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Abstract

In both active and abandoned coal mining in the lllinois Coal Basin, there have been and still are two fundamental
mi ningtypes: onesthat leave coal pillarsbehind to support the overburden and ones that remove the coal and support
of the overburden at the time of mining. The later method has coal mine subsidence occurring at the time of mining
and is considered planned coal mine subsidence.

Coa mininginthelllinois Basin has used four mining methods that left pillars behind to support the ground surface.
The mining patterns have evolved from random directions and high percentage of extraction of coal (small amount
of coal left to support the ground surface) to very systematic and a lower percentage of extraction to greatly insure
supporting the ground surface. The higher the percent of coal removed, the greater the potential for subsidence, but
review of case histories of subsidence associated with these mining methods shows no clear correlation with time.
Individual subsidence events are not predictable, since there are too many variables ofthanges in thickness of weak
floor materials, wet or dry mine conditions, exact size of pillars, amount of damage to pillars from blasting, etc.
Therefore, itisfelt that if an areaisundermined by an old abandoned mine, thereisalways apossibility of subsidence.

The other coal mining type either extracted pillars or all of the coal and lowered the ground surface at the time of

mining. Each of these three methods had predictable subsidence patterns on the ground surface. Subsidence

characteristics for all the mining methods are reviewed along with the results of studies investigating subsidence
impacts on groundwater.

Introduction

Underground mines were developed in theMidwest soon after the first settlersarrived. They mined coal, lead, zinc,

fluorite, claystone, and limestone. During the early years, land over mining areas was sparsely populated. If the
ground settled, little damageto structures occurred but at times settlement caused disruption of drainage on farmland.

Many of the drainage problemswereresolved through | egal settlementsand court cases. Astownsand cities expanded
over mined-out areas, subsidence impacted more structures and became a recognized problem.

Types of Subsidence

Researchershavelearned much about the nature and causes of subsidence by studying the effects at the ground surface,
drilling holes down to mines, lowering small television cameras down the holes to view mine conditions, and
personally inspecting mines that are still accessible. In the Illinois Basin, subsidence of the land surface may take
either of two typical forms: pit or sag (trough).

Pit Subsidence

Pitsare usually 6 to 8 feet deep and range from 2 to 40 feet in diameter (Fig. 1), although most are less than 16 feet
across. Newly formed pits have steep sides with straight or bell-shaped walls.

Pit subsidence usually occurs over mines less than 200 to 300 feet deep. The mine roof collapses and the void works
up through the overlying bedrock and surficial layers of glacial deposits and loess to the surface, where a hole forms
over one or two days. If the bedrock is only afew feet thick and thesurficial deposits are loose, these materials may

subsideand wash into adjacent mine voids so that they produce a surface hole deeper than the height of the collapsed
mine void.

When pits develop, the ground only moves in one direction-it drops vertically. Pits are most likely to form at the
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surface after heavy rainfalls or snowmelts. Water does not usually accumulate in the pits but drains down into the
mine. A common treatment is to fill the pit with sand or clay, cap the fill with a clayey soil, and compact the clay
tightly so that its permeability is very low. Many pits have been permanently filled this way.

Structures can be damaged if pit subsidence devel ops under the comer of abuilding, the support posts of afoundation,
or other critical spots. Otherwise, the probability of a structure being damaged by pit subsidence is|ow because most
pits arerelatively small, that is,only afew feet across. ff pit subsidence develops under foundation walls, it may not
immediatel yaffect the house because the foundation temporarily bridgesthe pit. Eventually, the"bridge" may become
damaged.

Subsidencepits that are not filled pose a special danger for both people and animals. They are often deep and steep-
sided. Anyone who fallsin may find it very difficult tayet out. Also farm equipment may partialy fall into a pit if
the equipment runs over it asit isin the final stages of reaching the ground surface.

Sag or Trough Subsidence

Sag subsidence forms a gentle depression over a broad area. Some sags may be as large as a whole mine panel--
hundred feet long and afew hundred feet wide (fig. 2). Several acres of land may be affected. The maximum vertical
settlement isusually 2 to 4 feet, as shown along the profile below the mine plan in Figure 2.

A major sag may develop suddenly (in afew hours or days) or gradually (over years). The profilein Figure 2 shows
settlement that took place over 45 weeks.

Sags may originate over placesin mineswhere the coal pillars have disintegrated and collapsed, or where the pillars
have settled into the rel atively soft underclay that formsthe floor of most mines. Sags can devel op over mines of any
depth.

Tension cracksform asthe ground is pulled apart by downward bending of the land near the outside edges of the sag.
Generally the cracks parallel the boundaries of the depression and are a near surface feature going down 10 to 15 feet
and decreasing in width with depth. Near the center of the sag, compression ridges form as the ground is squeezed
by upward bending of the land. Ridges are observed less frequently than tension fractures because the area of
compression is much smaller.

The ground movesin two directions during sag subsidence (Fig. 3). It dropsvertically and moves horizontally toward
the center of the sag. At the surface, the sag may be much broader than the collapsed part of the mine. For example,
afailure in a mine 160 feet deep could cause minor surface subsidence more than 75 feet beyond the edge of the
undermined area. The deeper the mine, the larger the area affected.

Sag subsidence has an orderly pattern showing tensile features surrounding possible compression features. Mapping
of al the tensile features shows orderly movements toward the center of the sag.

Type and extent of damage to surface structures relate to their orientation and position within asag. In the tension
zone, any large cracks that develop in the ground may damage buildings and roads as well as driveways, sidewalks,
pipes, sewers, and utilities. Houses in the tension zone may need to be supported until subsidence has ceased. Then
repairs may be made.

In the comparatively smaller compression zone roads may buckle and foundation walls be pressed inward. The
foundationsof any housesin the center of the sag would be under horizontal compression. Although the area affected
by compression is substantially smaller than the tension zone, buildings damaged by compression may need their
foundations rebuilt. They may also need to be releveled.
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Room-and-Pillar Mining-Unplanned Subsidence

The early coal mining efforts left enough coal m pillars to support the underground working area and therefore, the
ground surface. The mining methods changed through time from unsystematic to systematic mine designs. These
methods, frequently used beforetheearly 1900s, were characterized by roomsthat varied considerably inlength, width,
and sometimes direction (Fig. 4), forming irregular mining patterns. After about 1910, mining was conducted in a
room-and-pillarpattern. 1ntheproduction areasor panels, workerscreated roomsand crosscutsat right anglestoform
agrid pattern. These production areas (panels) were separated from main entries providing more support to the main
en for their long-term use and improved Ventilation. Thiswas the modified room-and-pillar or panel system (Fig 5).
This system provided more regular configuration of production areas (panels) which had well-defined boundaries as
aresult of the broad barrier pillars or unmined areas|eft between panels. Two fairly modem room-and-pillar methods
are the blind room and the checkerboard (figs. 6 & 7). Using thefirst method, miners bypass every sixth or seventh
room of aproduction area. The unmined area (blind room) functions asalarge pillar to support the roof and provide
barriersto reducethe spread of any floor squeezesand fires. Thismethod isstill used today. The checkerboard system
has evenly spaced square pillars in a checkerboard pattern of panels thousands of feet long and wide. 1n comparison
to earlier mining, modem room-and-pillar mines have many main and secondary entries to provide for required
ventilation.

No one can predict when or if the land above aroom-and-pillar minewill sink. 1f any coal has been removed from an
area, subsidence of the overlying geologic materials is always a possibility.

High Extraction-Planned Subsidence

High-extraction coal mining methods mine almost all the coal inal area. They alwaysresult in the surface subsiding
above a mine within several days or weeks after the coal has been removed. The sinking or subsiding of geologic
material slying over the mined-out areawill continuefor years, although movementswill diminish rapidly after afew
months. Once subsidencehas decreased to levels that no longer cause damage to structures, the land can usually be
developed or damaged structures can be repaired. In early longwall mines (Fig. 8), workers maintained the
haulageways (entrances) by leaving areas of stacked rock, wooden props, and rock-filled wooden cribs to replace the
support lost by the removal of coal. The mine roof, then the overlying bedrock and earth, settled onto the stacks of
rock. When this occurred, afew feet of subsidence resulted at the ground surface.

Modem high-extraction systems are designed to achieve a high rate of production (figs. 9 & 10). Using the high-
extraction retreat method, minersremove as much coal aspossiblein asmall areauntil theroof startsto collapse; then
they retreat to the next area. Using this method 80% to 90% of coal in the panel isremoved. The size and number
of pillarsthat must be left to maintain worker safety varies with underground geologic conditions (Hunt, 1980). The
roof collapsesin amanner that is controlled by temporary supports, and planned subsidenceisinitiated immediately.
Using the modem longwall method, workers mine 100% of the coal along a straight working face beneath Artificial
roof supports. The mine roof collapsesimmediately behind the working face, causing 4 to 6 feet of subsidence. This
amountsto 60% to 70% of the mined height of the coal seam plus any roof or floor materialsthat have been removed.

Modern Longwall Mining

In the United States, mining companies began using the mechanized longwall method ithe 1960s, although it was
developed and used much earlier in England and Europe. Like high-extraction retreat, longwall mining begins at the
outer edges and works toward entries that are used to haul the coal, mine personnel, and machinery. In the longwall
system, al the coal isremoved from a panel, buta few rows of pillars (called chain pillars) are left between panels.
Inlllinois, longwall panels may be 600 to 900 feet wide, up to several mileslong, and 350 to 800 feet bel ow the ground
surface.

