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Joint Oil/Gas and Trona Development Industry Group 

Policy Committee 

Report on Concurrent Development of Mineral Resources ia the Kaown 
Sodium Leasing Area of the Greater Green River Basin 

INTRODUCTION 

The Joint OS/Gas and Trona Development Industry Group was created in May 1995. The 

industry participants are: FMC Corporation, 8w Gas Research Institute. General Chemical Soda 

Ash Partners, OCI Wyoming LP. Petroleum Association of Wyoming, Rock Springs Royalty 

Company, Sofvay Soda Ash Joint Venture. Tg Soda Ash Inc., Union Pacific Resources Company, 

and Wyoming Mining Association. 

The Group's mission was to develop technical information about the interactions of trona 

mining and oil/gas exploration and production. The information developed would be used as a 

basis for the resolution or prevention of conflicts that might occur related to the coincidents! 

development of the trona and hydrocarbon resources in that portion of the Greater Green River 

Basin in southwest Wyoming described as the Known Sodium Leasing Area fKSLA"). 

The Joint OS/Gas and Trona Development Industry Group established a Policy Committee 

("JIC") made up of industry and government participants fo implement the purposes of the Group 

and direct technical investigations. The technical investigations were undertaken by a Technical 

Subcommittee which included members from the State of Wyoming ("State"), the United States 

Department of Interior ("BLM"), the Petroleum Association of Wyoming ("PAW"), the Wyoming 

Mining Association Trona Subcommittee fWMA") and other stakeholders and qualified special

ists as requested by foe Technical Subcomrnfttee. The JIC also established additional sub

committees to evaluate Safety. Economics. WeU Completion and Abandonment. Gas Migration. 

and Shallow Gas Draiinq. 

The intention of the JIC was at aB times to have a balance of members from the government 

and private sectors and from the trona and oS/gas industries. The information gained has been 

used to formulate fair and equitable co-existence strategies, while protecting both resources. All 

decisions related to the investigations conducted under the direction of the JIC as weU as the rec

ommendations and reports) that follow were agreed to by consensus of the JIC. 

EXHIBIT 
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POLICY COMMITTEE SUMMARY 

The task of the JIC was to identify technical problems that might be associated with concur

rent development, evaluate the potential for problems, and recommend mitigating actions. 

Primary concerns were: the safety of the underground miners and tne economic implications 

associated with contemporaneous aeveJoprnenL The safety concerns were the effects of mining 

incbced stresses upon a wefl bore in or near the underground wordings and the potential for gas 

and/or fluid migration from a well and the impacts i might have on an operating mhe in terms of 

toss of fife. The economic concerns centered on the possible sterilization of the trona resources, 

loss of capital investment in the mines and soda ash plants, loss of jobs, toss of tax revenue, toss 

of royalty revenue, and loss of economic viability of the trona industry. 

The committee Identified three areas that should be evaluated relative to concurrent develop

ment ofthe rrydrocarbon and trona resources: (1) the Mechanical Mineable Trona Area ("MMTA") 

mat lies within the KSLA, (2) the KSLA outside of the MMTA, and (3) hyorccarbon production 

areas within and outside the KSLA that are in dose proximity to existing underground trona 

mining. 

Technical investigations were conducted in several areas of concern utSizjng the members of 

the Technical Subcommittee and third party consulting firms. The JIC members shared the 

5790,000 cost of third party consulting arrangements. The final report of the Technical Sub

committee concluded that casing deformation in the wefl bore was substantial and is a function of 

the prcodmity of the wefl to the underground mining and subsequent post mining subsidence. Gas 

and/or fluid migration from a well bore was identified through an independent study as a 

potentially catastrophic occurrence. 

In paraBel with the technical investigations, the JIC considered business, regulatory, and legal 

sedations to mitigate potential conflicts associated with concurrent development. Union Pacific 

Resources (UPR), the largest private landowner in the KSLA, has offered to lease the oH/gas 

rights wffliin the MMTA to the individual trona operators that hold sodium leases from UPR. The 

UPR proposal provides a business solution, which puts o3 and gas development on private trona 

leases under control of the trona lessee. Regulations adopted by BLM and the Wyoming OB & 

Gas Conservation Commission relative to dotting, completion and abandonment would provide an 

extra measure of safety to the underground miners. Pursuing a legal resolution was considered 

the least attractive approach, as all participants wished to avoid a protracted and expensive 

litigation exercise. 
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MINING INDUCED STRESS ON A WELL 

The JIC technical investigations evaluated the potential hazards of concurrent development of 

the trona and hydrocarbon resources. Two primary hazards were found: (1) the loss of control of 

a well due to mining-generated subsidence slippage wfthin the overburden, and (2) me migration 

of high-pressure gas, oa, or water into the mines with catastrophic consequences. 

The inffial Noughts on co-existence centered on a 'drilling island" concept that would duster 

weOs in a specific Island" area simlar to the patterns used in the offshore drilling platforms. A test 

program was formulated to investigate the size of the island necessary to provide a protective 

barrier around a weS so that its integrity would not be compromised by mining activities. 

The interdisciplinary study involved drilling two cased wells ahead of an FMC longwaS-mining 

unit These weds were then approached, each in turn, and mined through using a machine which 

cuts away a SOO ft. wide by 10 ft high section of the main trona seam, known locally as Bed 17. 

LongwaS mining yields the highest extraction of trona and this approach generated the most 

severe regional deformation pattern of any trona mining method currently employed using 

workers tmderground. 

Nine sfip planes strongly influenced the potential for casing damage in the two test wells 

dried near the iongwatl workings of FMC. The location and spacing between these slip planes 

influenced the amount of horizontal slip. The most severe horizontal displacements occurred on 

slip planes of depths of about 300 ft, 600 ft. 690 fL. and 900 ft. AI ofthe nine significant slip 

planes were found at depths of less than 1100 ft.; however, additional slip planes developed 

below 1100 ft. when me mine workings and lest wells were in dose proximity. 

A finite element model (FEM) was developed for Ihe KSLA utilizing local geology, local physi

cal properties, and mine geometry parameters. The model relates the magnitude and direction of 

horizontal sfip on nine bedding planes to the distance from a longwafl mining system operated by 

FMC. A similar model was also developed to define the basic relationships for bedding-plane 

sSppage anticipated ki the vicinity of partial-extraction mining techniques in more common use for 

bona mining. The FEM models were used to predict the stress-strain field surrounc&ng the mine 

workings and tho rock-cement-casing deformations. 

The models show that very little lateral displacement would occur at distances beyond 1250 ft. 

from the edge of longwaB trona mining at a depth of 1600 ft. In consideration of geologic 

discontinuities and the vagaries of numerical! modeling, the consensus of the JIC was that an 

island with a radius of one mine-depth would provide sufficient protection from casing deformation 
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to aflow a weH to be drilled. The models and field measurements show that if a barrier size of less 

than this distance is selected wed integrity is compromised. 

Additional analytical studies were conducted to define the relationships between bedding 

plane slip and allowable casing deformation. Due to crushing of rock and cement, not all 

horizontal movement is converted to pipe body strain. This work concluded that ignoring 

threaded connections, an 8 5/8-inch casing would deform about 2 inches when the longwafl was 

within about 10OO feet horizontally. Additional deformation of the casing would not allow re-entry 

to the weH for repair of work-over. 

Methane samples from the five trona mines and several deep gas wells were chemically and 

isotopicalty analyzed to determine if the gases from these two sources were distinctly different 

The analyses indicated that the shallow (mine level} methane samples were enriched in the 

lighter isotopes of hydrogen and carbon relative to the deeper (Cretaceous) methane samples. 

Mixtures of shallow and deeper gases were also analyzed. It was determined that such mixtures 

could be identified using isotopic analysis and a proportional mixing model. 

FLUID/GAS MIGRATION 

The JIC retained the services of Dr. Craig W. Van Kirk of the Colorado School of Mines to 

conduct a study to analyze the potential for fluid Rows from oil and/or gas weSs and the effects on 

trona mining in the KSLA The study focused on two major tasks, (1) a literature survey to 

identify situations and examples of case histories demonstrating where oil and/or gas has 

migrated from weds and, (2) computer simulation models were developed to demonstrate if and 

how fluids could leak from weSs within the KSLA of the Green River Basin. 

The major conclusions of the study are. (1) case histories in other areas of the world do 
document the consequences of uncorrtrofled fluid migration and some examples demonstrate that 
the potential exists for leakage from wefls within the KSLA and fflustrate that the potential for such 
leakage is significant. (2) computer models simulated the Ethology and geology of the Green 
River Basin in the KSLA and dearly demonstrated that dangerous un con trotted fluid Mows could 
occur in a variety of ways, resulting in a range of damaging effects on mining operations from a 
minimum of increased water influx into the mines, to a maximum of life threatening gas blowouts 
into a mine. (3) high pressure gas could fracture the rocks and flow out of control laterally a 
distance of two miles and break into a working trona mine in a matter of 1.5 to 3 days. 
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SAFETY 

The trona mines employ over 1,000 miners with approximately 200 miners working under

ground at any point in time. The heafth and safety of these men and women is the primary 

concern of the Joint Industry Committee (JIC). A considerable amount of time, money, and effort 

has been expended by the JIC over the last few years investigating the feasibility of contempora

neous development of the oB/gas and trona resources in the Green River Basin. The investigat

ions have shown that co-development of both resources is not without risk. History has demon

strated that despite the best applications of technology and operating practice, mining and oi/gas 

extraction operations can, at times, exhibit unpredicted and unprecedented behavior. The inter

actions between the oi/gas and trona industries increase the likelihood of an unexpected event 

In brief, the issues relating to interactions between the oi/gas and trona industries can be 

broadly grouped into two general areas: 

1. The effects upon an operating wel due to mining induced stresses. 

2. The effects upon an underground mine due to gas and/or fluid migration from a welKs). 

Engineering studies performed by the JIC: clearly show that a we" located within the stress 

envelope of an active mine wS suffer varying degrees of deformation dependent upon the 

distance from the mine workings, the type of mining employed, and the extraction ratio in the 

area. The deformation tends to become mora severe as the distance the mining area to the weft 

bore is decreased or the extraction ratio is increased. In the situation where the wel is in dose 

proximity, (i.e., within one mine-depth radius) to an area of high level extraction, several inches of 

horizontal and vertical displacement can be expected resulting in severe damage to the well. 

Assuming significant damage to a weH in (dose proximity to a mtne(s). there are at least two 

conceivable scenarios that could severely impact the mining operations). 

1. High-pressure gas inundations of mine workings resulting in an explosive, oxygen 

deficient, or possibly toxic atmosphere. 

2. High-pressure gas invasion of the trona and/or strata surrounding the trona leading to 

rockbursts or unexpected cave ins. 

In the case of gas and/or fluid migration, computer simulations and historical information 

supplied to the JIC by Dr. Van Kirk, a recogniced authority in petroleum extraction, demonstrate 

that the potential does exist for such processes to occur within the KSLA. particularly If the weBs 

are not completed properly. 
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There are several conceivable adverse effects of gas/fluid migration that could impact a min

ing operation including those fisted above. The most likely of these would be the slow, chronic 

leakage from a weU(s) toward rrwieable portions of the trona reserve. Should this phenomenon 

occur, it is lately that large undetected gas or fluid filled fractures would be created in the trona 

seam. Miners who inadvertently breach such an area undoubtedly would not survive the 

encounter. 

An equally likely impact of gas/fluid migration would be the slow invasion of gas or fluids into 

the strata surrounding the trona seams. In this case, the gas/fluids would lend to saturate and 

weaken these strata leading to incompetent roof and floor in the mine workings. At the very least 

an increase in the occurrence of roof failures and Boor heave would be expected, both of which 

present serious hazards to miners. In the worst case, the weakened strata could propagate a 

violent, large-scale collapse of the mute workings. 

Although the probabHity of such events is difficult to assess, the fact that a 1994 study of gas 

and water wells in a 20 square-mle area around Granger, Wyomfrg determined that 30% were 

leaking fluids or gas warrants serious consideration of these issues. 

ECONOMICS 

The trona and hydrocarbon resources in Ihe area have a great value and are significant contri

butors to the economy of the local communities. An economic comparison between the trona and 

oil/gas industries dearly shows that the trona industry has a significantly greater impact on the 

economy of Southwest Wyoming within the study area. The government royalties, production 

taxes, and number of jobs associated with the trona production exceed that of the o3/gas industry 

by a ratio of fifty to one over a fifty-year time frame. 

COINCIDENTAL DEVELOPMENT 

The productive life of both resources presents problems. The production life of a conventional 

underground trona mine is at least 100 years. The production Bfe of a hydrocarbon wel is 20-50 

years, based on existing gas fields in the area. The findings of the JIC suggest that: 

tf the hydrocarbon reserves within the MMTA are produced prior to mining, development 

of the leased and pennitted trona reserves would be delayed as long as a wed or series 

of we lis is producing, making the development of the sodium w9hin the MMTA 

uneconomic at this time. 

