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ABSTRACT

The development of three sinkholes of unexpected size and
depth in the Windsar Detroit arca is briefly described and pre-
vious fdeas on thelr formation wre summarized. The roles of the
Svlvanta Sendstone—a writ of unigwe mechanical proper-
tres-——antd uf the high &y sity horizonwd stresses are eviduated.
Results of peemerchanical testing and observations on the Syl-
vania are preseated. It is proposed that the Syivania fails under
iiph hovizanial loads, converts inio sand. flows downward

through cracks towards deeper solution mine caverns, und cre-
viey a shallow void thai generates the sink-holes. Linear-arch
theory iy used 1o evaluate subsidence-induced horizontal stress
increments. It is canciuded rhat sinkholes are likely to oconr in
other areqs where the Sylvania is close to the surfure flesy than
260 m} ond active subsidence bowls have surface gradients of a

Jew millimeters per meter.

INTRODUCTION

Sa¥ has been extracted from the Silurian-age Salina
formation of the Michigan basin for many decades. In
the scutheast Michigan-southwest Ontario area. the
mining of evaporites dates to the last century and has
hecen carried out at many locations. The mining tech-
nique most commonly used is solution mining, although
rock salt mines have been and are important producers.
The association of surface subsidence features with solu-
tion mining operations is well established. At solution
nuine sites near Windsor, Ontario and on Point Henne-
pin, Michigan, rapii subsidence events caused the for
mation of large, steep-sided surface depressions, or sink-
holes, up to 40 m deep in 1934 and 1971, respectively,
The locations of these and other relevant sofution mining
sites are shown in Figure [. Since these events, variations
on & mechanism of sink-hole formation for the area have
been suggested (Terzaght, K., 19534; Terzaghi, R., 1970,
Nieto and Hendron, 1977}, However, none of the pro.
sosed ideas satisfactortly explains the way in which a
- void of velatively small height could migrate more than
400 m apward in competent rock without bulking up or
arching and could create such deep depressions.

This paper summarizes the work conducted in the last
several years by the Engineering Geology Program of the

University of Illinots at Urbana-Champaign, and more
recently by the Ontario Geological Survey, in cooperation
with solution mine operators of the area (see Figure 1)
and the U.S, Geological Survey, The main purpose of the
paper is o demonstrate the important role of the Svivania
sandstone in the mechanism of sinkhole formation.
BPetails on the production history of the brine fiekds, geol-
ogy and subsidence evolution can be found elsewhere
{Landes and Piper, 1972; Nicto and Hendron, 1977
Russeil, 1582).

EVENTS

Brine production at Windsor started in the first decade
of this century from single-cavity wells but develaped rap-
idly in the 1830s into & gailery system where fresh water
was injected into the salt beds through one well and brine
pumped from another. Rapid post-war production by this
method was halted on February 19, 1954 when rapid sub-
sidence caused the adjpining plants of The Canadian Sakt
Company and Canadian Industries. Lid. to be evacuared.
Warning signs had been noted six years previously when
cracking was observed in several buildings. Monitoring of
survey points between then and 1954 had shown existence
of 3 bow! of subsidence of approximately 450 m in diame-
ter with a maximum depth of 400 mm just before col-
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Figure 1, Loeation map showing Windsor, Point Hennepin, and other

refevant brine fisld sites.

lapse. This monitoring alse showed & rapidly accelerated
rate of subsidence in 1952 and 1953. The sinkhole that
formed was located in the center of this bow! and was up
to 150 m across and 8 m deep.

A stmilar sequence of events characterizes the sink-
holes at Point Hennepin, Sait production started in 1943
by a number of single-cavity wells, but these rapidly co-

alesced into large galleries known as the North and Cen-
tral Galleries. Surveying of observation points on this site
(frore 1960 onward) showed steady subsidence untif iate
1967 when subsidence rates accelerated. The ensuing
steep-walled sinkholes again formed in the center of the
howls defined by contours of equal subsidence {Nieto and
Hendron, 1977). On January 9, 1971 a sinkhole began to
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Sinkhate Developmaent Above Brine Cavities

develop over the North Gallery and stabilized after a few
months at about 65 m in diameter, A seeond sinkhole de-
veloped over the Central Gallery in April and May, 1971
(Figure 2). This was & larger feature than the North Gal-
lery sinkhole, having a diameter of about 120 m and a
depth of abont 35 m; an aneillary sinkhole 60 m in diame-
ter developed next to it

The similarity in the sequence of events, geological set-
ting and scale of the sinkholes clearly dicrates that a com-
mon mechanism of void migration from salt bed fo sur-
face be propsed. The differences in sinkhole depths
{deeper at Point Hennepin) suggests that some subtle dif-
crences exist, however, The stratigraphic sequence for
hoth sites Is quite similar, as shown in Figare 3. The main
preducing hotizon at the two siles is a 60-m thick salt unit
(unit B of the Salina formation in Landes, 1945, terminol.
ogy), which is about 335 m deep at Point Hennepin and
about 425 m. deep at Windsor,