The effects of subsidence from longwall mining are uniform and anticipated. The surface over the center of the panel
drops approximately 4 to 6 feet. The decline tapers off toward the edges of the panel and forms a gentle trough.
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Subsidence of about 1 to 1.5 feet occurs over the entryways and chain pillars between mined out panels. The areas
of surface subsidence go beyond the edges of the panel to a point of zero subsidence which isfound at a distance of
about 0.35 to 0.45 times the depth to the mine.

At one site, researchersin Illinois showed that subsidence movements continued for years after an area had been
undermined by longwalls; thisis called residual subsidence (Mehnert et a. 1992). These movements were
measured six months to dm years after mining and amounted to 5% (about 0.3 ft) of mined-out height. Residual
subsidence seemed to be fairly uniform over the panel and the pillars between panels. Residual subsidence caused
no differential subsidence and no over the sides of the panel, two effects that would damage structures. This
occurrence is similar throughout many areas of the world where residual subsidence may last six months to seven
years, depending on the strength of the strata above the coal seam (Whittaker and Reddish 1989, Orchard and
Allen 1975, and Fejes 1985).

Longwall Subsidence and Groundwater

A programin Illlinois monitored the hydrology in the bedrock and near surface glacial materials and the amount
and location of fracturing in the bedrock over several active mining areas. A high-extraction retreat panel and
several longwall panels were studied. Water levelsin deep and shallow test wells was monitored before, during,
and after subsidence. Water levels were checked continuously by electronic recorders. Water chemistry and
quality were evaluated. Resultsfrom several deep longwall panels show that rural wellsin glacial materials (sand,
clay, and silt) were unaffected by subsidence. Water levelsin test wells in bedrock, where the water producing
zone was very continuous across the area, were temporarily lower and recovered several months after mining
(Booth 1992). In water bearing zones that were not continuous (limited in areal extent), water levels were lowered
since fracturing of the zone produced alarger amount of void space for the quantity of water in the zone. Also
there is speculation that the water yield of bedrock aquifers may be enhanced by longwall subsidence; however, this
enhancement also depends on site-specific geologic factors that control the occurrence of groundwater. At the
study sites, subsidence-induced fracturing improved the way water flowed through bedrock. The storage capacity
of the bedrock aguifer was also enhanced.

Conclusion

The various forms of coal mine subsidence in the Illinois Basin have been cited in reports and publications for
about one hundred years. During the past 20 years, systematic studies of the characteristics of each of the different
gills of subsidence hasled to an Understanding of their movements and impacts on groundwater.

Acknowledgments
This paper is a combination of text and figures from two previously published Illinois State Geological Survey
publications: "MineSubsidence in Illinois; Facts for Homeowners' and "Planned Coal Mine Subsidencein Illinois.”
This publication was published with permission of the Chief of the Illinois State Geological Survey.

References

Andros, S.0O., 1914a, Coal Mining Practice in District | (Longwall): lllinois State Geological Survey, Champaign,
Mining Investigation Bulletin 5, 42 p.

Andros, S.0., 1914b, Coal Mining Practice in District VI (Minesin Bed 6 in F Jackson, Perry, and Williamson
Counties): Illinois State Geological Survey, Champaign, Mining Investigation Bulletin 8, 49 p.

Bauer, R-A., B.A. Trent, and P.B. DuMontelle, 1993, Mine Subsidencein lllinois: Facts for the Homeowners: I1linois
State Geological Survey, Environmental Geology 144, 16 p.

Bauer, R.A., B.A. Trent B.B. Mehnert, and D.J. Van Roosendaal, 1995, Planned Coal Mine Subsidencein Illinois,

A Public Information Booklet: Illinois Mine Subsidence Research Program VII publication, Illinois State
Geological Survey, 32 p.

134



Booth, C.J., 1992, Hydrogeol ogic impacts of underground (longwall) mininginthelllinoisBasin, in S.S. Peng, editor,
Proceedingsof Third Workshop on Surface Subsidence Due to Underground mining, Morgantown, AW, June
1-4, 1992: Department of Mining Engineering, West Virginia University, p. 222-227.

Fejes, P.J., 1986, Theregulation of subsidence and underground coal mininginlllinois,in M.M. Singh, editor, Society
of Mining Engineers FallMeeting, St. Louis, MO., September 1986: Society of Mining Engineers, Littleton,
CO, p. 97-100.

Hunt S.R., 1980, Surface subsidence dueto coal miningin Illinois: Ph.D. dissertation, University of Illinoisat Urbana
Champaign, 129 p.

Mehnert, B.B., D.J. Van Roosendaal, and R.A. Bauer, 1992, L ong-term subsidence monitoring over alongwall coa
minein southern Mining, in S. S. Peng, editor, Proceedings of Third Workshop on Surface Subsidence Dueto
Underground mining, Morgantown, WV, June 1-4, 1992: Department of Mining Engineering, West Virginia
University, p. 311-316. -

Orchard, R-J., and W. S. Allen, 1975, Time-dependence i nmi ning subsidence, in Proceedings of the Symposium on
Minerals and the Environments, London, UK, 1974, Institute of Mining and Metallurgy, London, p. 1-17.

Whittaker, B.N., and D.J. Reddish, 1989, Subsidence: Occurrence, Prediction and Control: Developments in
Geotechnical Engineering, Elsevier, New York, v. 56, p. 528.

'Robert A. Bauer has a Bachelor's degree from the University of Illinois at Chicago and a Master's degree from the

Universityof Illinoisat Urbana-Champaign in Engineering Geol ogy with an emphasison foundation and underground
excavation. He has been with the Illinois State Geological Survey since 1976 after working at the McHenry County

Sectionwhichisresponsiblefor soil and rock mechanicstesting and integration into other projectsand seismic hazard
assessment. He was Technical Manager and Director of the Illinois Mine Subsidence Research Program that

investigated the impact of mine stability of all mining types and the impact of longwall mining on agriculture.

135



SUBSIDENCE: A REGULATORY PERSPECTIVE
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Abstract

Underground coal miningin Illinoishasshown anincreasing percentage of total coal mined relativeto surface mining.
In the past 20 years, the percentage of underground to surface mine production has steadily increased. Underground
miningis expected to continue to dominate coal production into the 21st century. Once the dust has settled from the
clean air act, the drive for higher production and lower operating costs should increase the number of longwall and
high extraction retreat mines. Thiswill involveeither conversion of existing room and pillar mines or the initiation
of new underground mining operations,

Astheindustry continuesto evolve, so do the environmental regul ationsthat govern the mitigation of impacts. Federal
regulationspromulgatedin 1992 under the Energy Policy Act (EPACT) mandated additional restrictionsand regul atory
reguirements beyond those adopted in 1977 under the Surface Mining Control and Reclamation Act (SMCRA).

The regulation of subsidence mitigation in Illinois has developed through the years. Initial growing pains were
experienced by both the coal operators and the Illinois state regulatory authority (RA) with lessons learned through
experience. Today, subsidence permitting and mitigation are more standardized with clearer communi cations between
the operators and the RA to achieve the goal of maintaining surface capabilities and making surface owners whole
whilem g the utilization of our coal resources. This paper describesthe existing Illinois regulations, their impact on
thecoal industry and on thelandowners above underground mining and how they have beenimplemented, and outlines
currently proposed changes.

Introduction

[1linoi sunderground production has captured an increasing percentage of total coal mined. In the past 20 years, the
percentage of underground to surface mine production has increased from approximately 53% to 85% (Fig. 1). The
production from longwall mining has also grown sinceitsintroduction in Illinoisin the early seventies (Fig. 2). Itis
anticipated that underground mining will continue to dominate Illinois coal production into the 2Ist century. The
industry will continueto strivefor higher production and lower operating costs and, therefore, the number of longwall
and high extraction retreat mines should increase throughconversion of existing room and pillar mines or initiation
of new underground mining operations. The growth of underground mining in Illinois has been accompanied by the
evolution of regulations governing underground mining effects over the past two decades.

On August 3, 1977, the Surface MiningControl and Reclamation Act ( SMCRA) became law. The Act created the
U.S. Department of Interior’ s Office of Surface Mining Reclamation and Enforcement (OSM). As suggested by both
the name of the act and the regul atory body created to administer the act impacts of underground mining were not the
primary focus or centerpiece of thelegislation. Intheinfancy of SMCRA and at the beginning of state primacy, OSM
| eft the choi ce of enforcement of subsidencerepair and compensation of land and structuresaffected by mine subsidence
to state law.

At one point m time, the surface property owner also controlled the mineral, oil, gas, and coal rightsfor agiven land
track. Asfar back asthe early 1900s, companies began securing control of large blocks of coal reserves from surface
ownersnot only for existing operations but also for speculation on future extraction. The contract severing the surface
property from the mineral rights often incorporated language granting the entityobtaining the mineral property the
right to extract all of the resource without liability forsurface damage. Thisright is often referred to asthe "right to

subside." Asthe surface property changed hands throughtime, the knowledge of who controls the subsurface rights
or even whether the property is aready undermined could get lost.

