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SUBSIDENCE CONTROL AND MONITORING PLAN

SUBSIDENCE

Subsidence can normally be expected to occur over areas where second mining 

has  taken  place  (pillaring).   See  R645-301-523 for  mining  operation.   Based  on  the 

geologic interruptions within a mine, subsidence becomes very difficult to predict, due to 

the variable nature of the mining panels.  However, Figure 5C-1 will give an estimate of 

the maximum subsidence  from room and pillar mining  that may be expected in mine 

studied in the Western U.S.  Maximum subsidence for an average room and pillar panel 

in the Bear Canyon Mine has been estimated from Figure 5C-1, using the criteria shown 

in  Table 5C-1.  For longwall panels, due to their ability to uniformly remove the coal, 

subsidence predictions are more accurate and there is less surface impacts.  An analysis of 

subsidence effects from longwall mining specific to the Bear Canyon Mine reserves in the 

Tank seam and Hiawatha seam  is included as  attachment  3.  Attachment  3 mentions 

additional  reserves,  these  reserves  are  located in  the  Blind Canyon.  The  cumulative 

affects  of  subsidence,  based on attachment  3  for  the Tank and Hiawatha  seams,  and 

attachment 1 for the Blind Canyon seam, is shown on Plate 5-3.  Subsidence has been 

estimated  based on the number of seams mined in the area and assuming the worst case 

scenario for mine layout and barrier pillar sizing. 

For all subsidence calculations, and in determining the affected area an agle of 

draw of 22.5  was used.  Past experience in this area shows no indication that subsidence 

would be this drastic, historically mines in the area have experienced an angle of draw of 
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approximately 15 .  Additionally no actual subsidence has been noted from areas pillared 

as much as 40 years ago, and the subsidence monitoring network initiated in 1987, has 

shown only minor (0.47 ft max 1992) variations in elevation.  Based on this, little, if any, 

detectable subsidence is expected to become apparent when mining under these depths. 

Some minor fracturing and an escarpment rock fall have been noted in the adjacent Trail 

Canyon Mine area, and although these are assumed to be mine-related, they occurred in 

areas of relatively low cover and unknown outcrop protection.  Only minor fracturing has 

been noted in relation to the Bear Canyon Mine (see Plate 5-3).  Based on this and on the 

environmental friendly design and mining methods being used few surface fractures and 

escarpment  failures  are  anticipated.   The  main  affect  will  be  a  uniform lowering  in 

elevation.
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Figure 5C-1  Subsidence Chart
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Table 5C-1     Estimated Maximum Subsidence

Coal Seam Fee and Fed 
Lease

U-024318

Federal Lease 
U-024316 and 

U-46484
Federal Lease
U-020668 and
U-38727

Fee and 
Federal 
Lease

U-61049

Federal 
Lease 

U-61048 

BLIND CANYON 
SEAM

Panel Width
Average Depth
Width/Depth Ratio
Seam Thickness

Maximum Calculated 
Subsidence

600 ft.
800 ft.
0.75
9 ft.

5.4 ft.

Mining 
Questionable

650 ft.
1200 ft

0.54
9 ft.

3.2 ft.

Not 
Minable

Not 
Minable

HIAWATHA SEAM

Panel Width
Average Depth
Width/Depth Ratio
Seam Thickness

Maximum Calculated 
Subsidence

600 ft.
860 ft.
0.75
5 ft.

3.2 ft.

Mining 
Questionable

Not Minable

650 ft.
1600 ft.

0.40
14 ft.

5 ft.

650 ft.
1600 ft.

0.40
14 ft.

5 ft.

TANK SEAM

Panel Width
Average Depth
Width/Depth Ratio
Seam Thickness

Maximum Calculated 
Subsidence

650 ft.
560 ft.
1.16
8 ft.

5.5 ft.

650 ft.
1,400 ft.

0.46
7 ft.

4.51.9 ft.