PREVIGUS WORK AND BACKGROUND FOR
PRESENT STUDY

The engingering geological reports on the area prior to
the Windsor event were concerned wirh general subsi-
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dence and the effect of localized zones of subsidence
{bowls with maximum depths of tens of millimeters and
diameters of several tens of meters) on the surface struc-
tares existing over the bring ficlds. In the mid and late
forties, K. Terzaghi and R. B. Peck concluded in a series
of reports to the solution mine operators that general sub-
sidence was caused by the sagging of the rock strata above
the solution cavities as the dissolution of the salt removed
the support of those beds. Sagging caused beds to sepa-
rate from the roof rock and cventually collapse into the
cavern, thys reducing the thickness of the remaining roof
plate, hence increasing the sag. This mechanism of bed
sag amd collapse would migrate upward {stoping) and
eventually could reach the surface. However, the voof col-
lapse in the center of the sags could be prechuded from
reaching the surface if the space between the roof of the
cavern and the top of the pile of rubble would close be-
cause of the increase in volume created as the material
changed from the original rock into rubble (bulking).
Terzaghi alse discussed the general relationships of stop-
ing in various materials that batk at different rates, He in-
voked bulking as the reason for subsidence stoppage with
termination of solution mining. 'Fhese ideas prompted
the termination of brining and subsidence at the North

Figure 2. Sinkhole over Central Gallery ar Point Hetnepin;
looking west i 1979, -

material on sinkholc walls is plami waste; photograph taken
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Sinkhole Developrment Above Brine Cavities

and South Works of the former Wyandotte Chemicals
Corporation plant and the relocation of the brine felds at
Point Hennepin on Grosse lle, Michigan (Figure 1).
Terzaghi (1934) concluded that the Windsor sinkhole
was caused by stoping. He presented examples of stoping
from European brine fields and indicated that the propa-
gation of stoping to the surface through the hard dolomite
at Windsor probably assumed a cylindrical shape (Fig-
ure 4} His observations from European fields indicated
that eylindricat shapes ccourred in competent rock and
that corival shapes tended to develop in incompetent
rocks. Bulking was not evaluated in his discussion, since
his main concern was to determine whether ground subsis
dence was caused by the kateral migration of glaciai clay
to the depression formed by the collapsed top of rock, or
whether surface subsidence simply reflected the configu-
ration of the subsided top of rock. R. Terzaghi (1970)

GROUND SURFACE

ROCK SURFACE -~
SUCCESSIVE POSITIONS
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published an account of the Windsor sinkhole develop-
ment and included new data and a reappraisal of the sub-
sidence mechanism, This anthor concluded that the sink-
hole was the result of a rapid increase of subsidence within
an area of general subsidence. Further, she postulated a
gradual shamping of more or less intact beds to explain the
ineffectiveness of bulking in preventing surface coliapse
over such considerable thickness of rock (over 400 m).
After the two occurrences at Point Hennepin. Piper
and Landes (1972) gave an account of the development of
the sinkholes and their environmental impact. Nieto and
Hendron (1977) examined the production records and
subsidence measarements at Point Hennepin apd evalu-
ated the required bulking factors for stoping to migrate
through a cylindrical chimney to the surface. They alzo
esiablished that for all three sinkholes, surface gradients
of about 2 mm/m developed a few months prior to collapse

SURFACE SINKHOLE

i e i B R T R AT

—BOTTOM OF PLUG -
r-succn:ssxvg POSITIONS

INSCLUBLE RESIDUE

Figure 4. Terzaghi's conception of sinkhole development at Windsor; after R. B. Peck based on reports

Feam: K. Tarzaghi.
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and that the diameter of the bowls within which all three
sinkholes developed was about 450 m approximately.

Persdns with experience in solution mining in the
Windsor-Derroit area (A. I. Eobinson and T. B. Piper.
oral communication, 1978} expressed doubt that the
stoping mechanism—chimney fashion-—could fully ex-
plain the development of deep sinkholes. Further, they
suggested that the relatively shallow Sylvania Sandstone
may be directly responsible for the sinkholes {Figure 3}
They suggested that broken casings adiacent to the Syl
vahia could induce water flows that would enable the
*loose” Sylvania Sandstone to form a shurry of sufficient
density io be washed down cracks, joints or abandened
well casings. This activity would create a new, shallower
cavity within the Syivania Sandstone that would even-
tually resuli in a surface sinkhole, Spalling, running sand
and large water inflows during excavation of a shaft
{Robinson, oral conunupication, (978} and the spon-
taneous loss of cohesion of Sylvania cores with Lime were
cited ag evidence of the “loose” natute of the Syivania
Sandstone,

The migration of uninterrupted stoping to create sur-
face collapse from depths of more than 400 m can be fur-
ther questioned. First, the volume relations devived by
Nieto and Hendron (1977) for propagation to surface re-
quire that the entire B-salt unit be completely dissolved.
However, exploratory drilling in the sinkhole area over
the Centril Galiery ar Point Hennepin just before col-
lapse indicated that the B-salt was virtually inlact. Sec-
ond, the propagation of stoping just to the surface (for-
mation of & sinkhole of neglipible depth} requires bulking
factors {about 40% ) shown to be too smalt by down hole
photographs of the rubble taken in a recent exploratory
hole at Point Hennepin. 'Third, sinkholes with vertical
faces are found arpund Midwestern mined-out coal areas
only when the ratio of mined-out material to depth is Vs or
greater {Figure 2). For smaller values of this ratio subsi-
dence creates sags or bowls, not sinkholes. At Windsor
and Point Hennepin the ratios are probably smaller than
Y if one considers that no exploratery hole drilled in
these areas has found more than a small fraction of the
salt dissclved, MNone of these lssues taken separately will
negate the hypothesis, but taken together they cast doubt
on the validity of a stoping chimmney,

