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ABSTRACT

It is inevitable that sealing and abandonment will someday occur in a SPR cavern or

caverns. To gain insight into the long-term behavior of a typical SPR cavern following

sealing and abandonment,a suite of mechanicalfinite-elementcalculations was performed.

The initial analyses predicthow quickly and to what extent a cavern pressurizes after it is

plugged. The analyses also examine the stabilityof the cavern as it changes shape due to

the excessive pressuresgenerated as the salt creeps and the brine in the cavern thermally

expands. These large-scale analyses do not include the details of the plug but assume a

good seal is establishedin the cavern wells. In anotherseries of analyses, the potential for

forming a leak at the plug is evaluated. A cement plug, emplaced in the casing seat of a

cavern well, is loaded using the predictedbrine pressuresfrom the cavern analyses. The

plugged casing analyses examine the potential for forming a leak path in and along the

interfaces of salt, casing, and cement plug. In the last set of analysis,the dimensionalscale

of the problem is further reduced to examine a pre-existing crack along a casing/salt

' interface. The crackedinterface is assumedto be fluid filled and fully pressurizedby the

cavern fluids. The analyses address the potential for the fluid path to extend upwards

along a plugged casing should an open microannulus surround the casing after it is

plugged.
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1.0 INTRODUCTION

The Strategic Petroleum Reserve (SPR) was created to reduce the vulnerabilityof the

United States to interruptionsby foreignoil suppliers. Approximately570 millionbarrels

of crude oil arepresentlystored undergroundin salt domes at five sites located along the

. Gulf of Mexico. One undergroundmine and approximately60 leached cavernsare used
to store the oil.

R is inevitable that sealing and abandonmentwill somedayoccur in an SPR cavern or

caverns. A simplisticview of a sealedSPR cavern is shown in Figure 1-1. To gain insight

into the long-term behavior following sealing, a series of three finite-element analyses

were performed. The analyses were purely mechanicaland did not simulate fluid flow.

Therefore,the calculations do not quantify the performanceof a plugged cavern from a

leakage point of view. To do so would requireas a minimum a coupled mechanical-

hydrological model that contains the appropriate deformational and fluid flow

mechanisms. Rather, the evaluations presented in this report establish trends from the

predicted time-dependentmechanical behaviorof the cavern and plug area that are either

favorable or unfavorable for sealing. For example, the sealing materials and salt are

examined for tensile stressesthat may fractureor separate the seal system and thus create

or extend a flow path. Predicteddeformation histories can also indicate whether sealing

materials and their interfaces are tightening or becoming loose with time. From the

predicted mechanical behaviors, the ability to seal an SPR cavern can be partially

evaluated. Common to the analyses was a salt constitutive model (Chapter 2) that

simulatesthe time-dependentcreep of salt.

The initial analyses (Chapter 3) predict how quickly and to what extent a cavern

pressurizesafterit is plugged. The calculationsalso examinethe stabilityof the cavernas

its changes shape due to the excessive pressuresgenerateddue to salt creep and thermal

expansion of the brineinthe cavern. The effects of salt dissolutionon cavernpressureare

also quantified.

In another set of analyses (Chapter 4), the predicted brine pressures from the cavern

analyses are applied to the bottom of a plugged casing. The plugged casing analysis

examines the changes in borehole deformation and stress state as that area pressurizeso

over lithostatic pressure. The potential for forminga leakpath in or along the salt, casing,



and cement plug are discussedalong with the sensitivityof the resultsto changes in casing
seat dimensionsand bondingto the salt.

In the last analyses (Chapter5), the scale of the problemis furtherreduced to examine a

pre-existing crack or separationalong a casing/salt interface. A portion of the interface is

pressurizedusing the predictedfguidpressuresfromthe cavern calculations to address the

potential for growth of the fluid path along the interface. Both competent and
deterioratedinterfaces _L,'esimulated.

O

Each of the analysis Chaptersintroducethe problem,describe the finite-element model,

and then discuss the resultsofthe simulations. The reportis concluded in Chapter6.
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Figure 1-1. Plugged and Abandoned SPR Storage Cavern



2.0 CONSTITUTIVE MODELS

In this chapter, constitutive models and properties are describedfor the salt, steel casing,

and cement simulatedin the analyses in Chapters3 through 5.

2.1 Salt

,j

The mechanical behaviorof the salt was representedby the Munson-Dawson creep model.

The model is state-of-artin predictingsalt behaviorusing a first principlesapproach. The

model was. developed for the Waste Isolation Pilot Plant (WIPP) Project and has been

used to model a wide variety of undergroundstructuresand openings in salt at that site

(Ehgartner 1990, 1991). The WIPP, located in southeastern New Mexico, is a excavated

room-and-pillarthcilitydesignedfor undergrounddisposalof transuranicwastes in bedded
salt.

The model has been validated with underground deformation data from a variety of

opening shapesand sizes at the WIPP (Munson,Fossum,and Senseny, 1989a,b; Munson

and DeVries, 1990; Munson, et al,1992) For SPR problems, predicted surface

subsidence and ca,/ern pressurizationrates agree well with those measured at West

Hackberry(Ehgartner,1992)

The model is a Multimechanism Steady-state Workhardening/Recovery Model as

originallydeveloped by Munson andDawson (1979) and later modifiedto provide a more

descriptive transient strainfunction (Munson, Fossum, and Senseny, 1989a,b). The model

incorporates the Trescaflow potential and is based on micromechanisticconcepts using a

deformation mechanism map (Munson, 1979). The mechanism map defines regions of

stress and temperature in which a unique deformation mechanism controls or dominates

steady-state creep. The model identifies three steady-state mechanisms. The total steady-

state strain rate is simply the sum of the strain rates of each individualmechanism.

3

I



The equations describing each of the individual steady-state mechanisms follow.

Mechanism 1 (dislocation climb) dominates at high temperatures and low stresses.

Mechanism 2 (undefined)controls creep at low temperaturesand stresses, and Mechanism

3 (dislocation glide) dominatesat high stresses at all temperatures.

t

e,, = A! e"q'/gT(0"/,L/) n'

6's, = A 2 e"Q2/RT(0"/,u) n'

s,, = [HI [Ble "Q'/RT+ B2e'Q2/ST]sinh[q(o'-- O'0)/,U]

Each of the above mechanismsrelates the steady-statestrainrate to temperature,T, and

stress,o. The constantsA, n, Q were determinedfrom laboratorycreeptests, where Q is

the activationenergyandn is the stressexponent. R is the universalgas constantand _tis

the shear modulus of salt. IHIis the Heavisidestep functionwith argument of (a-a0).

The basic form of the creep law for steady-stateMechanisms 1 and 2 is similar to that

used in most previousanalyses for both the Waste Isolation Pilot Plant (WIPP) and the

SPR (Krieg, 1984).

Transient creepis includedin the model through a function, F, which relates the transient

strain rate to the steady-statestrainrate in the following function:

e= F6,

The transient function, F, is composed of a workhardening, equilibrium,and recovery
branch.



f e _°-_/°')_ Workhardening

F = _ 1 Equilibrium

[ e -_-_/e')' Recovery

A and 8 are worldaardeningand recovery parameters and et is the transient strain limit.