680 650 ft.
3,300 950 ft.

0.21 0.68
 7.5 ft

4.54.1 ft.

760 ft.
4,600 ft.
0.17
7.5  ft.  

4.5 ft.

Not 
Minable

Total Calculated 
Subsidence

14.1 ft. 4.51.9 ft. 7.7 7.3 ft. 10 ft. 5 ft
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MONITORING

Since  subsidence  may  occur  over  any  underground  extraction,  a  monitoring 

network was installed in the summer of 1987, and has been monitored since that time. 

Monitoring stations are steel rebar with aluminum caps, set in concrete so weather, frost 

heave or wildstock/wildlife will not disturb them.  Location of monitoring stations are 

shown on Plate 5-3.

Ten permanent subsidence monitoring points  (SMS-1 thru SMS-5, Con 6, and 

SMS-7 thru SMS-10) are located on the mine site area.  Before expansion into the Federal 

Lease area U-023416 the subsidence monitoring plan consisted of 3 monitoring points 

(SMS-1, SMS-2, and SMS-3) in the Bear Canyon Permit Area, a fourth point SMS-4 in 

the Trail Canyon Permit Area, and a Control Point CON-5, located outside the mining 

area.     SMS-1, SMS-3, and SMS-4 are common to both the Trail  Canyon and Bear 

Canyon  Permits.   CON-6  and  SMS-7  thru  SMS-10  were  proposed  in  1990  and 

established 22 September 1991.  CON-5 became an additional subsidence monitoring 

point (redesignated SMS-5).  The location of all existing and proposed points are shown 

on Plate 5-3.

15 additional monitoring points were installed on Federal Lease U-024316.  These 

are shown on Plate 5-3 as points 11 through 24.  26 additional points will be were added 

to Wild Horse Ridge (Nos. 25 through 50) to monitor subsidence on Federal Lease U-

020668 and U-38727. 7 points were added in and around Lease U-61049 (Numbers 51-

57).  Above the first long-wall panel 11 points were established at a spacing of 50 ft 
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going across the width of the panel (points 25A-K) in order to determine if subsidence is 

following the predicted pattern.  Potential points were also selected above the 2nd   and 3  rd   

longwall panels and will continue to be selected above each of the panels one year prior 

to mining at a spacing of 250 ft as recommended in Attachment 3.  The actual spacing 

and location of these points may change based on the results from points 24A-K, and on 

the yearly analysis that will be performed.  If subsidence occurs as anticipated the spacing 

of 250 ft will continue.  If it does not additional points will be added to determine the 

behavior, and our subsidence model will be updated.  At a minimum 1 point will be 

placed in each panel as near as possible to the latitudinal and longitudinal centers.

 

Stations shall be monitored, and evaluated yearly for changes in elevation.  This 

evaluation will include the current year and the previous two years at a minimum.  In 

addition,  a  field  investigation  shall  be  made  yearly  of  the  mining  area  (including 

escarpment areas), and any obvious subsidence or mine related surface effects will be 

noted and located on a map.  A copy of the results of the subsidence analysis, survey and 

map will be available for inspection at the office, and a summary of the  survey results 

will be sent to the Division with the Annual Report.

MITIGATION/PROTECTION OF POTENTIAL IMPACTS

            .11.20025Potential  impacts  and mitigation efforts  are discussed in  R645-301-5 

Mr. Larry Dalton, Resource Analyst Utah Division of Wildlife Resources and the State's 

foremost authority on potential impacts of subsidence on wildlife, inspected the site in 

June 1984.  The results of that investigation, as well as others, in part are as follows:
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Considering the absence of spring, water sources, the negative potential impacts 

of subsidence within the Bear Canyon Permit Area could easily be offset by potential 

positive aspects.