This study critically examines the role of the Sylvania
Sandstone in sinkhole development in the Windsor
Betroii area. Although nol entively as originally pro-
posed, the Sylvania seems to play a very important role in
sink development. This study indicates that uader mor-
mal conditions the Sylvania will nof turn into a slurry and
flow in a massive fashion, even in the presence of large
water flows from broken casings, because the sandsione
possesses some cobesion throughout iis depth. No flow
out of a casing can produce the necessary veloeities to dis-
lodge the sand grains a few meters away from the casing
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rupture. However, a mechanism is proposed that could
aliew the Sylvania to fall in compression and lose its cohe-
sion. This faflure can be caused by high horizontal
stresses that are the result of the deformation accompany-
ing bowl subsidence and of past geologic processes. In
this context, high flows of water from hroken casings are
seezl perhaps as triggering compressive failure in the Syb-
vania by reducing effective stresses, and perhaps initiating
the downward flow of the failed, now cohesionless sand.

ENGINEERING GEOLOGICAL CONSIDERATIONS

General

The description that follows considers rock  units
grouped according to their engineering geological charac-
tetisties rather than according to their stratigraphic
classification. The reader is referred to Landes (1945} and
Landes and Piper (1972) for stratigraphic details of the
sequence. The rocks of interest are of Devonitan and
Siluran age,

Both sites arc underkain by 18 m to perhaps 27 m of
Meistovene glacial dritt which consists mostly of clay with
some bouiders. At Point Hennepin, approximately 9 m of
plant-waste solids have been deposited on the Pleistocene
materials. The underlying unit i3 the Detroil River
Group. The thickness of this unit is about 43 m at Point
Hennepin and about 100 m at Windsor. It js principally a
dotomite with minor amounts of shale and anhydrite. The
dolemite is generally porous and vuggy and fractured in
places. Underlying this unit is the Sylvania Sandstone,
which is a quartzose sandstone with highly variable de-
gree of cementation, The Selvania is about 35 m thick at
Point Hennepin and about 53 m ar Windsor. A more de-
tailed description of this unit is given in the next section.
The rock from the base of the Sylvania to the top of the B
Salt can be described as approximately 227 m of dolomite
layers with interbeds of anhvdrite, gypsum, shale, sak,
and minor amounts of chert. Any type of interbed can be
found throughout the sequence. The upper section of thig
sequence is predominantly cherty (Bois Blane cherty do-
lomite). The middle section (Bass Island Dolomite and
Units G and F of the Salina formation} contain interbeds
of calcium subate (anhydrite and gypsum) and, al the
Windsor site, a fairly thick, predominantly salt-bearing
Untt (F} over 33 m thick, The lower section (Units B, D
and C of the Salina formation) tend o be argilaceous,
The Uait D is sabout 12 m thick and alse contains some
salt layers. The principal sakt producer at the two sites is
the 60-m thick Unit B of the Salina, The greater depth of
Unit B at the Windsor site reflects greater thicknesses of
the Detroif River Group and Svivania Sandstone.

The dolomite sequetice described is fairly massive al-
thaugh fractured in places, The hedding planes ave essen-
tially horizontal. At Point Hennepin there is a pinch out
of the B Salt which is believed to be an ancient dissolution-
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Sinkhola Davefopment Above Hring Cavities

and-collapse feaiure (Landes and Piper, 1972} and to
have been critical in the localization of concentrated solu-
tion (Nieto and Hendron, 1977) ard rherefore to the
development of the bowis of subsidence.

Sylvania Sandstone _

Fhe Sylvania Sandstone is typically a remarkably pure,
well-sorted, medinm-grained, cemented to very slightly
cemented, very densely packed quartz sandstone. In large
portions of this unit, lumps of the sandstone can be more
or less casily crumbied between the fingers; in others, the
material is a dolomitic sandstone angd has high resistance.
Interbeds of dolomite can be found throughout the unit. A
wind-laid mode of deposition of the Sylvania is widely ac-
cepted. The Sylvania is really extensive in southeast
Michigan and northwest Ohic. Deseriptions by various in-
vestigators (e.g.. Reavely and Winder, 1961; Carman,
1936) indicate thai the cementation in the Sylvania is
highly variable from one location to another. The cement
is believed to represent the carbonate slimes deposited
near shore along with the wind-transported sands.
Retreat of the seas is believed to be assoctated with a
decrease in dolomitic cement and advancing seas with de-
position of dolomitic layers. Because of the rapidly
varighle condifions associated with near-shore and sub-
actial environments, it is not surprising to find a high vari-
ability in the thickness or cven the disappearance of indi-
vidual beds and in the overall thickness of the Sylvanian.

A description of a section of the Sylvania from NX-sized
cores from experimental hole No. 2 adjacent to the Cen-
iral Gallery sinkhole at Point Hennepin was given by
Stump, et al. {1982). The cores ware described a few vears
after recovery. The sandstone is described as massively
bedded, very sightly cemented in its central portion and
progressively more cemented toward the top and bottom,
Centered around 10 m from the top is a 6 m thick zone of
extremely poorly cemented sandstone; il was observed to
be a mixture of sand and irregular sandstone fragments
with average dimensions from 10 to 30 mm. The presence
of the fragments of sandstone ameng the sand indicates
that in the subsurface the Sylvania possesses very slight
but still tangible cchesion. Thus, there is no evidence that
truly coheglonless Sylvania sand exists in any significant
amounts in a natural state.

