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Abstract

Finite element analyses of oil-filled cavems were performed to investigate the effects of cav­
ern depth on surface subsidence and storage loss, a primary performance criteria of SPR cav­
ems. The finite element model used for this study was axisymmetric, approximating an 
infinite array of cavems spaced at 750 ft. The stratigraphy and cavem size were held constant 
while the cavem depth was varied between 1500 ft and 3000 ft in 500 ft increments. Thirty 
year simulations, the design life of the typical SPR cavern, were performed with boundary 
conditions modeling the oil pressure head applied to the cavem lining. A depth dependent 
temperature gradient of 0.012° F/ft was also applied to the model. The calculations were per­
formed using ABAQUS, a general purpose finite element analysis code. The user-defined 
subroutine option in ABAQUS was used to enter an elastic secondary creep model which 
includes temperature dependence.

The calculations demonstrated that surface subsidence and storage loss rates increase with 
increasing depth. At lower depths the difference between the lithostatic stress and the oil pres­
sure is greater. Thus, the effective stresses are greater, resulting in higher creep rates. Further­
more, at greater depths the cavem temperatures are higher which also produce higher creep 
rates. Together, these factors result in faster closure of the cavern. At the end of the 30 year 
simulations, a 1500 ft-deep cavem exhibited 4 percent storage loss and 4 ft of subsidence 
while a 3000 ft-deep cavem exhibited 33 percent storage loss and 44 ft of subsidence. The cal­
culations also demonstrated that surface subsidence is directly related to the amount of storage 
loss. Deeper cavems exhibit more subsidence because the cavems exhibit more storage loss. 
However, for a given amount of storage loss, nearly the same magnitude of surface subsid­
ence was exhibited, independent of cavem depth.
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1 INTRODUCTION
Currently a typical Strategic Petroleum Reserve (SPR) cavem has a depth, measured from the 
top of the cavem to the surface, of 2500 ft and a cavem spacing of 750 ft. However, due to the 
possibility of expansion, there has been interest in evaluating cavems at other depths. Finite 
element analyses of oil-filled cavems were performed to investigate the effects of cavem 
depth on surface subsidence and storage loss.

The finite element model used for this study is axisymmetric, approximating an infinite array 
of cavems spaced at 750 ft. The stratigraphy and cavem size were held constant while the cav­
em depth was varied between 1500 ft and 3000 ft in 500 ft increments. The calculations were 
performed using ABAQUS, a general purpose finite element analysis code [1]. Input files for 
the finite element model were parameterized to simplify geometry changes. The finite element 
calculations consisted of two separate models: a structural model and a steady state thermal 
model. Only one-way thermal coupling was considered by entering the thermal results into the 
structural analyses. The user-defined subroutine option in ABAQUS was used to enter an 
elastic secondary creep model which includes temperature dependence.

In the following section, the finite element models and analysis procedures are described in 
detail. In Section Figure 3 the analysis results are presented. Finally, in Section Figure 4 the 
conclusions of the study are discussed.

2 FINITE ELEMENT MODELS
2.1 Cavern Geometry
The finite element models used for this study include a typical SPR stratigraphy of salt, 
caprock and overburden as illustrated in Figure 1. The overburden and caprock were assumed 
to be 1000 ft and 400 ft-thick, respectively. The cavem geometry chosen for the study is a 
2000 ft-high right circular cylinder with a 200 ft diameter. This simplified geometry was cho­
sen because it yields an oil storage capacity of 6.28x10^ ft^ or 11.2 MMbbl, the volume of a 
typical SPR cavem.

2.2 Problem Parametrization

The input file for mesh generation was parameterized using Aprepro [2] in order to automate 
parametric changes. Using this code, all physical dimensions and material properties are 
entered as model parameters. Thus, when the cavem depth is changed, the boundary condi­
tions applied to the cavern lining (well pressure, oil pressure, etc.) are recalculated. The use of 
this system has made model generation efficient for this study and will facilitate future para­
metric studies.