On the negative side:  Loss of riparian area and/or water sources and state appropriated 

water  rights  is  of greatest  concern,  followed by loss  of vegetation from methane gas 

leaking to the surface from an underground works.  Considering the lack of riparian area 

or water sources above the coal seam, this concern is not warranted for most areas.  There 

are two area of concern above Fish Creek in section 19 as shown on Plate 7-4.  These 

areas will be monitored for loss of water as it is being undermined.    Secondly, In regards 

to methane gas Co-Op has never encountered methane gas underground so there is little 

concern relative to potential vegetation loss.  , and last, The last concern is the loss of 

nests due to escarpment failure.

On the positive side:  The tension fractures resulting from subsidence along the steep side 

hills are frequently utilized by big game as movement corridors.  The fractures and rubble 

provide escape cover for a variety of wildlife species as well as additional habitat for 

burrowing and denning animals.  While there is concern over the potential loss of nests as 

a result of escarpment failure, there is also a potential for additional nesting sites to be 

created through this gravitational shearing of escarpment surfaces.

PROTECTION

            In  order  to  protect  water  resources  and  state  appropriated  water  rights  from 

impacts C. W. Mining has designed their mine layout so that areas where these resources 
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exist with  less  then  900  feet  of  overburden  between  the  resource  and  the  coal,  the 

resource will be outside of the affected area.  Based on the mining handbook and past 

history, 900 feet of overburden is sufficient to prevent adverse affects to the resource. 

Additionally in the areas where perennial streams exist above the affected area (as shown 

on Plate 7-4) C. W. Mining will increase the monitoring of these areas to a weekly bases 

one month prior to mining in the area.  This weekly monitoring will continue until one 

month after mining has left the area.  Monitoring will then be reduced to once a month for 

an additional 6 months at which time it will resume its normal schedule.  This increased 

monitoring will include the sites FC-2, FC-3, FC-4, FC-5, and SCC-2 for the right fork of 

Fish Creek,  and FC-1,  FC-6,  SBC-18, SBC-20,  and SBC-21 for the left  fork of Fish 

Creek.

            In escarpment failure areas containing raptor nests C. W. Mining will try to time 

their mining so that it does not occur during the nesting season.  If we are unable to do 

this a physical obstruction such as fencing will be placed over the nesting site to prevent 

it's use.  This would ensure that if a nest was lost no raptors would be lost with it.  As of 

2005 there  were currently 6  raptor  nest  located inside the affected area.   These area 

discussed in greater detail in Appendix 3L.   Anticipated escarpment failure  is discussed 

in greater detail under the applicable lease.
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MITIGATIONNOTIFICATION

Notification

During  operation,  all  owners  of  property within  the  area  that  could  be  impacted  by 

subsidence shall be notified by mail six months prior to mining beneath their property and 

be informed of:

a. Specific areas mining will take place

b. Dates of underground operations that could cause subsidence in the area.

c. Measures to be taken to prevent and or control adverse surface effects.

Co-Op further commits to the following course of action should  subsidence cause 

any material damage or a reduction in value of structure or land.

a. Restore,  rehabilitate,  or  remove and replace,  to  the extent  technologically and 

economically  feasible,  each  materially  damaged  structure,  feature  or  value 

promptly after the material damage from subsidence is suffered, to the condition it 

would  be  in  if  no  subsidence  had  occurred  and  restore,  to  the  extent 

technologically and economically feasible, those surface lands that were reduced 

in reasonable foreseeable use as a result of such subsidence to a condition capable 

of supporting before subsidence; or

b. Purchase the damaged structure or feature (except structures or features owned by the 

person who conducted the underground coal mining activities) for its pre-subsidence 

fair market value.   The person conducting the underground coal mining operation 
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performed  to  determine  the  cause  of  the  failure,  and  any necessary  remedies  or 

protection required.  The DOGM and the U.S. Forest Service, Price District Ranger 

would be notified of such an occurrence.  An escarpment stability study is included as 

attachment 2.
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shall  promptly,  after  the  material  damage  or  reduction  in  value  or  reasonable 