The equation governing the rate of change of the internalvariable,_, is

_'= (F-1)s,

The transient strain limit is related to stress and temperature, T, through the following

function where Ko, c, and m are constants.

et = K0e*T(o/B) m

The workhardeningand recovery parameters are definedas a function of stress through

A= a,_ +pwlog(o"//_)

8-- o_r+/3,1o8(o//_)

where the a's and 13'sare constants with the subscripts denoting either the workhardening
o

or recovery branches.



Table2-1
Mechanical Properties of West Hackberry Salt

Elastic Properties
6

Poisson'sRatio 0.25

Modulus of Elasticity(E) 4.5x106 psi

Creep Properties*

Steady-stateMechanism1 Steady-stateMechanism2
A1 8.386 E22/s A2 1.290 E12/s
Q1 25000 cal/mol Q2 12000 cal/mol
nI 5.5 n2 4.9

Steady-state Mechanism 3 TransientCreep
B1 6.086 E6/s m 3.0
B2 3.034 E-2/s K0 6.275 E5
oo 2985 psi c 0.009198/T
q 5.335 E3 tzw -17.37

13w -7.738
ctr 1.05

R 1.987 cal/mol-deg 13r 0.0

* Steady-state constants A2, Q2, n2 for Mechanism 2 were estimated from laboratory
creep tests (Wawersikand Zeuch, 1984). Steady-state parametersfor Mechanisms 1 and
3, and transient parameters were taken from the WIPP data base (Munson, 1989a) for
pure halite. Steady-state mechanism 1 and 3 should have a minor effect on the creep
predictedin this report accordingto the mechanismmap.



2.2 CasingandCement

In addition to salt, the analyses in Chapters4 and 5 simulatesteel casings and cement.

These materialsare assumedto behave elastically. The propertiesof the steel casing and
cement are listed in Table2-2.

Q

Table2-2

Propertiesof Casingand Cement

Modulusof Elasticity(psi) Poisson's
Ratio

Steel Casing 29xl 06 0.30
Cement Annulus 3.8x106 0.19

and Plug

The casing properties representa K55 steel. The casing simulated in the analyses has a

weight of 133 lb/fl and a wall thickness of 5/8 inches. The cement properties approximate

a fine grade cement with a water/cementratio of 0.4 and a cement/aggregate ratio of 0.5

with an unconfined compressive strength of 3625 psi. Technically, the mixture is a

concrete, yet it is commonlyreferredto as a cement.

The SPECTROM-32 code (RE/SPEC, 1989), version 4.02, was used to perform the
simulations. The code is a two-dimensional finite-element thermomechanical stress

analysis program written to solve nonlinear, time-dependent rock mechanics problems.

The salt constitutivemodel, successfullyused in the validation exercises mentioned in the

beginning of this section, is implementedinto this code and was used to perform the

majority of validation analyses for the WIPP.



3.0 SEALED CAVERN ANALYSES

3.1 Introduction

. Several factors influence the pressure history of brine contained within a sealed SPR

cavern-- salt creep, brine temperaturechanges, and salt dissolution. These factors are

. briefly discussed below, thenthe finiteelementmethodis used to model them and predict

the brinepressurehistory in a sealed SPRcavern.

i Creep is an ongoing process that continues after a cavern is sealed as long as the cavern

has a vertical dimension. As a resultof differencesin density between brine and salt, a

differentialpressuregradient(and hence creep) will exist between the brine and salt. Brine

has a density that results in a pressuregradient of approximately0.52 psi/fl of depth,

whereas salt has a pressuregradient of approximately0.94 psi/fl of depth. This results in

a pressure differentialof 0.42 psi/fl of depth. Creep should cause the brine pressure to

increasewith time. At some point however, the brine pressurein the upper portion of the

cavern is expected to exceed lithostatic stress and the top portion of the cavern will

expand. When the rate of volumetric expansion in the upper portion of the cavern

approaches that of contraction in the lower portion of the cavern, the rate of brine

pressurization will approach zero and the cavern brine pressure is assumed to reach

equilibrium. This pressurestate is illustratedin Figure 3-1. This definitionof equilibrium

will suffice for purposes of this report because appreciablechanges are not predicted in the

vertical dimension of a sealed cavern within the time frame evaluated here (up to 1000

years). However, as alluded to above, geologic time scales will permit the cavern to

completely close at the bottom, therebychangingthe equilibriumpressure as the bottom

depth of the cavern is redefined.

Brine temperatucechanges result from the heat exchange between the salt in the cavern

walls and cavern brine. Prior to sealing and abandonment, fresh water or brine will be

injected in',o the caverns to remove the oil. Because the injected fluid temperature is

typically less than the cavern walls, heating of the fluid will result in fluid expansion and
e

pressurebuildup over time afterthe cavern is sealed. Pressurizationdue to heat exchange

• will slow as the averagebrine temperatureapproachesthe average salt temperature. The
heat transfermechanismsand thermalmodelingassociatedwith SPR caverns is discussed

by Tomasko (1985).



Salt dissolution will occur as a consequence of injecting i_esh water or partiallysaturated

brine into cavern during removal of oil. Even if the brine were fully saturated when

injected, its heating due to contact with the cavern walls would allow an increase in the
solute content of the brine and therefore some dissolution. Salt dissolution creates

additionalcavern space and brinevolume. However,the volumeleached is slightly greater
than the increase in brinevolume that occurs. This will result in a decrease in the brine

pressure. Froma chemistryviewpoint, the bondingbetween the water molecules and the
sodium-chlorideions results in a solution volume that is smallerthan the total volumes of

the constituents. The net increase in space availablefor the brine results in a decrease in

pressureaccording to the compressibilityfactor of the brine. Because brine saturation is a

function of temperatureand pressure,the salinitywill to a smallextent dependentupon the

thermal exchanges and creep.

Understanding the factors that control the fluid pressure history in a sealed cavern is

necessary for predictivemodeling. The model predictions in this chapter will stand alone

and be used as input in Chapters4 and 5 analyses to evaluate the potential for leakage of a

plugged and abandoned SPR cavern. A leak path could form when the fluid pressure in

the cavern exceeds the lithostatic pressureof the salt. This pressure condition occurs in

the upper portion of the cavern after sealing and abandonmentand the pressuredifferential

will be greatest at the casing seat. The response of a plugged casing seat is investigated in

Chapter 4. If a leak path is formed at the casing seat, it may progressupwards with time

along the salt/casing interface because the pressuredifferentialbetween the brine and salt

increases with elevation. This topic is investigatedin the interface calculations presented
in Chapter 5.

In this chapter, the influence of creep, heat exchange, and dissolution in a sealed cavern

are investigated using the finite element method. A coupled creep-thermal-dissolution

model is used to predict the brine pressure history at the casing seat of typical SPR cavern.

The results can be used to improve engineering decisions regarding cavern abandonment

and sealing. For example, the salinity and temperature of the injection fluid and seal

emplacement time may be controlled to provide more favorable pressure conditions in the

cavern for sealing purposes.