2.3 Structural Model
The four models shown in Figure 2 were generated with cavem depths of 1500, 2000, 2500, 
and 3000 ft. The cavem depth variations resulted in 100, 600, 1100, and 1600 ft of salt above 
the cavem roof. The thickness of the caprock (400 ft) and overburden (1000 ft) were 
unchanged. The boundary conditions applied to all four models are illustrated on the 1500 ft- 
deep cavem. The axis of symmetry is on the left side while the far field boundary is on the 
right The far field boundary is 375 ft from the axis of symmetry. The distance between the



Figure 1. Stratigraphy used in variable depth calculations (not to scale).

bottom of the cavem and the lower boundary was held constant at 3280 ft for all four cases. 
Displacements at the far field and axis of symmetry were constrained in the radial direction. 
The lower boundary is constrained in the vertical direction. These boundary conditions 
approximate an infinite array of cavems, equally spaced at 750 ft, the typical spacing for SPR 
cavems. In an infinite array of equally spaced cavems, the planes of symmetry actually form 
polygons around each of the cavems. For the present study, the polygons were approximated 
as circles, resulting in an axisymmetric geometry. Load symmetry was also assumed, imply­
ing that all cavems in the array were constracted at the same time and experienced identical 
pressure histories.

The analyses presented in this memo were performed using ABAQUS, a general purpose 
finite element analysis code. Four-node, isoparametric, quadrilateral elements were used with 
reduced integration and hourglass control [1]. The first mesh illustrated in Figure 1 consists of 
932 nodes and 860 elements, the second consists of 1016 nodes and 940 elements, the third 
consists of 1100 nodes and 1020 elements, and the fourth consists of 1184 nodes and 1100 
elements. The number of elements in each model varies because the mesh refinement was
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Figure 2. Finite element models of SPR cavern at depths of 1500, 2000, 2500 and 
3000 ft (boundary conditions shown on 1500 ft-deep model only).

adjusted to account for the varying salt thickness above the cavem.

A pressure history is applied to the inside of the cavem during the first year of the analysis to 
simulate cavem formation. The simulation of cavem formation is approximated by a transi­
tion between two boundary conditions: one a t=0 and another at t=l year. At time t=0, the 
pressure inside the cavem is equal to the lithostatic stress field of the salt. In this state, the 
effective stress field around the cavem is zero, resulting in no creep. At time t=l year, the 
pressure applied to the inside of the cavem is equal to the hydrostatic pressure of freshwater. 
The freshwater head is used because, in the leaching phase, fresh water is pumped into the
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cavem and brine flows out. In addition to the freshwater head, a uniform well pressure is 
applied to the lining of the cavem. The weU pressure is based on the difference between brine 
gradient (0.52 psi/ft) and fresh water gradient (0.43 psi/ft) and the depth to the freshwater- 
brine inteiface as shown in Figure 3. The combination of these pressures simulates the pres­
sure applied to the cavem lining during the leaching process. To transition smoothly between 
the two boundary conditions a weighting function (w) is defined as follows:

w = 1 - t
1 for 0.0 < t < 1.0 year (1)

The lithostatic pressure is multiplied by w and the leaching pressure by (1-w) so that the pres­
sure applied to the lining of the cavem transitions linearly over the first year. This approxima­
tion circumvents the high creep strain rates resulting from instantaneous cavem formation.

After the first year, the oil pressure head is applied to the lining of the cavem and is main­
tained constant over the 30 year life of the cavem. The weight of the oil (0.37 psi/ft) resulted 
in a pressure gradient along the cavem lining with respect to elevation. In addition, a uniform 
well pressure, calculated as shown in Figure 3 (using oil as the second fluid) was added to the 
distributed pressure. The method used to calculate the uniform well pressure assumes a zero

second fluid 
(freshwater or oil)

cavern

well pressure

-̂ 3 = brine gradient 
Yf = second fluid gradient

weli pressure = (yi, - Yf)h

Figure 3. Well pressiue calculated based on depth of cavem floor and difference 
between brine and second fluid (freshwater or oil) densities.
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brine side pressure throughout the service life of the cavem.

In addition to the pressure loads, gravitational body forces are applied to the rock. Elevation- 
dependent initial stresses were applied so that the model is at equilibrium at time zero. In the 
elastic materials, the vertical stress component at a given location was applied based on the 
weight of the material above that point. The horizontal component was applied to be consis­
tent with a vertically loaded elastic material in equilibrium. Under these load conditions, the 
resulting ratio of horizontal to vertical stress components is defined as follows:

V
—  =  1  (2)CTy 1 - V

where v is the Poisson’s ratio of the material. For the salt, an initial stress state was assumed in 
which the vertical and horizontal stress components are equal (lithostatic) to the weight of the 
overbearing material.