If the trona reserves are produced first, the hydrocarbon reserves would be 

unrecoverable for an extended period, but conserved for future development. 

6 
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If the resources were concurrently developed, a protective island of one mine-depth 

would be required to protect a wel bore from damage due to mining. To adequately 

protect amine from the potential effects of fluid migration from a deep gas well a 

separation of one to two miles is required. 

RECOMMENDATIONS 

The JIC has deliberated for four years on Ihe complexities of coincidental development The 

technical analysis, studies, safety, and economic comparisons show that the conventionally 

mineable trona within the MMTA should be completely developed before development of the 

deep gas resource. The JIC recommends the following approach as a compromise between the 

oS/gas and trona industries: 

1. Extension of the existing moratorium on oi and gas development within the MMTA for 

an additional three months. 

2. Expansion of the MMTA boundary to include a one-mBe lateral safety buffer. 

3. Adoption of special drilling, completion, and abandonment standards within the KSLA 

and the MMTA. 

4. Shallow gas drilling would be allowed within the MMTA subject to special rules for 

drBBng operations, well completion, production, and abandonment procedures. 

5. In that area of the KSLA lying outside the MMTA drilling of deep gas wells would be 

allowed utilizing special rules for dnfting operations, well completion, production, and 

abandonment procedures as proposed to the Wyoming 03 & Gas Conservation 

Cc*nrrtission for the Special Sodium Drlfing Area 

6. Modification of the BLM Land Use Plan to dcse the MMTA to di and gas leasing and 

development for draiing of deep gas weSs. DriSng would be prohibited until after 

completion of conventional underground trona mining and abandonment of the 

underground trona mines. The rrydrocarbon resources in the MMTA w» be conserved 

for future development. 

7. The area of the KSLA outside Ihe MMTA boundary may be developed concurrently, 

but it is the consensus of the JIC that drilling procedures and weH completion practices 

require modification to ensure that uncontrolled releases of fluids (gas or liquid) does not 

occur. The JIC. in conjunction with the Wyoming OI & Gas Conservation Commission. 
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has drafted rules for a Special Sodium Drflting Area that encompasses the KSLA. These 

rules were adopted by the Commission on Apr! 13.1999. 

Due to (he existence of Federal and State oil and gas leases that have been issued within the 

MMTA. the adoption of the above recommendations may be somewhat problematic There are 

several options for addressing this problem: 

1. Existing Federal and State lessees could be given a preferential right to trade leases 

witiiin the MMTA for other Federal or State teases of equal or greater appraised value. 

2. The current suspension of leases could be continued on a long term basis until the 

conventional underground mining of the trona is completed and miners are no longer 

working underground. 

3. The existing Federal and State leases could be purchased from the lessees. Funding 

for a repurchase could take several forms: 

A. Give the leaseholder a royalty credl against future oil and gas production on 

other leases held by the lessee. 

B. Allocate a portion of future sodium royalties lo purchase leases from the 

lessee. 

C. Federal budget disbursement 

D. Private compensation from trona producers. 

The JIC recommends Option 1—trading of leases—as the preferred aftematfve. 

CONCLUSIONS 

The issue of concurrent development of the trona and hydrocarbon resources is very complex 

and no single avenue exists to sofve the myriad of potential problems. History has shown that 

both mining and oil/gas operations can behave unpredictably despite the best efforts in the 

application of technology and operating practices. The studies performed under the direction of 

the JIC have proven that coincidental development of trona and oiVgas within ihe MMTA. could 

have catastrophic consequences. This finding is based on the analysis of current driffing and 

completion standards used ki the Green River Basin and the potential for uncontrolled fluid 

migration from oil/gas wells into the underground miners). The safety and weH being of 1000 

underground miners employed in the trona mines is of paramount importance. 

S 



SUMMARY 

Trona mining and oil & gas industry groups in the Green River Basin region of Wyorning are 
concerned that their operations may geographically overlap in the future. The present report is the last of a 
3-part analytical study program intending to explain and quantify those mining-related ground movements 
which can influence the design of oil and gas weSs. It is one portion of an industry and government-
sponsored research program which inducted (a) field measurements of ground surface subsidence over a 
trona mine at me FMC mine near Utile America, VWorning; (b) measurements of horizontal and vertical 
deformations in dedicated observation weBs, and (c) laboratory tests on rock samples from corehotes. 
Phase 1 work completed in 1995 inducted analyses of the effects of parameter variability, rock-layer 
geology and mine geometry on overburden movements within the theoretical irritations of a 2-dirnensional 
pone-strain model. Phase 2 and Phase 3 considered those aspects of subsidence that are controlled by 
the 3-dimensional character of trona mining operations. 

For our analysis, we created plane strain and 3-0 finite element models which anatyticafly represent 
horizontally-lying, laterally-continuous layers of (predominantly) shale and sandstone rocks with a 10-ft thick 
trona bed at 1570 ft below the ground surface. The present 3-0 model represents e volume of sediments 
that is 4100 ft long, 2300 ft wide, and 1700 ft thick. Because of symmetry assumptions in the model, this is 
a "real width" of 4600 ft. The trona layer is analytically "mined* by simulating a long-wai method which 
completely excavates a tabular ore body 500 to 1500 ft wide 2850 ft fang, and 10 tt thick. We also created 
a plane strain model which is representative of a large regional tongwal mine with panel extraction widths 
greater than 1500 ft Relatively weak. tarizonaBy-cnented side surfaces were placed between rock layers 
to model bedding planes in the rock. Material engineering properties such as weight elastic modulus, 
Poisson's Ratio, shear strength, etc. were estimated from tests on rock core samples, by downhole logging 
measurements, and from published iterators. In addition to the regional finite element models, we 
developed a 3-D model to study the relationships between rock movements and the resulting displacements 
of a casing which is cemented n a borehole. 

Results of Phase 3 studies are in basic agreement with the results of the previous phases of the 
investigation wherein we had conduded that the major design problems for oil and gas wells which are 
located in native rock adjacent to active kmgwal trona mines are (a) bedding plane o&ptacemerits that can 
cccur great distances from the mine works, and (b) vertical compression of rock layers immediately above 
and below the trona bed. However, results of tests on rock core samples from one of the borings at the test 
site suggest that creep tefc*Tnatkxis are not a significant factor in regional subsidence phenomena. 

Numerical calculations performed with the 3-D and plane strain models show good agreement with 
surveying measurements of ground surface movements. Also, numerical calculations agree very weH with 
the measurements of mining-induced sliding on bedding planes that were obtained from the two observation 
wells installed at the site. In particular, they confirm measurements in wel COEX2 suggesting that bedding 
plane movements can be initiated when the face of the tongwaH is between 1200 and 1700 ft away from the 
wefl. 

Numerical calculations were performed to estimate the effects that a steel casing and borehole 
cement might have on localized rock deformations in the immediate vicinity of the observation wells. They 
indicate that bedding planes must sBp about 1 inch before the center axis of the casing wiH be offset 
significantly. Once the initial bedding plane offset motion is achieved, the casing offset increments wiH 
equal the bedding plane sfip increments. 

Report No. 0201-3O5S 



Ths rnjrnerical models indicate that a small, single panel tongwan mine can create bedc&ng plane 
sfip of 0.1 ft as tar away as 600 ft from the face of the mme. For larger torrgwaB panels, bedding plane slip 
of 0.1 ft or more may be felt more than 2000 ft from the mine rxxmdaries. 

RepcRNo.C201-3O59 
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1. INTRODUCTION 

Green River Basin trona beds are mined at depths ranging from 850 ft to 1700 ft by urutararound 
excavation methods and may eventuaSy be mired at greater depths by sorutioning techniques. Of and gas 
is also produced in the Green River Basin, and gas potential may exist beneath the trona beds in some 
areas. Since trona mining can sometimes cause subsidence of the overtying rock layers, the subsidence-
retated movements of overburden rocks must be analytically predictable if wetts are to be designed to 
withstand these movements without significant damage. 

The Joint OilA3as and Trona Devefopment Industry Group (the 'Group*) was formed to develop 
methods for the extraction of both nydrocarbon and trona minerals in the Green River Basin. To this end, 
the Group created a program of field, laboratory and analytical studies that would be carried out in 
conjunction with trona mining at the FMC fadfity near littie America. Wyoming. Boreholes were cored and 
cased at two locations ctose to an active mine, and rock properties were tested in a laboratory using 
samples from the borehote. Starting m May, 1995, vertical and horizontal rncivemerrls Df the ground surface 
above the mine were surveyed and movements of rock strata were measured by downhole logging toots 
during underground mining operations. 

The ground surveys were performed by WiBam H. Smith and Associates, Green River. Wyoming. 
Results of the field measurements wa be detailed in a report by the Technical Subcommittee of the Joint 
OHAGas Trona Development industry Group (The Technical Subcommittee). Results of laboratory 
measurements of rock properties are in a report by TerraTek (1996). Tbe Project Operator is the FMC 
Corporation. Green River. Wyoming, and the Project Manager is Mr. WUfiam G. Fischer, Trona Associates. 
Green River. Wyoming. 

This is the third and final report in a three-phase numerical study. Phase 1 results were presented 
in a meeting in Green River on November 13.1985, and Phase 2 results were presented in a meeting in 
Rock Springs on October 24. 1996. The Phase 1 and Phase 2 studies were primarily concerned with the 
analytical development of plane strain and 3-dkr>ensjorial finite element models, including tne investigation 
of those physical parameters which significantly influence subsidence-related rock movements. In Phase 3 
we used rock engirteering parameters measured in laboratory tests in the numerical model, and we 
cafibrated the response of the model to measured surface and downhole rock movements. Specific 
attention was given to those types of rock deformations which are important for the design of oil and gas 
weOs in regions of mining-induced subsjrJenca. 

The purpose of this investigation is to elucidate highly complex interactions between bona mining-
induced subsidence and rock movements around wel casings that are installed near the mine. Numerical 
results presented in the report are specific to the FMC test site, but they also provide a basis for more 
generalized conclusions concerning the risks of locating oU 3nd gas wefls in the vicjnSy of mining operations 
throughout the Green River Basin. However, fina] design details for a wel near an operating mine should 
always be based on the specific geology and operational methods that are encotrntEred at the site. 

The results of ths investigation do not apply to mining in geologic regions outside the Green River 
Basin KSLA. The results should not be used for predicting rock movements around wets in any geologic 
region other that the one described in this report 

During this investigation the Project Manager. Mr. WflBam G. Fischer, provided invaluable aid based 
on his extensive experience with Green River Basin trona mining operations. We gratefully acknowledge 
and sincerely appreciate his assistance. 

Ftencst No. 0201-30S9 
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2. GEOLOGIC SETTING 

The FMC mine is located in the Green River Basin region of southwestern Wyoming near Little 
America, Wyoming. The mineral trona" (a crystaffine source rock for soda ash) is mined here. At least 42 
trona beds have been discovered in the Green River Basin Known Sodium Leasing Area (KSLA). 11 of 
which have tWetatess greater tt^ At the FMC test site, 
mining is conducted in an 11-ft thick trona layer known as Bed 17 encountered about 1580 ft below the 
ground surface. The ground surface elevation at the test site is about 6377 ft above sea level. 

The southwestern Wyorning trona beds (Na2C02 NaHCOj 2H2O) originated in the early to middle 
Eocene epoch (about 50 mffion years ago) in a freshwater lake by processes such as leaching of volcanic 
ash layers and seasonal influxes of carbonate-rich sediments. The lake went through many stages of filling 
and evaporation during a period of about 4 mfflon years to create the trona beds. The trona-besring layers 
are in the VWflons Peak Member of the Green River Forrnatiori. 

The Eocene Green River Formation is divided, in ascending order, into the Tipton Shale, the WSkins 
Peak, and the Lanay Shale Members (WSg, 1995). The Wffidns Peak Member is up to 1350-ft thick in the 
southeast part of the basin, and thins to about 600 ft in the northern part of the KSLA ft consists of sharply 
differentiated layers of martstone, oil shale, trona. sandstone. sBtstone, mudstone, and volcanic tuffs. The 
Laney a overlain by fluviariJe shales, sitstones and sandstones of the Eocene-age Bridger Formation to the 
ground surface 

In the geologic sense, a sudden change from one type of rock to another signifies there was a 
major change in the prevaSng deposition and erosion environment in the Green River Basin. In most 
cases, the change occurred across a very narrow boundary between the layers amounting to fractions of an 
inch in thickness rather than as a gradual transition through many feet of rock. These sharply defined 
bedding planes can be planes of weakness which become surfaces of sliding between layers during trona 
mining. 

