should be made to account for them; a three-dimensional
provlem formulation and solution method should be the
last resort. An example of a “complex” two-dimensionat
approach has been offered here as a means of attempting
to accommodaie three-dimensional effecis withont re-
course to three-dimensional sofution methods.

In closing, it should be emphasized that of the several
kev components needed for cavity stability analyses,
rumerical solutivn fechniques are probably the most well
tunderstood. Tt is the view of the author, however, that our
understanding of the mechanical behavior of salt, includ-
ing failure mechanisms, and of the in situ stress siate
within salt formations is much in need of improvement.
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