2.4 Thermal Mode!
The finite element model included a depth-dependent temperature gradient which started at 
80° F at the surface and increased at the rate of 0.012° F/ft. The temperature distribution is 
important because the creep response of the salt is temperature dependent. Radial temperature 
gradients due to cooling effects of the oil were not considered in these calculations. The tem­
perature field was calculated using the heat transfer solution module of ABAQUS and a linear 
four node quadrilateral element. A steady state analysis was mn to develop the linear temper­
ature gradient. In the analysis, appropriate temperatures were specified at the upper and lower 
boundaries. The thermal conductivities of all three materials were set equal in order to obtain 
a linear temperature field. The magnitude of the thermal conductivity is not reported since it 
was not critical to obtain a linear temperature field. Only one-way thermal coupling was con­
sidered by including the depth-dependent temperatures in the structural analysis. The thermal 
model used the same mesh as the structural model; thus, no interpolation was necessary to 
map the temperatures to the structural mesh. Using this procedure, temperatures were input 
into the structural analysis at the nodes and interpolated to the material points. The assumption 
of one-way coupling was appropriate since the deformations were not large enough to affect 
the thermal analysis.

2.5 Constitutive Models and Material Properties

The overburden and caprock were modeled as elastic materials using the properties listed in 
Table 1. The properties were obtained from [3] and were for homogeneous samples. The elas­
tic properties for shale were used for the caprock and those of sandstone were used for the 
overbidden. No approximation was made to account for fracturing of the overburden and 
caprock layers.

The domal salt exhibits both elastic and creep behavior. The constitutive model used for this 
material considered only secondary creep. The creep strain rate is determined from the effec­
tive stress as follows:

13



i - "  , Q se = A a exp R T ' (3)

where

e is the creep strain rate, 

a  is the effective or von Mises stress,

T  is absolute temperature,

A and n are constants determined from fitting the model to creep data, 
Q is the effective activation energy (cal/mole),

R is the universal gas constant (1545 ft lb/(lb mol)(°R)).

The secondary creep law contained in ABAQUS does not include the temperature depen­
dence in Equation 3. Thus, the ABAQUS user subroutine capability was used to implement 
the creep law defined above. The creep constants for salt are given in Table 1 and correspond 
to parameters for the Waste Isolation Pilot Plant (WIPP) salt [4]. Previous studies have shown

Table 1: Structural Properties of Salt, Caprock, and Overburden

Elastic Properties Creep Properties

Material

Young’s 
Modulus, E 

(kpsi)

Poisson’s 
Ratio, V

Density,

P ,
(Ib/in^)

A
(psi'^'^/sec) n

Activation 
Energy, Q 
(fflb/mole)

Salt 3.60 X 10^ 0.25 0.0831 3.73 X lO'̂ "̂ 4.9 3.70 X 10"̂

Caprock 1.02 X 10^ 0.29 0.0903 " — —

Overburden 1.45 X 10^ 0.33 0.0677 " — —

that WIPP and most SPR salts exhibit similar creep behavior [5,6]. The Young’s modulus for 
rock salt was reduced by a factor of 12.5 from its laboratory or reference value. This reduction 
has produced good agreement between predicted and measured responses for WIPP excava­
tions [7]. Other studies have observed that the empirical modulus (Ejgf/12.5) captured stress 
relaxation observed in laboratory tests more accurately than the reference modulus (Ergf) [8]. 
Consequently, this empirical adjustment appears to model stress redistribution around open­
ings in rock salt better than the reference modulus when only a secondary creep model is used.

To integrate the constitutive model with time dependent material response, ABAQUS uses an 
explicit scheme with automatic time step selection in which the time step is calculated to per­
mit a maximum allowable creep strain within a step. In the present calculations, the maximum 
allowable creep strain was set to 2x10'^. If the maximum creep in a given step exceeds this
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value, ABAQUS “steps back” and uses a smaller time step. At earlier times, when the creep 
rates are high, this solution process results in smaU time steps (on the order of 1 sec). How­
ever, as the calculation progresses, the time step increases to approximately 100 days.