foreseeable  use  from  subsidence  occur,  to  the  extent  technologically  and 

economically feasible, restore the purchased structure or the structure owned by the 

person conduction the underground mining operations, restore those surface lands that 

were materially damaged or reduced in value or reasonable foreseeable use by such 

subsidence, to a condition capable and appropriate of supporting the structure, and 

any other  foreseeable  uses  such  surface  lands  were  capable  of  supporting  before 

mining.  Nothing in the paragraph shall be deemed to grant or authorize an exercise of 

the power of condemnation of the right of eminent domain by any person engaged in 

underground coal mining activities; or

c. Compensate  the  owner  of  any  surface  structure  in  the  full  amount  of  the 

diminution in value resulting from subsidence, by purchase prior to mining of a 

noncancellable premium prepaid insurance policy or other means approved by the 

Division as  assuring before mining begins  that  payments  will  occur;   identify 

every person owning an interest in the surface for all damages suffered as a result 

of the subsidence;  and , to the extent technologically and economically feasible, 

fully restore the land to a condition capable of maintaining reasonably foreseeable 

uses which it could support before subsidence.

d. The area will be monitored on an annual basis, and field investigation will also be 

performed  at  that  time.   If  escarpment  failure  is  observed in  areas  where  no 

escarpment  failure  is  anticipated,  mining  will  be  immediately  stopped  in  theAn 

immediate  evaluation  of  the eaffected  area,  until  a  proper  evaluation  canwill be 
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U-024316

Mining is projected within the vicinity of Bear Creek in Federal Lease U-024316. 

An additional concern over escarpment failure has been raised by the U.S. Forest Service; 

therefore, the following discussion will address the potential for such failure.

The steep area of Bear Canyon in the S.W. corner of Section 13 is approx 1200 

feet above the coal seam (See Plate 6-10).  To prevent subsidence to Bear Creek and the 

adjacent ledges, no retreat mining was conducted East of the in-mine fault paralleling the 

section line between sections 13 and 14, T.16S., R.7.E.  See Plate 3-4C.

This Protection Zone was determined by examining the angles of draw.  Figure 

5C-2 shows angle of draws plotted against depths for various mines within the general 

area of the Bear Canyon Mine.  Based on this information, an average angle of draw of 

22.5 was used.

Plate 5-3 shows the areas which will potentially be affected by subsidence.  None 

of the area within Federal Lease U-024316 is included in this potential area..

Within the lease, pillars were developed on 80' centers minimum.  This pillar size 

was evaluated using the “Analysis of Retreat Mining Pillar Stability (ARMPS)” software, 

developed by the National Institute for Occupational Health and Safety.  A pillar stability 

factor of 1.54 was determined, which shows the pillar size to be adequate to prevent 

subsidence of the ledges and Bear Creek.  NIOSH research has found that in 94% of all 
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case studies stability factors greater than 1.5 have provided long-term stability (Mark, 

1997), showing that pillars with safety factors above 1.5 are adequate to hold the weight 

of the overburden, thus preventing subsidence.  Monitoring of the ledges for subsidence 

subsequent to the development on this lease has confirmed that no subsidence has 

occurred, and no escarpment failures have been observed.
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Outcrop protection has been increased to a minimum of 200 feet in the plan (see R645-

301-525-300).  This is consistent with other mines in the Wasatch Plateau, and with the 

exception of some longwall  operations,  has been shown to be effective at  preventing 

escarpment failure near outcrops.
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Figure 5C-2

Subsidence Factor Versus Mining Depth
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U-38727  , U-61048, U-61049,   and U-020668  

As with Federal Lease U-024316, lease stipulation  1312 requires mining to be 

conducted in  a  manner  to  prevent  hazardous conditions  such as potential  escarpment 

failure.

