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ABSTRACYT

Fhree case histortes of cavity olosure ond collupse are presented
o whucidate mechansmy thar indliate aid control cavity instabils
ity The importance of mcorporating these mechunisms in
srcdels that assess the seabtlity of cavities in salt is discussed, Be-
vipse compleie data bases are not avaitieble for these three
evenis. precise definetion of the mechsnisms is not always pussi-

ble, Excessive closure aof deep cavities is controfled by kirpe
straing prodyced aver fime in the salt, especially during pericds
of fow cavity pressizre. Cavity collapse and concomitant surface
subsidence fnvolves more complex mechanisms that are related
to steking and crackiag of the nua-selt rocks aboeve the cavicy.

INTRODUCTION

The increasing demand for cavities in salt for both the
production of brine and the storage of fluids is causing de-
velopment of new cavities that are sited closer together
and deeper than in the past. The greater cavity density
and depth resulis in high stress in the surrounding salt
and nen-salt rocks and the effect of higher temperatures
that are encountered at the greater depths. These higher
stresses and temperatures increase the petential for cavity
instability substantially above that of shallower, more
sparsely sited cavities. Both cavity closure and collapse are
greatly increased by modest increases in stress and tem-
perature, Closure and collapse result not only it loss of
storage volume and, possibly, stored fluids, but can also
precipiiate surface subsidence that can damage structures
and piping networks, as well as subsurface subsidence
that can sever well strings, or more scriously, breach fresh
water aguifers.

Sophisticated models arc required to assess the potential
for cavity instability. In addition to incorporating irregu-
lar geometries, large geometry changes, in situ stress, and
non-hnear constitutive behavior, these models must also
include the mechanisms that lead to and controt the insta-
hility, Sonie of these mechanisms are fairly straightfor-
ward, such as the large strains that can be produced over
time at constant stress and femperature in a viscoefasiic
material such as salt. Some mechanisms, however, are not
so fondamental and can often be deducerd only by detailed
investigation of several cases of cavity instability.

This paper gives a brief description of capabilities re-
quired of numerical models and lisis the kind of input

needed for analysis of cavity stability. Attention is focused
on instability mechanisms and conditions for which they
are likely to be active. In particular, the excessive cavity
closures al Fminence, Mississippi, and the cavity col-
lapses at Grosse e, Michigan and Windsor, Ontario, are
discussed in detail to Hustrate the action of several
instability mechanisms. The descriptions of these events
are taken from a farger colleetion of documented cavity in-
stahilities (Coates et al., 1981}, Finally, the paossibility of
incorporating these mechanisms into numerical models i
discussed.

MODELS

Analysis of cavily closure and collapse requires a very
complex mathematical model, Frregular geometries, non-
linear constitutive laws and large geomwtry changes re-
quire use of numerical sofution techriques such as finite
element and finite diffcrence methods.

The model must be abie to simulate cavities of arbitrary
shape so rhat in most cases a three-dimensional analysis is
required. Occasionally, the geometry of the problem per-
mits a simpler sxisymmetric or plane strain analysis. A
large-displacement, large-strain  formulation that in-
chades rigid bodyv modes is reguired to predict a collapse
sequence. The model must handle several differunt consti-
tative laws becavse of the different geological media that
surrgund the cavities: both time-dependent and time-
independent material behavior usually need w be mod-
eled. Simulation of geological phenomena such as joints,
fractures, and interfaces is also required. Additionally,
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the model must contain closure and collapse mechanisms
that are known ta produce and control cavity instabilities.

When such 2 mode! is constructed, it shouid be vali-
dated by predicting {a posreriori) failure evens before it
can be accepted for stability and failure analysis of exist-
ing and proposed cavities.

A number of inputs to the model are required to analyze
cavity stability and (o simulate cavity instabilities, The in-
put factors required are cavity size and shape. cavity loca-
tion, proximity to other cavities, in situ stress, stratigraphy,
construction and operating histories, and constitutive laws
for the salt and surrounding materials. Each of these in-
put variables is important for accurate modeling, but the
relative importance of these input factors depends on the
spectfic cavity modeled. For example, stratigraphy above
the salt 18 not sigaificant when modeling cavities are k-
cated very deep in the middle of a salt dome.

Cavity Size aud Shape

Cavity size and shape centrol the perturbations of the in
situ stress that result in stress conecentrations arcund the
cavity. Cavity size is imporiant for two reasons. First,
stresses around large cavities are vsvally larger than
stresses around small cavities, primarily because large
cavities have large roof spans. Second, if stoping conirib-
gtes significantly to collapse, large cavities can arcommo-
date more rubble and thereby allow the cavity to migrate
further toward the surface. Cavity shape is important be-
cause short, wide cavities tend to produce larger stresses
than do high, narrow cavities of equal volume.

Cavity Lacation

Cavity depth, neamness to the salt boundaries and prox-
imity to other cavities influence the stress in the salt and
other rocks around the cavity. For example, deep cavities
must support 2 greater aoverburden than do shallow cavi-
ties, cavities ncar salt boundaries usually induce large
stresses i the more brittle rock outside the salt, and cavi-
ties in close proximity influence the stress fields around one
ancther,

In Stin Stress

The in situ stress is probably the most significant factor
controlling the stability and deformation of the sali cavity,
Generally, the magnitude and direction of the principal
stresses are unkonown. In meny cases where tectonic forces
are small, however, it is adequate to assume that the o situ
stress in the salt is lithostatic, i.e., that all three principal
sivesses are equal and have the same value asdoes the over-
burden. In materials that flow less readily, the in situ stress
is often assumed to be a gravitating stress field; 1e., the
largest (compressive) principal stress is vertical and equal
to the overburden, the two horizontal principal stresses are
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equal and have a magnitude determined by the overbur-
den and Poisson’s vatio, That is, the horizontal principal
stress oy = (#/1 — #)im, where v is Poisson's ratio and ay is
the vertical principal siress (equal to the overburden).
Other assumptions regarding the In situ stress can be
made based on tectonics or siress measurements.

Stratigraphy

The matetial above and below the cavity influences the
stability, as well as the closure and collapse sequence for
that cavity, The thickness and density of material above
the cavity determines the overburden. More importantly,
the different layers have different strengths and deform
differently, and therefore give rise to diffevent faiture mech-
anisma,

Construction and Operating Historles

Construction and operating histories are important, es-
pectally for deep vavities in which a Auid pressure must be
maintained to prevent large closure of the cavity, The size
and shape of storage cavities are often changed by filling
and emptying eycles, and occasionally these cycles cause
adjacent cavitics (o coalesce.