10



3.2 Finite-Element Model

Cavern behavior was simulated for 1000 years to capturethe long-term response of a

sealed cavern. The baseline finite-elementmodelused for the initial 30 years of simulation

is described in detail by Ehgartner(1992). The model is intended to represent a typical

SPR cavern field. Basicallythe cavernfieldconsists of a networkof 2000 fl high by 170 fl

_ diameter caverns spaced at 750 fl (center-to-center). The top of the cylindrical shaped

caverns is at a depth of 2500 11below the groundsurface and 500 tt into the salt. The salt

is overlaid with 400 11of caprock (typ. anhydrite)and 1600 11of overburden(typ. sand).

The salt propertieswere describedin Chapter 2 and are based in part on elastic and creep

tests of West Hackberrysalt. The predictedresults of the baseline model closely agreed

with measuredsurface subsidenceand cavern pressurizationrates at West Hackberrythus

providingsome verificationand credibilityto the model.

The cavern was assumed to be filled with oil for the first 30 years. Thirtyyears is the

projectedoperatinglife initiallyassignedto SPR caverns. Because the actual numberof

drawdowns(oil withdrawals)to date is less than designedfor, the operatinglife of most

caverns mayeventuallybe extended. Thisshouldhave a minorimpactof the conclusions

drawnin tiffsreport,becausethe cavern pressurizationrates will decrease by only a small

amount as the cavernages past 30 years (Hoffrnan,1992). A depth=dependentpressure

gradientwas appliedto the cavernboundaryto accountfor the weight of the oil and an

averageoperationaloil pressureof 680 psiat the wellhead. An oil pressureof 680 psi is a

typical average for the cavern field simulatedand representsan oil/brineinterface at the

bottom of the caverns. After 30 years, a completedrawdownof the oil in the cavern was

simulated. The oil pressureboundarywas replacedwithbrinepressureequivalentto 0 psi

at the wellhead. The pressurechangewas simulatedas occurringinstantaneously,whereas

in reality it will take some time to replace the cavern oil with brine. It was estimated

(Kuhlmanand Russo, 1992) that approximately0.29 years will be requiredto completely

empty the cavern. At 30.29 years, the cavern is assumed to be full of brine and

instantaneouslyplugged. At thattime, the cavern brinewas simulatedusing special fluid
elements.

Prior to cavern sealing, cavern fluids were not explicitly modeled, rather they were

represented as pressure gradients applied to the boundaries of the cavern. Once the
4

cavern is plugged, the cavern pressures are not controllable at the wellhead, but

determined by the mechanisms discussed above. For example, the brine exerts a

11



backpressure on the salt dependent upon the amount of compression due to cavern

closure. Thebrineelementsmodeleda compressible,inviscidfluidwith a bulk modulusof

3.46 x 105 psi and densityof 1.20 g/cc. These propertiesremainedconstant throughout

the analysis. The finite-element mesh is shown in Figure 3-2a,b-- before and after

emplacementof the special fluidelementsat 30.29 years. The caverncasings andplug are

not includedin the analysis,but are considered as separate analyses in the chapters to

follow. The two-dimensional axisymmetricanalyses rotate the mesh about the cavern

centerlineand constrain radialdisplacementson the outer edge of the mesh (rollered

boundaryconditions)to approximatean infinitenumberof caverns in a field (Ehgartner,

1992).

Creep was modeled in all the analyses performed. In some of the analyses, the thermal

history of brine was simulatedby assigning a prescribedtemperaturehistory to the brine.

For this purpose, the average oil temperaturesmeasuredat Bryan Mound and fitted to a

general expression by Todd (1991) was used. The following temperature history was

assigned to the brine after plugging of the cavern:

T = Tinf=(Tinf- To) e("t/Tau)

where T is the time dependent temperature(°F), Tinf is the temperatureat infinity (124

°F), To is the initial temperature(107 °F), t is the time (yrs) after cavern sealing, and Tau

is a constant (6.6 yrs). Tint-representsthe in situ temperatureof salt at a depth of 3500 fl

(cavern mid-height). The thermal expansion of brine was assumed to be constant at 1.54
E-4 1/°F and salt temperatureswere not changed in the finite-elementmodel. In reality

the local salt temperatures will slightlydecreaseas the brine geothermallyheats.

Salt dissolution was simulatedby assigning an equivalent temperaturedrop to the brine

based on the net volumetric change of the cavern and brine. As discussed earlier,

dissolutioning creates slightly more cavern volumethan brine volume. This approach is

artificial because brine temperaturesare reduced in the model to account for volume i

reductions. Salt temperatures remainunchanged. This approach enables the dissolution

response to be simulatedwithout actually replacingsalt elements in the model with brine

12



elements and imposinga reducedpressureon them. However, the caverngeometry in the

model is unaffected by the dissolutioningoccurringduring the drawdown. The increase in

cavern diameterafter a complete drawdown of a cavern averages approximately 10 %.

This results in a small change in the shape of the cavern, but the cavern is still relatively

long in comparison to its new diameter(L/D > 10:1). Because the volumetric creep rate

• (normalized to volume) of a very long cavern is independent of the diameter of the
cavern, the new cavern geometry is assumed to have a negligible effect on the brine

, pressurizationrate in the cavern.

SANSMIC (Russo, 1983) was used to calculate the volume change due to dissolution

following a complete drawdown of the cavern (Kuhlmanand Russo, 1992). In this
calculation, fresh water was injected into a typical SPR cavern. The drawdown was

completed in 106 days (0.29 yrs) anddissolutioncontinuedfor a additional120 days (0.33

yrs) afterthe drawdown. The net volumetricchange of the system was convertedto an
equivalenttemperaturedrop using the coefficientof thermalexpansion for brine. The

cavernwas assumed to be pluggedimmediatelyfollowing the drawdown(30.29 yrs) to

maximizethe pressuredrop due to dissolutioning. Changes in salinitydue to changes in

brinetemperatureand pressurewere assumedto be negligible.

The casing seat was assumedto be located 100 fl above the roof of the cavern. The open

uncased wellbore between the casing seat and cavern is sometimes referredto as the

chimney. At the casing seat depth (2400 fl), the lithostatic pressure was calculated as

2110 psi, based on the density and thickness of the overlyinglayers in the baseline model

discussed above. The cavern chimneywas not modeledin the calculationsas its relatively

small volume will have a minoreffect on the overallpressurization rates for the cavern.

Brine pressurewas estimated at the casing seat based on the density of the brine (0.52

psi/it) and predictedbrine pressures in the cavern. This assumes the chimney volume is

open and the plugged casing formsan imperviousseal. At the time of plugging, the brine

pressureat the casing seat is assumed to be 1250 psi, based on the density of brine to the

surface and no additional wellhead pressure.

The modeling approachused in this study differssignificantlyfrom that used in previous
.!

cavern sealing calculations. Previous sealed cavern calculations for the SPK (Preece,

1985) modeled the brine as static pressure based on an assumed long-term equilibrium
,8

with lithostatic pressure. Thus the pressurehistory between the time of sealing and the

time required to reach creep equilibriumwas not simulated. This was necessary as the

13



codes at that time did not have an element birth/death option to allow brine emplacement

after the start of the calculation, and the constitutive model for a fluid element was not

available in the codes at that time. Also, the previous calculations used a softened

modulus of elasticity for the salt-- an adjustment that enabled better matches to measured

salt deformations. The effects of dissolution and thermal heating of the brine on cavern

pressure were not modeled in past studies.