Thefirst specificprotection afforded landownersoccurred whenthelllinois General Assembly createdthelllincisMine
Subsidencelnsurance Fund in 1979. Theinsurance fund was created to address the problems of old abandoned mines

136



causingdamage, but only provided insurance protection to homes and structures. Subsidence damageto surfacelands
such as farmland was not covered. From itsinception, the Illinois regulatory program created as aresult of SMCRA
recognized the importance of Illinois farmland and the need to protect property owners from loss due to mine
subsidence. Specific subsidence permitting andoerformance regulatory requirements were enacted at the state level
to achieve the goal of balancing the lightsof surface owners impacted by subsidence and the legal rights of the coal
operators to extract their resource.

SM CRA and the Illinois Regulations of 1983

Although some form of Illinois mining reclamation law governingurface coal extraction had been in place prior to
SMCRA dating back to 1962, no requirements for correction of subsidence impacts existed. Based on the expected
trends of underground mining and planned subsidence operations, thelllinois state regulatory authority (RA) believed
it necessary to protect both land and surface structures and therefore crafted the state regulatory program rules
accordingly. The state of 1llinois' Permanent Program Rules andRegulations were enforceable on February 3, 1983
and thus established coal operators' legal liability for subsidence. Underground coal extraction performed by any
method after thisdatewould be subject to subsidence control. To assist in determining jurisdiction to enforcethenewly
created requirements, operators were required to provide maps that define the specific location of underground
operations on and after February 3, 1983.

Several legal challenges were launched by the industry contesting the mandate to mitigate, repair, or compensate for
damages caused by subsidence. Certain companies contended that the transaction severing the surface and mineral
rightsalso granted theright to extract all of theresourcewithout liability for surface damage. The challenge contended
that the right to subside without liability was acquired as part of alegal transaction. Therefore, the coal companies
reasoned that it should be construed as taking of property rights if mine operators were mandated to provide
compensation or execute repairs.

[llinois ability to enforce subsidence repair and compensation was continually upheld by the courts. Coal operators
must repair subsidence damageto land and structuresregardl essof any waiver. Mining maintai nsstringent subsidence
requirementsbased on the potential for subsidence affecting not only structures but also land capabilities. Structures
damaged by subsidence must be repaired, replaced, or compensated for, while surface lands must be mitigated to

maintain the value and capability that existed prior to subsidence.

Subsidence Control Plans

Any underground mine active on or after February 1, 1983 must receive apermit to mine regardl ess of the method of
extraction. Areas undermined after February 1, 1983 and projectedareas to be undermined in the future are termed
the"shadow area." Theregulatory framework isdivided intopermitting requirementsand performance requirements.
Permitting requirements set the threshold of information required in an application to receive an permit. Performance
requirements measure the effectiveness of the operation to achieve the regulatory goals. A key permitting element of
an underground mining application isthe mine subsidence control plan. Thesubsidencecontrol plan must demonstrate
that either maximum mine stability is being provided to prevent subsidence, termed "unplanned subsidence,” or that
miningwill be carried out to produce "planned subsidence.” Planned subsidence involves nearly total seam extraction
and results in immediate surface subsidence in a predictable and controlled manner. Longwall mining and high
extraction retreat room and pillar mining are examples of planned subsidence operations.

Aspart of thesubsidence control plan, operatorsmust provideinformation on thetechnique of coal removal, percentage
of coal to be extracted, pillar sizes, extraction dimensions, and nature of the geologic strata above and bel ow the mine.
The subsidence control plan must include a survey of all structures and surface features. Thisislargely a genera
description of the land and surface features above the shadow area.

If planned subsidence is proposed, operators are required to define the extent and location of subsidence, damage
expected to occur, and measures to be taken to mitigate any material damage to land and structures. Site specific
monitoring of subsidence movementsto verify the accuracy of subsidence predictionsisrequired initially for agiven
area. Pre-subsidence surveys of al structures potentially impacted is also required. The surveys help document the
pre-subsidence condition of thestructures to distinguish damages attributable to subsidence clearly from preexisting
conditions.
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Subsidence Mitigation

The measure of the effectiveness of subsidence mitigation is found within the performance regquirements of the
regulations. Crops and coal are two very important components of the lllinois economy. Over the past 15 years, the
effects of subsidence on cropland have been closely monitored for mitigation. Unlike the permit area, which is the
bonded surface facilities of a mine, the shadow areais not bonded. Instead, the Department relies on the ability to
imposeviolationswhen mitigationisnot being accomplished. A pattern of violationscould easily develop if acompany
becamelax in their mitigation efforts. If apattern of violations devel ops, acessation order can be imposed with ashow
cause order for the operator to defend why the state should not revoke the permit. Asaresult the lack of a structured
bonding mechanism has not hindered achieving land mitigation.

Subsidencefrom longwall or high extraction retreat mining creates a "sag" type subsidence on the surface. A low
lying, bathtub shaped depression resultsthat can be 1,200 feet m width and amile or two long. Thewidth and length
of the surface area affected is controlled by the depth of overburden and longwall equipment specifications. This
bathtub effect is experienced side by side asa series of longwall panels are mined over several years creating awasher
board effect. The surface subsidence can create closed depressions and pond water. To successfully drain closed
depressions, the surface can be or surface waterways can beinstalled to carry away water collected in the depressions.
Cut and fill operationsare also performed to help restore surface drainage. When suitable soils are present subsurface
drainagetiles can be placed to aid drainage. Often, acombination of the above may beincorporated over several mine
panels to successfully mitigate a watershed affected by subsidence.

A second impact that occurs to surface lands is a series of tension ground cracks. The ground movements that take
place can create uniform and parallel cracking asthe wall progresses. The cracking variesin width from an inch or
less under most circumstances but can occasionally reach as much as afoot m width. Transverse cracks occur in a
radial pattern in advance of the mining direction. Thetransverse crackstend to close asthe dynamic subsidence wave
passes. Longitudinal cracks occur at the panel's edge in thetensional zone. The longitudinal cracks along the edge
can remain open and require some form of mitigation (Van Roosendaal et al. 1992) (Fig. 3). Infarm fields, narrow
crackingiseasily eliminated by plowing. Wider tension cracks can necessitate filling with appropriate soil, sand, or
lime, then mulched to control erosion Sand and lime are used because they are inexpensive flowable fills that can
efficientlyseal ground cracks. It can aso be beneficial to excavate larger cracks down to a depth where the separation
hastightened before beginning to backfill and compact to ground level. Top soil should be removed and replaced upon
completion of repairs.

The timing of mitigation repairs can often be complicated by several extenuating factors. Repairs to structures and
land are not required until the subsidence movements have stabilized. Mitigation carried out before the amis stable
would only haveto be repeated later. Structures are more sensitive than farmland to the residual movementsthat can
occur six monthsto ayear or more after mutation of subsidence. Residual subsidence under farmland isonly an issue
inareaswith very littlerelief. Adverse ground conditions due to precipitation can prevent drainage repairs and push
the necessary construction work into the next growing season. Most farmers prefer that suchwork take place m the
fall when the fields are dry and thecrops have been harvested. Another delaying factor in farmland mitigation can
bethe need to allow a second or third panel to be mined and subsided to implement proper drainage repair to alarger
watershed. Because of these unavoidable delaying factors, the Department has required a mechanism for crop loss
compensationin planned subsidence permits. If acreage isinundated because mitigation has yet to be accomplished,
the operator must compensate the landowner for the acreage that is unfarmable. This compensation is a temporary
measure until mitigation is successfully completed.

Often, to meet the regulatory performance requirements associated with subsidence, operators must work with local
road authoritiesand local drainagedistricts. It issometimes necessary to deepen existing main branch drainage ways
or road ditches to allow tiling or waterways to outlet properly. Culverts must sometimes be placed under a roadway
where they did not exist before the subsidence altered topography. Communication and cooperation with the various
local road and drainage jurisdictional bodies is essential to achieving drainage mitigation.

Energy Policy Act of 1992

The passage of the 1992 Energy Policy Act (EPACT) introduced federal legislation on subsidence repair and
compensationto land and structures similar to the lllinoisregulations. It also requires operatorsto replace drinking,
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domestic, and residential water supplieslost or contaminated by mine subsidence. OSM was required to promulgate
rules under SMCRA within one year of the passage of EPACT. Controversy over the content of the regulatory
language proposed by OSM delayed final promulgation until the publication of the March 31, 1995 Federal Register.

Most of the performance requirements now in place at the federal level through EPACT are being enforced in Illinois
through existing regulations. One specific area of EPACT that was not previously a regulatory performance

requirementin Illinoisisthe mandateto replace water lost or contaminated by subsidence. Therequirement to replace
water was apparently one of the driving forces behind the incorporation of subsidence language into the EPACT.

Water loss dueto subsidence tendsto be amore prominent issuein the Appal achian coalfieldsthan in thelllinois Coal
Basin. Groundwater in much of the area of underground coal mining of the state of 1llinoisisnot of sufficient quantity
and/or qual4 to makeit potabl e, and therefore much of the drinking water isderived from natural or man-made surface

water bodies. When subsidence does affect groundwater, the geology of 1llinoistendsto beforgiving and allows most

impacts to be short term (Van Roosendaal et al. 1992).

To bring water replacement requirementsinto the lllinois program, the Department took the initiative to promul gate
water replacement language mining EPACT before the March 31, 1995 Federal Register. This regulation, 62 Il1.
Adm. Code 1817.12 1 (c)(3), was eventually approved on May 29, 1996.