Wflkhs Peak sediments can be seen along the north side of the Green River vafley near Green 
River. Wyoming as shown in the photographs on Plates 2-1 and 2-2 The reddish-brown colored sandstone 
atop the steep Wuffs in the distance in Plate 2-1 is a sandstone in the lower part of the Laney Member of the 
Green River formation (known in former years as the Tower sandstone). It originated as alluvial fans which 
generally filled into the basin torn the west covering the old iakebed. WiBdns Peak sediments on Plate 2-2 
illustrate the layering in a region where the ttorei beds have been leached from the geologic section. These 
lacustrine sedimants tend to be ffert-»ying, thin txtds of uniform thickness. In the upper section of the WSkins 
Peak, fluviatiie sandstones of variable thickness sometimes intrude (Plata 2-2). Layers tend to thicken to 
the west and floviaale sands can become retathrely thick w»thm Ihe WiBdns Peak Member. 

At the FMC test site, the base of the Wttans Peak (top of the Tipton Shales) is believed to be about 
1780 ft below the ground surface and the top of the Wifitins Peak is at about 1270 ft. The top of Trona layer 
#17 was encountered at 1588.5 fl below ground level hi test boring COEX1. and at 1577.5 ft below ground 
level in test boring COEX2. The sediments immediately above the trona are relatively weak, pliable shales 
and mansion es. They are overlain by much stronger, but often poorly cemented sandstones which occur 
from about 1070 to 1270 ft and again from 900 to 990 ft. The materials above the sandstones are even 
weaker shales and clay shales. The section from the ground surface to about 880 ft is believed to be part of 
the Bridger Formation. 

R^»« MO. 0201-3069 2 



The lacustrine deposits in the WHkins Peak tend to be flat tying, and bedding planes generaBy dip 
about 1 degree or less throughout the Green River Basin KSLA. Regional tectonic shifting over geologic 
time has left a vague fracture network which dips at 70 to 80 degrees from horizontal throughout the Green 
River and Bridger formations. These fractures are 'fight," low-permeabifity contact surfaces that tend to be 
short and discontinuous, normally 100 to 200 ft in length. Vertical permeability is in the order of 0.02 md; 
however, FMC has studied them for many years in the belief that mining induced stresses can cause them 
to open, which slows water to enter the mine from the sandstones ofthe underlying Tipton. Other mines in 
the KSLA might have simftar problems with Die overlying sandstone strata. The current model assumes 
these I'rttfe-known fracture networks are insignificant to the overall problem. 

Natural methane gas occurs in these sediments, possibly associated with highly organic ol shales 
in the WBkins Peak. Methane gas was found escaping from bom of the test boreholes after the casing was 
disrupted by mining-induced ground movements. 

3. OtL AND GAS WELLS IN SUBSIDENCE ZONES 

Gas wels are commonly constructed along the western edge of the KSLA by cementing a surface 
casing through the more prominent near-surface water-bearing zones, followed by a deeper casing which is 
commonly cemented from the production zone upwards for 1000 ft or more, leaving several thousand feet 
of uncemented casing to the surface. (No oi has been found in the KSLA. but nearby indicators are 
favorable based on today's technology.) The BLM has suggested and some operators have tried to cement 
to the surface, but high lifting pressures, tender formations, lack of cement quafity En the trona horizons, and 
difficulty in pressure monitoring at the surface make tha only a temporary measure. Smaller tubing is 
instated within the deep casing to carry the product to the surface. 

Among other factors, the casing is designed to resist the natural tendency of the drilled borehole to 
squeeze inward due to failure-level stresses created by the weight of the overburden sediments, regional 
tectonic stresses, etc Casing design to resist these 'normal* rock-stress conditions is generally 
accomplished by standard methods of petroleum engineering practice. Casing sfabifity problems can occur, 
however, when excessively large stresses are created m rock strata by rr îngHnduced subsidence. Typical 
stress systems that have been encountered oi subsidence areas include the fo Bowing; 

• Bending stresses can be induced m casing by differential sSding between opposing 
rock layers. 

• Abnormally high horizontal compression stresses are created in rocks that are 
"arching" across the mine opening. 

• Tensile stresses are created by those rock layers beneath the arch zone that move 
down into the mine cavity. 

» Vertical compression stresses are created in comparatively weak rock layers which 
compact and shorten verticafiy. This generaBy occurs fri those areas around the sides 
of the rrune which carry increased loads due to the creation of the rnirte cavity. 

Problems have been encountered with oa and gas wells that have been drilled in subsidence regions, where 
subsidence was caused by hydrocarbon production from deep-seated reservoirs, groundwater withdrawal, 
and sulfur mining by sototbrnng techniques. 
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Wefl casing problems at the BekJrioge 03 Field (Bakersneid, CaBfomia) have been described by 
Dale et al (1996), Kdoert et al (1996). de Rouffignac et ai (1995). and Hansen et al (1993). Ofl production in 
the field has lowered reservoir pressures, causing subsidence of a large region at present-day rates of 
about 0 5 ft/yr. At the edges of the affected region, near-vertical fissures have been created. Investigations 
have shown that the most serious problems occur near the edges ofthe field, where numerous weds have 
suffered damage as a resutt of differential sficling between layers of sediments. The top of the reservo'r 
occurs near 1200 ft. and the most serious shear zones tend to be in a sequence of sand and day-shale 
layers lying above the reservoir. Particularly troubtesoma shear zones are at about 700 ft and 900 ft. New 
wels are installed using larger diameter casing than used in earfer weBs. The additional area in the casing 
allows greater differential movement before the well becomes inoperable. 

Subsidence at the Ekofisk Field in the North Sea amounted to about 14 ft in February. 1989. and is 
presently occurring at a rate of 10- to 12-inches per year (Sulak and Danieisen. 1989). Ultimate subsidence 
may be as much as 60 ft OB weH casing failure has proven to be a problem in several areas of Ekofisk 
(Yudovich et aL 1989; SchwaH and Demey. 1994). Cottapse of well casings occurs in the reservoir rock 
and in the sediments immediately above the reservoir (generally, within 400 to 900 ft of the top of the 
reservoir). Measurements in weBs and mathematical modeling shows that failure-level tension loads are 
introduced in casing which passes through the overburden sediments, and faBure-teveJ compression toads 
occur where they penetrate the chalk reservoir rock. Localized deformations related to faulting does not 
seem to be a significant factor at Ekofisk. The most effective defense against damage to Ekofisk welts has 
been to avoid the high stress regions by directional drilling when possible. 

Significant subsidence from reservoir depletion has also been observed in Long Beach California's 
WBrnington Field amounting to more than 3D ft m a 35-year period. Production from a reservoir averaging 
3300 ft depth has produced an effipticatty-shapsd subsidence bowl about 5 miles by 2.5 miles in size. This 
subsidence has caused deep-seated horcontaly oriented movements through thin shale layers lying 
between thick sand strata These rnovements damage o3 and gas weBs. surface structures and 
underground pipelines. Some movements have been very sudden, creating small seismic events (Kovach. 
1980). The earfiest known seisrmdty-ievel bedding plane slip at WBrnington occurred in 1947. Another 
occurred in 1949 which damaged almost 200 weBs. Measurements at Long Beach snow horizontal ground 
movements of 11 ft. and surface strains of up to 1.4 percent in both extension and compression, depending 
upon the location within the subsidence bowl (Mtayuga and Allen, 1969; Allen, 1971). 

Onshore wefis have also been damaged by subsidence in the Guff of Mexico. Reservoir 
depressunzation at a field about 50 miles onshore Louisiana has initiated new movements on several faults 
and has severed numerous ol and gas wefis. Our study of the faBures showed the fault was sSding at rates 
ranging from 0.5 to 1.5 in. per year and failures occurred when the casing collapsed inward far enough to 
contact the production tubing. Because of tht Smiled space between the inside of the casing and the 
production tubing, some weBs failed as quickly as 3 to 5 years after installation. 

Failures also occur in weBs that are drilled to produce Squid sulfur at the Freeport-McMoRan sulfur 
mine located about 20 mDes east of the delta of the Mississippi River in the Gulf of Mexico. The welts are 
instaBed from production platforms in 210 ft water depth and they are drifted and cased to about 1400 ft 
below the seafloor. The damage appears to be caused by tensile stresses that are induced in the casing 
when the overburden sediments co&apse into cavities that are created by the extraction of the sulfur. Suffur 
wells are generally expected to have a life span of only a few years at most (this is very shod compared to 
oil and gas wells} and the remedy is to drill a new wefl as soon as possible after a premature failure. 

It is interesting to note that subsidence was a major design problem for the 350-ft long piles which 
support the 14 offshore platforms composing the offshore sulfur mine fadfity. Finite element studies 
indicated that very high bending stresses would be created in the piles by differential sliding between 
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several of the sand and day layers in the cverourden strata in those high-stress areas, pile sections were 
constructed of 5-in. thick. 150.000 psi steeL 

4. TRONA MINING AT THE FMC TEST SITE 

Trona production from the #17 Bed was initiated at the FMC mine in 1949. A "rocim-and-pSar* 
pattern followed by pillar extraction on the retreat was used for many years. Small stubs of pSars were left 
behind when the roof collapsed, resulting m area extraction of 87 to 90% (0.S7 to 0.90 of the plan area) of 
the trona. Mining operations were segmented into panels consisting of 'blocks' of ore about 400 ft by 
2000 ft, and 7 to 11 ft thick depending on the height of the seam. Adjacent blocks were mined in sequence 
so that the caved ama of each block coalesced with the previously caved area (Morgan, et al. 1985). Later, 
FMC changed to a longwal mining technique which extracts trona in individual 'panels', nominaly 500 ft 
wide and up to 5000 ft long. A continuous double row of Dinars is left between adjacent panels. Between-
panel pillars are somewhat crushed and are punched into the floor and roof layers when the adjacent panel 
is mined. The regional area extraction tor adjacent longwaB panels is near 0.75. 

Observations show that the nine roof behind the longwafl breaks into rubble up to three or four 
seam heights m thickness. At that point, the main roof deflects, and comes to rest upon the rubble virtually 
intact This roof plate remains as a laterally extensive unit aBhough vertical separation occurs on bedding 
planes up to a distance of about 325 ft above the mine tevd. This distance corresponds to the distance 
upwards to the base of the strong sandstone layers near the top of the Wflkins Peak. These lime-cemented 
sandstones appear to resist the downward coBapse and act as the keystone of an arch which is 
subsequently loaded by the shale layers extending to the surface. The differences m relative thickness and 
stiffness between the layers of sandstones and shales causes tedding plane slippage between some of the 
regionally extensive layers. 

Both room-and-pillar and longwaB methods are presently used to mine trona in the KSLA Also, 
there is discussion of using solutioning techniques to mine deeper trona beds. While the analytical models 
that are discussed in this report are based on the stratigraphy, rock properties and field measurements at 
the FMC longwaB test site, the technique can be applied to other Green River Basin trona mines. 
Stratigraphy, rock properties, etc. can be adjusted in the model to correspond to geologic conditions at 
these other mines, and the simulated "trona extraetiorf in the model can be adjusted to mimic the mining 
schedule. This coukf even hdude mining trona layers at several different elevations. 

A plan-view drawing of the mine layout at the FMC test site is shown on Plate 4-1. A summary 
history of the longwaB panels that are pertinent to the investigation is as foflows-, 

• Panel 1 (500 x 4370 ft) is located east of the test wefis. It was cc*npteted in October. 
1994 about seven months before teat wells COEX1 and COEX2 were drilled and cased 
in rnd-May. 1995. 

• Panel 2 (518 x 4970 ft) was started in November. 1994 and was carried north toward 
COEX1. The first successful muHa-finger cafiper fog looking for horizontal sliding on 
bedding planes was run in COEXt on August 14. 1995. Al that time, the face of the 
longwaB was about 607 ft south of COEX1. A reference rrruiS-finger caliper log was run 
in COEX2 on August 25,1995- At that time, the northwest comer of Panel 2 was about 
600 ft from COEX2. Panel 2 was completed in November. 1995. 

• Panel 3 (518 x 5600 ft) was started in December, 1995 and was completed in 
November, 1996. 

• The average height of the mined layer was 10.35 ft in Panel 3. 
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Plate 4-2 shows the position of the longwal mining face as cf April 14.1997 when it had progressed 
about 2300 ft north in Panel 4. Subsidence at the north end of the longwaA panes on April 14 is shown at a 
larger scale on Plate 4-3. Subsidence contours drawn on Plate 4-2 and 4-3 are based on measurements by 
FMC surveyors and are not related to the smaS precision survey grid shown on Plate 4-1. The contours 
indicate a maximum subsidence value of about 42 ft, centered over Panel 2. The maximum depth and 
width of subsidence will increase with addition̂  mining, eventually creating a flat-bottom saucer-fiks shape. 
Based on past experience at the FMC mine, the maximum value of subsidence is expected to increase to 
about 8.5 ft when aO of the adjacent panels are completed (estimate by the Project Manager, W.G. Fischer). 

