Model Studies of Effects of
Closure of Solution Caverns in Salt Domes

ABSTRACT

The effcet of cloxure of soluiion caverns fn solt
duvmes on subsidence has been examined gualita-
tively by the use of Hime dependenl two-
dimensional models. Changes i stress disirtbution
und displacements as closure proceeded were also
studied.

Madels were constructed of materials simudut -

mg plastic, briitle and viscoclastic deformation of

the salt. Stitchmg wax wes used to represent salt
behaving plastically and a gelalin way used to repre-
sent vverlying sediments. Cavities were created by
removal of plugs ocver which the wax had been
puoured. Deformation m the gelalin was observed
by the wve of mhed lines and stress distvibution by
the use of cirenlarly polarized light. Models repre-
senting brittle deformation of the sall were con-
structed of layers of sand intercalated with clay.
For studying wviscoelastic deformation, gelatin way
used 1o represeni both sult and sediments. A bai-
loon filled with water was punciured and drained
to represent the cavers.

These model studies show that, for brittle fail-
wre, subsidence wccurs directly over the cavern.
However, with plastic deformation cavern closure
securs principally from the sides. This results in
major wiitial subsidence overlying a zone of of the
sides of the cavern. After ¢l flow has ceased duz to

uniformly distribuivd et the surface.

{1 way concheded from the photeelestic study
using a mscoelasiic gelatne o represent the sall,
that the stress gradicnt surrounding the cavern -
creased  with closure, Sult Powever, s generally
cansidered to belane as o plastic material.
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INTRODUCTION

Solution mining ol salt and the use of solution
caverns lor the storage of liguelied petrolemn
products sre hmportant technological develop-
ments. Expenmental studies have demonstrated
that cavities in salt domes could also be used for
storing concentrated high level radioactive wastes
for lung periods of time, Other noxious wastes can
be disposed of in this mannper. The structural stabi-
ity of such caverns and the effects of cavity fajlure
require special consideration, Such a {aglure has
occurred at least once in the Gulf Coast provinee.
This collapse took place in a cavity mined in the
Choctaw Dome n Iberville Parish, Louisians, [t 15
believed to have buen duc to the sohilion ravern
being construcied too near the top of the salt
which caused the cap rock to fail as a britile mate-
rial resulting in extreme and localized subsidence
over the cavern.,

Serata and Gloyna {1560} concluded that snlu-
tion cavities do not collapse because a yielded zone
forms around the cavity. This seeins to be appliva-
ble only at a relatively great depth where the litho:
static pressure is high enough for the salt 1o flow
plastically causing redismribution of stress. This
helps to create a yielded zone around the cavity
and the cavity continues o vield 1o the increasing
stress.
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Model Studies of Effects

The purpose of this study was 10 determine rthe
effect of size, shape and depth of solution caverns
in salt domes on possible subsidence in the over-
Iying sediments when cavern closure oeccurs.

The approach to this objective was limited o0 a
qualitative study using two-dimensional time de-
pendent models. Various kinds of materials were
used to demonstrate different responses to stress in
the salt. Wax was used to represent plastic behav-
jor, gelatin for viscuelastic behavior and sand for
elastic or brittle behavior. In most of the madels a
gelatin was used to represent the overlying sedi-
ments. The flow pattern in the wax demonstrated
the direction of cavern dosure. The deformation
and the stress pattern in the gelatin served to indi-
cate the expected pattern of subsidence over the
salt. :

The results suggest that if salt behaves plastically
salt-flow into the cavern is principally horizontal
which results in inttial local subsidence off the side
followed by a general subsidence over the dome
vather than a local subsidence over the cavern.
Model studies suggest that the subsidence over the
sult dome would be quite small if salt deforms plas-
tically. An experiment in which salt was considered
to behave as a hritthe material suggested that failure
of the cavern would occur as a sudden collapse
with subsidence occurring directly over the cavern.