Constitutive Laws

Constitutive laws define the strength and relate the
stress, temperalure, strain, strain rate, ete,, for a material.
Strength is the maximum stress a material can sustain and
1s usuadly expressed in terms of stress and material proper-
ties. An example is the Mohr-Coulomb criterfon for shear
failure. The relationship among stress, temperature,
strain, strain rate, eic., is usually not well determined, but
approgimations can be made that are adequate for engi-
neering analysis. Very little dara are available to construct
time-dependent constitutive models for geological mate-

rials, The most notable exception is salt, whose creep be--

havior can be characterized adequately by several different
empirical faws.

CAVITY CLOSURE AT EMINENCE
SALT DOME, MISSISSIPPI

Transcontinental Gas Pipe Line Corporation (TRANSCO)
constructed the fiest natural gas storage facility designed
specifically for dey natural gas storage in a Gul Coast salt
dome in 1970, Fenix & Scisson, Inc. (F&S) was selected as
the design/construction contractor. The facility has been
siccessfully operated for over ten years and has stored over
130 billion: standard cubic feet of natural gas. The only unex-
pected problem resubting from the operation has been the
large cavern closurce rates. F&S anticipated an initial closure
rate of 10 to 15 per cent per year; whereas, the acrual initial
clusure rates were between 20 to 30 per cent per year. Re-
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cent operating data (1980-1981), however, indicate that
closure rates have decreased to nearly zevo. The early high
closure rates were offset by leaching additional storage
space during the off-peak storage sunumer months.

Based on the experience at Eminciiee, the second na-
tural gas storage project in a salt dome was constructed in
1973 and has experienced no recognizable cavern closure.
This facility was constructed for Texas Utilities Foel Com-
pany, by F&S, in the Bethet Salt Dome near Palesting,
Texas. The basic design changes {from Eminence} were:
(1} cavern imterval was located ar a shallower depth;
{2) cavern shape was changed; and {3} the minimam opat-
ating pressure was increased.

Stratigraphy

The Eminence Dome is located in Covington County,
Mississippi, 2bout 20 miles north of Hattiesburg, The top
of the salt is at a depth of 2400 feet with an overlying cap-
rock consisting of 300 feet of limestone and anhydrite.
Figure 1 illustrates the stratigraphy of rhe dome. During
drilling of the first weil, the sait was cored continuously at
the interval of 5700 to 6700 feet, These care samples were
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used w determine the quality of the salt and the insoluble
content. Anhydrite insolubles, ranging from 0.09 to 7.42
per cent and averaging about 4 per cant, were discovered.
{See Allen, 1971, p. 278.)

Site Selection

Eminence salt dome was selected as a suitable site for
the storage of natural gas because: (1) the dome s at a
relatively shallow depth and is large enough to allow for
future expansion: {2} wells could be constructed in the
Wilcox Formation on the flank of the dome for brine dis-
posal; {3) land for surface {acilities was avatlable; and (4)
the site was only 1.5 miles from the company’s main
fransmission pipeline {Allen, 971, p. 276; O and Gas
Journal, 1971, p. 67). The design criteria that were estab-
fished for the first two storage cavities are shown in Table 1.

Cavern Hisvory

Four storage caverns were leached at Eminence using
the bottom imjection method. In this technigue, fresh
water was pumped down a central 7-inch tubing stung i a
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Figure 1. Seratigraphy of Eminence saly dome {after Fenix & Scisson, 1980),
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Deesign Criteria For Eminence Storage Faciiicy
Number of wells 4
Cavern inverval, fect 3500706200
Formation temperature, °F 150
Specific gravity of gas 0.384
Maximum storage pressure, psia 150
Minimum storage pressure, psia HHID
Minittmuem deliverability per well,

MMzel/D* 280
Product casing size, inches 13%
Total gus storage volume, MMsacf B&S2
Cushion gas volume, MMscf 2127
Usable (top} gas volume, MMsof 765

*Miilion standard cubic feet per day.

location near the bottom of the planned cavity, Brine was
returned to the surface through the annuius between the
7-inch tubing and a second string of 10%a-inch tubing
placed near the top of the planned cavity. During later
stages of leaching caverns No. 3 and 4, a modified reverse
circulation procedure was nsed. By doing this, & brine of a
higher salinity was produced, thereby leaching faster and
shortening construction tine, In addition, a diesel oil
blanket was maintained at the top of the cavity through
the annuius between the 10%4-inch tubing and a 13%;-inch
casing cemented into the hole. This process preserves the
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cavern neck and prevents any leaching above the 10%-
inch tubing. (Sce Allen, 1971, p. 278.) Figure 2 shows cur-
rent profiles of the leaching process,

The storage facilities at Eminence are dry-type (brine-
free) gas storage caverns. The caverns are operated be-
tween a maximum and minimum gas storage pressure,
with the gas volume between these two pressures being
usable storage gas. This method ol pressure storage aliaws
frec-flow of the gas from the caverns as necded and the
water content of the produced gas is kept at 2 minimum,
{See Allen, 1571, p. 277,

The itial volume of each cavern was determined by
measuring the volume of fresh water pumped inw the cav-
ern during feaching and the salinity of the brine returned.
Subsequent measurements were made by metering the
amount of brine or fresh water needed to fifl the cavern or
by meastring the amount of brine displaced when filling
the cavern with gas. Sonar surveys were also run in each
cavern to confirm the cavern shapes and volumes. These
surveys were taken when the leaching was 30 per cent com-
plete and again upon completion, (See Allen, 1971, p. 278.)
Solutioning of cavern No. | began on November 24, 1968,
This first cavern was completed in 393 days and had a vol-
ume of 1,100,805 barrels on December 21, 1969, Figure 3
shows the cavers volume data through April, 1981, A so-
nar survey on March 21, 1970, indicated that the volume
had diminished to 971,597 barrels. Experience with sonar
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Figure 2. Eminence cavern grofile {after Fenix & Scisson, 1980}
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Pigure 3. Volure and pressure as functions of time for Eminence cavern no. | (after Fenix & Seigson, 1975},