3 ANALYSIS RESULTS
The calculations performed for the four different cavem depths exhibited very similar charac­
teristics. The results for the 3000 ft-deep cavem are presented to illustrate these characteristics 
since it exhibited the largest deformations. Figure 4 shows the surface subsidence profiles for 
the 3000 ft-deep cavem. The axis of symmetry is at x=0 while the far-field is at x=375 f t  The 
legend on the right corresponds sequentially with the plotted curves from top to bottom. The 
surface subsidence exhibited in the calculations is uniform across the surface. This implies 
that for an infinite array of cavems of 750 ft-spacing, the surface subsidence would not result 
in a pattemed array of hills and valleys as was originally expected, but rather the subsidence 
would be uniform over the entire field.

Figure 5 shows the deformed shape of the 3000 ft-deep cavem at the end of the 30 year simu­
lation. The majority of the deformation occurs at the bottom of the cavem. Figure 6 shows the 
distribution of the volume loss at time t=30 years. The plot is normalized with respect to the 
total storage loss at t=30 years. Fifty percent of the storage loss occurs at the bottom 25 per­
cent of the cavem. Qualitatively, these solutions compare well with independent calculations 
for a similar cavem design [9].

In the following sections, the effects of cavem depth on storage loss and surface subsidence 
are investigated. The results are shown from t = 2 years to t = 30 years since SPR cavems are 
not typically filled with oil until two or three years after leaching begins. Furthermore, during
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Figure 4. Surface subsidence as a function of time for the 3000 ft-deep cavem.
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the first year of the simulations, the pressure history applied to the inside of the cavem is an 
approximation designed to reduce the high initial creep rates resulting from instantaneous 
cavem formation (see Section Figiu-e 2.3). This is not a simulation of the complex leaching 
process but merely an approximation which has been demonstrated to yield better results than 
instantaneous cavem formation [10]. Thus, the storage loss and subsidence predictions during 
the first two years are not as significant as the response thereafter.

3.1 Storage Loss

The cavem volume, storage loss, and subsidence volume are plotted as a function of time in 
Figure 7 through Figure 10 for each of the four cavem depths studied. The curves are normal­
ized with respect to the initial cavem volume (11.2 MMbbl). The plots show that as the cavem 
depth is increased, the storage loss and subsidence volume increase. Figure 11 shows the per­
cent of storage loss for all four depths as a function of time. Figure 12 shows the percent stor­
age loss at t = 30 years as a function of cavem depth. Again these plots show that as the cavem 
depth is increased the percentage of storage loss increases. There are several reasons for this 
behavior. First, at greater depths the difference between the lithostatic stress state and the oil 
pressure is greater. Thus, the effective stresses near the cavem are greater. Based on Equation 
3 the resulting creep strain rate will be higher. Second, at greater cavem depths cavern tem­
peratures are higher which, based on Equation 3, results in higher creep strain rates. For exam-

centerline

■ I I I  I  M IN IIIIIII

M M  I I I I M M I  
M M  I I I I I M I I I

J___________ I___________ L J ___________ L

Figure 5. Deformed cavem shape of the 3000 ft-deep cavem at t=30 years.
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pie, a 3.6° F temperature increase from 80° F will result in a 14 percent increase in creep strain 
rate. Finally, subsidence and storage loss are affected by the amount of salt above the cavern 
roof. At lesser depths there is less salt above the room which can creep.

«
A plot of the storage loss rate as a function of time is shown in Figure 13. The curves show 
that the storage loss rate increases significantly at greater cavem depths. Again, this is due to 
the higher creep strain rates around the cavem for the reasons stated above.

3.2 Surface Subsidence
In addition to storage loss, the SPR program is concemed with the effects of parametric 
changes on surface subsidence. Surface subsidence is plotted in Figure 14 as a function of 
time for the four cavem depths. The plots show that at greater depths the magnitude of surface 
subsidence increases. At lesser cavem depths, the subsidence appears to vary more linearly 
with respect to time. This is due to the fact that the storage loss rate (Figure 13) for caverns at 
lesser depths approaches a constant rate with respect to time. Figure 15 shows the surface sub­
sidence magnitude at t=30 years as a function of cavem depth. Note that the curve shape is 
very similar to that in Figure 12.