EARLIER STUDIES

The natural state of stress in rocks below the
earth’s surface will be affected by creation of an
opening. Changes will occur not only in the stress
distribution but also in the mechanical propertes
- of the medium itself. The creation of the cavern
a stressed elastic medium results in a redistribution
of the inidal stress such that a concentration of
~stress exists around the cavity. The magnitude of
- the stress concentration can be estimated by either
_clasticity theory or experimental methods for ey-
- lindrical or spherical cavities under any exireme
pressure conditions. Salt, however, has both plastic
and viscous properties depending on overburden
pressure among other effeers, In manv instances i
is seen that even when the maximum shearing
stress excecds the hypothetical maximum elastic
-shearing of the formation, the cavity does not col-
lapse. This is duc to yielding of the salt adjacent to
wthe cavity boundary with the resuli that the stress
evel corresponding to an elastic collapse of the
cavity is not attained. A rclease of stress on the
boundary and a transfer of stress to the adjacent
tmaterial results. This vielding characteristic of salt
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is particularly pronounced when the material is in
triaxial cornpression. The behavior of salt, when
subjecied to triaxial compression, has been inten.
sivelv investigared {Serata and Glovna, 1960,
Bureau of Reclamation, 1962).

When a cavity is created in rock salt the sivess
state adjoining the cavity can be anticipated 1o
vary greatly. As a conscquence the rock salt at any
point will behave according to the siress environ-
ment at that point, The salt adjoining the cavern
can be subdivided into zones in which the material
behavior of the salt can be descibed as brittle
{spalling occurs), plastic, or vlastic. The concept of
salt behaving a5 an elastic material In a strict sense
is somewhat suspect, und perhaps a more appropri-
ate description would employ an effective reaction
relation between applied local and subsequent in-
stantancous deformation. In any event, the mate-
rial behavior of the sait can be said 1o be bounded
by brittle to plastic characteristics.

Extensive testing of rock salt pillar models has
been carried out by Bradshaw, etal,, (1966) and
Lomenick (1968}, with the objective of determin-
ing the hehavior of closure of mined rooms in rock
salt. Their approach is essentially empirical, and
consists basically of fitting a curve to experimental
data which results in a relation beiween deforma-
tion of the salt pillar models and applied load, tem-
perature, and time. All practical rheological models
of salt are obtained in essentally the same way,
since the properties of salt vary a great deal de-
pending upon the source of the salt.

In the current study the bounding plastic behav-
tor of the salt was madcled by wax as described
earlier, and the other bounding hehavior, Le., brit-
tle behavior, was modeled by sands and clavs, In
addition, the salt was represented in several models
hy gelatin, a lincar viscoelastic material (Richards
and Mark, 1966). Gelatin was also used as de-
scribed earlier to model the material overlying a
salt dome.

Since gelatin is doubly refracting it was possible
to use the photoelastic method to vbtain some esti-
mates of the stress distribuiion in a viscoelastic
media surrounding a cavern, and in the material
overlying the salt. The stress distribution can be
estimated bv noting that the isochromatic bands
ohserved in a loaded birefringent model placed in 2
circalar polariscope correspond 1o lines along
which the maximum sheanng stress are constani.
Each colored band corresponds to a ditferent in-
tensity of maximum shearing stress, and thus a
crowding together of lines at a point implies a large
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stress gradient oxists in the neighborhood of dwe
point, Quantitative value of stress can be oblained
hy the photoclasiic method in conjunciion with an
appropriate  calibration specimen, however, this
was not attempied i the current study since it was
qualitative in nature,

MODEL DESIGN AND CONSTRUCTION
Fabrication.

The apparastus consisted essentially of a rectan-
eular tank, 24 Inches wide, 17 inches high, and 6
mches thick, with the front and rear enclosure
made of 0.5-inch thick clear plastic supported at
each end by aluminum channels (Fig. 1}. Holes
having a diameter of 3/32 of an inch were drilled in
the center of the aluminum channels at equal nter-
vals fram the top down for 10 inches. The tank
was assembled wsing C-damps to secure the sides ol
the tank to he alwninom channels, A thin rubber
strip was pliced berween the aluminum and plastic
as a seal. A thin rubber sirip and an aluminum
plate was placed between the plastic and the
clamps to ensure that the pressure on the plastic
was uniform. This rank was mounted on a base
copsisting of two wooden supports which could be

Figuee [ Apparatos used in experimental pracedure.

Mode! Siuthies of Efferys

moved apart to provide space for insertion of
wooden plug of ihe same width as the tank. After
the plug was positioned in the tank, the two see-
tions of the basc were moved together tightly
against the plug. The tank was then sealed to the
base supports by the use of silicon rubber. All
other openings in the tank were sealed with silicon
rubber to make the tank water-tight.