The March 31, 1995 Federal Register detailed permitting requirements envisioned by OSM to achieve the regulatory
goal of subsidence mitigation of water, and es. Requirements such as bonding, timing, and content of pre-subsidence
surveys, public participation, and level of detail in the permit application were described and containeth the rules.
Currently, the nuts and bolts of carrying out the regulations are still being worked out on the state level. Many states
are presently working through their own regulatory procedures to arrive at a counterpart rule.

Conclusion

[1linoi shasalwaysregarded subsidence control and mitigation asatop priority. Webelievelllinoissapproved program
under SMCRA has been highly successful in the regulation of mine subsidence. The regulations work to strike a
balance between the coal company's legal rights and therights of the surface owners. Illinoiswill continueto strive
to protect the public and the environment while working with the industry to maximize the use of our coal resources.
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Formation of subsidence cracks above a longwall mine panel
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IMPACTS OF MINE SUBSIDENCE ON GROUNDWATER

Colin J Bootht
Northern Illinois University
DeKalb, Illinois

Abstract

By changing the hydraulic propertiesof overlying aguifersthrough fracturing, mine subsidence affectsground-water
levels, well yields, and water chemistry,independently of drainage to the mine. In the low-relief I1linois coalfield,
theimpacts of subsidence abovetwo longwall minesdiffered according to the aguifer type. The shallow glacial-drift
aquifer was not significantly affected, but water levelsin bedrock sandstone aquifersfell considerably. At one site,
the levels recovered and well yieldimproved because the aquifer was transmissive and well connected to recharge
sources; however, the water quality deteriorated. At the other site, the sandstone was thin and poorly permeable;
water levels did not recover from the subsidence effects except locally where the sandstone was in contact with an
overlying drift aquifer.

Introduction

Underground coal mining affects aquifersin two ways. First, water may drain into the mine workings, depleting
groundwater resources and lowering water levels. Second, mine subsidence fracturesthe overlying strata, changing

the permeability and porosity and thus changing groundwater levels, well yields, and, through new flow patterns,

groundwater chemistry. Although subsidence can affect aquifers over abandoned room-and-pillar mines, it ismore
significantover longwall mining, in which large rectangular areas (panels) of coal are completely extracted without
the use of permanent roof support. This causes rapid subsidence of the overburden, accompanied by fracturing and

bed separation and producing a subsidence trough at the ground surface.

Studiesin the Appalachian Coalfield

Numerous case studies of the effects of longwall mining have been madein the Appal achian coalfield (e.g., I-fill and
Price, 1983; Schulz, 1988; Dixon and Rauch, 1988; Walker, 1988; Matetic and Trevits, 1992). The region has
considerabl etopographic relief, abundant minor sandstone aquifers, well-fractured strata, and outcropping bedrock,
all of which favor relatively active groundwater flow systems.

Unlikeroom-and-pillar, longwall mining affectsmost overlyingwells(Stoner, 1983 Tieman and Rauch 1987)-, water
levelsin bedrock aquifers decline considerably during subsidence. Thisimpact is not generally caused by drainage
of groundwater into the mine, which normally remains hydraulically separated from shallow aquifers by low-
permeability confining units (Singh and Kendorski, 198 1)but by the sudden increase in fracture porosity within
thestrata. Thewater-level responseismost severe over the panel and diminishesrapidly off-panel (e.g., Moebsand
Barton, 1985). Water levels commonly recover within a period of months to years; Tieman and Rauch (1 987)
observed recovery within one to three years in half the wells over their study panel and in al off-panel wells.
However, changesin the fracture permeability can also produce permanent changesin groundwater levels, leakage
between aquifers, and spring discharges as aresult of altered hydraulic gradients.

Thewell responseisstrongly influenced by topography. Johnson (1992) found that hilltop wells were more affected
and less liable to recover than valey wells, probably because they have smaller recharge areas and are more
influencedby loss of water through fracturesin underlying low-permeability layers. Similarly conclusionsweremade
by L eavitt and Gibbens (I 992) from dataon 174 wells (I 20 over panelsand 62 deepened or replaced after mining).

Illinois

Thelllinois Basin coalfield haslow relief acover of glacial sedimentson top of the bedrock and a shale-dominated
bedrock sequence of low overall permeability. These features produce a sluggish groundwater flow system and
generally poor groundwater resources. Room-and-pillar minesin Illinois have usually been dry and had little effect
ongroundwater resources (Cartwright and Hunt 1981). Thehydrologic effects of subsidence above abandoned room-
and-pillarmines are not well documented, but seem to be minor, localized and permanent. For example, Booth and
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Saric (1987) observed local water-level anomalies above two long-abandoned mines in southeastern Illinois.

In the first hydrogeological study over alongwall minein Illinois, Pauvlik and Esling (1987) observed temporary
water-level fluctuations and minor permeability changesin aglacial till aquitard due to subsidence. Over a 250-ft-
deep high extraction retreat mine (comparable to longwall), Bauer et al. (1987) observed that water levels declined
rapidly in the bedrock and gradually in the glacial drift.

This paper summarizes information from hydrogeological studies above longwall mines at sites in Jefferson and
Saline counties in Illinois by the author and colleagues from Northern Illinois University and the Illinois State
Geological Survey, presented in various reports including Booth and Spande (1992), Mehnert et a. (1994), Van
Roosendaal et al. (1994), and Booth et al. (1997). Both sites haverolling landscapes with lessthan 50 ft local relief,
minesinto the Pennsylvanian Herrin Coal; overlying bedrock stratacomprising mainly shal eand siltstonewith minor
sandstone, limestone, and coal; and a cover of glacial drift comprising mainly till with minor sand and gravel.
However, local geological differences produced markedly different impacts of mine subsidence.

Studies at the Jefferson County Site

Site Description

At the Jefferson County site, themined Herrin Coal isabout 10 ft thick and 725 ft deep. Theoverlying bedrock strata
aremostly poorly permeable, but about 570 ft above the mineisthe 80-ft-thick Mt. Carmel Sandstoneaquifer. Above
thisis ashale, up to about 60 ft thick, overlain by 9 to 30 ft of glacial drift (till, minor sand, and gravel) and loess.
Residential and farm wells tap the upper shale and the drift. The sandstone is used nearby, but not over the study
site, although piezometers and a test well were installed for this study.

Four longwall panels, each about 600 ft wide and amilelong, were mined between 1987 and 1989. Our study (1 988-
1995) focused on panel 4, which undermined theinstrumentation in February 1989 and produced ground subsidence
of 6 ft within six weeks and 0.67 ftmore within three years. The strata were heavily fractured, especially by shear
inthemarginal tensional zoneand bedding-plane separationsin thecentral subsidencetrough (Mehnertetal., 1994).

Response of the Drift Aquifer

Water sampled from large--(diameter wellsin the shallow drift was fresh (total dissolved solidslessthan 600 mg/1)
and mainly sodium-calcium-sulfate type, with relatively high nitrate levelsthat often exceeded the 10 mg/l US EPA
potability limit The chemistry did not change noticeably due to mining; nor, except for temporary adjustments to
changingground levels, did the drift water levels. However, the water tablein wells on topographic highs overlying
barrier pillars had slight long-term declines, probably because the ground level and water table in the adjacent
topographic lows had subsided.

Response of the Upper Shale

Water levelsin shalewellsover and next to thelongwall panel swere substantially lowered by mining, and took from
several months to three years to recover. Shale wells 600 ft off the panel were unaffected. The shale water was
brackish (1000 to 4000 mg/1) and of mixed cation, sulfate type, with some nitrate. Post-mining analyses showed a
slight reduction in salinity that may reflect increased recharge from the drift.

Physical Response of the Mt. Carmel Sandstone

Thesandstoneat thesiteis 75 ft deep and 80 ft thick, but divided into hydraulically separate upper and lower benches
by ashaly siltstoneunit up to about 20 ft thick. Pumping testsshowed that the upper sandstone receives someleakage
from the overlying shale, but the lower bench behaves as a separate confined aquifer.

Sandstone piezometers over panel 4 were monitored from 1988 until damaged by subsidence in Spring 1989.
Monitoring continued from 1991 to 1995 in two new piezometers, drilled into the lower sandstone bench in the
central area and tension zone of the subsidence trough, and in centerline test well P350, open through the whole
aquifer. Pre- and post-mining permeabilities were determined from slug and pump tests, and fronpacker testsin
two centerline boreholes cored through the bedrock before and after mining. The permeabilities (i.e., hydraulic
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conductivities) of the sandstone were between 10°and 10“cm/s before subsidence, depending on test method and

location, and increased approximately one order of magnitudein the central subsidencetrough andtwo inthetension
zone. Storage coefficientsincreased about one order of magnitude. These changes resulted in a@200% increasein

specific capacity (indicating yield) of the test well.

The sandstone water level s responded systematically to subsidence (Booth and Spande, 1992; Mehnert et al. 1994;
Booth et al., 1997). They declined gradually as the mine face approached, then fell rapidly to a minimum during
thetensional early phase of subsidence. After adecline of about 30 ft dueto the mining of adjacent panel 3, thewater
levelsover panel 4 recovered briefly, declined as the panel 4 face approached, then dropped rapidly to about 135 ft
(70 ft below initial values) during undermining (Fig. 1). The rapid head drop in the subsiding zone is due to the
sudden increase in porosity caused by opening of fractures, joints, and bedding planes. The earlier gradual decline
is a secondary drawdown effect transmitted through the aquifer from the approaching potentiometic low.