surveys of SPR caverns shows errors in volume as large as
23 per cent if the cavern shape is irregolar, This decreased
volume of 129,208 barrels does not indicate that the cav-
ern had experienced closure under a full hydrosiatic head
of brine due to the accuracy of the sonar survey tool. On
May 25, 1970, dewatering of the cavern was begun and gas
was injected. Sonar measurements show that the depth to
the cavern Hoor was 6360 feet. When the dewatering pro-
cess was finished October 8, 1970, the volume estimated
by metering the displaced brine was 1,047,480 harrels.
When the cavern was refilled with brine from June 7, 1972
to June 23, 1972, only 637,383 barrels were required to fill
the cavern; a loss of about 40 per vent of the original
volume (24 per cent annually). During the period between
- October, 1970 and June, 1972, the pressure in the cavern
was allowed to drop to between 2000 and 1500 psig for two
petiods of about three months each. The next dewatering
and gas injection cyele, completed on August 24, 1972, re-
vealed that the cavern volume had decreased slighily fo
615,438 barrels, a loss of less than 4 per cent. At the com-
pletion of the gas injection, the cavern pressure was raised
to over 3500 psig.

On January 15, 1973, the cavern pressure was reduced
to helow 2000 psig and injection of fresh water was started.
The amount of fresh water metered in was 567,304 barreis,
measured on February 1, 1971, The volume loss of 47,934
barrels indicated that some closure was sitlf occarring, So-

nar rcadings in the filled cavern revealed that the bottom
of the cavern was at a depth of 6393 feet. 167 higher than
the May, 1970 depth.

The next cycle of the brine displacement and gas injec-
tion showed that the cavern volume was 691,058 barrels
on July 18, 1973, Part of (aboul 16 per cent) this increase
in volume of 123.536 barrels was produced by leaching of
the cavern by the fresh water that was put into the cavern
during January, 1974, The remainder of the increase,
however, is unexplained. The cavers was once ayain filled
with fresh water, and the volume was 566, 597 barrels on
February 20, 1974, The loss of the volume of 124,461 bar-
rels occurred when the cavern pressure dropped below
2000 psig. Subsequent brine displacement and gas injec-
tion at an increased cavern pressure disciosed a cavern
volume of 739,980 barrels on June 24, 1974,

Solution of salt for development of Emincnee cavern
No. 2 was started on January 31, 1969 and completed in
423 days with an initial volume of 1,102,043 barrels,
Figure 4 illustrates cavern pressure and volume through
April, 1981, The pressure and volume history is simdlar to
cavern No. L. When brine displacement and gas injection
was completed in December, 1970, the amount of volume
lost was less than 2 per cent. By the end of March, 1973,
fresh water metered into the cavern showed that about 44
per cent (corrected for sump fillup) of the cavern volume
had been lost. During this period, the pressure in the cav-
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Figure 4, Volume and pressure as functions of time for Eminence Cavern ne. 2 {ufter Feoix & Scisson. (975).

ern had been allowed to drop to between 1800 and 1300 psig
for three periods of three, two and one month, respectively,

Subsequent filling of the cavern with fresh warer caused
some leaching of the cavern, The final volume, after brine
displacement and gas filling in September 1973, was
648,249 barrels.

Cavern No. 3 had a metered volume of 2,178,872 bar-
rels when placed into service August 27, 1972, Cavern
XNo. 4 had a volume of 2,119,738 barrels upon completion
of leaching on January 16, 1972, Figures 5 and 6 show the
pressure and volume data through April, 1981 for these
caverns. Both caverns expetienced maximum closure dar-
ing periods of low pressure,

All of the caverns constructed in the Eminence salt
dome are presently different in size and depth, as shown in
Figure 2. Since the completion of the caverns, major cle-
sure was initially experienced in each cavern, The well-
head pressures of the four caverns at Eminence are nor-
mally the same; however, af times they are different, Fach
cavern experienced its greatest amount of closure during
the periods of low pressure. The pressure and volume
curves also show that the floor of each cavern decreased in
depth with time due to upward movement of the sait in the
floor or sluffing of the sali walls. Subsequent leaching also
occurred in each cavern when fresh water was injected.

The most recent data reflect a dramatic decrease in
losses, as can be seen in the Fipures 3 through 6. The di-

minishing of these losses can be attributed to: (1) main-
taining a higher minimum cavere pressure over extended
time pericds; {2} the sphere-like® cavern configuration of
caverns No. 1 and 2 which reduced the ratio of vertical to
horizontal diameter, making these caverns more stabk;
and (3) the instaHation of additional injection gas ecoling.

The last survey run to verify inventories shows a volume
gain of some 4.5 per cent; however, this may be somewhat
masked by the fact that the downhele pressure and tem-
perature nsiruments were used for the First time sitce re-
calibration. Additional testing wilt be needed to confirm
this trend.

Overall, recent data, technique of operations and in-
ventory calculations and procedures point to future losses
that would be classified as minimal.

The closure percentages and closure volumes reporied
in this article are not actual cavern closure rates. i.e, they
are a combination of actual cavern closure and water vol-
umes remaining in the bottom of the cavern that are un-
recoverable. The bottom pottion of each cavern is filied
with salt, anhydrite and brine. In the past, it has been de-
termined that it is not economical to attempt to drill 1o the
original cavern total depth, displace the water in the “rub-

*The initial stresses in rock salt are hydrostatic: therefare, the best
shape from the standpoiont of stability is a sphere. Hence, reducing the
eatio of vertical to horizontal dizrseter will make the cavily more stabic.
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ble pile,” and reutilize this volume as usable gas storage
space.