5. FIELD ANO LABORATORY TESTING PROGRAMS 

5.1 Program Outline 

The field measurements program included both an investigation of movements of the ground 
surface above the mine and the deformation of subterranean rock layers. Locations of (a) the survey grid 
used to measure surface movements, and (b) the two observation weSs COEX1 and COEX2 used to 
measure defamations of rock layers are shown on Plate 4-1. The movement of the ground surface near 
the north end of the longwaB panels was measured by repeated surveys of the doseiy spaced grid 
benchmarks and this information was integrated into general regional surveys performed using wide spaced 
marks. Subsurface movements between rock layers wens measured by downhole togging in the COEX1 
and COEX2 observation weBs. The ffekf measurement programs started in May. 1995 and continued 
throughout the active mining of trona panels;! and 3. Results of these measurements wiB be given in a 
report by the Technical Subcommittee. 

Cores of significant rock layers ericountered in observation weS COEX2 were sampled by rotary 
core barrel and were logged by the Project Manager, W.G. Fischer. The sampies were sent to TerraTek. 
Inc.. in Salt Lake Crty where they were tested extansivery far engineering and geologic characteristic*. The 
results are presented m a report by TerraTek (1996). Results of the field and laboratory programs that were 
most significant for the numerical analysis program are summarized in the foCowing paragraphs. 

5-2 Ground Surface Subsidence; Vertical snd Horizontal Measurements 

Steel rods were driven into the ground to form benchmarks for the survey grid shown on Plate 4-1. 
Their vertical and horizontal positions were measured at periodic intervals during the mining of trona 
longwaB panels 2 and 3. Typical results of vertical subsidence calculations are Bluslrated in the graph on 
Plate 5-1. 

Line A data is taken from the line of benchmarks that is located over the centeriine of Panel 2 as 
measured at the end of longwaB Panel 2. The rnaximum recorded vertical subsidence shown on the Line A 
graph is about 1.4 ft at the survey Station 0+00 located about 1400 ft back from the end of the panel 2 
.longwaB. After 1 month, the ground had settled an addSonal 0.1 ft due to secondary effects such as 
(perhaps) crack propagation on bedding planes due to stress redistribution and stress adjustments in the 
ground after rnirwtg was completed in the immediate region. Lew B data was collected about a year later. i 
at the completion of Panel 3. The survey line is located above the barrier pillars halfway between the two 
panels Because of the larger excavation, the 1996 subsidence is more than twice as great as the 1995 
subsidence. A survey of Line B four months later shows an actftional 0.2 ft of settlement due to secondary 
effects. 
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Survey lines A and B were not long enough to capture the maximum subsidence. As shown on 
Plate 4-2 (taken from a regional ground survey data set), about 42. ft of subsidence has developed about 
3000 ft back from the end of the longwafl (or about 1600 It from the rear abutment) in April. 1997. 
Subsidence w8l continue to increase as additional panels am mined m the regions that are adjacent to 
panels 2 and 3. Also, subterranean rnovements of rock layers wil continue due to time-dependent 
phenomena such as stress adjustment and crack propagation. These rnovements are transmitted to the 
surface and add to the final ground subsidence. As noted earfier. the ultimate subsidence is expected to be 
about 8.5 ft basod on past experience at the FMC mine. 

Horizontal movements of surface benchmarks tend to be small, on the order of a few tenths of a 
foot but they are highly sensitive indicator!; of underground mining operations. In general, these 
movements tend to be directed towards the active mining zone. This is iSuslrated by the example history of 
movements at Station 12+00 above Panel 2 shown on Plate 5-2 (see Plate 4-3 for the location of this 
station). 

In the early stages of Panel 2 mining, the reference post at Sta. 12+00 moves south and east a 
distance of 0.13 ft from A to B on the graph as tne longwaB approaches from the south to within 379 It The 
eastward component of the motion is probably caused by the influence of ths rraned-out panel 1 region. 
Movements toward the face of the longwaB continue from B to C (about 0.07 ft southwest) as it gets within 
90 ft The face ofthe longwaB passes beneath Sta 12+00 and is about 178 ft to the north when Sta. 12+00 
is at D, thus causing motion in a northward ejection. The panel 2 longwaB was completed in November 
1995. and Panel 3 started'm December far to the south of Sta. 12+00. The complex movements that 
eventually take the benchmark to Point E on Plate 5-2, are largely a result of Panel 3 approaching from the 
south and then passing west of the survey station. 

In general, the earliest reliable indications of horizontal rnovements of the ground surface occurred 
when the longwafl panel was about 900 ft from the rr*asurernent post However, the iniuaj motion values 
are very sma», and tbe measurements ana comp&eated by natural phenomena such as temperature change 
and moisture change in the ground. These effects can cause significant variations that may mask the 
horizontal morions caused by underground rranirig. 

5.3 Bedding Plane Deformations in COEX1 and COEX2. 

Observation wefts COEX1 and COEX2 were driBed in May. 1995 to depths of approximately 
1660ft The hole diameter was about 12-1/4 in.; 32 lb. LTC R3 seamless steel casing was cemented into 
the wells with 55:35:5 Pacmix cement lead and Type G tail. At the time COEX.1 was drilled, the panel 2 
longwaB was about 1820 ft south ofthe weB she. 

Mufufmger cafiper tools operated by ScWumberger Wei Services and processed by Schlumberger-
Geoquest were used to measure the casing diameter in the two weBs at periodic intervals during bngwail 
rrnrung of panels 2 and 3. Two different muftifir̂ er-cafiper tools were used in the logging program One is a 
36-arm device. The centralizers for this tool are 102-in. apart and the cafiper is 64-to. below the upper 
centraSzer. The sensitivity of this tool is such that ft was possfote to detect casing offset or diameter 
changes of less than 0.1 inches. The other rnutifinger caliper used in the program is an 80-arni tool 
operated by Prairie Wireline Service. In addition to muftifinoer cafiper logs, th* casing shape was measured 
using a ScWumberger Ultra-Sonic imagery togging tool (or •Acoustic Cafiper*) and the casing in the vicinity 
of bent/damaged areas was inspected several times using a downhole camera supplied by HaSburton 
Energy Services. 

Panel 1 was completed in October 1994. Panel 2 was started in November 1994. The first 
multifinger caliper log of COEX1 was performed on August 14, 1995, when the kxigwaB face W3S about 
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608 ft from the well, and the last one was run on September IB, 1995. when the iongwaS was only about 
138 ft away. In afl. the Schlumberger rmjiti&nger cafiper was used 4 times in COEX1 and the Prairie 
muttifinger cafiper was used once. The first muJSfirjger caliper run in COEX2 was on 8125/95 when the 
northwest comer of the pane* 2 tongwal) was Bbout 600 ft from the wefl. The ScWumberger irartnnhger 
caliper was used 9 limes in COEX2. and the Prairie muttifinger cafiper was used once. Whie the results of 
the Prairie caliper are sim3ar tc those of the Schlumberger caliper, the geometry of the tools is very different 
and it is difficult to tfreetty correlate their data. Because of this, comparisons between successive logs 
showing bedding plane deformations are based on tte Schlumberger tool 

Caliper logs of COEX1 show smaB horizontal offsets at several depths in the wel which tend to 
become larger with the approach of the tongwaU. in COEX2. significant-sized 'kinks' in the casing were 
created when panel 2 approached within 500 ft east of the wel late in 1995. Unfortunately, these 
deformafions were not measured during the tone period when panel 2 was passing east of COEXZ 
Muttifinger caliper measurements of COEX2 during the mining of longwafl panel 3 showed that new 
movements added to those that had previously occurred. 

Table 5.1 fists the depths below ground surface where significant bedding plane-type horizontal 
offsets were detected in the observation wefis. Some of the bedding planes were first detected as smal 
deformations in the earliest cafiper logs and they enlarged in the succeeding measurements. Outers were 
not detected unfit late in the program when the longwaB was very dose to the oteervation weB. 

Displacements in COEX1 are shown on Plate 5-3 for seven of the bedding planes fisted above. 
Note that cfispJacernents of 0.1-0.2 in. had occurred on four of the bedding planes before the first downhole 
log when the longwaB was more than 600 ft from COEX1. The maximum displacement shown on this graph 
is 0.55 in. when the longwaB was 137 ft away from the wefl. 

The Panel 2 longwaB was completed in November. 1995, and the Panel 3 tongwal started in 
December, 1995. more than 6000 ft south of COEX2. Displacements vs. time and the distance from 
COEX2 to the tongwaB are shown on tha lower half of Plate 5-4 for six of the bedding planes. At the 
beginning of panel 3 longwaB mining, casing displacements of as much as 0.4 in. had already been created 
by adjacent Panel 2 mining. These casing defbrrratiorrs continued to accumulate on some of the bedding 
planes as a result of secondary subsidence when the longwaB was many thousands of feet distant, and 
unlikely to have affected the region around COEX2. However, deformations increased significantly on 
some of the bedding planes when the tongwal came within 1700 to 1200 ft from the weB (between 204 and 
240 days on Plate 5-4). It is apparent therefore, that longwaB miring at the FMC mine can cause beddfog 
plane rnovements more than 1200 ft and lessthan 1700 ft from the face of the tongwal. 

SA Vertical Deformations in COEX1 and COEX2 

Gamma fogs in COEX1 and 2 show the presence of dearly-distinguish able naturally-racOcactive 
markers. By ccunparing the position of these layers in successive fogs, ScWumberger can estimate the 
a>Tipactiori of shale layers located between the marker layers. Analysts of the gamma tog subsider»ce data 
is ongoing at this time and the results wM be toduded in the report of the Technical Comrrattee. 

5.5 Engineering Properties of Rock Layers 

5.5.1 Downhole Sonic Measurements 

One phase of the program consisted of downhole measurements using fogging tools such as 
gamma ray. rrthc-density. photoelectric effect compensated neutron, resistivity, shear wave, compressionaj 
wave and acoustic impedance to determine rock properties. Sonic logging and waveform analysis provided 

Report No. 0201-3068 

JP001266 



a means for obtaining continuous measurement of rompression and shear wave velocities. These data, in 
conjuncbon with the buJk density rneasurements, permitted calculation of engineering properties such as 
tow-strain elastic moduli. 

Log-derived profiles of Young's Modulus and Potsson's Ratio are shown on Plates 5-5 and 5-6. 
respectively. Results of logging runs on March 25.1995. and June 12. 1995, are similar, although there 
appears to be somewhat toss variabSty within the shales between the ground surface and -880 ft in the 
June 12.1995 tog. 

The locations of bedding plane sliding in COEX2 (plus one location in COEX1) am also shown on 
Plate 5-6. In general, the sfide planes found in the uppermost shales occur at locations of low modulus and 
at the upper and lower surfaces of strong, high modulus sandstones. However, bedding plane 
displacements were not found at the locations of some of these fow-to-high modulus transitions so the 
presence of a tow modulus zone does not guarantee that a displacement plane wif develop during trona 
rnining. 

5.5.2 Rock Descriptions and Laboratory Tests 

Six core barrel intervals were sampled ki COEX2 as follows; 

(1) 484-510 ft (3)1022-1028 ft (5)1583-1608 ft 

(2) 870-894 ft {4)1256-1283 ft (6)1608-1631 ft 

Depth measurements are referenced to the keBy bushing (KB). Recovery was 97.7 % of the total of the 
cored intervals. The samples were described by the Project Manager. VY. G. Fischer, and were sent to 
TerraTek Inc for testing of physical properties. 

Core run #1 ts summarized as hard sfitstone containing high angle, short (1 ft or toss) fractures from 
484 ft to 504 ft where a 2-ft thick daystone is encountered. Weak, friable manstone was found from 
505.15 ft to the bottom of the run 

Core run #2 is summarized as thin (0.2- to 2-ft thick) layers of hard shales, fimestones, dolomites, 
sandstones and maristones from 870 ft to 888.7 ft where a layer of zeolite or very hard anhydrite was 
encountered. Hard, highly calcareous sandstorm occurs betow the zectfte/anhydrite from 889.1 to 894 ft 

Core run # 3 is summarized as poorly cemented to weB cemented layers of sandstone with 
occasional thin (-0.2-0.3-ft thick) layers of organic oi shale, coal and cbtornte. 

Core run #4 is summarized as weak, friable day-shale with thin layers of trona ~0_2 to 0.6-ft thick. 

Core run #5 is summarized as layers or trona. soft daystone. oB shale and very weak, friable 
ctoJornrtic mart. Tbe base of trona bed #17 was identified at 1596.28 ft malting a total thickness of 9.21 ft. 

Core run #6 is summarized as weak and friable daystone. mud stone and soft dctomftic martstone. 