A material called stitching wax was used 1o rep-
resent the salt in some of the models. This was was
melted and poured into the bottom of the lank, A
gelatin sofution was This wax was melted and
poured into the botiom of the tank. A gelatin solu-
tion was sediments.

The wooden plug was designed to provide a
means for forming a cavity in the wax or other
material used to represent salt. This was accom-
plished by removing the plug after the tank was
filled. Piugs of different dimensions were used for
the experiments. A schematic diagram of one of
these: plugs 1s shown m Figure 2 (not to scale}, A
hole was drilled axially through each plug. This
hote was nitially closed by a plunger. The plug
itsell was coated with silicon grease, A thin plastic
sheet {Saran Wrap) was wrapped around the plug
to prevent stitching wax sticking to the wooden
plug, thus facilitating casy removal of the plug. The
plug prepared in this manner was pushed mnto the
rank at the center of the tank and held tight by the
two sections of the wooden base. Prior to removal
of the plug to creatc a cavern in the wax, the
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Model Stedias of Effects

plunger was pulled out of the hole to breazk the
vacuum formed between the plug and the enclosing
wax.

Wax preparetion.

A material called siitching wax was used to rep-
resent salt having plastic properties. The properties
of this material were described by Bucher (1956},
The wax was heated uniformly at 175°C for about
one hour and then allowed to remain in the heated
oven for ancther half an hour. This heated wax was
then poured into the tank slowly along ihe alumi-
num sides 50 ax to avoid trapping air-bubbles in the
wax. The wax which stuck to the aluminum sides
was easily chipped off since the sides had been
lubricated with silicon grease. It was powred to the
thickness desired for the particular model The wax
was then allowed to cool and set. The initial posi-
tion of the top of the wax was marked on the
plastic sides of the tank with a grease pencil.

Gelaiin preparcion.

A gelatin was used in some instances to repre-
sent the sediments overlying the salt. This material
provided a means for observing actual strain by
recording the movement of horizontal inked lines
emplaced in the center of the gelatin and reaching
from one side of the tank 1o the other (DeVillier,
1968}, This gelatin has a large stress optical coeffi-
cient and thus can be used 10 form two-
dimensional models that will be stressed under
their own weight to the extent that a satislactory
analysis of isochromatic fringe patterns due to the
stress distribution can be made by the use of circu-
larly polarized light {Post, 1965).

The gelatin used in these experiments was pre-
pared by using the constituents listed below in
the weighl percentapges indicated:

Gelatin Powder 6%
Sodium Propionate 1%
Glycerine 4%
Hot Water 89%

This material was mixed in the following man-
ner. Firsy, the gelalin powder and the sodium pro-
-pionatc was mixed together. Glycerine was then
“added to the powdered mixture of gelatin and so-
dium propionate in a large bowl, The mixture was

tirred until it hecame a thick and homogencous
aste. Hot water from the tap {temperatnre about
100°C) was added to this paste and the whole mix-
ture was stirred vigorously umiil it became a uni-
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form solution. The solution was allowed to cool to
zbout 35°C and then poured in the tank above the
wax, The gelatin sclution required about 24 hours
to set.

Lubrication of model.

Both the gelatin and the wax when set have a
tendency to stick to the sides of the tank and thus
the How of these materials meets with {rictional
resistance from the sides. In order 1o overcome this
difficudty, all of the mside [aces were lubricated
with Dow Corning silicon fluid to ensure friction-
less {low of wax and gelarin and a thin plastic sheet
was placed between the wax and the sides and was
allowed to remain there throughout the experi-
ment. This was not a perfect solution but was at

£y

least partially effective.

Embedment of inked lines in
the gelatin.

A set of horizontal black lines was embedded in
the gelatin to serve as reference lines for measuring
deformation of the gelatin, Two methods were
used to place these lines in the gelatin. In the most
effective method, polvethylene tubing with an 1.D.
of 0.011-inch and O.D. of 0.024-inch was passed
through holes in the aluminum channels and sus-
pended across the model with weights hung on
hoth ends. The holes were then sealed with silicon
rubber. Gelatin was then poured and allowed to
set, Once the gelatin had set, the tubing was pulled
out while black ink was being injected into the
tubing from the end thar was being withdrawn.
This resulted in the impregnation of a horizontal
black Iine in the gelatin.

In a few experimenis the black lines were in-
serted using braided nylon casting line instead of
polvethylene tubing. The line was pulled out from
one end and the black ink was injected from the
other end into the hole created by pulling out the
Iine. There was a tendency with this method for
the ik to fail te follow the line completely
through the gelatin and at rimes to form large
“blobs” within the gelatin.

