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ABSTRACT

It is now feasible to store billions of cubic feer of natural gas
safely and econamically in stabie salt caverns. Factors that must
ke considered und wtilized are spacing of the caverns, piilar ro
diamefer ratios, maximum and Minimum §10Fage pressures,
bartam hole remperature and the phenomenological nmethod of
evaluation. Many exisiing caverns would not meet the criteria
secessary ta assure stable and Hght high-pressure. subsurface
starape vessels. Therefore, It is the intent af this paper to outline
the studies necessary ro design and construct new {avge scale

Jucilities for swrpe capacity and peak-shuaving purposes. Ele-
ments of these studies are dependent upon efastic. viscous and
plustic material behavior.

PB-KAB Inc. and affiliated companies have designed, con-
strucied and operate several gas storage facilities and presently
have others in design and construction srages. This paper does
aot nevessarily reflect what has been proposed by others. but
rather, the approach recommended by PB-KBE Inc.

INTRODUCTION

Pians for several hundred new solution-mined sal{ cav-
erns for starage of hydrocarbons will be on the drawing
boards in the next few vears. The reason is simple: much
of the presently produced natural gas, crude oil, LPG
and the like, cannot find a ready market. In addition,
targe royalty ownets are taking their share of revenue in
kind, which in the case of liguids, require expensive sur-
face storage. The problem with storing natural gas, how-
ever, is gquite different. Storage can only be obtained in
underground caverns, aquifers, or depleted reservoirs,

Reservoir storage abounds in the world, but in certain -

cases “‘peak-shaving” gas requires high volume capabil-
iy of injection and withdrawal on short notice, Depleted
reservoir storage cannot usually fulfill this requirement
because porosity and permeability control the procedure.

Thus, the trend is toward large, accessible volumes of gas -

stoved safelv in relatively small new caverns with knowsn
fimits of operational parameters,

FEASIBILITY STUDIES

Before the large drilling rig is moved on site to spud a
cavern well, extensive work and study must be per-
formed. Most of the Gulf Coast dornes have been delin-
eated by oil and gas well drilling or seismic methods.
However, the only true fest of whether a dome is capable
of storing natural gas safely is to test drill. In the mean.
time, contour maps of the caprock and salt must be con-

structed, All known wells and brine. sulfur or storage
weils must be identified and located on a map. If cores
are available, it would be very nseful to run tri-axial
compression and strain tests on the core. Insoluble calou-
lations from core samples, temperature gradients and
geophysical log studies make up the balance of the pre-
drilling study which is necessary to design a cavern.

Extensive study of the logs will allow a determination
of the density and specific gravity of the overburden; thus
allowing the pressure gradient to be determined more
precisely. This pressure gradient is critical for determin-
ing the setting depths for the final cemented casing
string, because the operational safety pressure factor is
based upon the overburden weight. Therefore, the com-
binetion of temperature as it relates to plastic flow, pres-
sure gradieat as il relates to maximum and minimum op-
erating pressure, spacing between caverns for stability
and flexing, salt roof thickness for stability, and suffi-
cient sump for efficient storage of insolubles are the pri-
mary criteria for safe storage.

GEOMECHANICAL ASSESSMENT OF CAVERNS

Purpose

The purpose of performing a geomechanical assess-
ment is to ensure that the cavern spacing and layout as
planned provides caverns which are struciurally sound
and safe to operate.
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Mumerical simulation and finite element analysis may
help to clarify and project the direction and extent of
forces acting in the area of the proposed caverns,

Consideration of aperating pressures, sal characteris-
tics, hole straightness, and depth of caverns, are only a
few of the calculations necessary to defermine cavern
spacing {CS) and pillar/diameter (P/D} ratios. In a vir-
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gin dome, subsequent wells should be spaced according
to the character of the salt found in the first well and after
analysis of geophysical logs and defailed core evaluation.
The plastic, elastic and viscous properties of the cores,
even though they only pertain to the boreholes, will pro-
vide basic information eritical to design and construction
of a safe cavern,
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Storage of Naturai Gas in Salt Caverns

An adequate stress/strain analysis would demand a
numerical simuolation model of the cavern geometry and
geology and material laws fot the invalved rock strata.
The laws, loading limits and stability criteria woutd be
determined aflter extensive material testing of core sam-
ples in association with the theory of cavern hehavior.