After arapid partial riseduring the compressional phase, the water levels recovered gradually over two years after
miningto the initial levels about 65 ft below ground, and by 1995 to about 40 ft (Fig. 2). The long-term recovery
reflects inflow of water from surrounding areas of the aquifer into the potentiometric depression over the panel.

Changes in Groundwater Chemistry in the Mt. Carmel Sandstone

The pre-mining chemistry of the sandstone water wasindicated by early samplesfromwell P350 and by later smwles
from well W18 in the unmined area 3.3miles to the east. The water was sodium bicarbonate dominant and fresh
to slightly brackish (total dissolved solids (TDS) 900-1200 mg/1); sulfateswere low in W18 but around 200 mg/l in
P350. After mining, the water in P350 became more brackish (TDS 1990-2620 mg/1) with increased sulfates (over
800 mg/1), asignificant deterioration in quality. The geochemical changes are evidently due to water flowing back
into the aquifer from two possible sources: |eakage of high-sulfate water from the overlying shale, and lateral flow,
throughtheaquifer, of moreoxidizing water that could liberate sulfate from sulfidemineral s present in the sandstone.

Studies at the Saline County Site

Site Description

At the Saline County site, the mined Herrin Coal is about 6 ft thick. Several farms and homes around the site have
large diameter wells tapping the shallow drift water-table aquifer, and afew have wells drilled into thin sandstone
aquifers such as the Trivoli, typically 0-25 ftthick. None of the aquifers provides good yields and most homes are
now connected to the water supplies of the nearby small towns.

Six longwall panelswere mined between 1989 and 1994. Hydr6geol ogical studieswere conducted over panels| and
5. Because of the northward dip, the coal seam and bedrock unitswere about100 ft higher in elevation at panel 5than
at panel 1; also, the depthto bedrock (thickness of drift) decreased from about 90 ft at panel 1 to less than 65 ft at
panel 5.

Panel 1 (669 ft wide, 400 ft deep) undermined the instrumentation in December 1989. Although the strata were
fractured, the overburden generally subsided as a coherentmass (Van Roosendaal et al., 1994); maximum ground
subsidencewasabout 4.7 ft. Panel 5 (943 ft wide, 318 ft deep) undermined itsinstrumentation in early January 1993,
producing a centerline subsidence of 4.5 ft.

Shallow Drift ReMonse

The nearest shallow drift wells, several hundred feet from the panels, did not respond to mining. At panel 5, two
study piezometers were screened in sandy gravels within 20 ft of the land surface. Except for fluctuations during
subsidence, the water levels were not significantly affected by mining and have subsequently maintained normal
seasonal variations in the range of 3 to 12 ft below ground.

Deep Drift Response
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Piezometers at panel 1 were screened at depths of 63 to 73 ft in sand and gravel in the lower drift. Water levels
fluctuated during subsidence then declined 8 to 11 ft. At panel 5, four piezometers were screened in the lower drift,
whichvaried across the panel from alow-permeability clay till (permeabilities 10to 10° cnm/s) in the central panel
area, to a permeable sand (10° to 10 cm/s) over the southern barrier. The permeabilities were not affected by
subsidence. The water levelswereinitially 5 to 12 ft below ground and their responses varied with setting (Fig. 3).
In the southern sand unit, which isin continuity with the underlying sandstone, they started to declinein December
1992 as the panel approached and dropped to 40 ft in the tension zone and 30 ft on the barrier during subsidencein
early January. Inthetill over the central area, waterlevels fluctuated erratically during subsidence, then declined
gradually atotal of 10to 15 R.

Response of the Bedrock Sandstones

Pre-mining hydraulic tests above both panels indicated very tight bedrock. Initial permeabilities in the Trivoli
Sandstone were in the range 10° to 10° cm/s, and post-subsidence testing showed only minor localized increases
probablyrelated to discretefractures. At panel 1, piezometerswere screened into the sandstone at depthsin therange
138t0 196 ft. Thewater levelswereinitially about 40 ft deep, and fell rapidly to 160 to 180 ft just before and during
undermining(Fig. 4). Except for aslight riseduring the compressional phase, thewater level sdid not recover during
two subsequent years of monitoring.

At panel 5, thebedrock surface was about 65 ft deep, and the Trivoli Sandstonewaslocally in contact with theglacial
drift. The pre-mining potentiometric surfacein the sandstone was essentially flat, with water levels between 7 and
20 ft deep depending on topography. The levels started to decline when the mine face was 1,000 ft away, falling
about 55 ft over the panel and 40 ft on the barrier by undermining (Fig. 5). Thethree bedrock piezometers over the
panel were amost dewatered during subsidence, and subsequently maintained low water levels except for slight (10
ft) risesin winter 1994-1995. However, the water level in the piezometer on the southern barrier recovered quickly
by about 13 ft in early 1993 and remained high, probably due to recharge from the overlying lower drift sand agquifer
(which experienced corresponding head |0sses).

Groundwater Chemistry at the Saline County Site

Thewater inthe off-panel private shallow drift wellswasfresh to slightly brackish, mixed cation, bicarbonate-sulfate
type, with nitrate widely present. The shallow drift piezometers over panel 5 contained similar but slightly more
mineralizedwater. Therewas no apparent changein chemistry dueto mining. Water in the deep drift piezorneters
was similar but more brackish (TDS 1200-2000 mg/1) and had only minor changes due to subsidence, probably due
to mixing of waters through local fracturing.

The Trivoli Sandstone over panel 5 contained slightly brackish sodium-bicarbonate water (TDS 1100-1400 mg/1)
withrelatively high sulfate. Changesfrom beforeto after subsidence were slight but there were consistent decreases
in sodium and chloride, increasesin calcium sulfate, and TDS; and the appearance of low levels of nitrates. These
changes suggest the introduction of water from the overlying dnft into the sandstone.

Summary

At both study sites, subsidence had negligibleimpact on thewater levelsand chemistry of shallow drift aquifers. The
water table fluctuated briefly during active ground movements, but long-term water-level changes were minor and
probably due to readjustment to the local changes in topographic relief.

The response of confined sand-and-gravel aquifersin the deeper drift depended on the hydraulic connection to the
underlyingbedrock. Inisolated aquifer zones, slight changes of water level were probably dueto elevation changes
and leakagethrough local fracturing. Significant water-level losswasobserved only in adrift aquifer in good contact
with underlying sandstone.

Theimpacts on bedrock aquifers are considerable. The primary mechanismistheincreasein fracture porosity and
permeability caused by fracturing and bedding-plane dilation. Bedrock water levels over longwall panels drop
substantiallyto alow during undermining and active subsidence. The effectsare more sudden, severe, and localized
infewer transmissive units. Recovery dependson the"rechargeability” of the aquifer-itstransmissive characteristics
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plus continuity with sources of rechargewater. At Jefferson County, the water levelsin the Mt. Carmel Sandstone
recovered within two years because the aquifer was moderately permeable, transmissive, and in good continuity with
adjacent areas of the aquifer. The combination of increased permeabilities and water-level recovery increased the
well yield. At Saline County (Fig. 6), the Trivoli Sandstone waghin, poorly permeable, and largely isolated from
potential recharge sources by overlying confining units and by continued mining up-dip of thetudy sites. Water-
level declineswere severe, and recovery was negligible except for alocalized area of rechargefrom an overlying drift
aquifer.

Two processes apparently affect the groundwater chemistry. First, subsidence-related fracturing increases |eakage
from overlying to underlying units. At Jefferson, fresher drift water leaked into the shale, and brackish high-sulfate
shale water leaked into the less-brackish bicarbonate water in the sandstone. Nitrate (or other) contaminants from
shallow aquifers may leak to deeper aquifers. Second, oxidizing recharge water moving through the aquifer may
mobilizesulfates from sulfide minerals present in the sandstone. At Jefferson, the deterioration in quality detracted
from the physical enhancement of the aguifer. Nevertheless, it is neither inevitable (it depends on the local
geochemistry) nor (given current point-of-use treatment systems) necessarily a bar to using the water.
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RECLAMATION OF AGRICULTURAL LAND AFTER
PLANNED COAL MINE SUBSIDENCE

R. G. Darmody*
Department of Natural Resources and Environmental Sciences
University of Illinois
Urbana, lllinois

Abstract

Underground coal mining, although not as as surface mining, can alter the surface and impact agriculture. Surface
alterationsinclude subsidence that disturbs and creates depressions. Subsidence has always been a potential long-
term problem with conventional room and pillar mining, but newer forms of mining create certain and immediate
subsidence. This difference isdue to the amount of coal left behind to support the overlying soil. In conventional
mines, about half the coal remains unmined as pillars, and subsidence is not expected to occur. In high extraction
mining, all of the coal isremoved and the surface subsidesimmediately. The advantage of high extraction mining
isthat less of the coal isleft in the ground and subsidence can be planned for and mitigated shortly after subsidence.
Subsidenceisaproblem particularly wherewater tablesare near the surface and the landscapeisof low relief. Under
these conditions, ponds can form in the subsided areas. Research has shown that subsidence miligation, properly
applied, can restore agricultural productivity to undermined areas in most cases.