SUBSIDENCE AT GROSSE ILE, MICHIGAN

Introduction

In early 1971, two sinkholes formed rapidly on the
Grosse e brine field of BASF Wyandotte Corporation.
The coftapse features were the result of solution mining
over a periad of about 30 years. Surveys of surface settle-
ments had been conducted for 18 years prior to the devel-
opment of the sinkholes, Two separate reports detailing
the events relating to the subsidence wete published by the
Solution Mining Research Institute. The environmental
effects of the subsidence were reported by Landes and
Piger (1972}, and the mechanisms of the collapse were dis-
cussed by Nieto-Pescetto and Hendron (1977), The follow-
ing sections are based on these two reports,

Bistory

Solttion mining operations for the production of sait
began in the Detroit area in 1893, Limited brine produc-
tion on the perimeter of the Grosse lle brine field at the
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Poini Hennepin location began in 1941, Prior to this,
brine was preduced on the mainland. Before salt wells
were developed on the rest of Point Hennepin, this arca
was used for the disposal of tailings from the manufactare
of suda ash. These taitings were piped to the island, ponded
and allowed 1o setile. During the period 1948 to 1930,
when disposal was stopped, the tailings were accumulated
te about 30 feet above the natural land surface. Fhe main
constituents of these tailings are calcium carbonate, cal-
cium sulfate and calcium hydroxide. Silica and other in-
sofuble impurities from the original imestone raw mate-
rial used in the production of soda ash are also present,
Most of the well operations of BASF Wyandotte Corpora-
tion are focated on top of the tailing platean. (See Landes
and Piper, 1972, pp. 6-7, 9}

Beginning in 1943, brine wells were operated on Grosse
It by the conventional single-well method of injecting
water down a tube and foreing brine up through the annu-
lus between the tubing and the well-casing. The single-
well cavities formed by this procedure later coalesced into
two major galleties, labeled North and Central in Figure 7
and several minor galleries. (See Landes and Piper, 1972,
p. 19.}). Table 2 gives the production history of 73 wells
shown in Figure 7. These data, coupled with assumptions

SCALE L1
(Ft) o 400

G?.’?’ aﬂ_ﬂiﬁ WELLY
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£
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Figure 7. Location of sinkholes, gallerfes, and brine wells at Grosse lie, Michipan {after Lundes and Piper, 1972).
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regarding initial cavity shape, could be used to estimate
an effective extraction ratio in the galleries.

Location and Swratigraghy

The brine fields of the BASE Wyandotte Corporation
are located on Point Hennepin, on the northern tip of
Grosse le. The island is in the Detroit River, adjacent to
the city of Wyandatie, a suburbh of Detroit. Michigan.,
Point Hennepin is 14 miles long and ¥4 mile wide, cover-
ing ahout 200 acres, and is separated from the rest of the
island by a fagoon.

A typical core log of the sediments underlying the Point
Hennepin brine field is shown in Figure 8. Below the 30
feet of man-made tailings on the surface of Point Henne-
pin is about 60 feet of glacial drift consisting mostly of
clay, Detroit River dolomite, having a thickness of 150
feet, underlies the giacial drift. This laver of rock contains
water-filled cracks and joints which have a high hydrngen
sulfide content. A 150-foot-thick layer of saturated Syl-
vania sandstone lics beneath the dalomite layer. Cementa-
tion is present in different degrees from moderate to tight.
{See Landes and Piper, 1972, p. 9.}

The dolomife layers that underlic the sandstone layer
are interbedded with anhydrite, gypsum, shale and minor
chert. Proceeding down the sequence there s 70 feet of
Bois Blanc cherty dolomite overlying 370 feet of Bass Is-
fand dolemite and Salina evaporites (designared G and F
in Figure B} which contain interbeds of anhydrite and gyp-
sum. The lower 270 feet (designared E and C in Figure §)
are argillaceons. Core samples reveal that the dolomire
layers arve massive but fractured. (See Miero-Pescerto and
Hendren, 1977, p. 7.}

The salt beds are first encountered at a depth of aboul
810} feet. The principal sak bed, however, s located ap-
proximately 1150 feet deep and is 200 feet thick. Interbeds
up to several feet thick of dolomite, anhydrite and salt-
impregnated, shaly dolomite compose 20 per cent of the
thickness of the units.

A local struciural and erosional feature is responsible
for causing the B sak (Figure 8) to be discontinusus be-
peath the Point Hennepin brine field between the North
and Central galleries. The location of the “pinchout,” 2
rone of nearly rero salt thickness, roughly along a line
which connects wells 1, 33, 71, and 68, as seen in Figure
7. Jaron (1966, p. 425) describes this feature as a solution-
collapse structure which occurred when the B and £ units
(Figure 8} were deposited. Apparently the B unit of salt
was tiissulved by water soon after deposition. The resuit
ing cavity was teplaced by the bulking of collapsed insolu-
ble ledges from the B salt section, roughly 50 fect of the
overlying unil C roof rock, and by the thickening of the re-
mainder of unit C as it wax deposited, This solution and
collapse sequence during Salina time dates the disconil-
nuity in the salt structure prior 1o subseguent deposition

DEPTH
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WYANDOTTE CORE HOLE NO. 2; NORTHERN GROSSE ILE
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Figure B. Typleal core of Point Hennepin brine field, Grosse
lle, Michigan (after Landes and Piper, 1972).

of the undisturbed overlying beds. This solution feature,
which physically separates the North and Central galleries
(Figure 7}, may be an important factor contributing ta the
Grosse [ie sinkhaoles.

Subsidence Activity

Beginning in 1934, elevations were recorded at refer-
ence points on the Point Hennepin brine field, Down-
warping up to one-guarter inch per year was considered
acceptable in this area, Total subsidence measuremnents
of several feer over the entire area were also acceptable as
long as the downwarping did not cause tension breaks in
biine pipe lines or other major structural damage. It was
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gstimated that the subsidence in the brine field would be 9. This figure also shows the extent of the two sinkholes,
limited to only several feet, and repairs to equipment were limits of surface cracking, thickness of the sakt, and the _
made accordingly. (See Landes and Piper, 1972, p. 21, location of wells alung this section. The Iast profile plotted
27.) Subsidence profiles along a section iaken roughly shows the displacement in December, 1970, only one ‘
p 4
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four months before the sinkhole formed in the Ceniral
gallery.

Northern Gallery Sinkhale

In October, 1969, when abandoned well No. 49 was
about to be plugged, it was discovered that the casing had
parted at 260, 370 and 700 fect. Quarter-inch wide eracks
were ohserved in the roadway near well 49 in November,
1969. No vertical displacement was indicated by these ten-
site eracks and they were arranged circumferentially to the
subsequent depression.