Photoelastic stress analysis.

Polarcid sheets each consisting of a polarizing
sheet and a quarterwave plate bonded together
were placed on both sides of the tank to produce
cireular polarization., The polarizer and analyzer
axes were oriented parallel to each other to pro-
duce a light field isochromatic pattern when the
gelatin was placed under stress.
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Lise of sand.

In onc model, sand was used 1o represent salt
with brittle properties. A few lavers of colored
sand were used to permit observation of the flow
pattern and the amount and nature of subsidence.
The cap rock was represented by a thin laver of
powdered barite clay which clicctively showed the
fracturing and subsidence in this layver. Sand was
also used to represent the overlying sediments in
order 1o observe the subsidence above the cavern.
A balleon lilled with air was placed m the hase of
the sand and punctured to create the cavern,

EXPERIMENTAL PROCEDURE
AND RESULTS

Expenment A

The model was scaled so that the depth of the
cavity below the top of the wax, which represented
the top of the salt, was eight limes the width of the
cavity, The width was 3/8.inch and the vertical
length 4.3 inclies. The thickness of the wax, which
was the botiom layer of the model, was approxi-
mately 7,3 inches. This was overlain by a 7.2-inch
thick layer of gelatin, There were two minor de-
fects in the execution of this experiment but it is
described none the less because certain gencral
principles are well demonstrated. The surface of
the wax was not porfectly leveled before covering
it with the pelatin. The level of the wax on one side
of the cavirty was about 0.2 inches higher than on
the oiher side. See Figures % and 6. Furthermore, a
stress pattern appeared in the gelatin (Fig. 3)
betore cavern closure began, This was probably a
result of stresses due to removal of the plug,

Mol Studdies of Effecis

Figure 1 is a photograph of the mode!l taken
during closure of the cavern. Closure began in the
central part of the caviry with the wax {lowing in
horizontally from the sides. Concurrently with
closure of the cavity, the isochiromatic lines men-
tioned above shifted. However, the resultant pat-
forn is not as significant as in subseguent models
probably due to low stress concentrations resulting
from the depth of the cavity in this case. It should
be noted that the wax flowed into the cavern prin-
cipally from the sides.

Figure 4, Flow of wax from the sides in expert-
ment A.

Figure 5 shows the siress distribution and sivain
paitern in the gelatin about one hour after removal

Figure 3 Model fn experiment A showing initial
shape of cavitv.

Figure 5. Experiment A o houz after the start
of iavity closure.
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of the plug, The cavern had nearly closed at this
time. The isochromatic lices are more diffuse than
before, The black lines in the gelatin ave uniformly
bowed downward and show no pronounced depres-
sion over the cavern. This is alse true of the top
surface of the wax except for the imitial irregular-
ity. Pictures were taken at regular intervals during
closure. Sequential positions of black lines in the
gelatin are shown in Figure 6. After approximately
24 hours the cavity had completely closed resulting
in still greater subsidence of the top of the wax.
The stress developed in the gelatin had vanished
showing the gelatin had reached a uniform distribu-
ticn of stress, In an earlier experiment scaled iden-
tically to this one, the subsidence of the top of the
wax was measured and found to be 0.08 inches.
The volume of this subsided mass of wax closely
approximated the volume of the cavity,

Figurc 7, Imitial shape of cavity in expesiment
B.

ton which, as in other experiments, required the
— o ’ longest time to close (Fig. 8). The flow from the
sides resulted in a maximum siress differential in