,w

3.3 Results

Figure 3-3 shows the effect of creep and salt dissolution on brine pressure at the casing

seat after plugging of the casing. As discussed earlier, the cavern was plugged

immediately following drawdown of the cavern. For comparative purposes, the initial

brine pressure at the time of plugging is shown. The upp¢, curve in the Figure represents

the response of the cavern fluid to creep. When only creep is considered (no dissolution),

the cavern pressurizes after sealing. The effect of including dissolution was to initially

lower pressures after sealing (see lower curve). Since cavern sealing immediately

followed the complete removal of oil from the cavern by brine displacement, residual

leaching or dissolution after sealing was maximized. Dissolution after cavern sealing

resulted in a depressurization of approximately 700 psi within 1 month. At one month

after cavern sealing, the rate of volumetric decrease due to leaching approximately equals

the volumetric closure rate due to creep. Thereafter, creep dominates the volumetric

response of the cavern resulting in a pressure increase. The pressure difference between

the creep and creep=dissolution models amounts to approximately 700 psi at the end of the
I

120 day dissolution period.

Figure 3-4 shows the effect of geothermal heating of the brine pressure in a sealed cavern.

Creep was included in the analysis, however dissolution effects were not simulated. For

comparative purposes, the lithostatic pressure at the casing seat and the predicted

response of modeling only creep are shown. The pressure buildup, resulting from thermal

heating of brine, results in an overpressuriz_tion at the casing seat within 2.1 years after

sealing. Overpre_surization is defined when the fluid pressure exceeds the lithostatic :,

pressure of the salt at that level. The predicted thermal pressure peaks at about 15 years

after increasing over 1800 psi from the initial 1250 psi brine pressure at the casing seat.
t.

The rate of pressure increase during this time decreases, thus implying that the creep

response of the salt is more able to accommodate the geothermally driven expansion of
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brine with time. As shown earlier, the geothermal heat exchange of salt with brine

decreases with time. At later times, the brine pressure decreases with time as the cavern is

over-pressurized and additional pressure contributions due to geothermal heating are

small. In contrast to the creep-thermal model, the creep only model predicts a relatively

modest pressure increase resulting in a pressure difference of approximately 1300 psi at 15

years ariel sealing.

Figure 3-5 shows the cavern d_formations (magnified by 3) and salt velocity vectors at
¢

three different times for the heated brine analysis. A velocity vector indicates the direction

of salt flow and relative panicle velocity at a particular time. Prior to plugging, the salt

flow is predominantly downward and into the lower portion of the cavern where the

majority of deformation is predicted. Prior to plugging, closure is predicted at all

locations in the cavern. One year after plugging, the cavern walls are expanding because

the cavern fluid pressures are greater than the stresses in the salt. At this panicular time,

the cavern fluid pressure is approaching, but still less than lithostatic pressure. The cavern

behavior up to this time may be dominated by the transient response of the salt due to the

abrupt buildup of brine pressure. At later times, the thermal pulse has lessened and the

cavern responds by establishing the long-term behavior where closure occurs in the

bottom portion of the cavern, and expansion in the upper portion. This behavior is

expected since the brine pressures at this time exceed lithostatic pressure in the top of the

cavern, but are below the lithostatic pressure at the bottom of the cavern. The cavern

response is largely controlled by steady-state creep at this time driven by the difference in

pressure gradients between the brine and salt.

Although the caverns are predicted to enlarge in the roof area, the amount is small. For

the heated brine analysis, the roof at 1000 years after plugging expanded in the horizontal

directions less than 0.7 ft. The vertical uplift at the center of the roof is predicted to be

1.1 ft, 1000 years after plugging. Near the bottom of the cavern, closure is drastically

slowed as the brine pressure raises after plugging. The additional strain accumulation in

the salt is less than 1 percent during the 1000 years after plugging of the cavern. This is

small increase compared to the estimated 15 percent strain that is typically required to fail

salt under this stress state (Preece and Wawersik, 1984). The maximum amount of

" surface subsidence is predicted for the case where dissolution occurs following plugging

and the brine pressurizes in the long term due to creep only. The relatively lower cavern

pressures for this case result in approximately 1 ft of additional surface subsidence after

1000 years following plugging.
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To further evaluate the stabilityof the cavern, the stresses in the salt were examined,

particularlyduringthe relativelyrapidcavernenlargementperiod following plugging in the

heated brineanalysis. Of concern was the potential developmentof tensile stresses in the

roof or walls of the cavern as the cavern enlarges. No tensile stresses were predicted in

the salt at any time. However, the compressivestresses in the salt adjacent to the cavern

decreased as the cavern initiallyenlarged. The minimumcompressivestress in the roof of

the cavern was 1760 psi at 2.5 yearsafter plugging. The minimumcompressive stress in

the cavern walls was 1605 psi at the top of the cavern at 2.2 years aiderplugging. The

brine pressure acting against the top portion of the cavern at these times was

approximately 2250 psi or nearly equal to the lithostatic at that depth. After reaching

minimum stresses at 2.5 and 2.2 years respectively, the roof and wall stresses became

more compressive with time and remained slightly below brine pressures through the

remainderof the analysis.

Figures 3-6 and 3-7 shows the brine pressurepredictions for the creep, creep-thermal,

creep-dissolution, and creep-dissolution-thermalmodels out to 50 and 1000 years,

respectively. The thermaleffect is most significantas noted by the separation between the

thermal (upper two curves) and non-thermal (lower two curves) results. Dissolution is a

secondary effect which results in an initialdecrease in pressure for both thermal or non-

thermal models. Later times show dissolutionto result in a higher brine pressure for the

therraalmodel and a lower pressurefor the constant temperaturemodel. Table 3-1 lists

the predictedtime to exceed lithostaticstressat the casing seat.

Table3-1

PredictedTimefor CavernBrinePressureto Peach LithostaticPressure

Model Time to Lithostatic

salt creep--thermal heating of brine 2.1

salt creep--salt dissolution--thermalheating 3.8
of brine

salt creep 206

salt creep°-saltdissolution 352
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The thermal heating of the brine results in approximately a 100 fold decrease in the time to

reach lithostatic pressure at the casing seat, whereas dissolution of salt following plugging

results in approximately a 2 fold increase in the time to lithostatic pressure. The

geothermal heating of brine not only results in a quicker time to exceed lithostatic

, pressure, but the peak pressures are much greater for the thermal models. As discussed

earlier, when the brine pressure reaches the lithostatic pressure in the salt, a leak path can

, potentially form. These results necessitated the plugged casing and interface analyses in

the following chapters.
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Figure 3-2. Finite-Element Mesh Used in Sealed Cavern Analyses.
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Figure 3-4. Effect of Brine Heating on Brine Pressure at Casing Seat.
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4.0 PLUGGED CASk_IGANALYSES

4.1 Introduction

, The mechanical behaviorof a pluggedborehole casing seat is predictedin this Chapter

using the geothermallyheated brine pressurehistory fromthe Chapter 3 cavern analyses.