Introduction

Coal mining and agriculture are large industries that require extensive land areas to be efficient and often compete
for the same land. Thisis a problem wherever coal and agriculture coexist (Hu and Gu, 1995; Holla and Bailey,
1990). Inthe midwestern U.S.A., and in Illinoisin particular, coal underlies areas of prime agricultural soils (Fig.
1). Both mining and agriculture contribute to the economic health of aregion, but coal extraction must not be done
at the cost of long-term agricultural productivity. Long after the economic benefit of coal has been realized, the soil

will continue to be needed for food and fiber production. It isthe goalof coal mining regulations and reclamation

to provide the potential for both industries to contribute economically.

Thetrendin Illinoisistoward underground coal mining. Over thelast 30 years, underground mining has gonefrom
4810 8 1 % of thetotal production, and it will dominateIllinoiscoal production into the 2 1st century (IDMM 1994).
In addition, the underground coal mining industry of the Eastern Interior Coal Basin is moving away from
conventional partial extraction mining methods, such asroom and pillar, toward higher extraction mining methods.
In room and pillar mining, coal isremoved from the rooms, butabout half the coal is left undisturbed as pillars to
support the roof (Bauer et a., 1995). Room and pillar mining wastes much of the coal and is not absolutely
guaranteed to prevent subsidencein thefuture. Subsidence can occur dueto pillar, roof, or floor failure, particularly
inolder mines (Bauer et a., 1995). Thistype of subsidence can be gradual and long-term asthe floor slowly heaves
creating a subtle sagging on the surface; or it can happen quickly in relatively well defined areas|ong after the mine
isabandoned. Subsidence of this nature is not predictable and is difficult to manage.

Higher extraction mining methods include retreat mining and longwall mining. High extraction retreat mining
involvesremoving portions of the pillarsfrom aroom and pillar mine. Extraction ratios are about 80 to 90% within
aminepanel (Hunt 1980). Maximum subsidence at the surface from thismethod i sabout 50 to 60% of the mined-out
height underground (Bauer et al., 1995), but it can be unpredictable because local conditions in the mineinfluence
the actual amount of extraction. In addition, pillars left standing as in conventional room and pillar mining may
eventuallyfail. Subsidence effects at the surface above high extraction retreat mines are similar to, but less clearly
demarcated than, effects caused by longwall mining (Darmody et al., 1989). Longwall mining is more efficient than
either room and pillar or high extraction retreat mining. It involvesremoval of al of the coal within the mine panel
with a continuous longwall mining machine. Consequently, with no pillars left in the panel to support the roof,
subsidenceoccurs almost immediately at the surface (Bauer and Hunt 1992) (Fig. 2). Total subsidencein the center
of the mine panel is typically 60 to 70% of the extraction thickness (Bauer and Hunt, 1992; Kahair and Begley,
1992). Innearly level terrain, asubsided longwall mineareaappearsasaseriesof troughsbetween low ridges. The
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troughs vary in size, but in Illinois they are typically about 1 to 2n deep in the center with dimensions of 0.2 by 3
km (600 by 10,000 ft), and cover about 60 ha (150 ac) (Bauer et al., 1995).

The subsidence pattern at the surface is a reflection of the coal extraction pattern underground in the coal mine.
Subsidence troughs are the result of fall extraction in the mine panels. The ridges between them are the partially
extracted barrier pillars|eft standing between the panels. While the panel centers experience the most subsidence,
some subsidence may also occur over thechain pillars(Mehnert et al., 1992). Asapanel ismined, the surface begins
to subside above the active mine face after the mining advances beyond a critical distance. Tension cracks at the
surface open as the dynamic subsidence passes agiven spot. Cracks at the advancing edge close due to compression
after the area fully subsides. Cracks along the panel edges stay open because they are in a tensile-strained area
between the unsubsided ground beyond the panel and the subsided panel center (Fig. 3). While most of the
subsidenceassociated with longwall mining occursrapidly, slight residual subsidence may continue aslong asthree
years (Mehnert et al., 1992).

Subsidencefromlongwall mining is predictable, and damageto buildingsand other civil structurescan be prevented
or moderated. Because of its efficiency, safety, and predictability, longwall mining isthe method of choice for high
extraction coal mining. Itsuseisincreasing, but high start-up equipment costs, as compared with traditional room
and pillar mining, and fears of planned subsidence hinder acceptance of this method (DuMontelle et al., 198 1).

Coal companies anticipating subsidence as a consequence of mining need to control the legal right to subside the
surface. Subsidence rights were sometimespurchased by coal companies when the mineral rights were originally
sold by the landowner. In other instances, if the coal company does not own the surface, subsidence rights are
included in negotiations with landowners before the actual mining.Prior to the passage of SMCRA there were no
federal regulationsto control surfaceimpacts of subsidence. SMCRA addressed subsidence mitigation, but deferred
enforcement of that portion of the act to the states. Regulations were developed in Illinois by 1983 requiring coal
companiesto mitigate damage caused by subsidence (D. Barkley, IDNR, 1996, personal communication). Coal
companieswere required to compensate landowners or repair damage to structures and to restoreland use capability
to pre-mining conditions. This is different from regulations for surface mining of agricultural land that require
restoration of agricultural productivity.

This presentation deals primarily with subsidence problems associated with longwall mining. Most research on
agricultural impacts of subsidence hasdealt with longwall mining. Subsidence from high extraction retreat mining
issimilar to longwall but generally not as severe because of thelesser amount of subsidence associated with that form
of mining. Unplanned subsidence from room and pillar mining is unpredictable and site-specific which makes
generalizations difficult. However, the general principles discussed here apply to all types of mine subsidence.

Subsidence Effects

Subsidence i mpacts on structures

Subsidence has del eterious effects on man-made structures. Nevertheless, because the subsidence from longwall
mi ningis predictable and short-term, damage to structures can bereduced. Damageis most severeto structuresthat
span the edge of subsided troughs (Boscardin, 1992). Structures toward the center of the subsidence trough are
generallyless prone to damage because they are let down more uniformly after the dynamic subsidence wave passes
(Fig. 3). Repairs can begin soon after mining because most of the subsidence occurs within a few days after
undermining, and the surface typically within threeto six months (Mehnert et al., 1992).

To prevent subsidence damage, small buildings can be isolated from their foundations, or "floated,” during the
subsidenceevent and | ater placed upon new foundations. Railroads can be continuously regraded and leveled during
subsidenceso that traffic is not interrupted. Buried pipe lines can be exhumed to relieve soil pressure and allow
flexing during subsidence. This reduceshe chance of breakage and may allow uninterrupted use of the pipeline.
Power lines can be subsided with no damage or interruption of service given sufficient slack in the lines and sturdy
towers (van der Merwe, 1992). Roads also can remain open during subsidence; however, they need to be closely
monitored during subsidence to prevent development of hazardous conditions. After subsidence, roads may need
regrading and resurfacing; thisistypically done ayear after mining (Bauer et al., 1995). Subsidence can also lead
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to changesin springs, wells, and regional groundwater quantity and quality (Booth and Spande, 1992; Matetic and
Trevits, 1992). These effects are site-specific and may be unpredictable.

Subsidence affects on soils

Research on the reclamation of lands subsided by longwall miningislimited. Subsidence effectson agriculture land
havebeen documentedinlllinois(Darmody et a., 1989; Guither, 1986; Guither et a ., 1985; Guither and Neff, 1983),
the United Kingdom (Selman, 1986), India (Kundu and Ghose, 1994), China (Hu and Gu, 1995), South Africa (van
der Merwe, 1992), and Australia(Hollaand Bailey, 1990; Ham, 1987). Theseeffectsinclude soil erosion, disruption
of surface and subsurface drainage, wet or ponded areas, and reduction of crop yields. Much of the impact of
subsidence on soils and landscapes is rel ated to the pre-miningsurface topography. Landscapes with erosive soils
on long slopes may be subject to increased erosion potential because of slope increase or displacement of erosion
control structures (Ham, 1987). In low areas with high water tables, ponding is aparticular problem. This can be
due to disruption of surface drainage patterns as runoff collects in the low portions of the subsidence troughs. In
addition, the surface could subside bel ow the el evation of the water table (Fig. 4). Assubsidence progresses, and the
surface lowers, it may appear that the water table isrising (Fig. 4a). What actually happened in this case was the
water table maintained a constant el evation asthe surface dropped (Fig. 4b). Soil drainage or seasonal groundwater
fluctuationsmay mask this effect (Fig. 5). In some situations ponding might be viewed in a positive way because it
creates wetlands beneficial to wildlife, but negatively when it reduces net returns to afood or fiber producer.

In areas of rolling topography or high relief, there may be little or no obvious subsidence effect. The noticeable
exceptiontothis, however, can befoundin areas of very steeply sloping ground or cliffs. Theseareas may experience
dopeinstahility or rock falls (Shea-Albin, 1992). In addition, there may be achangeinthelocal hydrology that may
cause alterationsin wells, springs, and ephemeral water supplies (Werner and Hempel, 1992).

Large cracksthat develop at the soil surface after subsidence can pose ahazard and may alter soil hydrology. Most
subsidencecracks are small and are quickly obscured by normal cultivation. Larger cracks are generally backfilled
or graded to prevent them from posing a hazard to foot or wheel traffic. Along the panel edge, cracks remain open
after the dynamic subsidence wave passes (Fig. 3). This may allow surface water to infiltrate more easily and may
increasethe hydraulic conductivity of some soil horizons (Fig. 6). These changes arein avery small portion of the
mined area and may revert to the original conditions with time (Seils et al., 1992).