The Sylvania has been deseribed from the 43-mm core
recovered from Borghole W.3 drilled by the Ountario
Geological Sutrvey about 4 km south of Windsor { Russell,
1982), Three cyeles of upward-decreasing dolomite con-
tent are described in the Sylvania. The most notable is the
towest, which contains a dolomite bed 3 m thick at ifs
base. This dolomite grades into dolomitic sandstone and
eventually into a pootly cemented sandstone. This cyele
takes about one half of the 38-m Sylvania section. Russell
has aiso described a very poorly cemented zone at about
the same stratigraphic pesition {10 m from the top of the
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Sylvania) that corresponds to the loose “sand zone”
described by Stump et al. (1982), This zone also cor-
respords to the depth at which W-2, another borehole
drilled into the Sylvania next to W-3, had to be abandoned
because of clogging and caving in the Sylvania.

LABORATORY TESTING

Core samples from experimental borehole No. 2 at
Point Hennepin were made avaiiable by the sohution mine
aperator {BASF Wyandotte Corporation) for testing at
the Engineering Geology Laboratory of the University of
Winois. The program consisted of a limited number of
uniaxtal, {riaxial, direct shear and indirect tensile tesis:
several thin sections were made alse from throughout the
Sylvania thickness, Details of the program, procedures
and resulis, as well as of the thin section analysis, have
been described by Stump (1980) and Stump et al. (1982},

An extensive geomechanical study of the Sylvania, con-
sisting of uniaxial, triaxial and point load tests, as well as
thin-section analysis, was underiaken by the Ontario
Geological Survey and some of its vesults have been re-
ported by Russell {1982). Core samples, mostly from W-3
and somte from W-2 were included in that study.

Only the resulis of the unconfined compression tests,
point-load tests and thin section znalvsis are relevant to
the purposes of the present study. Figure 5 shows that the
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vahies of the unconfined compressive strength, q,, at
Point Heanepin {NX-sized samples, conventional testing
procedures) vary from about 10 to about 65 MPa with an
average of about 33 MPa, The section around 10 m from
the top probably has values tower than 10 MPa but, as
stated before, could not be tested because & had con-
verted into or recovered as an aggregate of sand and
frapments of sandstone.

The samples from W-2 and W-3 (45 mm in diameter,
conventionally tested} have q, values that vary from about
10 MPa to more than 100 MPa. The greatex variation in
Qo vzlues at Windsor roughly reflects the three depaosi-
tional cycles described by Russell (1982). In spite of the
variation, it can be said that the upper 20 m have values of
g, that fluctuate between 10 and 80 MPa with an average
of about 45 MPa.

In addition to their relatively low ¢, values, the weaker
specimens of Sylvamia Sandstone exhibit some remark-
ahle properties as they fail under usiaxial loading. The
faifure is almost explosive and the maierial tends to disag-
gregate into loose sand. The values of Poisson’s ratio for
these weaker specimens are snusually high. Samples with
g, values of less than about 35 MP2 usuzlly have vahees of
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Poisson's ratio of 0.5 or greater at 30 percent of ultimate
strengih, More than 30 percent of these samples convert
inte sand upon violent faliure, The weakest samples
{about 10 MPa) display values of Poisson’s ratio of up to
0.8 at 50 percent of ultimate strength, In some instances
close to 73 percent of their volume are reduced to cohe-
stonitess sand. An NX-sized sample from Point Hennepin
failed under uniaxial comptession and the large amount
of sand gencrated is shown in Figure 6. The stronger
samples {35-100 MPa} usually display lower vatues of
Poisson’s ratio {less than 0.3) and the amount of sand
generated is also considerably smaller. Surface samples
of the Svlvania tested at the U5, Geological Survey Lab-
oratories in Denver confirmed the anemalous properties
of the Sylvania (Egge, written conmunication, 1979). Re-
cent work by Rogers (1982) further corroborates those
properties.

The Young's Modulus at 30 percent of uliimarte
strength for ali the Point Hennepin samples and samples
from the upper 20 m from W-3 varied from 4 GPa and
15 GPa with an average of 10 GPa. Vaiues in excess of
15 GPa were measured for several of the samples below
20 m from the top at the Windsor site.

Figure 6. NX-sized sample failed in uniaxial compression {q, approx. = 35 MPa). Note the paperhacked ¢lecirical strain
gages, leads, and the large amount of material converted into cohesionless sand.
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Sinkbole Developmen! Above Brine Cavities

Figure 7 shows a plot of point-load index values for
samples from W-J throughout the entire Syivania section.
It is apparent that the samples loaded diametrically are
weaker than the samples loaded axially. The average re-
duction for samples loaded diametrically {paraliel to bed-
ding) is about 63 percent.

Thin sections fzken from sampies throughout the Syl-
vania unit reveal an extraordinary degree of pressure so-
lution. A photomicrograph of a thin section from Peint
Hennepin is shown in Fipure B. The most notable featres
are 1} the planar or concave-vovex grain contacts, 2) the
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virtual absence of cement and 3) the apparent low poros-
ity. Porosity values obtained by Stump (1980} from thin
sections varied from 8 to 11 percent.