A geomechanical assessment of cavern design and
planned cavern spacing should be prepared using empiri-
cal methods. Calenlations are based on the assumptions
that the salt has low compressive strength and that the
overlying sediments are unabie to support the foad. The
general thickness of salt domes permits the selection of
cavern depth intervals and cavern volumes necessary for
the required profitability of a project. Resulting cavern di-
ameters and cerderling separation shoukd be conservative,

Tt must be recognized that salt marerial properties usu-
ally vary within the same deposit between paositions sepa-
rated by short distances. Therefore, prior to the solution
mining of caverns, it is necessary to extract cores from Lhe
wells, to test this core marerial to establish rock mechani-
cal properties, and to caleulate stresses and strains using
actual salt dala. Dritfing for the U.S. Strategic Petroleam
Reserve at several domes in Texas and Louisiana proved
the inhomogenity of salt. Adjacent wells and caverns have
fenses and layers which are traceahle 1o others within a
confined areq, Likewise, the converse is true.

FUNCTIONAL AND BESIGN CRITERIA
{Example, Figure 2)

Functional & design eriteria include, but are not lim-
ited to:

. Usecable storage capacity
. Number of caverns
. Design receipt flow rate
. Design dehivery flow rate
. Expected gas specific gravity
. Design operating pressure of delivery pipeline
. Distance to (defivery} connecting pipeline
. Connecting {delivery) pipeline diameter
9. Dehvdration capaciiy
10. Number of compressors
11. Type of compressor drive and horsepower
12. Maximum pressure at final cemented casing shoe
13, Maximum welhead pressure
14, Top of cavern for depth and pressure calculations
15, Minklmem cavern pressiure
16, Total gas in place at maximum pressure
17. Cushion gas in place at minitmum pressure
18, Cavern volume
19. Location of facility
20. Brine disposal and leach water supply.
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From these criteria, a determination of optimum pa-
rameters for final cavern design entails a detailed analysis
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of the interrelationships. 1n addition, one of the first ele-
ments of the detailed design effort would be to verify or
adjust cavern design based upon an optimization analy-
sis. This paper is primarily generic in nature and all cal-
culations should be re-evaluated for a specific site.

Introduction

Careful, geophysical, geological, rock mechanical, and
solution mining studies are required before starting the
development of a solution mined salt cavern. The design
must assure that project development can be conducred
in a reasonable, prudent and systematic manner and
must stress physical and environmental safety and the
prevention of waste. The design must also be continually
reviewed throughout the construction phasce to take into
consideration pertinent addirional derailed subsurface
information from sonars and the like.

Methodology

Cavern design should be evaluated using empirical
cavern design procedures. _

The method provides a guideline for the depth in sakt
required for the planned eavern roof and the distance be-
tween cavern centerline when the caverns are located on a
hexagonal grid. The sait thickness above the cavern roof
and the cavern distance are determined as a function of
cavern diameter and salt compressive strength.

Caleulation of Stability Parameters

Strength characteristics of salt and caprock: At this
time alf salt material propertics must he assumed. Based
upon Gulf Coast experience. the following conservative
assumptions are made:

* Salt of low compressive strength (unconfined).
{P, = 2600 — 4000 psi)
* Overlying sediments are incapahle of providing suf-
fictent support for the cavern roof.

Minimum salt back thickness (Figure 13, If the sup-
poriing capacity of the overlying sediments (cfay, anhy-
drite) is not considered, then the salt in the roof region of
the cavern must support the total load of the overburden.
Reports of lost circulation in the caprock would tend o
support the assumption that the caprock is fractured or
vugular and not capable of supporting overlying sedi-
ments. A specific thickness of the salt layer (the mini-
mum salt back thickness) must be present above the cav-
ern roof. All elastic and plastic deformations which are
caused by stress arrangements during the leaching of the
cavern and gas withdrawal operations should remain
within the salt and should not reach the caprock which is
assumed as being unable to support overburden ioad.

Mintmum pillar thickness. Corcerning the minimum.
pillar thickness, PB-KBB Inc. has sufficient data from
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Storage of Netirrat Gas in Salt Caverns

CONCEPTUAL CAVERN DESIGN
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Figure 3.

both failed and tight caverns to snbstantiate the mini-
mum pillar thickness as portrayed in this example.

Minimum distance hetween cavern wells. Two effects
must be consldered when determining the minimum dis-
tance between the wells:

¢ The effect of the well deviation. This effect is ilins-
trated in Figure 4. According to our well controd pa-
rameters, the last cemented casing shoe maust fail
withint a 25 foot radius tatget area around the verti-
cal. The bottom of the cavern must be localized
within a 10 foot radius target around the new cen-
terline determined by the extremes of the target area
for the casing shoe, The most unfavorable situation
will arise when both wells are deviated in opposite
directions as shown in position | (see Figure 4). At
mid-cavern depth, this will result in a 60 foot de-
crease of the pillar thickness between the wells,

» The effect of preferential leaching. Since salt prop-
erties vary with location, it is possible that the
planned maximum diameter of 1507 is locally ex-
ceeded due to preferential leaching,
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Planned Cavern Layount and Spacing

Table it below, Hlustrates possible spacing and layout
for iwo caverns.