Subsidence affects on crops

Underground coal mining is generally not restricted by relief; however, agricultureis generally confined to areas of
relativelylow relief. Consequently, subsidence impacts on agriculture generally are more severein areas with low
relief and high water tables. Southern Illinois, for example, has abundant coal reserves and highly productive
agriculture. Itischaracterized by nearly level to gently rolling topography, shallow water tables, and extensive areas
of poorly drained, slowly permeable soils (Fehrenbacher et al., 1984). In this landscape, subsidence from
underground longwall coal mining creates wet or ponded areas that delay and disrupt farming practices, causes|ow
seed germination, and reduces crop growth and grain yields. Darmody et al. (1989) found a4.7% average reduction
in overall corn yields on subsidence-affected land in southern Illinois. In the same study, areas classified as
moderately and severely affected by subsidence represented 2.3% and 5.3% of the mined land area and registered
42% and 95% corn yield reductions, respectively. These severeyield reductionswerein unmitigated portions of the
subsided landscape.

Subsidence Mitigation

Introduction to mitigation

Coa companies repair or mitigate areas adversely affected by subsidence by cutting drainage ditches or grass
waterways, addingfill, recontouring thelandscape, or acombination of thesemethods. Drainageditchesaretypically

constructed using small tractor-pulled scraper pans. Fill material either isexcavated from existing ditches, borrowed
in the construction of a pond, or moved from high spots in the field. Topsoil is usually pushed aside using low
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ground pressure bulldozers or stockpiled using scrapersin both the borrow areaand the areato be mitigated. Subsoil
fromthe borrow areaisused asfill. Topsoil isthen returned to both areas. Fill depthstypically range from one-half
to one meter.

Mitigation techniques can be classified into three Mm: (1) ditch, (2) fill, and (3) ditch plusfill. Site conditions
dictate the amount and type of mitigation done. The success of mitigation in restoring grain yields is dependent on
several factorsincluding the amount of subsidence, thetype of mitigation work necessary, theresourcesand materials
availablefor the job, and the skill of the operators doing the work. Consequently, the impact of subsidence and the
success of mitigation is site-specific.

There are many publications on reclamation of cropland after surface mining for coal. However, cropland
reclamation after coal mine subsidence has not received much attention. Soil compaction caused by large
earthmoving equipment used m subsoil and topsoil replacement has been identified as a major factor limiting crop
productivity of reclaimed surface mined soils (Fehrenbacher et al., 1982). While the equipment used in subsidence
mitigationtendsto be smaller, the potential for soil compaction from scrapers excavating and placing fill and from
bulldozersused for cutting ditches still exists. Soil compaction causesan increasein soil density and asimultaneous
reduction in fractional air volume (Gupta, et al., 1989). Consequently, plant growth is altered due to poor soil
aeration, low nutrient and water availability, slow permeability, and mechanical impedanceto root growth (Indorante
et a., 1981). Fehrenbacher et al. (I 982) found significant differences in corn yields and root densities related to
different soil replacement techniques. Dunker et a. (1995) documented the success of mitigation of compacted
reclaimed mine soils. Their research demonstrates the importance of sound soil replacement techniques.

Subsidence mitigation effectiveness

Effectivenessof mitigation to restore soilsto their former productivity after longwall mining was studied in southern
[llinois(Darmody et a., 1992). Theresearch siteswerelocated in farmers fields and received varying amounts of
subsidenceand mitigation. Dominant soil serieswere Okaw (Fine, montmorillonitic, mesic Typic Albaqualf, Bluford
(Fine, montmorillonitic, mesic Aeric Ochragualf), and Cisne (Fine, montmorillonitic, mesic Mollic Albaqualf). The
soils were classified as highly, moderately, and somewhat sensitive to subsidence damage due to their natural
drainage and landscape position (Darmody, et al., 1989). A site consisted of the mitigation area, usually no larger
than one-half hectare (1.2 acres), paired with an undisturbed reference areawithin the samefield. Thefieldswere
planted to corn or soybean and managed by individual farmers. There was variability among sitesin planting dates
and other management practices; however, these variabl eswere constant within each paired mitigated and reference
site.

Selected physical and chemical measurements were made at the research sites to confirm consistency of soils and
managementwithin each research sitepair andto help explainyield variability. These measurementsincluded macro
andmicro-soil fertility level s, organic matter content, bulk density, saturated hydraulic conductivity, and particle-size
distributionof the 0 to 23 cm depth. Penetrometer resistance of the upper 1 10 cm was a so measured at sel ected sites
to detect soil compaction (Hooks and Jansen, 1986).

Sail fertility could be adversely affected by subsidence mitigation in two ways. First, recontouring could exposeless
fertile subsoil and remove fertile topsoil. Second, fill material could be deficient in major or minor plant nutrients
or organic matter, or could contain excessive amounts of sodium. To avoid soil fertility problems, topsoil istypically
removed before adding fill and then replaced upon completion of thework. In the southern Illinois study (Darmody
et al., 1992), organic matter and soil fertility estimates did not differ significantly within each paired site.

Subsidencemitigation may also influence soil physical properties. Mitigated sitestend to have massive or platy soil
structure in added fill material (Hetzler and Darmody, 1992). Table 1 shows mean values for bulk density,
penetrometer resistance, and saturated hydraulic conductivityat mitigated and reference sites. Soil compaction as
measured by bulk density was not greatly influenced by mitigation. The lack of soil in fill material did not
significantlychange the bulk density from reference soils. Thisisduein part to similar textures between mitigated
and reference areas sampled and perhaps the number of samples collected was not enough to detect statistically
significantdifferences in bulk density. In addition, although the structure was massive in filled areas, it was not
necessarily highly compacted throughout Compaction was mainly in traffic interfaces that may not have been
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sampled. Lower bulk densities were observed at sites reclaimed during dry conditions.

Penetrometer resi stance measurementswere taken in late spring when soil water content was approximately at field
capacity throughout the sod profile. The penetrometer resistance of most mitigated and reference depth segment
means were not different (a= 0.05). However, compaction from reclamation was detected at several sites (Fig. 7).
Prominent pointsin the penetrometer profileidentify traffic or scraper lift faces. Theseinterfacesof high compaction
disrupt internal drainage and may result in prolonged soil saturation. Root restricting soil strength values depend
on soil texture, structure, moisture content, and method of measurement and, therefore, do not lend to direct
comparison from other studies. Penetrometer resistance values between 2 and 2.5 MPa have been identified as
potential root restricting values (Taylor and Burnett, 1964). These values are exceeded at some sites and may be
causingroot restriction. However, most often the mitigated values are statistically indistinguishable from reference
areas (Table 1).

Soil hydraulic conductivity in filled mitigated areas tends to be lowered somewhat by mitigation because of the
destruction of soil structure and compaction (Table 1). Also, inclusion of foreign material in the fill can impede
conductivity; however, the changes are not of great significanceif the undisturbed soil has slow to moderately slow
permeability. In general, hydraulic conductivity did not vary by mitigation method. 1n the soils studied, which tend
to be poorly drained, fine softly-textured, and slowly permeable, soil physical properties were not significantly
influenced by mitigation.

Despite the similarities in chemical and physical soil properties, average crop yields were lower at mitigated sites
(Table?2) (Darmody et a., 1992). Corn yield differences were significant, averaging 19% lower on mitigated sites.
Soybeanyields, however, were not statistically different averaged over the four years. Yieldsfromindividual years
wereinfluenced by weather. During the drier growing season of 1988, cropsin the mitigated areas appeared to have
benefittedfrom the extrawater collected and held by subsidencetroughs. In contrast, awet springin 1990 precluded
plantingor caused low seed germination in these same areas. The apparent better response of soybean to mitigation
isattributed in part to alater planting date under typically better soil temperature and moisture conditions.

Cropyieldsat individual sites varied widely within agiven year. Consequently, "best case" extremes or sites where
mitigated yield was higher compared with reference yields were usually not statistically different (Table 3). In
contrast, most "worst case”" extremesare significantly different. Thisindicates productivity hasbeen returnedto pre-

mined levels at some sites while at other sites significant yield reduction can still occur after mitigation. Table 4
showscropyieldsfor different mitigation methods. Cropyieldsat ditch typemitigation siteswere statistically similar
toyields at reference sites. In contrast, corn yields with the other two mitigation types, fill and ditch plusfill, were
significantlylower thanyieldsat referencesites. Soybean yieldswererestored in areas mitigated by theditch method

or by the fill method, but were not fully restored where the ditch plus fill method was used. These differencesin
successrates of the various mitigation methodsisrelated to the extent of mitigation applied at each site. Ditch plus

fill is used where subsidence impact is greatest and where probability of successislowest. In contrast the ditch
method is used where subsidence impact is slight and the probability of successis great.

Subsidence mitigation

Research demonstratesthat all types of mitigation (ditch, fill, and ditch plusfill) can be successful in restoring land
use and crop yields (Darmody et a., 1992). Rainfall and other factors may compound yield response at any site to
causesignificant yield reductions despite mitigation. Site-specific factors such asthe amount of subsidence damage
and, hence, the amount and type of mitigation necessary and field/landscape characteristics may bias measured
mitigationsuccessrate. For example, ditching may be donewhen subsidence createsagentle and continuoustrough,
as opposed to alocalized depression or "pit" which would requirefill. The disadvantage of ditch mitigation is that
waterways in fields take land out of production and require maintenance.