DISCUSSION OF MECHANICAL PROPERTIES
OF SYLVANIA SANDSTONE

The unique configuration of the sandstone grains is be-
lieved to account for the unusual mechanical properties
of a substantial portion of the Sylvania Sandstone. As the
sandsione is loaded in compression, the dilatant behavier
(high Poisson’s vatio} of the sandstone indicates that the
grainsg rotate relative to one another with loading, open-
ing cracks at the surfaces of grain contact. As the load in-
creases, a point is reached when failure commences and
the stored clastic energy is released with the remarkable
consequence that a large percentage of the matrix is re-
duced to loose sand,

The values of q,, and E obtained on laboratosy samples
need to be reduced for any field application. The labora-
tory sarnples were fested air dried, but the Sylvania is
water safurated in the field as it lies below the water table,
A reduction to about 65 pervent of the air-dry value ap-
pears reasonable for these materials {Vutukeri et al.,
t974). A second reduction concerns the direction of load
appiication. Samples loaded horizontally are only 85 per-
cent as strong as when loaded vertically (Figure 7). Fi-
nally, the well-known size factor should be taken into ac-
count {Hoek and Brown, 1980). Therefore, a reduction of
30 percent of the valnes of g, shown in Fipure 5 should be
considered a rather moderate reduction, This reduction
will be esed in the evaluation of the failure mechanism to
be discussed in a subseguent seetion.

It is well established that whereas q, values parailel to
bedding are smaller than those perpendicular to bedding,
the opposite is true for Young's modulus. Further, as dis-
cussed in the next seetion, it is believed that the rock mass
in the fiefd is under rather high horizontat load before the
onset of any subsidence. Thus, the influence of any
discontinuities {joints) on the modulus is probably very
small. Because of these considerations an average in situ
moduifus of 10 GPa will be assumed for the Sylvania,

STATE OF STRESS

Direct measurements (e.g., Haimson and Lee, 198(;
Haimson, 1982) as well as indirect evidence (e.g., White
et al., 1973; Russell et al., 1982) mdicate that a major
portion of the mid continent, including southern On-
tario, northwestern New York, and probably most of
Michigan, Ohie, IHinois and Indiana, is subjeet to hori-
zontal siresses well in excess of the verfical stresses. In a
summary of rock stress data in Canada, Franklin and
Hunge €1978) refer to in situ stress measurements taken
in Paleozoic carbanate and shale rocks in nearhy Ontario
and iist variations in horizontal stresses with overburden
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Figure 8. Piww'micmgraph of thin scetion of a Sybvania samypie from Poinr Henneping erossed nicols. Note the plasar or
concave-conves contacts of mast grains,

depths (p. 28). High horizontal srresses in the range of
1.7-14.7 MPa have been measured at shallow depths be-
tween 2 and 37 m within 330 km of the Windsor-Detroit
area, Generally only a relafively small difference in mag-
nitude between the two horizontal principal stresses has
been found. The major principal stress direction seeins
to be fairly constant throughout the region, with 2 north-
east to casterly trend: Herget, Pahl and Oliver {1975)
have proposed the following empirical equation for
relating average horizontal siress 1o depth below ground
surface based on Canadian values:

0y; = 8.16 MPa + 0,047 MPa (1)

where

gy = average horizontal stress, and
Z = depth in meters.

Equation (1) is virtually the same as that recently given
by Haimson {1982) for the region under consideration
and will be used to obtain estimates of oy for the Wind-
sor and Point Hennepin sites. The depth to the midpoint
of the upper half of the Sylvania at Point Hennepin is ap-
proximately 90 wy; for Windsor that depth is about 150 m.

Therefore, according to Equation (1), the average hori-
zontal stresses for the upper half of the Sylvania can be
estimated to be 12 MPa and 14 MPa, respectively.

If the g, vakies of the Sylvania are reduced by 30 per-
cent because of water saturation, anisotropy (horizontal
loading} and scale effect, the in situ stréngth values for
Point Hennepin should range from about 5.0 to 32.5 MPa
(average: 17.3 MPa) and for borehole W-3 from about
5.0 to 40 MPa {average: 22.5 MPa), Thus, before any
subsidence-induced stresses are developed, the Syhvania
material with average strength at Point Hennepin is
loaded horizontally rather close to unconfined failure (70
percent), and the weaker materials are in fact loaded to
levels greater than their unconfined strength. The latter
materials are prevented from failing because of the con-
finement provided by the overburden. No samples were
tested from the Windsor site iseif, but it will be assumed
that the samples from borehole W-3 are fairly represen-
tative of that site, The horizontal stresses at Windsor
may be close to 00 percent of the average unconfined
strength, Here again, the overburden generates the con-
finement that prevents the spontanecus failure of the
weaker material,

St R kot e
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PROPOSED MECHANICAL MODEL FOR
SINKHOLE DEVELOPMENT

In the following postulated sequence of events, an ef-
fort is made to incorporate afl of the available informa-
tion in the development of § mechanical mode! that ex-
plains the presence of snkholes at the Windsor and Point
Hennepin sites. A summary of some of the salient points
of this sequence of events & given in Figure 9.