The  uppermost  escarpment  in  the  Wild  Horse  Ridge  area  is  the  Castlegate 

sandstone, located approximately 800 ft. above the Tank Seam, and 950 ft. Above the 

Blind Canyon Seam.

To prevent subsidence to these escarpments in areas where it has been determined 

escarpment failure would be a hazardous condition, a barrier zone will be left in which no 

retreat mining will take place.  The width of this barrier was determined using an angle of 

draw of 22.5 (See Figure 5C-2 and attachment 2).

or the Tank Seam a minimum barrier  of 300' will  be maintained in which no 

retreat mining will take place.  For the Blind Canyon Seam, a minimum barrier of 370 

feet will be maintained.F  Plate 5-3 shows the cumulative anticipated zone which will be 

affected by  subsidence contours, and the Castlegate Sandstone, located  outside of this 

area.within the permit area.  This zone is alsoIndividual seam subsidence contours are 

shown on Plates 5-1A, 5-1B, and 5-1C to show the relationship between the development 

and retreat panels.  W.  Therefore, this pillar size will be adequate to prevent subsidence 

and escarpment failure.  Mining on Federal Lease U-024316 has also confirmed that this 

size is adequate in the Bear Canyon Mine area. for room and pillar retreat mininghere 
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panels are shown encroaching on the barrier zone, pillars will be developed and left in 

place to prevent  subsidence.   The pillars  will  be developed on 80'  centers  minimum. 

Using the  ARMPS software (NIOSH),  a  minimum pillar  stability factor  of  1.58 was 

determined

            There area two areas within these leases and a third area just outside of the leases 

where  it  has  been  determined  that  escarpment  failure  does  not  present  a  hazardous 

condition.  The locations of the areas are in the left fork of Fish Creek   where it runs 

through lease U-020668, and U-38782, as well as an area at the top of the left fork of Fish 

Creek just outside of two portions of lease U-61049, and in the left fork of Bear Creek 

where it runs through lease U-61049.  These areas as well as additional areas of been 

studied and modeled for rock falls.  This study is included as Attachment 2.  A summary 

and discussion of these result are included below.  The cross-sections modeled for rock 

falls are shown on Plate 5-3.

Summary of Rock Fall Anaylsis
Section Distance to Stream Bed Maximum Rockfall Distance
A-A' 2,050 ft. 800 ft.
B-B' 1,674 ft. 1,200 ft.
C-C' 2,600 ft. 950 ft.
D-D' 1,980 ft. 650 ft.
E-E' 450 ft. 450 ft. (rock hits bottom of canyon)

Section A-A'

This are is located above the old Bear Canyon #1 and #2 mines.  It was used to calibrate 

the model
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Section B-B'

This section is located on the point of Wild Horse Ridge.  It was initially selected because 

it represented the steepest slope within the affected area.  However as mining proceeded 

towards this area it was discovered that there was active burning so mining stopped and 

never reached this area.  This area will however be impacted by natural subsidence 

resulting from the natural burning of the coal.

Section C-C'

This section is located on Wild Horse Ridge against the left fork of Fish Creek near the 

south-east end of U-38727.  It was selected because secondary mining will take place 

under this area and also go out past the escarpments.  The escarpments in this area range 

form 0-80 feet.  The cross-section was placed where escarpments were the largest and the 

slope was the steepest.  Escarpment failure will occur in this section, however based on 

models, the failure will not reach the stream channel so no water impacts will occur. 

There will however be loss of vegetation in the path of the rock fall.  This will have 

minimal aesthetic impacts since there is little vegetation along the slope and also because 

escarpment failure happens naturally along Fish Creek so any areas would still match the 

appearance of surrounding areas.

Section D-D'

This section is located on Wild Horse Ridge against the left fork of Fish Creek near the 

north-east end of U-38727.    This section represents the transition area where subsidence   

contours   are   beginning   to move from under the escarpments to adjacent to the   
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escarpments, and then away from the escarpments.  The escarpments in this area range 

from 80-160 feet.  Any escarpment failure in this area will not re  ach the stream channel   

so impacts are the same as section C-C'.