Results from this study indicate that soil physical properties were similar in mitigated and reference soils. Bulk
density and saturated hydraulic conductivity tend to be somewhat lower and penetrometer resistance slightly higher
at somemitigated areas. However, thesesmall differencesin soil propertiesareindependently unlikely to affect crop
yields. Field inspectionsrevealed that yield differences were due to inadequate water drainage at poorly producing
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mitigated sites.

Because mitigated areas are relatively small (Fig. 8), adecreasein yield on one hectare will not significantly reduce
overall field yields. However, it is important that mitigation is attempted on all mine subsidence damaged
agricultural land not only from a productivity standpoint, but also to prevent associated agricultural problems such

as weed and pest control and to maintain normal field patterns for planting and harvest.

The research indicates that the following practices may improve mitigation: 1) reduce soil compaction by working
soil and adding fill when thesoil isdry, 2) minimize traffic and use low ground pressure equipment, 3) apply deep
tillage during and after mitigation work to alleviate compaction interfaces, 4) provide better water drainage by

excavating existing drainageways, and 5) add sufficient depthsof fill tolow areas. Inaddition, adding drainagetiles
to mitigated areas may improve mitigation success. Drainagetiles are not commonly used in southern Illinois due
to low soil permeability and siltation problemsin high sodium soils. A singlsubsurface drain with surface inlets

may be more economical than surface ditches for depressions in these soils (Drablos and Moe, 1984). In non-

compacted fill material, a subsurface tile may provide adequate drainage for crop growth provided an outlet is
available (Fig. 9).

Summary

Longwall mining causes immediate subsidence of the surface. Because essentially all of the subsidence occurs
quickly,within afew weeksto months after undermining, most surface damage can be predicted and mitigated. This
makes planned subsidence much more manageable than unplanned subsidence resulting from room and pillar
mining. The most serious subsidence impact on agricultural soilsis due t@xcess wetness. Thisisusually caused
by disruption of surface drainage but can also be due to lowering of the land surface below the elevation of the
seasonallyhigh water table. Because of high water tables or inadequate surface drainage, wet soilsare more difficult
to manage for conventional agricultural crops, must bedrained to increase productivity, and are more sensitive to
subsidence. Subsidence mitigation as practiced in the Midwestern U.S.A. is largely in restoring land use and
agricultural productivity. In some situations, however, subsidence may permanently alter land use and create
wetlands. Thisis most probablein areas of poorly drained soils that may be marginally too wet for agriculture. In
thisinstance, subsidence may be viewed as beneficial because it creates wetland wildlife habitat.
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Table 1. Selected soil properties (45-100 cm) at subsidence
mitigated and reference sitesin Illinois

Mitigation Bulk Density Penetrometer Hydraulic
Method (g cm?®) Resistance (Mpa)  Conductivity (cm d?)
Reff  Mit. Ref. Mit. Ref. Mit. ns
Ditch -7 - 16 2.3 3 7 1
Fill 1.48 141 2.0 2.3 21 18 4
Ditch+Fill 1.49 1.36 179 199 19
tRef. for Reference, Mit. for Mitigated.
TNo sample. Means of 4 sites. Source: Hetzler and Darmody, 1992.
Table 2. Crop yields at subsidence mitigation research sitesin Illinois.
Treatment 1988 1989 1990 1991 Mean
Corn Yield (Mg ha?)
Reference 5.96 7.84 7.02 6.65 6.87
Mitigated 6.02 1.27 4.95 4.64 5.72
Difference 0.06 -0.57 -2.07* -2.01* -1.15*
LSD 0.44 1.07 0.94 151 0.75
n' 6 7 11 4 28
Soybean
Reference 1.75 1.95 1.88 2.08 1.92
Mitigated 1.68 242 1.61 1.68 1.85
Difference -0.07 0.47* -0.27 -0.40* -0.07
n' 7 3 3 10 23

*Significantly different @=0.05). TMeans of n sites. Source: Darmody et ., 1992.
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Table 3. Crop yield extremes at individual subsidence mitigation research sites.

Y ear Reference Mitigated Difference
Corn e Yidd (Mg ha?)----------------
Worst Case
1988 6.58 5.27 -1.31*
1989 9.91 6.71 -3.20*
1990 7.65 1.44 -6.21*
1991 6.96 3.89 -3.07
Best case
1998 5.27 7.27 2.00*
1989 4.64 571 1.07
1990 4.95 4.70 -0.25
1991 6.96 6.84 -0.12
Soybean
Worst case
1988 2.26 1.76 -0.50*
1989 1.88 2.20 0.32
1990 201 0.94 -1.07*
1991 2.32 1.25 -1.07*
Best case
1988 201 201 0.00
1989 207 2.63 0.56
1990 207 2.26 0.19
1991 2.45 2.76 0.31*

* Significantly different at the 5 percent level.
Source: Darmody, 1994.

Table 4. Crop yields for different mitigation methods.

Mitigation Crop Yield (Mg ha)
Method

Corn Soybean
Reference 6.90 a' 195a
Ditch 6.08 ab 1.88a
Fill 476 b 1.95a
Ditch+Fill 5.58b 1.54b

tMeans within columns followed by the same letter are not
significantly different 6=0.05). Source: Darmody et al., 1992.

Figure 1. Distributions of coal reserves and prime agricultural soilsin Illinois (source: IDNR and USDA
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Figure 2.
Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

Figure 8.

Figure 9.

NRCS).

Schematic diagram of longwall mining, overhead view (&) and cross section (b).

Formation of surface cracks above alongwall mine panel in alevel topographic area.
Piezometric response to subsidence above the panel centerlinein a nearly level, somewhat poorly
drained

soil, as measured with reference; @) (upper) ground surface, b) (lower) elevation (Darmody, 1994).

Piezometric elevations in a somewhat poorly drained soil at an undisturbed site and above the center
line and edge of a nearby longwall mine panel (Darmody, 1994).

Effect of subsidence on soil saturated hydraulic conductivity (Darmody, 1994).

Penetrometer resistance profiles at five subsidence mitigated sites and at nearby reference sites
(Hetzler and Darmody, 1992).

Schematic of the distribution of surface effects of longwall mine subsidence.

Schematic of proposed improved subsidence mitigation plan.
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Figure 1. Distribution of coal reserves and prime agricultural soils in
Illinois (source: IDNR and USDA NRCS).



LONGWALL COAL MINING SCHEMATIC

a) Cross section across mine panels

Subsidence troughs  Former ground surface

Approx. dimentions
50m 200 m

Former roof line |

~ \ s

Mined-out panels Barrier pillars

b) Overhead view into one mine panel

1,000+ m =

] Continous miner
:: Caved-in

(] ] Mined-out

:: ,Chain or barrier pillar

Direction of mining -

Figure 2. Schematic diagram of longwall mning, overhead view (a) and
cross section (h).
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Formation of subsidence cracks above a longwall mine panel

Longitudinal cracks — B Transverse cracks
Direction of |{ (“_’
mining 5
- a
Ao {--3-]--
"
B b
. . Subsidence
’Max1mum tension, transverse cracks form g - b
A?

A T,
1 )Transverse cracks close due to compression
after dynamic subsidence wave passes

Panel edge C
B ‘/(Maximum tension) T~ - B’
m 1 “y Longitudinal

. cracks
Center Line
(Maximum compression)

Figure 3. Formation of surface cracks above a longwall mine panel in a
level topographic. area.
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PIEZOMETRIC SURFACE
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Figure 4. Piezometric response to subsidence above the panel centerline in

a nearly level, somewhat poorly drained soil, as measured with
reference;a) (upper) ground surface, b)(lower) elevation (Darmody,

1994) .
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Figure 5. Piezometric elevations in a somewhat poorly drained soil
at an undisturbed site and above the center line and edge
of a nearby longwall mine panel (Darmody,1994).
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Figure 6. Effect of subsidence on soil saturated hydraulic conductivity
(Darmody, 1994) . :
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PENETROMETER RESISTANCE (MPa)
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* Significantly different (0.05 level).

Figure 7. Penetrometer resistance profiles at five subsidence mitigated
sites and at nearby reference sites (Hetzler and Darmody, 1992).
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Subsidence Impacted Areas on a Typical Panel

Panel Area 70 ha (180 ac)

None or Slight 93%, 65 ha (167 ac)

Moderate 5%, 3.5 ha (9 ac)

Severe 2%, 1.5 ha (4 ac)

Cracks

Figure 8. Schematic of the distribution of surface effects of longwall mine subsidence.
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a. Subsidence troughs are run-on sites for both surface and subsurface water.
This creates excessively wet or ponded areas. Compaction may be a problem
within the fill and at the burried interface with the natural soil.

water flow path

Soil surface ' Subsidence trough -l

R Raron R TS LR
Flll zones P

b. Adding sufficient fill, in‘stalling drain tiles, minimizing soil compaction,

and tillage to eliminate compaction in fill and at the fill-soil interface
should increase mitigate success.

. [Tile inlet (optional)
Soil surface / —
Ahborizon ’
E ...
BU
Not to scale
Figure 9.

Schematic of proposed improved subsidence mitigation plan.
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