From March to Qcicber, 1970, several breaks and leaks
in pipes that serviced the North gallery were found and re-
paired. On November 10, 1970, eracks several inches wide
in the surface of a road near well 49 were observed. There
was also an increase in injection pressure in well 71 and
observation well 44 showed a rise in its static fluid level of
about 20 feet. At well 48, water containing sulfur flowed
from the casing of a surface pipe. At this time a smooth,
basin-shaped depression formed south and cast of well 43,
measuring 100 feet in diameter and approximately 2.5 fect
deep. By November 12, 1970, the settlement around well
43 totaled 6 feet 1 inch since the September reading.
Water and brine mains continued to break as the sinkhole
continied to widen and deepen. On January 27, 1971,
watet began filling the sinkhole, equal to the river level. A
sulfurous odor was detected, On April 22, 1971, the steep
scarps of the hole were excavated in an attempt to make
them less of a safety hazard. The depth at this time was
estimated to be 100 feet. Other than minor addivional set-
tlement, the sinkhole appeared to have stabilized by May,
1971, {5ee Landes and Piper, 1972, pp. 27-34)

Central Gallery Sinkholes

In May, 1970, the wells within the Central galiery were
fargely retired, in advance of retirement of this entire
gallery. The formation of the sinkhole was not preceded
by cracking and downwarping as noted before the North
gallery sinkhole formed. The only indication at this time
that anything unusual was happening was an inftux of
water containing suffur into wells 51, 55 and X-2 which
was noted when the feed water was out of balance with
brine production. The area was inspected on a daily basis,
and other than the normal subsidence measured from the
leveling of reference points, no unusual subsidence was
observed. {See Landes and Fiper, 1972, p. 35.) A develop-
ing sinkhole was discovered southwest of well 29 at 7 p.m.
on April 28, 1971. The rapid ground subsidence was
marked by the flow of sulfur water from wells 9, 29, 41 and
42. On April 29, 1971, the sinkhole had developed to
about 200 feet in diameter with a depth zhout 15 feet be-
low the original road grade previously crossing the
sinkhole arca. By laic afiernoon on the same day, the hole
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was an ellipse about 400 X 150 feet, with the major axis
running northwest to southeast. Collapse continned
through May 22, 1971, when several feet of additional set-
tlement was noted near well X-3. Three days later on May
25, 1971, a satellite sinkhole, approximately 200 feet 1n di-
ameter, developed in the area of wells 29, 34 and X-3. This
sinkhole continued {o develop until June 1, 1971, After
this date, the two sinkholes appeared stable, with some
seif-filling by collapsed material from the side walis. (See
Landes and Piper, 1972, p. 35-36.) A typical tlme-versus-
settlement curve is shown in Figare 10, This curve shows
that subsidence increased rapidly in the two years prior to
stnkhole formation.

Because of the dangerous access to the North gallery
and satellite sinkholes, soundings were possible at the
Central galiery sinkhole only. These soundings indicated
that the Central gallery had a flat bottom and was 1) to
120 feet deep below the water level.

Mechanism

The mechanism of the Grosse fle sinkholes is postu-
lated by Nieto-Pescetto and Hendron (1977, pp. 38-391:

“Removal of roof support by the coalescence of
conventional cavitics was evidenced carly in the de-
velopment of the field. For the North gallery, a bowl
of subsidence had already developed for the period of
1954 tw 1959.... This removal of roof support in-
duved roof sapgging and conceniration of vertical
strexses around the periphery of the gaflery. This in
turn accelerated the creep of the salt formimg the
walls of the gallery and caused further subsidence of
the roof rock. Pillars that were left inside the galery
probably tapered up and had small arcas of contact
with the roof rock: these pillars also vielded by creep
to the weight of the overlying rock. The sagging roof
rock reacted elastically at very small strains, but as
sagging continued te develop, the roof beds devel
oped concentric tensile cracks or cxisting ones
opened up. For each bed these cracks propagated
downward from the top of the beds around the pe-
riphery of the gallery and upwards from the bottom
of the bed in the center of the gallery. The wensile
strains at the bottom of the bed in the center of the
gallery were greater than the corvesponding strains at
the top of the beds around the periphiery. Thus, frac-
turing in the center was probably more intense and
the fractures were more closely spaced.

As production, removal of support, and sagging
proceeded, the fracturing deseribed above propa-
gated upwards. These concenrric vertical fractures
probably accommodated most of the inelastic verti-
cal displacements detected at the surface. Thus even
though genetically they were tensile fractures, they
operated as vertical shears to accommodate the large
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Figure 1. ‘Typical settlement versus time curve {well 35 A), Grosse le,
Michigan {after Nicto-Pescetio and Hendeon, 1977, source: BASF-WC),

strains induced by sait creep within the gallery. This
resutted in a surface bow! of subsidence of approxi-
mately the same size as the area of heavy production.
Since the initial undermining activity had effectively
removed a great part of the salf under the roof rock
and this rock was fairly well fractured. stoping could
easily begin. This could happen more easily kn the cen-
ter of the gallery where fracturing was more intense.
At this point it should be mentioned that removal of
sait ynder the roof of z gallery not only allows sitb-
sidence bur it also permits the Yoosening of the rock.
In this respect, salt against the roof behaves similarly
as rock bolling; it prevents the blocks of the roof rock
from Insing interlocking along rough fractures.”

More than one cause probably contributed to the sink-
hole formation at Grosse lle. In the first phase of salt solu-
tioning, in which single cavity weils were used, a large
ameunt of roof sepport was removed refative to the velume

of salt that was cxtracted. This cccurs because the highest
rate of salt extraction is at the top of the cavity immedi-
ately wnder the roof, Later, the technique of connecting
the wells by undercutting was meant to alleviate this prob-
lem by forcing lateral dissolution, but these measures
were implemented after some roof support had already
been Jost, A salt pinchout is believed to have contributed
to the formation of large cavities by cansing concentrated
extraction on either side of its axis. The extensive use of in-
let wells, which accounted for almost 45 per cent of the
total production in the North and Central galleries, was
responsible for the concentrated extraction in the area ad-
jacent 1o the pinchout. Bowlks of subsidence formed on both
sides of the pinchout, and when the settlement in the center
of the bowis reached about 2 feet, sinkholes formed. The
relocation of inlet wells in 1961 and 1968 in the Central and
North galleries, respectively, did reduce sobsidence rates
but did not halt the eventual formation of the sinkholes.
{See Nieto-Pescetto and Hendron, 1977, p. 48.)

g TS e = PRt
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SUBSIDENCE AT WINDSOR, CANADA

Introduction

On February 19, 1934, a rapid subsidence occurred
the Sandwich brine field area on land owned by The Cana-
dizn Salt Company and Canadian Industries Ltd. in
Windsor, Ontario. Salt was being produced in Lhis area by
conventional gallery solution mining techmiques, which
involve pumping fresh water into the salt beds through in-
put weils and removing the brine through production
wels (Landes and Piper, 1972, p. 17). This production
method results in a merging of the ndividual salr cavities
into a commeon gallery. Inadequate roof support above the
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galiery probably caused the resulting localized subsi-
dence.