Section E-E'

This area   is at the upper portion of the right fork of Fish Creek between the two segments   

of Lease U-61049.  Fish Creek is a box canyon and the escarpments in the area that w  ill   

be impacted are the stream bed.  The escarpments range from   160-240 feet.  Since the   

escarpments are the stream bed any escarpment failure would have an impact on   water   

resources.  However the impacts would be quickly   dissipated   since flow are minimal in   

this area (10-30 gpm).  Little vegetation impact is expected because of the short slope 

distance and the fact that water has eroded most of the soil in the area   leaving exposed   

rock ledges.  

References

Mark, C., and F.E. Chase
Analysis of Retreat Mining Pillar Stability (ARMPS).  Paper in 

Proceedings on New Technology for Ground Control In Retreat Mining, 1997, 
NIOSH pub. 97-133, pp. 17-34.
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CRSP Input File - C:\Program Files\Crsp\A-A'.DAT

Input File Specifications

Units of Measure:  U.S.
Total Number of Cells:  9
Analysis Point X-Coordinate 1:  650
Analysis Point X-Coordinate 2:  0
Analysis Point X-Coordinate 3:  0
Initial Y-Top Starting Zone Coordinate:  8560
Initial Y-Base Starting Zone Coordinate:  8400
Remarks:  

Cell Data

Cell No.     Surface R.     Tangent C.     Normal C.     Begin X         Begin Y          End X            End Y

     1 5 .85 .35 0 8800 350 8560
     2 1 .87 .37 350 8560 650 8400
     3 5 .85 .35 650 8400 700 8240
     4 5 .87 .35 700 8240 800 8160
     5 5 .82 .33 800 8160 1120 8000
     6 5 .82 .33 1120 8000 1250 7920
     7 5 .82 .33 1250 7920 1300 7840
     8 5 .82 .33 1300 7840 1700 7600
     9 5 .82 .33 1700 7600 2250 7440



 0  120  240  360  480  600  720  840  960  1080  1200  1320  1440  1560  1680  1800  1920  2040  2160 

7440 
7560 
7680 
7800 
7920 
8040 
8160 
8280 
8400 
8520 
8640 
8760 

C:\Program Files\Crsp\A-A'.DAT       Total Rocks Rolled:  25

Scale: Each division = 20 feet

Spherical Rock:  6-ft dia., 18661-lb

 1 
 2 

 3 
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CRSP Analysis Point Data - C:\Program Files\Crsp\A-A'.DAT

Analysis Point 1

Analysis Point 1: X =  650, Y =  8400

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Velocity (ft/sec) Bounce Height (ft) Kinetic Energy (ft-lb)

Maximum:  64.28  Maximum:  4.63  Maximum:  1473010
Average:  45.19  Average:  1.84  Average:  837192
Minimum:  16.2  G. Mean:  .76  Std. Dev.:  434819
Std. Dev.:  13.72  Std. Dev.:  9.73



CRSP Analysis Point Statistical Analysis - C:\Program Files\Crsp\A-A'.DAT

Analysis Point 1

Analysis Point 1: X =  650, Y =  8400

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Cumulative Probability            Velocity (ft/sec)           Energy (ft-lb)                   Bounce Height (ft)

              50%                                  45.19  837192 0.76
              75%                                  54.45  1130782 7.33
              90%                                  62.78  1394848 13.24
              95%                                  67.79  1553383 16.79
              98%                                  73.4  1731311 20.78

Note:  Velocity and kinetic energy are analyzed assuming a normal distribution.
           Bounce height is analyzed assuming a log distribution.