The analysis program performed by TerraTek consisted of triatrial compression tests, direct shear 
tests, creep tests, and tensile tests. In addition acoustic velocities (P and S waves) were measured on ihe 
biaxial test specimens. The results of the testing program are given in the report by TerraTek (1996). 

Laboratory measurements of Young's Modulus and Potsson's Ratio are shown on Plates 5-7 and 
5-8. respectively. Static test values of Young's Modulus shown on Rate 5-7 tend to be much smaller than 
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dynamic test values. These differences are expected, because smal strains are inherent with sonic velocity 
logging devices. Thus, the elastic modulus valuta are zero-stress tangent elastic modufi and form an upper 
bound. Mining-induced strains are likely fo be larger than dynamic (logging) values and (because of non-
linearity effects) the moduli wfli decrease at targer strains. According to work performed by Cnenevert 
(1964). the ratio of dynamic to static elastic modulus can range from 121 to 1.35 for Green River Shale, 
the US Bureau of Reclamation (1953) proposes ratios that vary from 1.06 to 1.85 for dean Smestone (for 
example). More uncertainty exists concerning F»oisson's Ratio, as the static values may be higher or tower 
than the dynamic values (Lama and Vutukuri. 1978). 

8. METHODS FOR NUMERICAL ANALYSIS OF MINING-INDUCED SUBSIDENCE 

6.1 General Comments on Numerical Modeling 

Finite element models have been used for many years to explain and predict deformations within 
large masses of layered earth and rock materials. In general, it has been found that the success of any 
particular study is directly related to the quaSty of information that ts available for the model. If there is 
adequate knowledge of (a) the engineering properties of the various materials and (b) their geologic 
character and distribution beneath the ground surface, then good results can often be expected. The 
advent of relatively powerful computers for general use has been a significant factor in this success since rt 
is now possible to create more accurate representations of stratigraphy. Also, there are better rrumencal 
representations of stress-strain-failure characteristics for a wider variety of soil and rock materials than had 
been available in the past (eg.. Desai et al, 1985). 

Predicting the mtoing-inouced deformations of sediments in the Green River Basin is a problem of 
rock layers with contrasting hardness, which are bounded top and bottom by weak bedding planes. The 
finite element method has been used to investigate problems such as these in the past For example, 
Chang and Nan- (1974) used a plane strain representation of layered rocks above sat solution mines in 
Ohio to demonstrate how bedding planes between strong layers can affect the pattern of surface 
subsidence. They tooked at the effects of up to 11 frx îonal bedding planes within a 1000-ft thick section of 
mart and shales. Rock materials were modeled using Drudcer-Prager plasticity criteria The Project 
Manager for this present investigation, W.G. Fischer, once used an axiafiy syi metric finite element model 
to study bedding plane deformations over trona mines (personal comnwr^tion). The results indicated that 
small but significant horizontal Displacements could occur between rock layers more than 1000 ft from the 
face of the mine and he showed that large relative displacements theoreScaBy occurred on bedding planes 
more than 100 ft from the face. 

Recent studies of horizontal slip in layered sediments using finite element methods include 
irrvestigations of weB damage due to reservoir subsidence in the Befridge ol and gas field near Bakersfieid. 
Cafifomia by Dale etal (1995) and by Wfbert etal (1996). The latter authors reported that they used 
Drucker-Prager criteria to model the yield of rocks. In a study of weB damage m layered rocks over the 
WBrnington Field. Hamilton, et al (1992) modeled the interfaces between layers of sand and day with friction 
angles ranging between 6' and 15* and found that a value of 10* gave the best agreement between 
predicted and observed subsidence. 

The methods used in this present investigation generaBy follow the techniques used in the studies 
described above. Of course, the size and shape of our nurrjerjcal models and the physical properties of the 
rock layers mimicked conditions at the FMC study site. 
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6.2 Rock Parameters Used In Numerical Models 

Based on the logging data and laboratory tests, we created 13-step linearized profiles for the 
numerical models used in Phases 1. 2 and 3. The profiles comprise 10 different shale layers. 2 sandstone 
layers, and a 70-ft thick trona layer. 

Layer thickness and engineering properties for Ihe Phase 1 models are listed in Table 6.1. The 
layers used in Phases 2 and 3 are generaBy similar m thickness to those used in Phase 1; but as shown on 
Plates 5-6 and 5-7, both Young's Modulus and Poisson's Ratio are constderabty lower than we had used in 
the earlier study. Engineering parameters for Phase 2 and Phase 3 are fisted in Table 62 and Table 6.3, 
respectively. 

Another important question for the mode) is the location of bedding planes and joints or fractures 
that are potential surfaces for sliding. Unfortunately, no weB fogging tool responds primarily to fractures 
(Schfomberger, 1989). When looking for fractured zones on logs, tile search is usuaBy focused on areas 
where they are suspected for different reasons, such as poor core recovery, fractured cores, bit behavior 
(Le. deviations) during driffing, or the presence of chipped areas in the waits of the borehole (detected by 
caliper logs). In Phase 1. we selected bedding planes for the model on the basis of changes in statigrapby 
that indicated a geologic unconformity and using dipmeter togs based on irterpretations by ihe Project 
Manager. W.G. Fischer. Last, and most important to the finite element modeling, were earty indications of 
horizontal deformations found in bore hole COEX1 described n Section 5.3. Locations of bedding planes 
used to the Phase 1 model are given in Table 6.1. We used Mohr-Coulomb values of ̂  = 15s for Ihe basic 
case studies and 30* in a parameter study. 

In Phases 2 and 3 we selected bedding plane locations based on inĉ cations in COEX1 and COEX2 
as downhole cteformations developed at different times in the study program. Locations of the bedding 
planes are listed in Tables 62 and 6.3. 

6-3 Modeling Concepts and Goals 

6.3.1 Introduction 

The discussion m Section 3 shows that weBs can be damaged if they are located in regions of 
ground subsidence. When the ground moves, toads develop against the casing which can be large enough 
to crush 4. If the wefi becomes rton-producfive then the Divestment is lost tf the production tubing ruptures, 
then high pressure gas may vent to the surface or may escape through natural fissures to otter a nearby 
mine. 

The foitowing discussion examines the physical relationships between the extraction of trona in the 
Green River Basin, the resulting regional movements of overburden rode layers, and their effects on weB 
casings. The subject is complex In part this is because we am deafing with naturally variable materials, 
i.e., layered rocks, which are buried beneath hundreds of feet of opaque ovenburden. it s also complex 
because there are varieties of ways to conduct trona mining and varieties of ways to design oil & gas wets. 
All of these factors may affect the magnitude of rock movements around the weB and the amount of damage 
they create, it is apparent therefore, that eadi weS-sfting situation is unique to some degree, and requires 
consideration ofthe specific site geology, mining operation and design of the weB. 

6.3.2 Rock Movement Mechanisms 

When the ore is removed, roof layers lose their base support and may fracture and fafi to the floor 
of the mine. In other cases, rock layers may simply bend downward and act as a "beam" carrying the 
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weight of the overlying sediments. At the FMC study site, shale layers found between the roof and the base 
of sandstones more than 300 ft above the roof tended to fracture and faff. The sandstone layers deflect 
downward in the form of relatively intact beams or plates. Shale layers above the sandstones follow them 
down. 

An important effect of this bending action is shown on Plate S-1. In this simplified illustration, rock 
layers are shown bending into the cavity created by the removal of a tabular ore body. Movements of rock 
layers dose to the roof tend to be confined to the region immediately over the mine. However, the zone of 
influence widens upwards from the mine and can affect a considerably larger area at the ground surface. 
The location of the boundary for the zone of influence depends on site geology. In Ihe Green River Basin, 
for example, an effective angle of 45* from vertical is sometimes be used to estimate the ground surface 
region that wit be affected by mining. However, when the sediments are cfissimrlar rock layers, stress 
changes caused by mining are preferentially concentrated in some layers. In this case, there is no simple 
depth relationship between sediments that are affected by subsidence and those that are not affected. 

The lower detail drawing on Plate 6-1 Sustrates differential movements that can develop on bedding 
planes. Studies of these types of movements have shown they have their maximum value in the region of 
the bending inflection point where the curvature! of the rock layer •beam" changes from concave to convex 
Differential movements between the layers are shown to decrease with lateral distance away from the 
inOection point Bedding plane sliding was found to be an important control on siting wets in the Green 
River Basin and it has received most of the analytical attention in this investigation. 

Removal of an ore body can also create increased vertical stresses in the rocks surrounding the 
excavation. If the rock layers are compressible ths increase may cause the rock section to shorten and 
thereby damage a wefl string. At the FMC study site, the shale layers immediately above and below the 
trona bed were known to be relatively compressible materials and compaction was the subject of one phase 
of the investigation. 

One phenomenon that was not studied concerns the potential effects of delayed subsidence on 
wells installed through the fractured rock overlying a collapsed mine. It is known, for example, that vertical 
subsidence at the FMC mine continues at a stow rate for many years after completing a fongwafl panel 
These 'secondary" movements could create both vertical and horizontal toads on a weB. This phenomenon 
requires additional study rf welts are to be instated in regions above coSapsed mines. 

Also, we did not consider the effects tat might be caused by the collapse of support paters or 
abutments in the mine. A large body of 'mformation has been developed concerning the design of support 
pSters within the Green River Basin bona mining industry and that knowledge should be considered during 
ol and gas well siting investigations. 

SA Description of Fin'rte-Element Code and Material Models 

6.4.1 ABAQUS 

Abaqus is a general purpose finite-element code developed by Hfobitt Kartsson & Sorenson. Inc. 
in Pawnticket. Rhode Island. The program aBows analytical modeling of static, quasi-static and dynamic 
loading conditions. A wide selection of element types is available and its capability for nonlinear stress-
strain analyses makes it a useful tool for gectechntoal engineering. Our numerical models were developed 
using ABAQUS/Standard Version 5.4 and they were run on a HP Vectra 6/200 Personal Computer with a 
Pentium Pro processor and 128 megabytes of RAM. Computer processing time ranged from a few minutes 
for small problems to 5 to 6 hours for the largest problems. 
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We used several different types of numerical models to examine both regional-scale movements of 
rocks and rcK*<onductor interaction. These models induced the foltowing: 

• Plane Strain models were used lo represent cases where a large body of trona is 
removed over a lateral/ extensive region, tt simulates cases where the width of the 
mined area is very large, such as when four or more adjacent longwafl panels are 
removed. We often used plane strain models to investigate parameters effects on rock 
movements since they tend to mn faster on the computer than 3-0 models. 

• 3-dirnerisional rojrnerical models were used to study the effects of the size of the mined 
ore body on rock movements. We studied 1-panel and 3-panei extraction scenarios 
using 3-D models. We also used 3-0 models to investigate some of the relationships 
between rock movements and the: resulting deformations of well casings. 

Linear elements with fuB Gaussian integration, (Le. four-node elements} were used in our ptane-
stram analyses. Three rJimensionai representations of trona mining were generally constructed of 8-node 
Bnear "brick" elements. RccWconductor "interactions were modeled using S-node. doubly curved, reduced 
integration "thick sheB* elements to represent the steel casing. The rock and cement elements were 8-node 
linear bricks. 

6.4.2 Conatmrtjvs Behavior of Rock Laynr* 

In order to facatate the numerical algorithm. Abacus uses a three-dimensional failure envelope 
known as a •Drucker-Prager* model to represent rock materials. Under certain conditfons. Drucker-Prager 
parameters can be adjusted so as to reproduce the Mohr-Coulomb envelope in rwc-dirnensional space. 
Assuming that the material behaves in a Uriearry-dasbc, perfectfy-piastic manner (in particular, that no 
dilation occurs in the post-peak regime), the Drucker-Prager angle of friction, p. is related to the Mohr-
Coulomb angle of friction. by setting: 

tan 0 = V3 sto4) 

We used this relationship to estimate the Drucker-Prager values used in our Abaqus models-
Phase 1 values for Young's Modulus, Poisson's Ratio and shear strength were derived from an 

earlier data set of tests reported by FMC (1995). Phase 2 and Phase 3 parameters were developed 
primarily from downhole togs an* from laboratory tests on rock cores from C0£X2 (TenaTek. 1998). 
Parameter profiles are ilustrated on Plate 5-7 and 5-8. and are tabula tad in Tables 5.1. 6.1 and 6.3. 

6.4.3 Creep 

ABAQUS offers several ways to model lime dependent deformations such as creep. We used a 
simple power law representation as follows: 

SE / St caep = A a dev" 

where: 5e / 5t is the creep strain rate. 

cr aevis the devtotoric stress, and 

A and n are empirical parameters obtained from creep tests. 
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For Phase 1 studies, we assumed highly conservative values for V from Hedtey (1967) in the 
absence of creep parameters for the site. A value for the parameter "A" was chosen by trial and error to 
obtain a realistic subsidence rate within past experiences at the FMC mine, fri Phase 2. values of *n" wen; 
derived from creep tests reported by TerraTek (1996). The TerraTek values were much smaller than those 
assumed in Phase 1. 