History of Brine Extraction

Brine wells were first drilled in the Sandwich brine field
in 1902, Between 1922 and 1953, 25 active wells ware in
production. These wells were drilled to the base of the
Lower Salt (Figure 11), zhout 1600 feet in depth. Most of
the wells were operated as waler-forcing wells, which
eventuaily coalesced into a common galiery. The gallery
lost its pressure-tight progerties about 1934, after which
time brine was recovered by using deep well pumps. (See
R. Terzaghi, 1970, p. 300.}
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All wells dritled after 1918 were designed to produce
brine from the 200-fooi-thick layer of Lower Sak. Rock-
falls, caused by the removal of supporting fayers of salt
from this region, indicate that this layer was the major
soarce of brine produced. Data on design, construction
and operation of the wells, as well as faulty well casings
and inadequate packers, indicate that a larpe quantity of
brine was removed from the Upper and Middle Salt
tavers, too, {See R. Terzaghi, 1970, p. 300.)

According to Bays (R, Terzaghi, 1970, p. 300}, the
amouynt of brine extracted was considerably less than the
amount of fresh water injected. This accounts for Bayy'
estimate of 150 million cubic feet of salt having been re-
moved from the deposits, while total production of brine
was only about 71 mittion cubic feet.

There is little information concerning the sive and shape
of the individual cavities or the final coalesced cavity in the
reports. Wells 5, b, 7 and 9, located in a zone extending
from the north side of the brine field to the south side, are
perhaps the location of the greatest solutioning. Surface
subsidence was greatest in the southern part of this zone,
{See R, Terzaghi, 1970, p. 300.)

Stratigraphy

A typical section of the Sandwich brine ficld is shown in
Figure 11, Unconsolidated Pleistocene deposits, composed
primarily of stiff sit and clay, lie at the surface in the brine
field. The clay that underlies the subsidence arca is be-
tween 91 and 99 feet thick and overfies a few feet of sand or
gravel. Drilling operations in the Nerfolk or Dundee-
Detroit Limestone Formation that underlies the Pleisio-
cene sediments have encountered large amounts of water
and mud. This suggests that the hmestone is extensively
juinted and fractured (Bays in R, Terzaghi, 1970, p. 299).

Beneath the Norfotk Formation is the Sylvaniz Sand-
stone Formation. Bays (R, Terzaghi, 1970, p. 299) reports
that the sandstone is usuaily found in two benches, sepa-
rated by gray and brown limestone. Some of the beds are
cemented with carbonate or silica and others are loose.

The upperraost 200 feet of the Bass Island carbonate
strata that underlies the Sytvania Formation is reported
by K. Ferzaghi (R. Terzaghi 1970, p. 299} to have widely-
spaced joints with strong bonds between bedding planes,
vigiding a competent rock able to bridge cavities spanaing
several hundred feet withour faikure.

Three distinet layers of evaporites lie within the Salina
Formation of Silurian age. The uppermost evaporite bed
is encountered at 975 to 1000 feet. Uhe three salt beds ave
separated by varying thicknesses of strata as iliustrated in
Figure 11. The Upper salis are divided hy a carbonare
layer. At a depth of around 1100 feet, a laver of limestone
rock separates the Upper and Middle sale layers, Well
drilings reveal that the Middle salt consists of a thin, dis-
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continucus layer of salt between 1200 and 1250 feet. {See
R. Terzaghi, 1970, p. 209-30¢.)

Cavities in the salt, up to 20 feet in height, were discov-
ered when wells were drilled in both the Upper and Lower
salis. Some, if not ajl, of these cavitiss may have occusred
naturatly,

At depths of about 1400 and 1660 feet, two beds of
lower salt are found. The total thickness of this salk is
about 200 feet, and the {wo layers are separated bv a few
feet of Bmestone. (See R. Terzaghi, 1970, p. 300.)

Events Leading to Major Subsidence

Settiement in the brine ficld area had been recorded
since October, 1948, Cracks in a numbet of plant build-
ings had become apparent, and plant officials started tw
investigate the cause of the cracking. At this tinie about 30
reference marks were made on buildings in the plant,
More points were established in 1949, 1951 and 1953, The
buildings on which these marks were placed rest on
shallow foundations {K. Terzaghi, 1934, p. 4}). From
Peck’s 1954 evaluation of the setilement data, it is shown
thiat the ground settled up to 1.5 inches between Qctober,
1948 and October, 1950 in an irregular pattern. Between
October, 1950 and Oclober. 1931, subsidence slhightly
greater than 2.5 inches per year was recorded north of the
Liquid Chlorine Plani (Figure 12). An increase in setile-
ment of 3 inches was noted east of the Hydrogen Tank
{focated north of the Liquid Chlorine Plant) between Oc-
tober, 1951 and October, 1952, Contour lines from Peck's
{1954, Figure 4) report show that the rafe of subsidence
started to decrease from the edge of the sinkhole toward its
center at this time.

Subsidence at the Liquid Chiorine Plant was 9 inches
from Qctober, 1952 to October, 1953, A bowl-shaped de-
pression with a radius greater than 1000 feet could be dis-
cerned (K. Terzaghi, 1954, p. 9).

Subsidence prior to the recorded observations of 1949
were estimated by Peck {1934, pp. 6-7) from differential
level surveys, Differential settlements berween buildings on
the plant site show that the magimum subsidence in the
plant area did nor exceed 3 feet before the major subsi-
dence.

Sinkhole Development

Between B a,m. and 9 a.m. on Friday, February 19,
1934, the first indications of the imminent ground subsi-
dence were detected by plant emplovees. Sounds and vi-
brations resembling the bumping of rail cars, the rom-
bling of a small carthquake, blasting and cracking werc
heard and felt, apparently originating below the offices of
The Canadian Sakt Company, Lid. The noises became
touder, and the vibrations were severe shortly after 2 a. .
and were noted by employees of Canadian Industries, L1d,
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{adiacent to the Canadian Salt plant} as well, These occure
rences were, at the ome, attributed to blasting or the
switching of locomatives in the yard. (See Peck, 1954, Ap-
pendix 1.)