1. A bowl of subsidence is generated by the concen-
trated dissolution (because of a Jong history of intense
production from one well) of salt from the B salt, where
most completions tovk place, and from the shallower F
and D salts {these layers were exposed to undersaturated
brine coming from broken casings; c.f. Russell, 1982},
This subsidence manifests itself at the surface first as a
bowl of gentle gradients and limited aereal extent bt
then grows to display gradients as much as 2 mm/m and
diameters of up to 300 m (Nieto and Hendron, 1977), In-
crease in subsidence then implies an increase in the flex-
ure and the diameter of the bowl of subsidence.

2. Any layer or group of layers between the surface and
top of Unit B undergo a similar deformational sequence
as outlined in i. However, the amount of flexure of the
layers increases with depth,

3. The stress-strain history of cach layer or group of
layers behaving as a single plate can be summarkzed as
follows:

(a) As the underlying layer sags and/ur colfapses, the
tayer in gquestion deflects clastically and develops hori-
zontal compressive stresses in its apper haif, No tensile
stresses develop in the lower haif because of existing joints.

(b} It can be demonstrated using clastic theory that if
the layer in question has a lower modulus than the under-
lying laver there is virtually no separation at the contact
between the two layers as subsidence continues (provided
that the twoe layers being discussed are of equal thickness).
If the layer has equal or greater modulus than the under-
lying layer, the former separates along a bedding plane or
other horizontal discontinuity and “hangs™ unsupported.

{c} As subsidence continues {wider bowls and steeper
gradients), the stresses in the upper half of the layer, ef-
ther supported or uasupported, continue to increase until!
the layer either fails in shear, becanse the horizontal com-
pressive stresses along the upper half exceed the available
strength, or simply collapses (“turns inside out,” “snaps™}
without shear failure. These two modes of failure have
been extensively discussed in the applied mechanics liter-
ature (e.g., Woodruff, 1966; Wright, 1977},

(d} As subsidence continues the horizontal compressive
stresses i the faited or collapsed layer decrease and even-
tually become tensile. Thus, any failure-induced or pre-
existent fraciure opens up. This change to a net fensile
field thronghont most of the subsidence bow! is quite dif-
ferent from the strain ficlds in other types of subsidence
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profiles such as these developed over wide, mined-out
coal areas. There, the center of a matere subsidence pro-
file is virtually under no strain (flat in the center portion),
See Terzaghi (19700 for a typical development of a sub-
sidence bowi in the Windsor-Detroit area.

4. In the case of the Sylvania the beds deform following
the subsidence shapes of the stiffer underiying Bois Blanc
dolomite; however, the Sylvania becomes separated ar or
near the top of the bed from the overlying stiffer Detroit
River dolomite, Evidence of that separation has been re-
ported by Dowhan (1576). In a borehele drilled in a rap-
idly developing bowl uf subsidence on the south end of
Point Hennepin, he described a 2-m vertical gap in the
Sylvania about 8 m from the top. A sopar survey mea-
sured lateral extents of up to 60 m at least in one direction.

The Sylvaniz then continues to deform under essen-
tiaify no vertical confinement until, as will be explained in
the next section, the upper haif fails under horizontal
lvading conditions. The herizontal stresses are a combi-
nation of the in site siresses and the stresses gencraled by
subsidence, A simificant portion of the Sylvania then be-
comes cohesioniess sand,

3. As the underlying Bois Biane continues fo subside
and either collapses o crushes, cracks begin 10 open up.
These cracks {as well as broken casings) allow the cohe-
sionless Sylvania sand to flow unhindered as a slurry
downward toward the deeper solution openings. It
should be emphasized that the width of these cracks need
not be very large, Stumgp et al. {1982) report experiments
an the flow of well sorted sand sharries (St. Peter sand-
stone) dewn smooth, tabular fractures im rock, They con-
clude that when the width of the fracture or fissure is
about twice the maximum grain size diameter, an inter-
rupicd downward flow of the sfarvy takes place. The
maxiomim grain size diameter for the Sylvania sandstone
in southeast Michigan is about 0,33 mm (Carman,
£936). Thus, a gap of about {,8 mm will probably allow
somt downward flow. Of course, ¥ the roughness of the
fracture impedes the flow. coatinuing increase in the
width of the gap (as subsidence develops) will cause the
flow to resume, H is rccognized that after a significant
portinn of the Sylvania has become cohesionless sand,
broken casings could facilitate the downward migration
of the loose material. However, if the casings become
plugged, as they often do when slurries are poured info
them, downward flow through casings should cease.

6. The migration of the Sylvania sand resulis in the re-
moval of support from the base of the Detroir Kiver dolo-
mite. As the unsupporied area increases, a large plate of
this formation fails progressively by stoping up to ihe
base of the unconsolidated glacial sediments. These ma-
terials, and in ithe case of Point Henncpin. the plant
waste, fail essentially as a plug.

7. Fhe clay and boulders of the glacial material and
the plant waste slide from the top of the Detroit River
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Figare 9, Proposed mechanical reode] for sinkhole development: A) Pre-soiution-
mining conditions; apper part of Sylvania is Jvaded hotizentaily from 12-14 MPa.
B} Surface development of bow! of subsidence with width (m} at locarion of long
producing well: (1) flat arch effect induces additional compressive stresses; (2)
Sylvania separates {rom Detroit River near top (vertically unconfined conditions);
{3} pre-existing and subsidence-induced fracrures in Bois Blane, C} Crushing of
upper part of the Sylvania; (1) failed Sylvania converied info sand; (2) Detroit
River begins ta develop steep gradients; (3} fractures {rom in Bois Blanc begin to
open. I3} Void development in Sylvania; {1} void created by migration of sluery
through open cracks in lower Sylvania and Bois Blasc; (3} Detrait River begins
stopping, E} Collapse of Detroit River and surficial deposits; (1) sinkhole; (2) sutfi-
«ial deposits stide into cavity in Svivania.
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Figure 9.

rubble pile to the sides where large volumes of these ma-
terials can be accommedated. In this manner the depth
of the sinkholes increases considerahly.