6.4.4 Bedding Planes 

Most of the apparent bedding planes appear as abrupt changes at geologic discontinuities with 
dissimilar materials on either side of a sharply defined boundary. Lrttte is known from past irrvestigations of 
Green River sediments concerning the constitutive behavior of bedding planes, nor was i possible to 
develop new data during the present investigation. Based on our cibservations cf exposed beckftng ptanes 
at locations such as in Plate 2-2. we could reasonably assume that while they Bre relatively fiat-tying, they 
also generally exhibit minor irregularities which might create varying degrees of locking between adjacent 
layers. Some bedding planes appeared to exhibit cementation between layers while others had fittie 
apparent cementation. The limited number of observations of apparent bedding planes seen in core 
samples from COEX2 tend to support these observations since they also showed minor irregularities such 
as ripples and varying degrees of cementation. 

While methods are available tor numerical modefing of irregular rock surfaces (Goodman et ai. 
1968; Barton. 1973; KulatJaxe et af, 1995), they require detailed knowledge of the geometry of the slide 
planes and their mineralogy, factors which are poorly known at this time. Wa decided, therefore to use a 
simplified frictionat material model which could bound the site corKfitions. The surfaces are assumed to be 
flat and horizontal, and bedding planes were modeled using finite element interface elements between each 
rock layer. The shear resistance. r r, is assurned to be prĉ xytional to the normal stress acting on the 
surface, a„. and ^ is the angle of friction of the :>urface; 

xr — ern tan ^ 

We assume there is no cementation on the surface. 

In some cases. sSding between Green River shales and sandstones night occur along surfaces 
which contain smal to moderate percentages of day minerals. On other cases, the opposing surfaces are 
composed of granular panicles in siltstones. Surfaces containing day minerals could have frictional $ 
values as tow as 10*. Granular-based surfaces such as those between siltstones might range up to 35-40* 
(Lama and Vutukuri. 1978). We chose values of $ ranging between 15* and 30* for this investigation. In 
most of the analyses we used 15* for bedding plane friction. We feel this is a reasonably conservative 
estimate within the context of other regional paniroeters used in the study. 

6.4.5 In Situ Stresses 

Failure in the rock matrix and along bedding planes also depends on the initial state of stress. 
Abaqus allows the user to choose an arbitrary Wtial state of stress as long as X is in equiSbrium with the 
boundary conditions and the body forces. Tho only body force in our problem is gravity. Further, ft is 
assumed that tectonic forces are negligible. Trnyefore, the vertical stresses are obtained from integration of 
the rock unit weight versus depth. Finafly, the uniaxial strain hypothesis was used to compute horizontal 
stresses. The rock is assumed to be horizontally isotropic and elastic, and horizontal continuity requires 
that no lateral displacement can take place. Then, v befog Poisson's Ratio, the relationship between 
horizontal and vertical stress becomes: 
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^horizontal - CTvBttai [v / (1-v)] 

6.5 Modeling Strategies 

Several configurations of 2-dirrerisionai and 3-dimensional finite element models were used during 
the irrvestigatton. A plane strain mesh used m Phase 3 is shown on Plate 6-2. This model represents a 
rock profile 1700-ft deep and 5000-ft long for some Phase 3 studies and 10,000-ft long for other Phase 3 
studies. It is divided into 170 rows and 100 columns. Nine bedding planes are shownm dark green. The 
trona layer is located between 1570 ft and 1580 ft. Tbe side boundaries of the model are assumed to be 
fricfionless surfaces constrained from rraving in the horizontal direction and the bottom of the model is a 
fricfiortJess surface constrained from moving vertically. The top surface is uncsnstramed. There are 
assumed to be 13 distinct rock layers. 

The plane strain mesh used in Phase 1 represents a region 1700-ft deep and 6000-ft long. The 
Phase 1 mesh was composed of 20 rows and 40 columns, which is a coarser grid than used in Phase 3. 
The Phase 1 plane strain mesh contained 13 rode layers and 7 bedding planes. 

Plate 6-3 illustrates the layout for toe 34) models. For both Phase 2 and Phase 3. the region is 
modeled as 1700-ft deep. 4100-ft long and 2300-ft wide. Since the near face of the model is a plane of 
symmetry, this represents a 'real width* of 4600 ft. For a single panel longwafl mining operation, the trona 
layer that is 'mined" in the model is 2850-ft long and 250-ft wide, representing a longwaB panel width of 
500 ft because of symmetry considerations. Posterns for five rrypĉ etical •weSs" that are dtscussed in the 
report are also shown. The side and bottom rJoundaries of the model are assumed to be fricSonless. and 
are constrained from moving normal to the boundary. The top surface is unconstrained. 

The nine bedding planes shown on Plate 6-3 pertain to the Phase 3 'irrvesfigetton Seven bedding 
planes were used in the Phase 2 investigation. 

Plate &4 is a plan view of the Plate 6-3 isometric drawing. Both 1-Panel and 3-Panel excavation 
conffourarions are shown. In Phase 2, a single panel was removed to create movements in the overburden 
strata. In Phase 3, trona was modeled both in 1-panel and 3-paneJ rjonfigurarjons to investigate the effect of 
the panel-width parameter. 

The trona layer was removed in mcrements starting torn the origin of the model, and calculations 
were performed to define rrxjvernents in the rrrxieJ at the end of each increment For example. Prate 6-5 
illustrates an 8-stage excavation sequence which started with the removal of a 633-ft long section of the 
panel and then moved forward in increments of 317 ft until the fuB panel length of 2850 ft was 
accomplished. Incremental mining was also used in some ofthe plane strain studies. 

We used three different techniques to model trona removal to a long wad panel operation. These 
"Scenarios', shown on Plate 5-6, are described as foBows; 

* Normal Cavity Scenario allows the roof to sag down eiasticafiy when the trona is 
removed. In general, the sag fine takes a smooth curved shape from the abutments 
into the cave zone. In 1-panel excavation studies, the roof sag might stop short of the 
floor or barely reach the floor bacausa of the relatively short side spans. 

• PuB-Down Scenario is modeled bjr forcing (numericafiy) the roof fine to come into 
direct contact with the Boor. This creates artificially large stresses in the immediate 
vicinity of the abutments. However, studies showed these stress corcentrabons had 
smafi effect on bedding plane sliding or vertical subsidence within the range of 
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accuracy required for this investigation when compared to Normal Cavity Scenario 
results. 

• Enlarged Cavity Scenario models, the effects of fracture and roof fan of shales located 
between the mine and the base of the sandstones about 300 ft above the top of the 
trona bed. Observations of roof coBapse in longwaH trona mines by FMC and measure
ments in weBs COEX1 and COEX2 show that the shales gradually fracture, separate 
from the base of the sandstone layers, and come to rest on the floor of the mine. We 
modeled this in ABAQUS by removing a 300-ft high section of elements above the 
trona and allowing the overlying sandstone to sag dasticafly. The vertical movement 
was held numericaOy to a maximum value of 10 ft (the model thickness of the trona 
bed) for those instances where it would have exceeded that value. 

The shape of the section of elements that is removed in an enlarged cavity study is iBustrated on 
Plate 6-7. In some instances, some of the top and side elements were constructed of trapezoidal shapes to 
better fit our interpretation of the shape of the nxrf cave zone. 

A 3-0 expanded cavity scenario model is shown on Plate 6-6. Note that elements are smallest 
above the mine and in front of the end of the panel. Larger elements are used for the sides of the model. 
The position of the longwaB panel and the cavity are seen on the lower face. Only one panel is removed in 
this model Plate 6-9 shows a 3-panel excavation model which uses vie "puB-down" tecririque. The finite 
element meshes on Plates 6-8 and 5-9 were used in Phase 3 and have 9 bedding planes. The 3-D finite 
element models used in Phase 2 took similar to these but have 7 bedding planes. 

WeB casing deformations were studied using the model shown on Plate 6-10 and 6-11. The model 
is composed of two rock layers separated by a rhctional bedding plane. The model is assumed to have a 
total thickness of 15 ft and a diameter of 30 ft. A 12-in. dia. hole is assumed in the center of the model with 
a 2-ia thick foyer of cement and a steel casing. This section of rock is assumed to be similar in properties 
to Layer V shales found between 640 and 880 ft (Table 6.3). The rock material is "elastc-plastic." modeled 
by an elastic modulus and Drucker-Prager yiekl criteria The cement is represented by an ABAQUS cement 
material model and the steel casing is represented by ABAQUS "tfiick-sbeB" elements. 

In our analysis, a geo static stress is first appfied equivalent to the depth of the layer times the unit 
weight of overburden rock. Then, the nodes around the periphery of the mesh are aB moved an equal 
amount in the direction +1 for the upper disk of rock and in the direction -1 for the lower disk of rock This 
node movement represents the regional displacements of the rock mass. The analysis then calculates the 
effects of these movements on the rock around the borehole, and for the cement and steel casing. 

7. SUMMARY OF PHASE 1 STUDIES 

7.1 Introduction 

A relatively simple plane strain model was created in Phase 1 and was used to investigate the 
effects of major parameters on mtrrtog-retated ground movements. The Phase 1 model simulates a rock 
profile 6000 ft long and 1700 ft thick with 7 bedding planes. Trona mining is conducted in two stages 
(Plate 7-1). In Sequence 1 mining, the ore is mined left to right up to the face of a "piBar" or "abutment" that 
is 2850 ft from the start of the panel (Plate 7-1). Sequence 2 mining is then started at the far right side of 
the model and the trona layer is mined to the left for 2850 ft up to the back side of the piSar/abutment. The 
unmined section is 300 feet wide. 
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The basic model was composed of 13 rack layers with geologic and engineering characteristics that 
were estimated from regional borings performed years earlier by FMC and from published geologic studies 
of Green River Basin sediments. Variations on this basic case included the following: 

• Changes in shear strength of rock layers 

• Changes in Young's Modulus 

• Changes in bedding plane friction 

• Changes in the number of bedding planes 

• Introduction of creep in weak shale layers 

Detail of these studies are in the Phase 1 report Some of me more important results are summarized tn the 
foBowing sections. 

7.2 Movements on Bedding Planes 

The color contours on Plate 7-2 show the horizontal displacements of rock tayers at the end ofthe 
first stage of trona mining. The maximum horizontal displacements occur along the bedding plane 1 contact 
surface (390 ft below the ground surface in Phase 1). According to this example, the maximum horizontal 
displacements occur about 500 ft back from the face of the tongwal. The bottom rock layer moves a 
maximum of almost 2 ft to the left (negative direction) and the top rode layer moves a maximum of almost 
1 ft to the right (posrbve ciirection) for a rnaxirnurri relative displacement of about 3 ft Horizontal rnovements 
within the 300 ft wxie zone of the future pillar are considerabfy smaller than 3 ft. but are significant 

Plate 7-3 snows how horizontal motion changes on this bedding plane at a position located over the 
center of the pillar. In this example. Sequence 1 and Sequence 2 mining have been separated into 18 
extraction increments of 158.33 ft each. Thus, increment #18 removes the last section of trona up to the 
face of the pillar moving from left to right Increrrent 19, however, is taken from the trona bed at the far right 
of the model. The curves show that small movements towards the longwaB can be expected at the end of 
increment 8 when the longwafl is more than 1500 ft away. However, serious large-scale differential sRp 
does not start until increment 14 when the longwaB is about 630 ft away from the center of the pillar. 

Maximum relative sBp at the center of the piEar is about 1.6 ft at the end of Sequence 1. The 
approach of the Sequence 2 longwaB initially causes increased relative sfip to 1.8 ft. but relative sfip 
decreases to about 1 ft when the tongwaB gets dose to the back of the pilar. Relative slip does not return 
to zero at the end of mining even though the excavation is balanced either side of the center of the pifiar. It 
ts apparent, therefore, that there is a strong potential for hysteresis effects in bedding plane movements. 

7.2.1 Effect of Number of Bidding Planes and Their Spacing 

The uppermost layer in the model was initially assumed to be 390-ft thick ki the basic case studies, 
and the effects of layer thickness on horizontal slip were investigated by adding new bedding planes 
Plate 7-4 shows the effect of adding 2 bedding planes as calculated for the end of Sequence 1 mining. One 
Is at 190 ft (200 ft above bedding plane 1) and the other is at 640 ft (250 ft below bedding plane 1). 