At 9:20 a.m., the first physical signs of subsidence could
be seen in the area shown in Figure 12, An air line broke at
its entrance into the liquid chilorine compressor room. By

DETROIT
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10:30 a.m., underground water fines had broken beside
the bulk storage building. The new suhsidence was now
clearly visihle in an area between the liguid chiorine swor-
age Tanks to a point approximately 75 feet toward the De-
troit River. A small crack, approximately | inch wide,
opened in the ground near the railroad tracks running ad-
jacent to The Canadian Salt Company storage tanks. Top-
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soil began falling into the crack. Water from an adjacent
swamp was beginning to fill an approximately 18-inch
depression, which had formed in 2 Canadian [ndustries
road. About noon a ruptured brine line and an under-
ground water main coniribuied to the flooding. A “gusher”
5 feet in length and lasting five minutes appeared from a
fissure which formed near abandoaed well No. 5. More
gushers and sprays occurred as the ground subsided more
rapidly. A rapid subsidence took place around 1:43 p.m.,
around the north rim of the depression, amounting to ap-
proximately 3 feet. A gusher that formed a 4-foot-high,
75-foot-long wall of water accompanied this subsidence.
Individual jets of water shot upward, lasting two to three
minutes, The water from these jets was black and had a
sufurous odor, This was the Jast major occurrence, and
by 2:30 to 3 p.m., the subsidence appeared stable. The
resulring bowl-shaped depression had a vadius of roughiy
1000 feet. The clliptical lake formed in the center of the
depression was 350 feet wide and 450 feet ong. The bot-
tom of the lake was surveved ong week after its formation
and was found to be 28 feet below the original ground sur-
face, This point of maximum depth was located ahout 60
feet from the norih shore of the lake. (See Peck. 1954, Ap-
pendix 1.)

Some additional movement was detected unéi! March 23,
This movement was local and could be ariributed to the
mobile clay subsoil adjusting (o its new position. During
this time the lake bottom rose 5.5 feet, and other portions
subsided up to 2.5 feei. {(See K. Terzaghi, 1954, p. 8.)

Subsidence Due to Filling of Sinkhole

The Canadian Salt Company began filling the sinkhole
on March 31, 1954 with pit run sand and gravel. This hack-
filling activity caused additional sertlement of about 2.8
feet, due to the weight of the fili. (See Peck, 1954, p.9.)

It was necessary to pump water ot of the sinkhole to
obtain the proper density of the fili material. Subseqient
water seeping into the hole came from the sides and not
from the hottom. No sulfur was present in the water. The
remaval of water caused tension cracks to widen beyond
the edge of the crater and the area adjacent to the shore-
bne subsided. This movement was a resuit of a shift in
equilibrium of the underlying clay beneath the slopes of
the howi of substdence. (See Peck, 1954, p. 9.)

Indication: of Subsidence on Buildings

Buildings in the vicinity of the sinkhole wore surveved
after ihe February 19, 1954 sinkhole formed to determine
subsidence. Al buildings adjacent to the sinkhole feaned
in its direction. Cracks were discovered in the walls of the
buildings located near the sinkhole and appeared fo be
mostly random in nature. Most of the cracks appeared to
have originated at the foundations and extended upward
toward the roofs. Building 100 (Vigure 12} exhibited crack
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patterns, indicating a consistent set of deformations from
stretching in the east-west direction. Total width of these
eracks was 3 inches. (See Peck, 1954, Figures 18-20.) The
east wall of Buiiding 100 tiited 13.5 inches over a length of
270 feet. K. Terzaght concludes that the cracks must have
begun to open up several vears before the major subsi-
dence (K. Terzaghi, 1954, p. 7-8}

Mechanics of Subsidence

Two theories explaining the events that led to the for-
mation of the sinkhole are discussed by Karl Terzaghi
{1954} and Ruth Ferzaghi (1970), based on the work of
Carl Bays. The first is the theory of localized rock subsi-
dentee in which the surface of the bedrock surrounding the
sinkhole area remained stationary and the bedrock arca
within the sinkhole area sertled. The second theory is of
general subsidence, in which the ground surface subsk

" dence was approximately cqual to the subsidence of the

rock surface.

Localized Subsidence

The theory of localized subsidence, as explained by
¥. Terzaghi (19534, pp. [1-13), is based on the following
sequence of events, Before 1931, the intact rock below the
subsided area stoped and decreased in thickness from
around 900 feet to about 300 or 400 feet over an area of
70,000 square feet. Rock fragments had accumulated on
the floor of the solution cavity below the remaining sound,
intact rock. The bottom of the cavity was separated from
the roof by 20 1o 30 feet of water. As the thicknoess of the in-
tact rock decreased, due fo increasing fragmentation, the
center of the rock began to subside, and the overlying clay
began 1o flow toward the center of the subsidence. K. Ter-
zaghi (1954, p. 13} states that the average downward
movement of the intact rock increased from a few feet to
almost 15 feet from 1952 to 1953, He further conciudes
that movement this great would be improbable unless the
thickness of the rock had been reduced to less than 200
feet. The tension cracks discovered in the north wall of
Building 100 are explained by radial stretching of the stiff
crust above the moving clay. Radial compression of the
stiff crust may account for the rate of subsidence in the
center of the sinkhole being less than at its edges between
1951 and 1952, (See K. Terzaghi, 1954, pp. 13-14.}

In 1953, before the sinkhole developed, the radius of
the area subsiding increased by 7 or § feet. Bending and
shear along the edges caused the rock to fail in February,
1954. Fifreen feet of water-filled space between the averly-
ing rock and the rock fragments at the bottom of the cavity
accounts for the additional 15 feet of subsidence and the
large amounts of water which resulted. {See K. Terzaghi,
1954, p. 14.) Karl Terzaght (1954, p. 15) explains the
mechanism of localized subsidence as follows:
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“As soon as fhe process of stoping arrived at a
depth of several hundred feet below the surface of the
bedrock and the rock foundation of the clay stratun
started to disintegrate, water under pressure rose
through joinis in the rock and started fo invade the
sandy, glacial sediments located between bedrock
and clay. Since the permeability of these sediments is
very high compared to that of the clay, the hydro-
static pressure was transmitted from the sinkhole
area in the radial direction over long distances and
the hydrostatic pressire in the pore-water of the sedi-
ments reduced the effective pressure exerted by the
clay on the sediments (o a value close to zero. At the
instani of the sinkhole formaiion the continuity of the
clay stratum was disrupted by tension cracks and the
warer under pressure shot out of the ground in the
form of jets and of sheets of water, as described by the
eye witnesses,”