AT © TIME
~~~~~ v AFTER 30 WIN.
smemn WFTER b MTH,
— o AFTRER 24 HOURS

* mowt

Figare 6. Seguental deformation of cavity, pelatin-wax interface
and inked lines in cxperiment A.

bxperiment B.

The ratio of depth of the cavity to iis width for
this experiment was changed from 8.0 used in the
previous experiments to 2.4. The top of the cavity
was placed 0.9-inch below the wax-gelatin inrer-
face. The width of the cavity was 3/8-inch as
shown: in Figure 7.

As in the ecarlicr experiments, the wax flowed
into the cavity from the sides. The cavity closed in
from the center at first followed by closure at the
bottom This left an open space in the upper por-

Fipre 8 Intermmediste slapge in cavity closure in
experiment B,

the gelatin just above the wax adjacent to the cav-
ity boundary. This also caused a delormation in
the gelatin shown by the lowest black line. This
line was deformed generally into the shape of a
bow bent downward but with a local arch over the
cavern. This resulted in depressions on cither side
of the cavern. This strain shown by the inked line
at the position adjacent to the cavity boundary was
in agreement with the higher value of stress in the
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gelatin just above the wax adjacent 10 the cavity
boundary (¥Fig. 9). The higher stress intensirics
shown in Figure 9 at the ends of the gelatin are due

Figure 9. Sticss concentration in geiatin over
lying the cavity boundary in cxperimend B,

to the adhesion of the gelatin to the aluminum
sides. of the model. The cavity closed in complelcly
in about one hour and 25 minutes. After about 24
hours, stress concentration in the gelatin due to
cavern closure had vanished and the lines in the
gelatin were uniformly curved downward being
higher at the ends. The subsidence in the wax was
uniformly distributed execepl for end effects {Fig.
10). Figure 11 shows the trace of the lincs in the

Mode! Studies of Effents
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Figure 11. Sequendal deformation of wivity, geladn-wax inmerface
and inked lines in gelatin in experiment B.

gelatin from the photographs taken during ihe ex-
periment,

It is significant that although the top of the cav
iy was very near the surface of the wax, subsid-
ence in the wax and in the gelatin was not localized
over the cavity,

Experiment €.

Scaling was changed m this experiment m order
to focus more precisely on the stress and straip
condiions near the top of the cavity, The cavity
was located so that its top would be at a depth
below the swrface of the wax which was equal to
the width of the cavitv {one inch) {Fig. 12}. Initial

Figure 10, Experirnent B iwenty-four hours
afier start of cavioy olosure.

Figure 12, Injtial shape of cavity in experiment
.
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cavity closure was from the center followed by
closure from the bottom and top {Fig. 13). The
pattern of {low in the wax was similar to that ob-
served in the first two models, A and B. Due to the
larger size of the cavity, the subsidence of the up-
per surface of the wax and consequently the defor-
mation in the gelatin was larger than in the first
twe models, A and B, Figures 13 and 14 show
positions of the inked lines in the gelatin following
deformation.

The lowest inked line, which suffered the maxi-
mum deformation, reached ils greatest depression
initially at points in the gelatin above the wax ad-
jacent to the boundary of the cavern. This resulted
in a crest over the cavern boundaries resulting from

Figure 135 Experimeni C cighteen minutes after
start of cavity clasure.

Figurr 14 Deformation of inked lines in gebatin
in experiment © one hour and thirty minutes
afrer start of cavity closure,
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the flow of wax into the cavern from is sides,
When the subsidence i the gelatin was appreciably
greater above the boundary of the cavity, the strain
and hence the stress was a maximum at those
points. This was indicated in the diffuse 1sochro-
matic pattern i the gelatin above the boundary of
the cavern. End effects were also present in the
gelatin, Tigure 15 shows sequential positions af the
inked lines at four stages in the development of the
model,
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Figure 15, Scquential deformadon of gelatinewax interfuce and
inked lines in pelatin in experiment G

The final maximum subsidence of the top of the
wax was 0.3 inch. The changing pattern in defor-
mation in the course of the experiment is apparent.
Twenty-four hours after initiation of the experi-
ment the gelatin had returned o its original condi-
tion of stress (Fig. 16). By this ume the inked lines
no longer showed any local strain effects over orin
the vicinity of the cavern but werc deformed mto
the shape of a bow bent downward more in the
center than at the sides due to an end effect.

Experiment D.

In this experiment the depth of the top of the
cavity was established at half the width of the cav-
ity below the surface of the wax. The width of the
cavity as in Fxperiment C was one inch. The close
proximity of the top of the cavern to the wax-
gelatin interface represents an extremely vulnerable
positioning of the cavity to sudden collapse of the