, The previous cavern analyses coupled thermal, dissolution, and creep models in various

combinations to estimate potential brine pressure histories that may be expected at a

casing seat following cavern sealing. The thermal-creepmodel with no dissolution

predicted the quickest loading at the casing seat. Including dissolution with thermal

heating of the brine resulted in a slightlyhigher peak brine pressure,but the pressurization

rate was substantially reduced. Since creep is load rate dependent, the predicted brine

pressure history from thermal model (without dissolution effects) is used as input into

finite-element analyses presented here. Faster loading rates tend to fracture salt more

easily, than slower pressurizationrates that allows more'time for the salt to creep. The

effect of load rate on wellbore fracturing was examined by Gniady and Ehgartner (1993)
for SPR salts.

The access well to the cavern was plugged with cement following 30 years of cavern

operation. The plug in this case is simplythat extends from the casing seat upwards a

significantdistance into the casing.

4.2 Finite-Element Model

The geometric model consisted of a 20-inch (O.D.) steel casing cemented into a 26.inch

diameter hole in salt. The interiorof the casing was modeled as a pressure boundary

condition to simulate oil and brine pressuresprior to sealing, and lateras a cement plug.

The salt, steel, and cement were simulatedusing the modelsand propertiesas describedin

Chapter2.

4S

The finite-element mesh for the problemis shown in Figures 4-1a,b. The problem was

idealized as axisynunetricwith a vertical axis of rotation located on the left side of theA

mesh along the centerline of the borehole Rolleredboundary conditions were applied to

the right side and lower portion of the mesh to constrain salt flow perpendicular to the
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outer and lower boundaries. These boundariesare assumedto be sufficientlyremoved

from the plug that its response should not be effectedby the constraints placed on them.

Lithostatic pressurewas applied to the materials,resulting in an overburden pressureof

2110 psi at the casing seat. Consistent with the analyses in Chapters 3 and 5, this

approximatesa depth of approximately2400 ft.

The lithostatic pressures were assumedto be constant throughoutthe simulationtime. In

reality, they will probably increase in the vicinity of the casing seat as the cavern 1)

pressurizes over lithostaticpressure,because the casing set is typically only 100 fl above

the roof of the cavern. This shouldresult in largercompressivestresses in the casing and

plug, and less long-term borehole creep than predictedby assuming a constant lithostatic

pressure. In regardto this assumption,the analysesconclusions shouldbe conservative.

For the initial29.75 years of the calculation, a constant pressureof 1560 psi was applied

to the interior of the steel casing and along the uncased borehole wall. The pressure is

typical of what may be expected at a casing seat depth of 2400 fl during the operational

period of a SPR cavern with an oil/brineinterfacenear the bottom of the cavern (4500 fl).

At 29.75 years, the pressurewas droppedto 1250 psi to simulatebrine pres._urefollowing

the complete withdrawalof oil from the cavern in preparationfor sealing. This pressure

was maintainedto 30 years. The above pre-plugportionof the calculation is necessary to

help establish the correctstress state for the casing seat and surrounding salt at the time of

plugging.

The casing was simulatedas plugged at 30 years by placingcement elements inside the

casing and applying the thermal-creeppressure history. The pressure history from the

thermal-creep model of a sealed cavern (pressuredue to geothermal heating of brine and

creep closure of cavern) was apFliedhorizontally to the uncased portion of the borehole

below the plug and verticallyto the plug and casing seat surfaces. Figure4-2 reproduces,

from Chapter 3, the pressurehistory. As discussedin Chapter 3, the brine was assumed to

geothermallyheat from an initial emplacementtemperatureof 107 °F to the average in situ

temperature of the salt along the cavern wall (124 °F). Temperaturechanges of the salt

and casing materials are not simulatedin the analyses.
(h

The brine pressure history was modeled as a step function with pressure

increments/decrementsof approximately100 psi. The effect of incrementalloading on the

analyses results is small,but nonetheless sometimesnoticed when examining the results of
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the analyses. Because of creep and thermalheatingof the brine, the pressure quickly
exceeds lithostaticpressure(2110 psi) at 2.2 years after plugging. The brine pressure

reached a maximum of 3060 psi at 16.5 years after plugging, followed by a gradual

depressurizationto 2780 psi at 170 years afterplugging. The calculationwas stopped at

this time, thus capturingthe peakboreholeloadingand loadreversal. After 170 years,the

brine pressurescontinueto decreasein timeuntil the cavernreachesequilibriumpressure.

As discussed in the previous chapter, as long as the cavern has a vertical dimension,

theoreticallythe cavernbrinepressurecan not be in equilibriumwith salt pressurebecause

of differencesin density (and hence pressuregradients)betweenbrineand salt. However,

for purposes of this report where the vertical cavern dimensions do not appreciably

change, equilibriumcan be assumed to equal the average lithostaticpressurealong the

cavernwall. Thisresultsina pressureof approximately2550 psiat the casing seat.

4.3 Results

It is important to identify any areas of tensile stresses in the results. The presence of

tension in salt, cement, or at any material interface would indicate potential material

fracturing or separation. This could create a flow path for the brine if it were to

propagate.

Tensile stresses were not predictedat any location or time during the simulation. As a

result of over-pressurizingthe borehole (fluid pressures greater than lithostatic), the

boreholetemporarilyenlarged in the vicinityof the casing seat and the compressive radial

stresses decreased to a minimumof approximately 1030 psi at the casing seat. The

minimumcompressive stressoccurredin the cement annulus between the steel casing and

salt at 30 years afterplugging. Figure 4-3 shows the predictedradial and hoop stress in

that area. The first 30 yearson the plot representthe operationalphase of the cavern. At

29.75 years, the cavern oil was withdrawnand replaced with brine, and the cavern was

plugged at 30 years. The effect of each of these operations on the casing seat stress is
noticeable.

" The hoop stress shown in Figure 4-3 is the maximum(most compressive) hoop stress

predicted by the analysis, whereas the radial stress represents the minimum (or least
&

compressive) stress. The hoop stress follows a path similarto the radial stress, where

both initiallydecrease afterplugging but eventuallybecome more compressive with time.
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The maximumpredictedhoop stress in the cement approximatelyequals the estimated

unconfined compressive strengthof the cement (3625 psi) at the time of plugging.

However, since the cement is underapproximately2000 psi of confinementat that time,

the cement shouldbe significantlystrongerthantheunconfin_ compressivestrength.

The stresses predicted in the cementdependupon the initialstress state assumedfor the

cement. As mentionedearlier,all of the materialsin the analysis were initiallyassigned a

stress equal to lithostaticpressure. However, the initial stress state of the cement can

depend upon the emplacement technique and specific formulation. A typical plug

emplacementprocedurewould use a weighted fluidsuch as drillingmud to counter the

brine pressuresand thus stabilize the fluid motion in the casing. This would stress the

cement duringemplacement. The expansivecharacteristicsof certainclasses of cement,

typically used in sealing, provide an additionalcompressive stress while hardening. A

similarprocedureis used when cementinga casing into place. A cement shoe is lowered

through the drillingmud to the casing seat and the cement is forced up through the

annulusbetween the casing and the salt. As such, the cement sets underpressureand is

further pressurizeddue the salt creep loadingthat mayoccur. It should be noted that in

additionto the expansivecements, salt creep, and emplacementprocedures,the creep of
cementhelpsto establishlithostaticpressurein the cement.