Thie theory of the flow of clay toward the center of the
sinkhole area does not seem to be the correct mechanism
to explain the rapid subsidence for two reasons. First,
R, Terzaghi {1970, p. J05) reports that the clay is actuaily
of a stiff and immobile chameter. Second, if the clay had
actually flowed before the major subsidence event, it
should have coniinued to flow after the event, because the
average gradient around the depression was at least as
high after the subsidence as prier to the sinkhole forma-
tion. Therefore, this theory is considered not plausible un-
less check borings conid prave that the amount of clay
above the subsidence area had increased by at least 5 mil-
lion cubic feet between 1948 and 1953 (K. Teczaghi, 1954,
p. 15},

General Subsidence

The Windsor brine field subsidence is thought to have a
mechanism similar to the 1971 Grosse Ile subsidences.
Salt dissolution, which caused the coalescence of many
cavities inte one massive cavity, removed much of the roof
suppart above the cavity. The removal of this roof support
induced roof sagging and concentrated the vertical
stresses around the perimeter of the gallery walls. This
roof sagging was first seen as a gradual downwarping of
the ground above the brine wells, Further subsidence of
the roof rock was caused as the gallery walls began to
creep at 2n accelerated rate as the result of the stress con-
centration. As the sagging continued, cracking developed
downward in the perimeier of the cavity and upward [rom
the botiom of the beds in the center of the gallery. The ten-
sile strains at the botiom of the bed in the center of the
gallery were greater than those at the top of the beds
around the perimeter, indicating mote intense and
closely-spaced fracruring in the center. The upward move-
ment of the fracturing and the removal of roof support
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eventually resuled in sinkhole formation. {See Niero-
Pescetto and Hendron, 1977, pp. 38-39.)

The areas thought to have adequate roof support below
the brine field are shown in Figure 12, The subsidence is
approximately the same size as the arca where the most
salt was remeved.

Althoungh gradual subsidence was noted far in advance
of the sinkhole formation, no attempts were made to arrest
the subsidence. R. Terzaghi (1970, p. 303) illustrates the
deformation of the bedrock from surface subsidence mea-
suremenis over 2 number of years in Figure 13, The illus-
rrarion iz based on profiles through the west part of the
sinkhole 1o the edge of the area where subsidence mea-
surements were made.,

Similarities exist between the Grosse lle and Windsor
collapses, The formation of each sinkhole was within well-
developed howls of focalized subsidence, all with approxi-
mately equal diameters. In addition, the total subsidence
over a period of five vears before collapse wag about the
same for cach sinkhole. A significant similarity exists
among the rock surface gradients of the three cases. Each
gradient was about 2.3 inches per 100 feet just prior to
sinkhole development. Data from the scparate sites at
Windsor and Grosse Ile may be used in predicting futore
subsidence activity in similar geological settings. {See
Neita-Pescetto and Hendron, 1977, p. 48,)

The similarities between the Grosse He and Windsor
sinkhole formations are not surprising in view of the nearly
identical stratigraphic sections of the fwo sites and the
similarities in the salt production methods. This impfes
that structural modeling of sinks and prediction of future
sinks will be much niore successful in arcas where one or
more cellapses have already occurred. Taken together,
ihe Windsor and Grosse e sinks represent one of the best
and most complete sets of cavity collapse daia available
for future model development.

CONCLUSIONS

Mode!l capabilities and inpuls are deseribed for the
study of stability of cavities in salt. An important charac-
terizric of these models is that they contain or permit the
action of the mechanisms that initiate and control cavity
closure and collapse. These mechanisms can be identified
hy studying case histories of events in which cavities un-’
dergo large closure or collapse. Three such case histories
have been selected for presentation from a larger collec-
tion of gvents. The three, cavity closute at Eminence, Mis-
sissippt; cavity collapse at Grosse Ile, Michigan; and cav-
ity collapse at Windsor, Ontario, were selecied because
they are more completely documented than other events.

Although it is difficult to define the mechanisms pre-
cisely because of an incomplete dats base, some general
statements can be made. First, in cases of excessive cavity
closure such as occurred at Eminence, the cavities are
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Figure 13. Profile through the westerly portion of the subsidence atea at Windsor (afrer

R. Terzaghi, 1970).

sited very deep. The closures were caused by reduction of
the cavity pressure to well below the overburden (in situ)
stress, When the cavity pressure is less than the overbur-
den stress, the overburden is supported by a shear (effec-
tive) stress in the sakt surrounding the cavity, The magni-
tude of this shear stress is proportional to the difference
between the cavitv pressure and the overburden stress.
The salt creeps in tesponse to this shear stress at a rate
determined by the magniude of the shear stress. Tvpi-
cafly, the creep rate in salt depends on shear stress raised
to a power that fies between three and five. Deep cavities
subjected to large overburden stress, then, are more likely
to suffer excessive closure because the potential for large
shuear stress is greater than it Is for shallow cavities. These
events are suitable for analysis by several state-of-the-art
models which incorporate the viscoelastic behavior of sakt,
and the closures at Eminence have been adequalely sims-
lated (Preeee and Stone, 1982).

In the cases in which the cavity collapsed and produced
surface subsidence, the primary factor contributing to
these failures appears to have been the closeness of the
cavity roof to the top of the salt. The thickuess of the salt
above the roof at failure depends on factors such as the
length of the roof span and the streagth of the strata over-
lying the salt. As salt is keached from the cavity roof and as
the salf creeps under the load of the overburden, load is
transferred to the sirata above the salt, increasing the
stress in these less duactile layers. When the strenpgth of
these layers is reached, the cavity roof beging to fail. In

sorne cases, cellapse resuits when all the salt is lesched
from the roof and is aided by brine intrusion into the over-
lying argillaceous layers that reduces the strength of these
tayers, Surface subsidence over these cavities can be the
result of the operation of a number of mechanisms such
as troughing, stoping, phugging and piping. The relative
contriburion of each mechanism to the subsidence influ-
ences the sink formation sequence and geometry, Because
these mechanisms are not well understood, it s difficult to
construct models that adeguately simulate cavity collapse.
bmproved knowledge of slaking and cracking of geologic
maierials is required to gain an understanding of those
mechanisms so that they can be incorporated into models.
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