overlying material for a real salt dome.
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Figure 16. Experiment € twenty-four hours
after start of cavity clesere,

Prior to removing the cavity plug some stress
developed in the gelatin producing a few random
isochromatic hnes (Fig. 17). For this model, the

Figure 7. Price to creation of caviey in experi-
rmend B

plug was only partially removed leaving a cavity
3.4 inches long (Fig. 18). This was done to mini-
mize bottem effccts. However, as in the previous
models, the flow of wax was {astest at the center
of the cavity moving in [rom the sides (Fig. 19).
The flow of wax at the betlom of the cavity was

Madel Studies o Fifec:

Figure 18. Initial shape of cavity in experiment
D.

Figure 19 Movement of wax from sides zpd
isochromatic pritern in experiment D,

faster than in previcus experiments dueto less frie-
tion at the bottom {in this case the friction was
only against the plug). As the cavity closed in, sub-
sidence in the wax resulted causing deformarion of
the gelatin, The strain in the gelatin could be ob-
served by means of the inked lines. The lowest
inked line shown m Figure 20 was deformed zen-
crally into the shape of a bow hent downward ex-
cept just above the cavern where a slight reversa
arched the lincs upward. This suggested that the
maximurm subsidence of the gelatin occurred ind
ually above the boundaries of the cavitv which was
the result of flow of wax te the cavity from the
sides. The stress, too, was abserved Lo be maximum
at positions in the gelatin sbove the wax adjacent
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Figure 20. Deformation of inked lines in gelatin
in experiment T

to the cavity houndaries as shown by the sochro-
matic pattern (Figs. 19 and 20). The stress gradi-
ent, shown by the concentration of the
isochromatic hines, was highest nearest to the cav-
ity boundaries.

After 24 hours the siress in the gelatin had
nearly disappeared except that due to side cffects.
The inked lnes no longer showed any local strain
effects over or in the vicinity of the cavern bur
were deformed into the shape of a bow bent down-
ward more m the center than at the sides due to an
end effect (Fig. 21}, Figure 22 shows the position
of the inked lines and the shape of the cavity at
four different times during the experiment.

Figure 21 Experimacnt D twenty-four hoors
alter stavt of cavity closure.
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Figure 22, Sequential deformation of cavity, gelatinewax interface
and inked Uines in gelatin in experiment T

Experiment E,

The purpose of this experiment was to investi-
gate brittle failure of the cavity. Sand was used to
represent salt which would behave as a britile
material in a sudden fatlurc. A one-inch layer of
dry barite clay was used to model the more co-
hesive cap rock. White sand with intercalated layers
of colored sand was placed above the clay to repre-
sent the overlying sediments. Layers of colored
sand were also placed in the sand representing the
salt, The layering in the sand as well as the single
laver of barite provided a means lor recording the
nature of deformation resulting from cavern col-
lapse (Fig. 23).

Figure 23. Sand and clay layers in experiment E
prior o cavity collapye.
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A cvhindrical rubber balloon with a diameter of
2.5 inches, filled with air, Figure 24, was placed at
the base of the sand with its long axis normal o
the sides of the tank, When this balloon was punc.
tured, the air bled off leaving a cavity of the size

Modle! Swudies of Effagry

Expreriment F.

This experiment was pertormed 1o obseyve the
results of failure of a cavity in 2 viscoelastic me.
dium. A solution of gelatin of 6% gelatin by weight

was poured to g depth of 7 inches over & 2.5 inch
diameter eylindrical balloon filled with watez, The
balloon had been placed at the basc of the tank
with its long axis normal to the sides of the lank
{Fig. 24). This laycr of gelatin represented salt with
viscoelastic properiies. After this basa! laver bud
ser, another layer of the same proportion of i
censtitaents was poured over the basal layer to rep-
reserit the sediments overlying the sait. An attemp
to place a sel of inked lines in the upper laver to
serve as markers was nnsvccesstul, Figure 26 shows
the model prior to initiation of the cavity.

and shape of the balloon. The collapse of the cav-
iy due to brittle fallure was very rapid, almaost
instantaneous. The coloved layers of sand showed
the pattern of deformation and the amount of sub-
sidence over the cavity (Figure 235). This modcl
clearly demonstrated that for a brittle failure with
the cavern located fairly close to the top of the
salt, localized subsidence can be expected directly
over the cavern,
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Figare 24 Rubbes balluon in postiton in fardk
in expreiment E.

Figure 26. Prior 1o puncuring halloot to form
cavity u experitnent F.

The balloon was puncrured with & hypodermic
peedle to allow water 1o Jeak out stowly which
would result in a geadual closure of the cavern.
Siresses resulting from cavern closure produced the :
isochromatic patiern shown in Figure 27 around :