If the cement plug was not prestressed,thenthe stresses in the plug may become tensile

with time. This occurs becausethe steel casing is predictedto enlargeby a maximumof

0.003 in. The stresses (radial and hoop) of an initially unstressed plug approach a

maximum tensile stress of 610 psi before startingto become more compressive as the

casing diametercontracts. These tensilestressesmay approachthe tensile strengthof the
cement.

The borehole deformationsin Figure4-4 are grossly exaggerated to show the predicted

shape of the over-pressurizedborehole100 yearsafterplugging. As shown in Figures 4-

l a,h and in this figure as well, the unmagnifieddeformationsof the plugged casing are

very small. The predicted radial borehole deformationsat the bottom of the uncased

boreholeand at the casingseat areshown inFigure4-5.

Figure4-5 shows thatfor the initial30+ years, the uncased hole closes by approximately

O.15 in (twice the radialwall displacement).Duringthis time the pressuresinthe borehole

are less than lithostaticas cavernsealinghas not yet occurred. The effect of the reduced
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borehole pressure during oil drawdown, results in a noticeable increase in borehole

closure. After plugging,over-pressurizationin the uncasedportionof the hole enlarges it

by 0.27 in to result in a net boreholeexpansion of 0.12 in at 200 years. The uncased

portion of the borehole continuesto expand after 200 years at a rate of approximately

2.4x10"4in/yr. In comparison,the radialdisplacementsof the salt at the casing seat are

, _uch smallerin magnitude.

• The borehole at the casing seat enlargesby a maximumof 0.008 in after plugging.

Although the borehole wall at the casing seat enlarges after plugging, it starts to close

afterapproximately30 yearsof plugging. In trend,the deformationsat the casing seat are

similarto the predictedradialand hoop stressesat the casing seat (Figure4-3), because

the sealing materialswere modeled as elastic materialswhere deformation is linearly
relatedto stress.

Figure 4-6 shows the predicted radial and hoop stresses for the uncased portion of the
borehole(remote from the casingseat). The radialstress component representsthe brine

pressureon the boreholewall. The brinepressureincreasesfor 16.5 years afterplugging

andexceeds lithostaticpressure2110 psiat 2.2 yearsafterplugging. The hoop stress was

reduced to approximately1380 psi at 1.9 yearsafterpluggingand increasedthereafterin

compression. This behavioris attributedto the viscoplasticnatureof salt. Even though

the borehole is predictedto expand,thehoop stressesremaincompressive. This resulthas

been investigated in some detail by Gniady and Ehgartner(1993), who showed the

minimumcompressive stress to be a functionof boreholepressurization. Therefore,the

rapidloading and highpressuresimposedbyusing the creep-thermalresultsfrom the suite

of cavern analyses make the plug predictions conservative (i.e. producing the least

compressive plug stresses).

Several additionalanalyseswere performedto evaluate the sensitivityof the above results

to other possible casing seat geometries and conditions. The same finite-elementmesh as

shown in Figures 4-1a,b was used in all the analyses. The materials assigned to portions

of the casing and cement elements were varied. Specifically, one analysis replaced the

cement annulus between the steel casingand salt with salt. Therefore,a salt cornerresults
4,

at the casing seat, formed by the two different borehole diameters in the cased and

, uncased portionsof the borehole. The same size steel casing was modeled but it directly

contacts the salt. The minimumradialstresswas predicted to be approximately 1930 psi

compressive. Another analysis, modeledthe cement annulus between the steel casing and
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salt as steel. This simulateda muchthickercasing in direct contact with the salt with the

same size borehole in the cased and uncased portions of the borehole. The minimum

radialstresspredictedto act against the casing was 1520psi compressive. A third analysis

replacedthe outer ringof steel casingelementswith a verysoR elastic material(E= 15 psi)

to simulate a corrodedouter surface on the casing and a weak bond between the casing

steel and cement. As a result, the effectivethicknessof the steel casing was reduced by
6

one-third. The predicted radial stresses droppedto a minimumof 1870 psi compressive

and practicallyall of the radialdisplacement(up to 0.008 in enlargement)was predictedto
Is

occur across the soft interface. Although there was some difference in the stresses

predicted,dependent upon specific casing seat geometry and materials,the stressesat the

casing seat andin the uncased boreholeremainedcompressiveand the boreholewall at the

casing seat eventuallystarts to close afterhavingenlarged.
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5.0 CASING INTERFACEANALYSES

5.1 Introduction

After cavern sealing and abandonment, the fluid at the casing seat is predicted to

pressurizeabove lithostaticpressure. The fluid could pressurizeany pre-existingcracks or

interfaces along the casing which may have been formed due to a poor cement job,

extremes in operating pressures, or perhaps material degradation or casing corrosion.

This report evaluates the mechanical response of a cement/salt interface pressurized in

excess of lithostatic pressure.

The interface was composed of a lower and upper portion. The lower portion of the

interface was assumedto be filledwith pressurizedfluid in an attempt to determineunder

what conditions the interface is expected to propagate or grow. The upper portion of the

interface was modeled as both an unfilled interface providingno resistance to separation

(unbonded or missingcement)and also as a cementfilledinterfacewith bonding.

The previous cavern analyses (Chapter 3) coupled thermal heating of brine, salt

dissolution, and cavern creep models in various combinations to estimate potential brine

pressure histories that may be expected at a casing seat following cavern sealing. The

thermal-creep model assuming no salt dissolution predicted the quickest loading at the

casing seat. If no thermal heating of the brineoccurred, then the pressuremagnitudesand

rates would be significantly reduced. The sensitivityof these pressure histories to the

response of the plug/salt interface is examinedin this chapter.

5.2 Finite-Element Model

Two analyses were initially performed. The first assumed the upper portion of the

interfaceto be unfilled,and thereforethe interfacewas freeto separate without resistance.

The second calculation assumed the upper portionof the interface to be cement filled. For

these two analyses, the thermal-creeppressurehistorywas used.

A thirdanalysis was performed similar to the second except that the lower portion of the
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interface was loadedwith the predictedbrine pressurehistory assumingno thermalloading

of the brine. This pressurehistory resultedfrom salt creep only and lacked the thermal

drive used in the first two analyses. As such the predicted pressurization rate and

maximumpressurewas much lower. This analysiswill quantifypotential improvementsto

the interracialstressstate if the brine injectedinto the cavern prior to plugging is allowed

to thermallystabilizewith the geostatictemperatures.
6

The geometric model consisted of 20-inch steel casing (O.D.) cemented into a 26-inch
4'

hole in salt. Initially, the entire geometry, including both portions of the interface, and

fluid pressurewas at lithostatic pressure. Afterwards,the wellbore and lower portion of

the salt/cement interface (0.1 inches across) was pressurized in excess of lithostatic

pressure.

The unfilled interface was simulatedas an elasticmaterialwith an extremelylow modulus

(15 psi). As such, the material providedno resistance to enlargement or opening of the

interface and the stress across the interface remainedessentially unchanged at lithostatic

pressure throughoutthe calculation. The cement filledinterface was also assumed to be

elastic, but with the properties of cement, and therefore, can accept loading. The

properties of the cement were unchanged with time. In reality, the cement along the
interface may be alteredwith time due to materialincompatibilities. The salt, cement and

steel were modeled as definedin Chapter2.