EVALUATION OF THE PROPOSED MECHANISM

The most important aspect of this evaluation is estab-
Hishing, af least in a general manner, whether the Sylvania
sandstone can in fact fail under the postulated condi-
tions. The proper way to analyze the stress devejopment
in the Sylvania is by the finite element method—an ap-
proach that requires a much hetter definition of material
properties, initial stress aad boundary conditions than
has been thus far generated. For the purposes of this
study, it will suffice to obtain a general idea of the levels of
horizantal stresses that shogld be expected because of the
development of a bowi of subsidence in the Sylvania and
because of the pre-existing stress ficid, The method of
analysis o be used was developed bv Evans (1941); it is re-
ferred to as linear arch, flat arch or voussoir arch theory
and has been extensively used to evaluate the stability of

self-supported, cracked {(no tension} roofs of mines in
flat-fying layered rock. The stability is evaluated in terms
of the seil-supported span, m, the thickness of the roof
layer, t, the Young's modulus and the uniaxial compres-
sive strength of the rock (Figure 13). This method of anal-
ysis is nof rigoraus and shouid not be used to predict

{continued}

whether the Sylvania will fail at a particular location with-
out further verification. Wright and Keliey (1970} and
Wright (1976}, using finite element analysis, have shown
that the Evans method, in fact, underestimates the hoti-
zonta] stresses of linear arches. Thus, ope can consider

{a)

{bi

Figare 10. Linear arch {a} and assumpdons for analysis in
Evans method (b}, L, linear arch length; m. free span; 1, thick-
ness of layers or group of layers behaving as unit; 2, distance
berween thrust forces (T).
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that the stresses obtained using the Evuans muthod are
conservative estimates of the horizontal stresses that could
be expecied because of subsidence. The unsupported
span is assimilated to the width of a subsidence bowl de-
veloping in any Iayer or group of layers. Description of
the method and sample caleulations are incleded in
Stump (1980) and Stump et al. {1982). The geometry of
a linear arch, the forees involved and the assumed stress
distribution are shown in Figure H1. Not shown are the in
situ stresses, as this method does not take such siresses
into account. Note the presence of a compression zone
shaped as an arch. B is that zone that is believed to fail
in compression and a substantial pan of & is believed
to become cohesionless sand, similar o the laboratory
specimens.

It is imporant to rote that linear arch theory predicts
two modes of failure: 1) arch crushing, which is a com-
pressive failure of the upper part of the layer, and 2} arch
cotlapse, which is & snapping or turning inside out of the
arch. This second type of failure occurs when the strains
created in the linear arch length, L, by the induced hovi-
zontal stresses reduce the linear arch length close to the
length of the ansupported span, m, of the layer {the dis-
tance 7 between the thrust forees, T, tends to {; see Fig-
ure 143,

An array of linear arch geometries was analyzed to sim-
ufate different widths of the bow! of subsidence and to in-
clude the cases of the Sylvania deforming as a single unit.
ar as separaie lavers of smaller thickness, The maximum
horizontal stresses generated in a self-supported flar Jin-
ear arch of Sylvania with a modulus of 10 GPa, thick-
nesses varving from a few to 25 m, and linear-arch un-
sapported spans from 60 to 300 m are shown in Figure 11.
The oblique line separates the two modes of failure—
arch collapse and arch crushing—described above. Also
plotted in Figure 11 are the range of corrected unconfined
compressive strength values for the Sylvania at Point
Hennepin and for the upper 20 m of borehole W-3 (near
Windsor).

In the proposed mechanism the base of the Sylvania is
probably not cnsupperted as the Sylvania tends to follow
the deflecrions of the stiffer, underlyving Bols Blane dolo-
mite. However, the Sylvania will undergo the same defor-
mation as H it were unsupported; therefore, the stress
development should be about the same.

I the Sylvania behaves as a single laver abour 20 m
thick, and the bow! of subsidence has a width of 180 m,
the horizonial stresses in the upper part of the Sylvania
are close to 25 MPa. i.e., higher than the average uniax-
ial compressive strength of both the Sylvania sites. as
illustrated in Figure 11, As the width of the bowl of sub-
sidence increases {free span of the lincar arch, m, in-
creases) the stresses also increase, and at 300 m. the max-
imum horizontal stresses in the upper portion of the
Svivania should be in excess of even the maximum signifi-
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cant g, vakues for bath sitas, [f one now recalls that the in
situ horizontal stresses before any subsidence werve 60
percent (Windsor) and 80 percent (Point Hennepin) of
the unconfined compressive strength, one needs to con-
clude that the Sylvania should fall horizontally.

The guestion now arises as to how extensive is the fail-
ure throughouot the Sylvania, because only the upper por-
tion is stressed to Lhe levels indicated above. Laboratory
iesting showed rthar during uncenfined compression
fzifure, disaggregation not only takes place along the
theoretical shear plane of the specimen buat also propa-
gates info zones where the shear stresses are relatively
small. This occurs probably because of the sudden man-
ner in which the stored elastic energy is released. Thus, a
similar situation should occur in the field and sibstantial
portions of the Sylvania should be reduced to sand.