The addition of these bedding planes to the numerical model causes the maximum relative slip on 
bedding plane 1 to decrease from Z2 ft to 1.3 it Also, the horizontal distance of significant sfip is reduced 
by having more bedding planes and thinner layers. A relative sfip of 0.1 ft can be felt nearly 900 ft from the 
face ofthe tongwal! when there are 7 sfip planes with a thick upper layer. The effective distance is reduced 
to about 600 ft by adding two more sfip planes. 
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7.2.2 Effect of Bedding Plant Friction 

The friction on bedding planes was increased from 15° to 30° to study the effect on relative slip. 
Plate 7-5 shows results calculated at the end of Sequence 1 mining for two example bedding planes. For 
bedding plane 1 at 390 ft the maximum sfip decreased about 35% from 2.2 ft to 1.4 ft. The effect was even 
greater for bedding plane 5 at 1285 ft. showing a 65 % decrease in maximum horizontal sfip from 1.4 ft to 
0.5 ft There are also significant decreases in the effective distance from the active mine face that relative 
slip can be felt 

7.3 Vertical Strain in Pillars and Abutments 

Vertical strain profiles calculated for Ihe center of the pillar at the end of Sequence 2 mining are 
shown on Plate 7-6. Maximum values occur in weak shale layers lying between the bottom of sandstone 
layers (assumed to be at 1265 ft m Phase 1) and the top of the trona bed. Strains in the weak shales 
increased by a factor of about two when we decreased their shear strength and Young's Modulus by a 
factor of two. Strains are 1.5 % for both the upper rxvtions of the Stratum 9 shale (1255-1475 ft). This 
shale layer is 210-ft thick as represented in the mesh, and would experience an average decrease in 
thickness of 37.8 inches. Most of the increase in vertical strain was related to an increase in plastic strain in 
file shales caused by the tower strength. 

7A Creep Parameter Study 

Observations at the FMC mine have generally shown that full subsidence does not happen 
immediately with excavation, but requires many months to fuDy develop. Several physical mechanisms can 
contribute to this 'secondary subsidence" effect They include time-dependent creep strains in highly 
stressed shale layers lying above and below the trona. In Phase 1, we had no satisfactory test data to 
estimate the creep potential of Green River Basin rocks and assumed highly conservative parameter values 
that had been given by Hedley (1967) for the creep of salt We further assumed that any creep effects 
would be confined to shale layers from 1475 ft to 1700 ft, and used the exponential creep law discussed in 
Section 6.4.3. 

Plate 7-7 Bustrates the large increase in vertical strain caused by creep of shales within the 300-ft 
wide pillar left at the end of the Sequence 2 excavation of trona. The calculations were performed for a time 
period of 180 days after completing Sequence 2 mining. Creep in the shale layers above and below the 
trona exhibit strains of 2 to 3.7 %. These values are about 6 times larger than those before the onset of 
creep. These shale layers plus the trona bed have a combined thickness of230 ft in our model, and would 
compress a total of 75 inches by 540 days. 

Subsequent studies of creep based on tests of rock samples from COEX2 showed that creep 
potential for the shales is much less than assumed in our model phase 2 studies showed that creep may 
to be a minor factor ffi the rjrne-dependent development of subsidence effects at the FMC test srre. 

7.5 Signslcant Conclusions of Phase 1 Studies 

Based on the relatively simple plane strain model used in Panel 1. we reached the following 
conclusions; 

1. Rock layers may slide over each other on weak bedding planes causing potentially 
damaging differential displacements at 900 ft or more iri front of the advancing mine 
face. 
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2. The largest differential displacements and the greatest influence distance from the 
active mining face occurs for those bedding planes closest to the ground surface. The 
magnitude of effect is controlled primarily by the number of bedding planes between the 
ground surface and the trona. and by the distance between these sliding surfaces. 

3. Vertical compression strains may be an important design consideration for wells drilled 
in pillars or in barriers between tongwal panels. The most damaging strains will 
probably be associated with shale layers that exhibit high creep po ten oat An example 
calculation using conservative estimates of creep parameters showed potential strains 
as high as 3.7 % (subsequent studies based on rock sample tests showed creep 
parameters at the FMC site are much lower than assumed in Phase 1 and creep 
rnovements are probably small). 

4. The patterns of subsidence-related movements calculated by the Abacus analytical 
model appear to be realistic based on the Bmited Reid measurements for Green River 
trona mining conditions. The interactions between mining and ground movements is 
complex, however, and cannot be fuBy represented by the relatively simple 
assumptions inherent in a plane strain modeL 

8. SUMMARY OF PHASE 2 STUDIES 

8.1 Introduction 

A disadvantage of the 2-dimensionaI plane strain method described in Section 7. is that 3 generally 
overestimates (̂ formations for problems that are inherently 3-dirnensional in character. It is difficult 
therefore, to verify the accuracy of a 2-D model by field measurements when the trona mining is fimited in 
aerial extent compared to the depth of excavation. In Phase 2. we created a 3-D model based on 
preliminary wformation concerning rock layers and the locations of bedding planes. This model was used to 
study the general characteristics of 3-D response of a layered rock system to trona mining. 

8.2 Outline of Phase 2 Studies 

For our analysis, we created a finite element model which anaryticatly represents a 1700-ft thick 
section of horizontally-lying, laterally-continuous layers of shale and sandstone rock with a 10-ft thick trona 
bed at 1570 ft below the ground surface. The node! is 4100-ft tong in the M-S direction and is 2300-ft wide 
from east to west Because of symmetry assumptions in the model, this is a 'real width* of 4600 ft. The 
trona is assumed to be removed by a tong-waf rnining process moving from south to north over a length of 
2850 ft The mined layer is 250-ft wide in the rnodet, which represents a 500-ft wide extraction face due to 
symmetry along the N-S axis of the mine. Seven potential bedding-plane slide surfaces were placed 
between rock layers with inter-layer shear strengths modeled by stress-controfled friction. The locations of 
the bedding planes were chosen from preferaTary indications of possible geologic unconformities noted in 
core samples of COEX2 and downhole logging. 

The 3-D model was used to evaluate the most efficient approach to the numerical analysis of rock 
deformations. Studies were performed to evaluate the importance of plasticity criteria such as shear 
strength to the performance of the model. Also, a variety of methods for rrumericalfy "rnining" the trona layer 
were tried. Phase 2 was intended to buld an interim 3-D model which would then be adjusted as needed 
once the field and laboratory testing programs were completed. 
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8.3 Results of Phase 2 Studies 

Our initial studies with the 3-0 model showed mat rock layers could be efficiently represented as 
purely elastic materials. There was no need to consider nonlinear stress-strain dnracterisbcs. shear 
strength, or yield surfaces of rock layers. While the analysis indicated that plastic strains did occur in the 
rock overburden on removal of the trona layer, the plasticity effects are an confined to the region dose to 
the mine and have ittJe effect on regional stresses or rock movements. In addition, results of creep testing 
of rock specimens taken "n COEX2 showed that creep parameters are generally smaller than ws had 
assumed in our Phase 1 investigation. Our Phase 2 calculations show that creep effects, as represented by 
the continued deformation of coherent rock masses at constant stress, do not contribute significantly to 
regional movements. As a result, it was not necessary to consider nonlinear stress-strain characteristics or 
creep effects in the Phase 2 material model. 

The isometric view of the 3-D model on Plate 8-1 shows the horizontal strains which occur in 
direction "1* along the mine axis when a single tongwafi panel is removed. Horizontal movements are 
concentrated on the seven bedding planes. Maximum horizontal movements are in excess of 1 ft on the 
rjottom surface of bedding plane 5. The top surface of bedding plane 5 has moved about 0.1 ft in the 
direction opposite to that ofthe lower surface. On Plate 8-2 we have removed some of the layers between 
bedding planes to better view horizontal displacements in direction "2*. perpendicular to the mine axis. 
Horizontal movements in excess of 1 ft are also :>een on the top surface of bedding plane 5 in this direction. 

Vertical displacements are shown on Plate 8-3. Movements at the ground surface are only about 
2 ft due to arching of the rock layers over the mine cavity. The rock layer at the top of the cave zone 
appears to have moved down about 5 ft. 

The model demonstrated significant boundary effects n the region beyond the face of the longwaB 
panel. These effects can be removed from the nxxiei. using the techniques shown on Plate 8-4. This figure 
shows the vertical subsidence that is calculated at the end of each of eight increments (stages) of trona 
extraction (see also Plate 6-5). In stage 1. for example, the longwaB face is 3467 ft from the far end of the 
model. Whits the beginning of the Stage 1 profite is distorted by the short distance from the 'south* wall of 
the model (only 633 ft), the far boundary has no effect on the result. With each succeeding extraction 
increment (Stages, 2.3. 4, etc.), fhe south wafi has less and less effect on the begin rung of the subsidence 
profile: When we normalize aB of tne profiles io the face of the longwafl. the resulting curve shows the 
shape as it wouU be without boundary interference. 

Ths same technique is used on Plate 8-5 to show the shape of the horizontal sSding on bedding 
plane 1 (-390 ft) without boundary effects. The irtormafized curves show a model section that is more than 
6000 ft in length even though the finite element mesh is only 4100 ft long. By means of this curve, it can be 
seen that relative sfip of 0.1 ft occurs more than 1000 ft m front of the face of trie tongwal. Detectable sfip 
(0.01 ft can be detected by muldfinger calipers) occurs 1500 ft away from the longwaB face. 

The extraction process is modeled in Phase 2 by three different techniques (see Olustrabons on 
Plate 5-6). In the'basic* model, the trona rs srrrjernentairy removed at the long wa" face and the roof of the 
mine settles as an intact unit, bending oownward from the sktewaSs and from the headwaB. The rock is 
assumed to have no fractures or vertical joints. Ths creates unreafisticatly-long roof spans into the mined 
space compared to the observed total collapse of he roof onto the Door of the FMC mine. The roof coBapse 
is somewhat-better represented by the 'puB-down* method. In this second technique, the roof is analytkafiy 
forced into contact with the floor dose to the sidewalk and at a short distance behind the long wall. Ground 
surface subsidence predictions using the puB-down method show significantly better agreement with 
surveying measurements than those of the base model. Both the basic and pull-down methods indicate 
that mining-induced stresses are likely to cause fracture and coBapse of the rock immediately above the 
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mined area, which agrees with field observations suggesting that overburden layers may fracture through
out more than 300 ft of rock above the mine. Our third technique, the "cavity model," attempts to 
represent roof collapse by removing various-sized "elements" immediately above the trona, resulting in 
downward deflection of the overburden rode layers (Plate 6-7). 

The effects of these different 'mining* techniques on bedding plane sfip are demonstrated on 
Plates 8-6 and 8-7. We note from these graphs that results of the cavity method and the pul-down method 
are essentially the same for slip on bedding plane 1. Both show considerably larger sfip than derived from 
the elastic model 

The graphs also iBustrate the effects of several variables besides the trona extraction method. For 
example, when we changed Poisson's Ratio from upper bound to lower bound values (Table 62) the slip on 
bedding plane 1 only changed by about 1 to 2%, and when we changed bedding plane friction from 15° to 
30°, bedding plane rrovements only changed by 5 to 7%. 

Based on the results of the Phase 2 studies, we conclude the following; 

1. A 3-dbnensionai model better represents the movements that occur in the field. 
Predictions of about 2 ft of vertical subsidence are reasonably dose to initial measured 
values for a 1 -panel wide longwafl mine. 

2. The cavity extraction and the puB-down trona extraction methods provide similar 
predictions of vertical subsidence and horizontal sfip on bedding planes. The basic 
"elastic' extraction models show lesser values of subsidence and bedding plane slip. 
Results of cavity and puB-down extraction analyses appear to correlate better with the 
initial field measurements. 

3. Parameter variables such as Poisson's Ratio and friction resistance on bedding planes 
are not as important as the choice of the type of model (3-D vs. plane strain) nor the 
technique used to numerically "mine" Ithe trona. 

4. Nonfinear stress-strain properties of irocks and creep potential of shales are relatively 
frKXXTsequential factors for the FMC test site conditions. 

9. PHASE 3 STUDIES 

3.1 Introduction 

The Phase3 investigation was initiated following the completion of panel 3 trona mining in 
November. 1996. In Phase 3. (a) the regional finite element mesh was adjusted to better fit the location of 
bedding planes that had been detected in COEX1 and COEX2, and (b) the effects of panel width were 
analyzed using a 3-panel wide 3-D model and a plane strain model Also, a new finite element model was 
created to examine the influence of a steel casing on rock deformations. 

9.2 Regional Movements of Rock Layers 

9-2-1 Description of Phase 3 Regional 3-D Model for 1 -Panel Excavation Model 

While the basic configuration of the Phase 2 model was retained in Phase 3. several minor 
adjustments were made to the thickness of the thirteen rock tayers. Also, the locations of slip planes were 
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changed and two new slip planes were added bringing the total number to nine. The locations of Phase 3 
bedding planes are shown on Plate 6-3. 