The finite-element mesh using quadrilateral elements is shown in Figure 5-1. The same

finite-element mesh was used in both analyses. The problem was idealized as

axisymmetric with a vertical axis of rotation located on the left side of the mesh. Rollered

boundary conditions were applied to the right side and lower portion of the mesh. This

results in a plane of symmetry across the bottom of the mesh. Because of symmetry, the

lower portion of the interface represents a total length of 7 inches, and it surrounds the

casing cement to form an annular shape with a thickness of 0.1 inch. Because the

interface length is large relative to its thickness, the stresses at the boundary between the

upper and lower portions of the interface (top of the fluid pressure boundary) should not

be effected by its length. The outer boundary of the mesh is assumed to be sufficiently

" removed from the interface that interfacialbehaviorshould not be effected by constraints

placed on the outer edge of the mesh.
e

An overburdenpressureof 2110 psi was applied to the upper surface of the mesh. Initial
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stresses of equalmagnitudewere uniforndyappliedthroughoutthe model. The lithostatic

pressureswere assumedto be constantthroughoutthe simulationtime. In reality, they

will probably increase in the vicinityof the casing seat as the cavern pressurizes over

lithostaticpressure,because the casing seat is typicallyonly 100 fl above the roof of the

cavernwhich also pressurizes. This will reduce the pressuredifferentialbetween the fluid

and the salt, resultingin less deformationthan predictedby assuming a constant lithostatic ,

pressure.

The pressure history from the thermal-creepand creep only models of a sealed cavern

(Chapter 3) was applied to the lower portionof the interface startingat lithostaticpressure

(2110 psi). In the case of where the upper portion of the interface was simulated as

unfilled, fluid pressurewas appliedto the sidesof the lower portion of the interface. For

the cementedinterface, fluid is also assumedto contact andpressurizethe bottom edge of

the cement bond. The pressurehistory was modeled as a step function with pressure

increments/decrementsof approximately50 psi. As a result of the incrementalloading,

the analyses resultsarestepped.

The thermal-creeppressurehistoryfrom Chapter3 increasedthe interfacepressure from

lithostatic pressure (2110 psi) to a maximumof 3060 psi at 14.3 years, followed by a

gradualdepressurizationto 2830 psi at 100 years. The calculations using the thermal-

creep loadingwere stopped at this time,thus capturingthe peak interface loading and load

reversal. For the thermal-creepmodel, the brine was assumedto pressurizeas a result of

thermalheating of the brine from an initialemplacementtemperatureof 107 °F to the

averagein situtemperatureof the saltalong a typicalSPRcavernwall (124 °F).

The creep only pressurehistory results in a gradual pressure increase from lithostatic

pressure to the estimated creep equilibriumpressure for the cavern. Equilibriumis

estimated to equal the averagelithostatic pressurealong the cavernwall. For a typical

SPR cavern (2000 fl high, roof at 2500 ft), the brinepressureat the casing seat will be

approximately2550 psi when approachingcavern equilibrium.As discussedin Chapter3,

equilibriummay neverbe achieved but only approached. Extrapolatingfrom the results

provided in Chapter 3, cavern equilibriumis defined at approximately1800 years after

sealing for a cavern that is pressurizedsolely dueto creep.

J,

Figure 5-2 compares the predictedcasing seat pressuresfor each model and shows the

impact of heatingon the predictions. The figurealso shows the estimated lithostaticand
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brineequilibriumpressuresat the casing seat.

5.3 Results

The emphasisin examiningthe resultswas to look atthe displacementsand stressesacross

the interface directlyahead of'the fluidboundary. For the unfilledinterface, displacements

, that predict interface separationat the fluid boundaryimply potential fluid propagation

along the interface. The presence of tension in salt, cement, or across any interface would

imply potential fracturing or interface separation. Separation along the interface could

lead to pressurization of an even larger portionof the interface. The process may continue

to propagate upward along the casing eventuallyforminga leak path fromthe cavern.

Figures 5-3 shows the displacementvectors and deformedshape of the unfilled interface

(magnified by 10) after 100 years of pressurizationabove lithostatic pressure for the
unfilled interface. The pressure history used in the analyses assumed thermal-creep

loading of the brine. It is obvious that the unfilledportion of the interface is predicted to

separateabove the pressurized portion and would likely pressurize as a result of upward

fluid migration. This result is expected because the applied brine pressure exceeds

lithostaticpressureand thereis no resistanceto separation. A similarbehavior is expected

if the applied pressureswere based on only creep loadingof the brine, but the magnitudes

of displacementwould be less at a given time.

Figure 5-4 plots the displacementvectors for the cemented interface. In comparison to

the unfilled interface analysis, salt flow associated with the cemented interface is quite

different. The salt is predicted to flow towards the cemented interface, ratherthan away

from it. This resultsin a much smallerenlargement at the boundary between the upper

and lower portions of the interface.

Figure 5-5 shows the cemented interface to separate by a maximumof only 1.4x10.4 in

after 10 years, whereas the unfilledinterface is predicted to separated by 0.010 in at 10

years and continue to open thereafter. The cemented interface starts to close aider 10
o

years.

Figure 5-6 shows the predicted stress history across the interface at the start of the

cemented interface. These stressesrepresentthe minimum (least compressive) pressures
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predictedacross the interface. Because the cemented interface is initially predictedto

separate, the stressacross the interfacedecreasesfromits initial lithostaticpressure. This

drop in pressure causes the salt to flow in that direction, i.e., toward the cemented

interface. The stressacross the interfaceis predicted to go into approximately580 psi of

tension at 10 years, before recompressing. Tension is only predicted at the start of the

cemented interface. All other areas in the cement and salt are predicted to be in
,is

compression. The tensile stress across the interface approximatelyequals the estimated

tensile strengthof the cement(600 psi). The steps in the Figure resultfrom the pressure
history being applied as a step function. A sudden increase or decrease in stress is the

elastic response of the interfaceto the step loadingof the brine.

Figure5-7 plots the minimumpredictedinterfacepressureacross a cemented interface

where the applied fluid pressurehistory was from creep only loading. The absence of a

thermal load on the cavern brine results in a much slower applied pressure rate.

Consequentially,the resultsareexaminedover a 2000 yearperiod insteadof the 100 years

used above. In contrastto the analysiswhichalso includedthermalloading of the brine,

the creep only load resultsin a compressiveinterface, The predicted interfacepressureis

least compressive (870 psi) during the final load step at 1800 years when cavern

equilibrium pressure is reached. After that, the interface pressure becomes more

compressivein time.
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In. 36 in.