Figure 16 shows the subsidence rate as a function of time for the four cavem depths. As 
expected, the subsidence rate exhibits a strong dependence on cavem depth. Especially during
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the early life of the cavem (t<5 years). This is because subsidence rate is influenced by storage 
loss rate.

The amount of storage loss which is manifested as siuface subsidence is another parameter of 
interest to the SPR program. It is desirable to minimize surface susidence since it can result in 
damage to surface structures. Figure 17 shows this volume percentage as a function of time 
for the fom cavem depths. The plots show that the percentage of volume manifested as sur­
face subsidence increases with cavem depth. This seems counter-intuitive, as one would 
expect that a deeper cavem of similar volume would exhibit smaller surface disturbances. 
However, surface subsidence is actually a direct function of storage loss. For example, the 
1500 ft-deep cavem exhibits approximately 4 percent storage loss at thirty years (see Figure 
11). The same amount of storage loss is exhibited by the 3000 ft-deep cavem at approximately 
two years. Comparing these two points in Figure 17 shows that the same volume percentage 
manifested as surface subsidence is exhibited by the 3000 ft-deep cavem at t=2 years as the 
1500 ft-deep cavem at t=30 years. To better illustrate this relationship. Figure 18 shows a plot 
of surface subsidence as a function of storage loss. Both axes are normalized with respect to 
the original cavem volume. The curves coincide with one another in a nearly-linear relation­
ship between surface subsidence and storage loss. The relationship is not one-to-one since a 
smaU percentage of storage loss is not manifested as surface subsidence. Based on these 
observations, it can be concluded that a region of finite extent exists, both above and below 
the cavem, which is influenced by the presence of a cavem in an infinite array. The creep 
strains occur only in that region. The column of material above that region, including the 
caprock and overburden, follows along in rigid body displacement.

40

8 25
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Figure 15. Surface subsidence at t=30 years as a function of cavem depth.
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Figure 16. Subsidence rate as a function of time for cavem depths of 1500,2000, 
2500, and 3000 ft.
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Based on observation of Figure 7 through Figure 10, it appears that the difference between 
storage loss and subsidence volume remains constant with respect to time. The difference 
between the storage loss and the subsidence volume is plotted in Figure 19 for the four cavem 
depths. The volume difference is normalized with respect to the initial cavem volume. This 
plot shows that for a given cavem depth, the volume difference is established early in the cav­
em life and stays nearly constant thereafter. Furthermore, the difference is depth dependent 
Greater cavem depths result in a larger difference between the storage loss and subsidence 
volume. However, this difference is small (>0.25%) compared to the initial volume of the cav­
em.

A difference between the storage loss and the subsidence volume could occur due to the 
numerics of the problem. If a mismatch exists between the applied initial stresses and equilib­
rium, an instantaneous volume difference would occur as the solution found equilibrium. 
However, the volume difference observed in Figure 19 develops slowly over the first year, 
indicating that it is not developed from a numerical imbalance. Since the constitutive model 
used for salt does not consider volumetric creep, the volume difference cannot be in creep 
strains. Thus, the volume difference must be due to an elastic volumetric strain above the cav­
em.

3.3 Comparison of Analysis Results to Field Measurements

The finite element calculations were verified by comparing results from the base case of a 
2500 ft-deep cavem to field measurements taken from West Hackberry Cavem 115. This cav­
em was chosen for comparison because it has similar storage capacity, dimensions, and loca-
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Figure 19. Difference between storage loss and subsidence volume for cavem depths 
of 1500,2000, 2500, and 3000 ft.

tion as the 2500 ft-deep model. Cavem 115 is centrally located at approximately 750 ft from 
six neighboring cavems, closely approximating the infinite array assumption used for the 
model. However, because it is actually not part of an infinite array, the extent of the subsid­
ence and closure should be less than the analysis results. It should be emphasized that the 
model was not intended to simulate Cavem 115. The purpose of the comparison is merely to 
qualitatively evaluate the analyses by demonstrating that the subsidence and storage loss are 
of the same order-of-magnitude as the field data since the geometries are similar.