Studies of subsidence for 1-pand width excavations were performed using the finite element model 
shown on Plate 6-8. This is an expanded cavity exBaction scenario where up to 300 ft of rock rs rnaixsrically 
removed to better repScate the roof faB that occurs during longwafl mining. The base of the overlying 
sandstone layer is restrained in the mesh from moving downward more than 10 ft The 3-panel width model 
is shown on Plate 6-9. The arrangement of the mesh is the same as for the 1-panel model, but a 750-ft 
wide section of trona is removed instead of 250 ft We used the "pull-down' technique to ensure the roof 
layer is in contact with the floor of the trona mine. 

The rock layers are assumed to be elastic with the physical properties given in Table 6.3. We used 
the upper bound Poisson's Ratio profile (Table 6.3) for the analysis reported in this section of the report 
Bedding planes are assumed to be tncttonal planar surfaces with $ = 15*. 

9.2.2 Horizontal Sliding on Bedding Planes, 1-Panel Excavation Model 

Regional horizontal movements following 1 -panel fongwall mining are shown on Plate 9-1. The 
colored contours indicate that discernible slip may occur on bedding planes 3. 5, and 8 for considerable 
distances from the face of the tongwalL The patterns of bedding plane sfip are detailed on Plates 9-5 
through 9-13. 

As an example, consider the contour fines for bedding plane 3 shown on Plate 9-7. Relative sfip 
between the upper and tower surfaces amounts to 0.03 ft nearly 100 ft in front of toe fongwall face, in the 
direction perpendicular to the mine axis, the 0.03 ft contour is found more than 1500 ft from the axis of the 
mine (or more than 1250 ft from the sidewafi). The blue-colored arrows on Plate 9-5 are vectors which 
indicate the absolute value of relative sfip and the fine of its direction. Note that the direction of the vector 
changes by 90* in the vicinity of the face of the iongwaB. Considering the progressive advance of the 
longwaB towards and past hypothetical weB focattons such as We" 4 and WeB 5 on Plate 6.4. ft is obvious 
that the bedding plane movements experienced at a wefl location are not unidirectional during mining. 

SimBar patterns of horizontal sfip are seen on the other bedding planes with some variations in 
magnitude of rrcvernent vs. distance that are believed to be related to the thickness of the layers and their 
relative stiffness. The exception is the anomalous pattern of contours for bedding plane 9 shown on 
Plate 9-13. 

According to the contours on Plate 9-13, significant relative sfip occurs several thousand feet from 
the boundaries of the mine. Similar results were found in studies of the 3-panel width model and the plane 
strain model. We found this is caused by the dose prcodrnity of the bottom boundary ro bedding plane 9 and 
is an artifact of the modeling. As a result, the bedding plane 9 numerical results should largely be 
disregarded. The indicated magnitude of relative slip on bedding plane 9 dose to the face and sides of the 
nine (up to 3 ft) is befieved to be only sfightty exaggerated, but magnitudes of indicated sfip located more 
than 1000 ft from the mine are probably erroneous. However, we befieve that bottom boundary interference 
does not significantly effect relative sfip on bedding planes 1 through 8. 

The sawtooth-shape profiles of horizontal slip vs. depth shown on Plate 9-14 "illustrate the patterns 
of relative sBp that are expected at five hypothetical weft locations sited dose to the tongwal) face and 
sidewafl of the mine. The relative slip is nearly 0.3 ft in Wefl 1 for bedding plane 3, and is almost 0.5 ft in 
WeB 5. bedding plane 3. As previously discussed, the large movements indicated for bedding plane 9 may 
be somewhat exaggerated. However, tbe movements of bedding planes 1-8 are befieved to be unaffected 
by the close proximity of the bottom boundary of the model. 
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32J2 Vertical Subsidence and Strain for 1-Panel Excavation Mode) 

Vertical subsidence in the 1-panel mode) is indicated in the isometric view on Plate 9-2. The 
contours suggest that the maximum vertical movement is about 5 ft tor rock layers that are immediately 
above the cave zone. Vertical deformations decrease upwards, and are only about 2 ft at the ground 
surface. Vertical displacement profiles at tht five rrypĉ ftebcal weS locations are shown on Plate 9-1S. 
Clearly, most of the vertical subsidence experienced at the weH locations occurs in the weak shale layers 
below bedding plane 9. 

The patterns of vertical strain for rock layers lying between bedding plane 7 and bedding plane 9 
are tfiustrated in the isometric view on Plate 9-3, and vertical strain in Ihe trona layer is on Plate 9-4. The 
vertical strain profiles on Plate 9-16 show that strains are concerriratBd fit the weak shales lying between 
1270 ft and 1440 ft (Layer IX in Table 6.3) amounting to 3x10-3 in WeH 1 close to trie face of the tongwafl, 
and 7x10-3 in Well 5. 

92A Results of 3-Panel Excavation Model and Plane Strain Model 

Analyses of 3-D deformations were performed using the 3-panel finite element model shown on 
Plate 6-9. The purpose of the study was to investigate the relationships between the size of the mined 
region and the resulting deformations in the overburden rock layers. For larger mining operation, say when 
more than three adjacent longwaB panels are developed, a plane strain model is befieved to be most 
appropriate. The plane strain model shown on Plate 6-3 was used for Phase 3 studies of large-region 
subsidence. 

Horizontal displacement contours for the Phase 3 plane strain model are shown on Plate 9-17. As 
described earfier, bottom boundary interference affected horizontal rrxrvements in rock layers below 
bedding plane 9 and the contours in that region should be largely disregarded. Results for bedding 
planes 1-6 on Plate 9-17 are consistent with those found with the 1-pariel model, but the magnitude of 
relative sfip is greater and the effects tend to spread further laterally. Vertical subsidence on Plate 9-18 
shows a fuB 10 ft for the plane strain model 

Vertical subsidence and horizontal sfip values calculated with the 3-D numerical model were often 
equal lo the values obtained with the plane strain model. The comparison profile on Plate 9-19 shows 
excellent agreement tor vertical subsidence profiles in the direction of the mine axis. Plane strain and 
3-panel model relative sfip values for bedding planes 1.2. 3 and 6 are compared on Plates 9-20 and 9-21. 
The 3-panel and plane strain models give santor resufts out to about 1000 ft from the face of the longwaB. 
The 1-panel values for the same bedding planes, also shown here, are much smaller in rnagnftude, 
demonstrating the influence of the size of the mine: on the scale of rock deformations outside the immediate 
mine area. 

Horizontal slip on bedding plane 3 for the plane strain model on Plate 9-21 shows a zero motion 
position or "nul point" about 900 ft from the face of the lortgwafL This is a location where the relative motion 
between the upper and tower layer boundaries reverses. As indicated on the profile drawing, relative slip in 
excess of 0.1 ft extends out to about 2000 ft from Hie face of the longwaB on bedding plane 3. 

9X5 Room and Pillar Mint Simulation 

We used the Phase 3 plane strain model to simulate 50% area extraction for a "room and pillar 
mine". With reference to the itustration of the model on Plate 6-2. we simulated ths effect by reducing 
Young's Modulus of the trona layer 50% over a distance of 2500 ft starting at Ihe beginning. Results 
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showed minor downward detections of the lop cf the trona layer (generally less than 0.1 ft). Thenumerical 
calculations also indicated there is no significant relative slip on bedding planes for a 50% extraction case. 

An alternative 50% extraction model could be created by removing every other element of trona 
over a length of2500 fl While this technique would create Jocafeed stresses in the roof layer, rt would give 
rrear-kJenbeal results for higher rode layers. 

9.3 Numerical Analysis of Well Casing Deformations 

The movements in the rock inunediately adjacent to a wefl casing were studied using the 3-D sliding 
plates model illustrated on Plates 6-10 and 5-11. The rode is assumed to be equivalent to Layer V with the 
properties given in Table 6.3 and the steel casing is that used in weBs COEX1 and COEX2. The cement 
Wing the void between the waU of the borehole and the casing is assumed to be equivalent to 3000 psi 
material. 

When the upper and lower slabs of rock move sideways, stresses develop in the rock around the 
borehole due to the localized restraint created by the cement and steel casing. The horizontal and vertical 
stresses that develop in the rock and cement due to a relative bedding plane sfip of about 0.75 in. are 
shown on Plates 9-22 and 9-23. The patterns of horizontal and vertical stresses seen on these plates are 
consistent with the development of bending stresses in the region of cement and casing dose to the 
bedding plane. 

A relationship between the regional relative movement of the bedding plane and the movement of 
the casing centerine is shown on Plate 9-24. Ihe curve indicates that the initial bedding plane movements 
are taken up in localized crushing and compression within the rock and cement surrounding the casing. 
However, once bedding plane sfip exceeds about 0.12 ft (1.4 in.) the increment of casing offset equals the 
increment of bedding plane sfip. 

One observation of this initial-motion offset relationship is that movements in COEX1 and COEX2 
cannot be detected by muttifinger calipers until the bedding planes have sfipped by about 0.1 ft. Also, we 
note that the magnitude of the irattaf motion offset value depends on the physical characteristics of the 
opposing rock layers and the cement at the FMC lest site; so, there is a potential for variations more or less 
than 0.1 ft 

9-4 Comparisons Between ReM Measurements and Numerical Predictions 

Plate 9-25 shows the vertical subsidence rneasurernerits of the ground surface derived from the 
Aprs 18. 1997 survey (Plate 4-2). Predictions of vertical rnovements for 1-panel and 3-panel models are 
also shown. The field measurements appear to follow the general pattern of nirmerical subsidence but the 
values fie between the 1-pane! and 3-panel relationships. At the time of the field survey, the underground 
workings probably more doseiy resembled the 3-parielcoriilguration because panel 3 had been completed. 

The olfferences between the measured and predicted values are befieved to be due to two primary 
factors: 

1. The model should have been designed to have a maximum surface subsidence of 
about 8.5 ft in order to account for the actual extraction ratios that occur in the FMC 
miring operation, and 

2. Secondary effects will add to the vertical subsidence during the next 6 years. 
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When these factors are Qualitatively accounted tor. Hie ultimate subsidence is considerably more Kke 
predicted values. SimSariy, the rneasurements of vertical subsidence along the line perpendicular to the 
mine axis shawm on Plate 9-26 are in basic agreement with the rrurnerica) models. 

Horizontal rnovements of the ground surface are compared to model predictions on Plate 9-27. 
Again, there is a basic agreement between the measured values and the predicted relationships. 

10. CONCLUSIONS ANO RECOMMENDATIONS 

The finite element models that were developed in Phase 3 of this investigation provide reasonably 
accurate represemations of the relationships between longwatl trona mining and movements within the 
surrounding rock. The numerical models account for the major factors which, at the PMC test site, can 
influence tee magnitude of bedding plane sSding and the distance jt can extend away from the mine. The 
numerical predictions are verified by fiekf measurements of ground surface motion and downhole bedding 
plane sliding. 

tt appears fixely that smafl bedding plane rrovements can occur two and possibly three thousand 
feet away from the active mine operation. Large movements (more than 0.5 ft) are Sleety within 700 ft from 
an active tongwaft mne. These rnovements are capable of damaging Drl and gas wefis that are located near 
active tongwal trona mines. A suggested relationship between bedding plane movements and the distance 
from a longwafl operation is shown on Plate 9-28. 

The design relationship on Plate 9-28 is estimated from 3-panel and plane strain model analyses 
which assumed 100% trona extraction. In generaL this is a conservative assumption because trona 
extraction ratios historically only range 75% to 90% for bngwall and pSar-extractton mines (report 
section 4). While we did not study the relationship between bedding plane sDcting and trona extraction ratios 
in this investigation, we befieve that ratios of 75%. such as expected regionally for the FMC test site, would 
create sightly smaser movements than predicted by Plate 9-28. We also note thai bedding plane 
movements were detected in COEX2 when the bngwafi was 1200 to 1700 ft away from the weH 
(section 5.3). If we assume that regional bedding plane movements must be 0.092 ft before they can be 
detected by the most sensitive rrultinhger cafiper. as shown on Plate 9-24. then the design relationship 
curve on Plate 9-28 agrees very wel with the measured values. The curve is somewhat conservative 
compared to the field data, but not excessively so. 

The numerical models can be adjusted and modified to represent the ful range of geologic 
stratigraphy and rock engineering properties expected within the Green River Basin KSLA. Also, we believe 
i is ftexxxe enougfi to mimic room and pillar mining and solution mining operations. A test analysis showed 
that bedding plane deformations are Bkefy to be too smaH to be noticeable for some room and pHtar 
operations that do not cause the coHapse of the mne roof. 

Each trona mining operation has a unique geologic environment and there are significant 
differences "tn the trona extraction techniques used by the various mines in the Green River Basin KSLA. 
The present study indicates that good agreement can be achieved between numerical predictions and field 
performance if these factors are accounted for. The design of an oil and gas weH should consider the 
potential effects of differences in rock stratigraphy, rock engineering properties and mining operations. 
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