Figure 5-1. Axisymmetric Finite-Element Mesh Showing Steel Casing, Cement Annulus,
Interface, and Salt. Open portion of Interface is pressurized. Top po_n of
interface is simulated as 1) unfilled (free to separate) and 2) as cemented.
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Figure 5-3. Displacement Vectors (Magnified by 10) for Unfilled Interface at 100 Years Showing
Enlargement and Flow of Salt Away From Interface. The thermal-creep pressure
history was applied to the cement and salt below the fluid pressure boundary.
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Figure 5-4. Displacement Vectors (Magnified by 10) for Cemented Interface at 100 Years Showing
No Discernible Enlargement and Flow of Salt Toward Cement Portion of Interface.
The thermal-creep pressure history was applied to the fluid filled portion of interface.
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Cemented Interface. The thermal-creep pressure history was applied to the fluid
filled portion of interface.
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Figure 5-6. Minimum Predicted Interface Pressures Across Cemented Interface Showing Interface
to Initially Decompress Into Tension andTbenRecompress into Compression. Steps
in interface pressure are an artifact of simulating the applied fluid pressure history
(Thermal-Creep) Incrementally.
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of simulatingthe appliedfluid pressurehistory(Creeponly) Incrementally.



6.0 CONCLUSIONS

Mechanical behavior and trends were establishedfrom the cavern, plugged casing, and

casing/saltinterfaceanalyses presentedin Chapters3 through5. The conclusions derived

from these results and theirsignificanceto SPR cavernpluggingare discussedbelow. "
[

The cavern analyses showed that after plugging of the cavern, the brine pressure history at

the casing seat is sensitive to the temperature and salinity of the brine at the time of

sealing. The geothermal heating of brine had the greatest influenceon brine pressurization

after sealing. The predicted time for brine to reach lithostatic pressure at the casing seat

was only a couple of years after sealing. In contrast, if the brine did not heat with time,

two hundred years of cavern creep was required to pressurize the brine above lithostatic

pressure at the casing seat. The maximum predicted brine pressures at the casing seat

were much larger when geothermal heating of the brine occurred after sealing. The above

results assume no salt dissolution after plugging of the cavern. When salt dissolution was

included in the analyses, the time required for the brine at the casing seat to reach

lithostatic pressure was nearly doubled.

Examinationof the stress state surroundingthe cavern showed that the cavern roof and

wall stresses remained compressive after plugging. The worse condition was for the

heated brine case which resulted in a relatively rapid pressurization of the brine in the

cavern. The minimumpredicted compressive stress in the salt surrounding the cavern was

approximately 70 percent of lithostatic. After reducing in magnitude, the minimum

compressive stress eventually became more compressive with time. The accumulated salt

strain increased less than 1 percent over a 1000 year period after sealing due to small roof

and wall displacements. Cavern deformation or creep rates are reduced after sealing due

to the increased cavern brine pressures. The stresses and strains in the salt indicate that

the cavern would be mechanicallystable after pluggingregardless of geothermal heating of

brine, salt dissolution, and creep closure of the cavern.

The sensitivity of cavern brine pressures to thermal and dissolution effects provides an "

opportunity to engineer cavern abandonment and sealing options that would significantly

1) increase the time before the casing seat exceeds lithostatic pressure and 2) decrease the

maximum fluid pressure exerted on the plugged casing seat. Higher brine temperatures
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and lower salinitiesat the time a cavernis plugged results in a sealing advantages in that

cavern pressures and pressurization ratesare reduced,particularlyduring the early stages
of abandonment.

Because the cavern fluidpressureswere predictedto exceededlithostatic pressure,a more

detailed series of analyses were performedto examine the response of a plugged casing
Q

seat and the interface between the plugged casing and salt to pressures in excess of

lithostatic. Fluid pressures in excess of the salt's lithostatic pressure could allow for
U

fracturing or separationof materialinterfaces nearthe plugged casing seat as the,,wellbore

enlarges.

The plug analyses suggest that the stresses near a plugged casing seat and in the uncased

portion of the boreholebelow the plug will remaincompressiveeven though the borehole

enlarges due to the buildup in brine pressures in excess of lithostatic pressure. After

plugging, the minimum compressive stress decreases to approximately 50 percent of

lithostatic, but eventuallybecome more compressivewith time. The boreholediameterat

the casing seat is predicted to enlarge up to approximately 0.008 in following plug

emplacement, but eventuallystarts to creep close atter approximately30 years following

plugging. Sensitivityanalyses showed the predictedstresses to be slightlydependentupon

the specific casing seat geometry and interfacebonding. In all of the cases evaluated, the

stress state remained compressiveat all times. The predictedstress-deformationtrends

and magnitudes are desirablefor ensuring long-term plug integrity and cavern sealing.

Even though the plugged wellbore expands due to pressures in excess of lithostatic, the

sealing materials and interfaces remain under compression and are not expected to

mechanically fail or separate. This may prevent any leakage around the plug from

occurring.

The above plugged casing analyses assume properlyemplacedmaterials and no material

degradationwith time. A poor cementjob nearthe casing seat or other mechanisms such

as corrosion could result in a permeable interface between materials which could

pressurize and eventually propagate upwards to form a leak path. This possibility was

evaluated in the casing/salt interfacecalculations.

The interface analyses show that the propagation of a pre-existing crack along the

A interface of the casing and salt depends upon the condition of the interface and the brine

pressure load. A good condition would implythat the interface is not materiallydegraded

51



and that a good bond strengthexists at the interface. A degradedinterfacewas predicted

to open with time and thus allow fluid to propagate along that interface regarless of the

pressure history assumed for the brine. The ability of an interface in good condition to

propagate under a thermallydriven brine pressure was questionable. The compressive

interface stresses changed to tension for a short period of time (20 years) following

plugging and approached the estimated tensile strength of the cement at that time .
However, the same interface remainedunder compressionand most likely would not

propagatewhen the thermal loadingof the brinepressurewas absent.

The above results suggest that leakage after cavern abandonment might be reduced or

eliminatedby grouting any pre-existingfractures or uncemented interfaces at the casing

seat and by increasingthe brine temperaturein the cavern prior to sealing. Increasing the

brine temperature to the average in situ temperatureof the cavern can eliminate the

subsequent natural thermal-pressureincrease of the brine after plugging the cavern. A

higherbrinetemperaturemay be obtair,ed naturallyby delaying installationof the seal and

thus allowing the salt to heat the brine, or by artificiallypre-heating the injected brine

duringoil withdrawal. Delaying sealing aReroil withdrawalwould remove the advantages
due to dissolution.

In conclusion, the analyses presentedin this report suggest that SPR caverns might be

effectively sealed. This conclusion is based solely upon a limited number of mechanical

finite-elementanalyses and no attempt was madeto couple andsimulate the effects of fluid

permeation into the salt formation. As well, the finite-element model used in the

evaluations has not been validatedfor this particularenvironment and field studies provide

no consensus regardingthe integrityof a sealed cavern or wellboreto pressures in excess

of lithostatic (Gniady and Ehgartner, 1993). The specifics of the analyses presented in this

report should not be interpretedas final sealing designs. Plugging and sealing of SPR

caverns may entail more thanjust filling the interior of the borehole casings with cement.

For example, multiple sealing materials with differentpurposes may be used to enhance

sealing of SPR caverns. The analyses in this report do suggest that sealing and

abandonmentproceduresshouldaddress:brine temperatureand salinity,plug emplacement

time and prestressing, and grouting at the casing seat as a minimum. These and other
'B

items, along with the informationgained through the work of others in the national and

internationalcommunity,will contributeto a successful sealing and abandonment plan for m

SPR caverns.
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