H, on the other hand, the Sylvania dees not sag as one
or two thick units but separates into a few layers Lhat de-
velop independent sags, the maximunt horizontal stresses
for comparable widths of the subsidence bowls are
greater. If a finear arch thickness of 7 m and a bowl width
of 120 m are assumed, the maximum horizontal stress is
greater than the average g, for both Peint Hennepin and
Windsor. As the bowl width mcreases, the stresses in-
crease up to & certain value and then the mode of failure
changes from crushing to colfapse. Thus, if the Sykvania
sags as a series of thinner, individueal finear arches, the
maximum stresses may not exceed the available strength
of some lavers. Ths, of course, would result in less sand
being formed. [t needs to he restated that the Evans
method does not include the prestressing effect of in situ
stresses. IT those stresses are considered, longer spans and
higher subsidence-induced stresses could be obtained be-
fore coflapse of the near arches. Nonetheless, the thick-
ness of the individually sagging linear arches {made up of
one of moze lavers) and their average strength wilk deter-
mine whether crushing or collupse will take place, and
likewise the amounts of cohesionless sand that will be
produced.

It should also be kept in mind that the Evans method is
two-dimensional, whereas the stresses induced by a sub-
siding bowt need to he considered in a three-dimensional
field. Thus, if one considers a three-dimensional linear
arch with a square planc view that is not only supported
on the sides but also in front and back, for the same
amount of deformation, the stress leveis should be greaier
for this three-dimensional type of linear arch than for a
two-cdimensional one.

Anocther poiat of interest in this discussion concerns
the difference in depth between the sinkholes at Windsor
and those at Point Hennepin. There are at least three
probable reasons for deeper sinkholes at the latter site.
First, the Sylvania at Windsor is not as massively bedded
and appears to be stronger than the Sylvania at Peint
Hennepin {see Figure 5}, Thus, it could have subsided in
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Figure 11.  Maxinwm hortzontal compressive stress increraents and failure modes becaunse of

subsidence {Evans method) for linear arches of different thickness.

a series of linear arches that simply coliapsed and did not
crush, Second, dolomite and dolomitic sandstome layers
exist particularly near the base of the Syivania at Wind-
sor. These units probably cannof produce cohesionless
sand. Third, the Svlvania a4t Windsor occurs at a greater
depth because of a thicker Detroit River dolomite; bulk-
ing then has a greater opportunity to till up the space va-
cated by the faited Sylvanta sand.

In addressing the question of why sinkholes developed
at Point Hennepin and Windsor and not at the former
Wyandotie Chentcals North and South Works, the ob-
setvations on critical surface gradients by Nieto and Hen-

dron {1477} are relevant, Those authors noted that the
surface gradients at the sites thai developed sinkholes
were about 2 mms/m a few months before coliapse; how-
ever, the maximum gradients at the North and South
Woaorks were only about 1.4 mm/m. Surtace gradients are
subdued indicators of vertical deflections or sagging pre-
sumably occurting also in the Sylvania Sandsrone. Be-
cause sag is proportional to an increase in the horizontal
stresses 10 this material, the inercase In horizontal
stresses at the North and South Works was never suffi-
cient to cause extensive compressive failure of the Syl
vania Sandstone.

L L
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It can be concluded, therefore, that sinkholes can be
expected where the Sylvania is massively hedded and
fairly close to the surface and when the subsidence in-
duced by solution mining has fairly steep gradients at the
surface {in the order of a few millimeters per meter).
However, one cannot predict the occurrence of sinkholes
everywhere in the Sylvania, even if fairly shallow and un-
dergoing substantinl subsidence, because of the variable
nature of this sandstone. A reasonably caatious position
is that sinkholes are Hkely to occur if the conditions of
depth and gradient of subsidence bowls are similar to
those at Windsor and Point Heanepin.

CONCLUSIONS AND RECOMMENDATION

1. Although not as originally conceived, the origin of
three steep-walled, deep sinkholes in the Windsor-
Detroit area appears to be related to the unigue
characteristics of the Sylvania Sandstone.

2. It is proposed that the Sylvaniz fails under horizon-
tal compression. converts into sand and migrates
downward through subsidence-induced cracks cre-
ating a shallow void that originates the sinkholes.

3. The failure of the Sylvania and its conversion into
cohestonless sand appears possible because of a
unique combination of the geological features doc-
umented in this study: a) low strength and cemen-
tation, b) dilatant behavior and generalized failure
under uniaxial loading, ¢} high in situ horizoatal
stresses, and d) reduction of vertical confinement
and induction of additional horizontal stresses dur.
ing bow! subsidence.

4, Sinkholes are likely to occur in areas where the Syl-
vania is refatively clese to the surface (up to 200 m)
and surface gradients of suhsidence bowls are in
the order of a few millimeters per meter. _

5.1t is recommended that a limited number of
borehaoles be carcfully exccuted, cored and logged
with state-of-the-art downhole technology near the
edge and possibly within the sinkholes. This infor-
mation, as well as some seismic surveys, would be
used to evaluate the proposed model and to provide
the physical basis for 2 more refined analysis {finite
element) of the stress-straom history of the Svivania
Sandstone during subsidence,
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