the cavity, Figure 28 shows the pattern abour 30
minutes alter the photograph in Figute 27 was
made, The increase in the number of isochromatic
lipes abour the cavity as closure contnued indi-
cates that the stress gradient surrounding the cav-
e increased with cosure, Fioally in Figare 29,
showing a photograph eight days alter def{lating the

Figure 25 Neformation followisg callapse of
cavity in experiment B,
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Figure 27. Isochromatic pattern in gelatin three
mirsates afler slart of cavity closare in experi-
ment k.

Figurc 28, lsochromatic pallers in gelatin
thirty minutwes aftor starr of cavity clogure in
experiment F.

balloon, mauny more isochromatic lines had ap-
peared indicating both higher stresses and a higher
stress gradient. The isochromatic fringes were bent
into the shape of a V directly above the cavity.
This suggested a faster rate of collapse from the
top than from the sides, although the {inal attitude
of the evacuated balloon in the wax in the form of
a narrow vertical line suggested closure from the
sides. This apparent paradox might be due 1o initial
closure of the cavern from the top followed by a
higher rate of closure from the sides. The eight
days required for complete cavity closure
amounted to a very slow rate of deformation in the
modek

Figure 29, Eight davs alter sturt of cavity clo-
sure i expernment F,

CONCLUSIONS

When the salt is represented by a material having
plastic properties like stitching wax and the over-
Iying sediments are represented by a viscoclastic
medium Hke gelarin, a caviry created in the plastic
marerial first closes in at the center by horizontal
flow of the wax from the sides. Fhis cavity closure
from the sides results in greater initial subsidence
ol the top of the wax ovver the sides of the cavity
than elsewhere. This, in turn, results in deforma-
ton of the gelatin which represenis the overlving
sediments. Strain in the gelatin is indicated by the
distortion of the horizontal inked lines embedded
in the gelatin, In experiments showing the greatest
strain elfects, the lowermost line which Is most
aflected, is inifially bent downward in the shape of
a bow except at the center above the cavern where
it 13 bent uwpward. Thus the strain is maximum at
points in the gelatin above the wax atljacent to the
cavity boundary.

Photoelastic results are compatible with these
observations. The stresses developed due to subsid-
ence and deformation of the gelatin produce an
isochromatic pattern in the gelatin which indicates
that the areas of maximum stress occur initially
above the wax adjacent to the cavity boundaries.
As the value of stress increases additional sochro-
matic lines appear. It is significant to note that
although the top of the cavity may be very near
the surface of the wax (Experiment D), after 24
hours local subsidence in the gelatin and wax had
disappeared. By this time the top of the wax
showed uniform subsidence in the form of a
downward bending bow with no perturbations

S,
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directly above or on the sides of the cavity. The
gelatin had returned to its original condition of
little or no stress and the lings in the gelatin no
longer showed any focal deformaiion at points
above the wax adjacent to the cavern boundary.
This was also the case for the other models that
showed localized nitial subsidence.

The experiments using wax to represent the salt
as a plastic medium suggest thai if a cavity would
eventually close, subsidence would occur with a
varving pattern through time, One might cxpect a
period early in the history of closure in which max-
imum subsidence would occur over the salt adja-
cent fto the cavity rather than over the cavity,
isell. However, the final result long after caviry
closure begins would simply he a small amount of
subsidence over the entire surface of the salt. The
amount of this final subsidemce will be relatively
msignificant for cavity volumes in the 10,000,000
to 15,000,000 cubic feet range.

Experimental work demonstrates that if the salt
behaves as a brittle material, a cavity in the salt
could collapsc very rapidly. The more cohesive cap
rack would then fracture intensively and it would
suffer local subsidence over the cavity. The over-
lying sediments would also subside direcily over
the cavern although the magnitude of such subsid-
ence may be less than thai in the eap rock or in the
salt. For sudden collapse of a cavity located fairly
close 1o the top ef the salt, local subsidence can be
expected immediately over the cavily. The failure
of a cavity in the Choctaw Dome in Iberville
Parish, Lowsiana probably represents this kind of
failure.

The effect of cavity closure in a viscoelastic me-
dium is distinctive. As cavity closure occurs in such
a medinm, the medium surmounding the cavern is
stressed and an isochromatic pattern develops in
the model around the cavity, The concentration of
isochromatic fines increases with the closing of the
cavity showing an increase in the stress gradient
around the cavity, Thus the stress gradient sur
rounding the cavily increases with closure if the
material has viscoelastic propertics.
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