The measured subsidence at West Hackberry Cavem 115 is given in Table 2. The measure­
ments were made while the cavem was being leached and filled. The fluctuation of the subsid­
ence rate is due to the fact that the cavem was not filled with oil until the September 16 
measurement. At nearly five years, the total measured subsidence was 1.43 ft. The predicted 
subsidence for the 2500 ft-deep cavem was 4.9 ft, a factor of 3.4 greater. The predicted sub­
sidence rate for the 2500 ft-deep cavem is approximately 1 ft/yr, approximately four times 
higher than the field measurements.

Another metric of cavern performance is well pressure. As the cavem volume decreases, the 
well pressure at the surface increases. Pressurization data have been measured for West Hack­
berry Cavern 115 and are given in Table 3 for a one-year time interval. The cavern is approxi­
mately 9 years old at the start of the data. Assuming the oil temperature does not change, 
cavem pressure can be related to volumetric losses by the compressibility of oil (5.67x10"^ 
psi'^ at API=37.5, P=2265 psi, and T=125 °F). Based on the instantaneous cavem volume, the
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predicted pressurization rate from the analysis is plotted in Figure 20. The predicted pressur- 
ization rate for a 9 year-old cavern is 3.5 psi/day. The prediction is higher than the field mea­
surements (approximately 2 psi/day); however, again the model assumes the cavem is located 
in an infinite array of caverns.

Although the predictions are at least a factor of two larger than the field measurements, these 
comparisons have demonstrated that the analysis results are of the same order-of-magnitude 
as the data. These calculations were not performed to model Cavem 115; therefore, model 
details such as cavem geometry may not be accurately representative of this cavem and could 
affect the results.

Table 2: Measured Subsidence at West Hackberry Cavern 115

Date
Elevation 

Above Sea 
Level (ft)

Accumulated Subsidence
Subsidence (ft) Rate (ft/yr)

1/83 9.15

8/83 9.07 0.08 .137

2/84 8.87 0.28 .400

3/85 8.43 0.72 .406

9/86 8.03 1.12 .267

12/87 7.72 1.43 .248
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Table 3: Measured Pressurization Data for West Hackberry Cavern 115

Date Start Pressure 
(psi)

Pressure 
Change (psi)

Duration Cycle 
(days)

Pressurization 
Rate (psi/day)

11/2/89 930 80 39 2.1

1/25/90 920 100 55 1.8

3/22/90 930 85 43 2.0

5/4/90 910 60 27 2.2

5/31/90 910 100 56 1.8

7/27/90 930 80 49 1.6

10/2/90 910 85 50 1.7
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Figure 20. Pressurization rate for the 2500 ft-deep cavem.
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4 CONCLUSIONS
In the preceding calculations, the effect of cavem depth on storage loss and surface subsid­
ence was investigated. The results indicate that in an infinite array of caverns both subsidence 
and storage loss are strongly influenced by cavem depth. The results of the base case (2500 ft- 
deep cavem) calculations compared reasonably well with independently performed calcula­
tions of a similar cavem design [9]. Based on these calculations, the following conclusions 
can be made:

1. Storage loss increases with increasing depth because at lower depths the difference 
between the local lithostatic stress and the oil pressure is greater. Thus, the effective 
stresses are greater, resulting in higher creep rates. Furthermore, at greater depths the 
cavem temperatures are higher and produce higher creep rates.

2. Surface subsidence is directly related to the amount of storage loss. Deeper cavems 
exhibit more subsidence because the cavems exhibit more storage loss. However, for a 
given amount of storage loss, nearly the same magnitude of surface subsidence was 
exhibited, independent of cavem depth.

3. The difference between the storage loss and surface subsidence exhibits a dependence 
on cavem depth. For a 500 ft increase in depth, this volume difference increased by an 
amount equal to 0.25 percent of the initial cavem volume. This volume difference is 
developed in the early life of the cavem and approaches a constant steady state value 
for the remainder of the cavem life. The volume difference is due to elastic volumetric 
strains developed above the cavem.

4. Comparison of analysis predictions for the 2500 ft-deep cavem with field data from 
West Hackberry Cavern 115 show order-of-magnitude agreement. Subsidence, subsid­
ence rate, and pressurization predictions were larger than the field measurements; 
however, this was expected since the analysis assumes the cavem is located in an infi­
nite array of cavems.
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