TABLE 1
Planned Cavern Layoar and Spacing
Cavern Top 3600° -
Cavern Height 105
Widest Cavern Diameter 150°
Salt Back Thicknesy 280G
Pittar Thickness 3¢
Cavern Dhistarce o0

A salt back thickness of 2800 results in 2 §/D ratio of
18.7, much higher than the calculated value of 1.7, which
requiired a minimum salt thickness of 2357 above cavern
roof,

The empirical method determines a minimum pillar
thickness of 4057, thus resulting in a P/D ratio of 2.7,
The planned cavern distance {center to center) of 7037
will provide a remaining salt piflar of 550" and a margin
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of 145’ 1o allow for well deviation and localized diameter
increases due to preferential leaching (see Figure 5).

Smaller P/D ratios would be acceptable only in condi-
tiens more favarable than those assamed,

1f additional caverns are required, the cavern layout
shouid conform to a 700 hexagonal grid with the walls of
the peripheral eaverns no less than 2757 distant from the
boundary of the property line,

Planned Concept of Operation

The caverns are designed to be operated as a high-low
pressure vessel. The maximum cavern pressure was es-
tablished at 80% of the theoretical overburden pressure
{assuming a pressure gradient of 1 psi/ft) at the depth of
the last cemented casing shoe, or 50 X 3,500 = 2800
pst. The migimum cavern pressure (940 psi) was selected
fo allow free flow gas withdrawal by means of gas expan-
sion. This minimum pressure should be increased for
higher cavern temperatures.

The most extreme pressure condition is during com-
plete cavern depressurization.
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Anticipated Closure Rate

Due to the elastoplastic nature of salt, underground
cavities experience reduction in volume under certain
conditions of loading and temperature.

As the depth of the cavern increasss, the differential
stress and the temperature affecting the cavern walls also
increase, causing the salt to undergo increased plastic
(creep) deformation. The exact magnitude of this defor-
mation and the related volume loss in the cavern are de-
pendent on site-specific characteristics and cannat gener-
tcally be accurately predicted.

The experience at Eminence Dome where the mini-
mum pressure was too low and the cavern temperature
high, accurately proves why a conservative minimum
pressure is desirable. Closure may be minimized as well
as ailowing for a smaller volume of cushion gas, by at
lgast partizl displacement of gas by brine.

Previcusly pablished equations describe cavern velume
closure as a function of the diameter refated to the height:
of the pressure load in the cavern refated ro the strength
of the material; of the temperature; and of time.

Empirically determined coefficients and factors are de-

PLANNED CAVERN SPACING
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Storage of Natural Gas in Salt Caverns

pendent on sakt properties and unless data on specific salt
is available, state-of-the-art equations cannof be mean-
- ingfully applied.

The caverns are designed to be constructed in the
3600° o 48257 depth inferval which is withia the limit of
60007 commonly used for salt caverns under 2°F/100° of
depth gradient. Some elastoplastic movement of the salt
is expected. A loss of cavern volume on the order of 10%
for the wotal Hfetime of the project (20 years) has been
assumed and factored into the initial cavern mining vol-
ume.

Anticipated Surface Impact

Reduction of the useable volume is naot the only conse-
quence of creep deformation, The construction of under-
ground cavities causes movements and induces stress
changes in the surrounding rock mass. Salt that is subject
to stress, strains or temperature differences can structur-
atly faii due to creep deformation, thus resulting in cav-
ing and rupture. These faitures, when propagated to the
surface, can cause subsidence.

The design of the caverns should be such that no signif-
icant surface subsidence wilf occur. The caverns should
be deeply located in the salt body and the anticipated clo-
sure rate should have an almost unmeasurable impact at
the surface.

It is, however, important to acquire information on the
amount of volame reduction arnd the effect of subsidence
movements. Subsidence survey bench marks should be
installed and a program for periodic measurements
shouid be established. The subsidence monitoring pro-
gram, to be conducted aver the life of the project, would
involve determination at reguiar intervals of the precise
elevation of monuments located over areas in which sub-
stdence can patentially occur. In this manner, slow hui
otherwise undetected continuing movements are re-
corded over a period of time. The field survey should be
repeated every year.

Stractural Stability Analysis

Duoring receat years numerical modeling techniques
for underground openings have advanced considerably.
Geomechanical assessment methods have been developed
which allow cavern owners and permit agencies to judge
the design objectively.

The technigue of finite modeling makes it possibie t0
establish stress and displacement fields in the rock sur-
rounding the caverns. The models for various rock strata
utitize non-linear constitutive laws that account for cav-
ern geomeiry and time dependent loading.

The basis for meaningful modeling is the determina-
tion of the material behavior of the salt and the overbur-
den. Shott-term and long-term laboratory test on rock
and salt samples will establish the parameters of a com-
prehenisive constitutive {aw.
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It is recommended that core sampies be taken from the
wells and tested, and that a state-of-the-art stress/strain
analysis be undertaken for final cavern design.

CAVERN LIFE

Alfter a salt well is drilled and completed, but before
development commences, several tests of the final casing
shoe and wellbore are necessary fo allow at least 20 year
life expectancy of the future cavern.

A cement bond log of the final caging is first and fore-
most. Good cathodic protection of that casing string is
also vequired. Last but not least, a pressurce test of the
casing, casing shoe and wellbore should be performed.
For liquids, a brine test for at leest 72 hours has usually
been sufficient. However, for gas storage, a better fest
would be with nitrogen, where the nitrogen ks weighed
when it is injected into the well to the top of the cavern.
Pressure decay or lack of it shauld be documented for a
minimum of 72 hours, This technique wil} verify that as
long as & good cement bond is recorded and the shoe is
not overpressured and the pad in the well is mainrained
during the leaching period, the critical points in the weil
wilt be insured as tight.

During leaching, pad elevation verification and safe
operating pressures will pave the way for the final test ver-
ification that the cavern will hold gas pressure. That test
is similar to the one previously described where nifrogen
is weighed and injected in the well to the top of the new
cavern and pressures are recorded for 72 hours.

Successful testing results in the knowledge that the op-
erator has been prudent and probably will be successful
in protecting the valuable product.

MAXIMUM STORAGE PRESSURE

Determination of this pressure is a function of several
variables: normatly, design specifications will stipulate a
balipark number on the basis of depth final cemented
casing, regional pressure and known temperature gradi-
ents. Calcubations vary from company to company and
site to site, as to whether the allowable pressure gradient
shouid be calcuiated from the proposed top of the cavern
or the setting depth of the final cemented casing string.
The ramifications of a leaky cavern from overpressuring
dictaie 2 conservative approach to the maximum allow-
able pressure at the casing shoe. High temiperature ef-
fects are not 50 important for this determigation, but the
overtburden pressure calculated from well fogs is impor-
tant. Likewise, salt character and determination of anhy-
drite, sylvite, carnallite and orientation of layers and
lenses wilt affect the maximum allowable pressure.

MINIMUM PRESSURE

Temperature affects this parameter because the higher
the temperature, the more likely creep, closure and/or

i g e
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spalling will occur. Higher temperature also affect the
maximum allowable diameter of the caverns. Inhomoge-
neous salt requires a more conservative approach to cal-
cufating the mintmum pressure because different miner-
ais react differently to rhe temperature variations.

CONCLUSIONS

Safe operating pressures, both maximum and mini-
mum, determined after consideration of salt rock quality
and inhomogeniety, and femperature ramifications af-
fecting the plastic nature of salt flow, are eritical to a
pressure and product tight storage cavern, New rules and
regulations being institoted by individual states along
U.5. Environmental Protection Agency guidelines,
shoukd assure fewer leaks and thus minimize loss of ex-
pensive product from the caverns,

The large volume of salt available in a dome enables
the selection of a cavern depth interval that offers the
best averall economy in underground storage construc-
tion and operation within the limits required for cavern
stability.

Based on conservative estimates concerning the salt
compressive strength (2400 psi) and the load bearing in-
ability of the overlying sediments in our example, a mini-
mum salt back thickness of 2357 is required, thus result-
ing in an §/D ratio of 1.7, Planned cavern coastruction
should exceed this minimum rario,

Under the previcusly mentioned assumptions, the cm-
pirical method determines a minimum piflar thickness of
4057, thus resulting in a P/D ratio of 2.7. The planned
cavern distance {center to center) of 7007 will provide a
margin of 145" to allow for well deviation and focalized
diameter increases due 1o preferential leaching.

If addirional caverns wiil be required in the future, the
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cavern layout should be designed on a 700 hexagonal
grid with the walls of the peripheral caverns no less than
275" distant from the boundary of the property site.

No significant surface subsidence is to be expected and
a loss of cavern volume in the order of 10% for the total
iifetime of the project (20 years) can be anticipated if ad-
ditional leaching is not performed to compensate for this
loss,

The cavern design allows temporary full depressur-
ization. For stability reasons, the condition is to be
restricted to maintenance requirements and emergency
situations.

The foliowing recommendations are made:

1. Core samples from the actual solufion cavern wells be
obtained and tested for chemical and geomechanical
properties.

2. A final sizing of the cavities be carried out by the ap-
plication of both the empirical method and the finite
element using aciuat site data,

3. A subsidence monitoring program be implemented.
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