Analysis Point 1 Bounce Height Distribution - C:\Program
Files\Crsp\A-A'.DAT

Bounce Height (ft)

Frequency
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Analysis Point 1 Velocity Distribution - C:\Program Files\Crsp\A-A'.DAT

Velocity (ft/sec)

Frequency

0.0

0.5

1.0

1.5

2.0

 16  20  24  28  32  36  40  44  48  52  56  60  64







CRSP Data Collected at End of Each Cell - C:\Program Files\Crsp\A-A'.DAT

Velocity Units: ft/sec Bounce Height Units: ft

Cell No.     Max. Velocity     Avg. Velocity     Std. Dev. Velocity     Max. Bounce Ht.     Avg. Bounce Ht.

 1 No rocks past end of cell
 2  62  44  13.69  6  1
 3  96  79  9.38  128  92
 4  135  58  41.56  50  9
 5  39  25  0  2  1
 6  37  26  0  4  2
 7  68  59  0  33  22
 8  27  27  0  2  2
 9 No rocks past end of cell



CRSP Rocks Stopped Data - C:\Program Files\Crsp\A-A'.DAT

  X Interval                   Rocks Stopped  

 0 To  10 ft  1
 10 To  20 ft  0
 20 To  30 ft  0
 30 To  40 ft  0
 40 To  50 ft  0
 50 To  60 ft  0
 60 To  70 ft  0
 70 To  80 ft  0
 80 To  90 ft  0
 90 To  100 ft  0
 100 To  110 ft  0
 110 To  120 ft  0
 120 To  130 ft  0
 130 To  140 ft  0
 140 To  150 ft  0
 150 To  160 ft  0
 160 To  170 ft  0
 170 To  180 ft  0
 180 To  190 ft  0
 190 To  200 ft  0
 200 To  210 ft  0
 210 To  220 ft  0
 220 To  230 ft  0
 230 To  240 ft  0
 240 To  250 ft  0
 250 To  260 ft  0
 260 To  270 ft  0
 270 To  280 ft  0
 280 To  290 ft  0
 290 To  300 ft  0
 300 To  310 ft  0
 310 To  320 ft  0
 320 To  330 ft  0
 330 To  340 ft  0
 340 To  350 ft  0
 350 To  360 ft  0
 360 To  370 ft  0
 370 To  380 ft  0
 380 To  390 ft  0
 390 To  400 ft  0
 400 To  410 ft  0
 410 To  420 ft  0
 420 To  430 ft  0
 430 To  440 ft  0



  X Interval                   Rocks Stopped  

 440 To  450 ft  0
 450 To  460 ft  0
 460 To  470 ft  0
 470 To  480 ft  0
 480 To  490 ft  0
 490 To  500 ft  0
 500 To  510 ft  0
 510 To  520 ft  0
 520 To  530 ft  0
 530 To  540 ft  0
 540 To  550 ft  0
 550 To  560 ft  0
 560 To  570 ft  0
 570 To  580 ft  0
 580 To  590 ft  0
 590 To  600 ft  0
 600 To  610 ft  0
 610 To  620 ft  0
 620 To  630 ft  0
 630 To  640 ft  0
 640 To  650 ft  0
 650 To  660 ft  0
 660 To  670 ft  0
 670 To  680 ft  0
 680 To  690 ft  0
 690 To  700 ft  0
 700 To  710 ft  0
 710 To  720 ft  0
 720 To  730 ft  0
 730 To  740 ft  0
 740 To  750 ft  0
 750 To  760 ft  1
 760 To  770 ft  0
 770 To  780 ft  0
 780 To  790 ft  0
 790 To  800 ft  0
 800 To  810 ft  2
 810 To  820 ft  0
 820 To  830 ft  4
 830 To  840 ft  0
 840 To  850 ft  1
 850 To  860 ft  0
 860 To  870 ft  0
 870 To  880 ft  1
 880 To  890 ft  1



  X Interval                   Rocks Stopped  

 890 To  900 ft  0
 900 To  910 ft  3
 910 To  920 ft  1
 920 To  930 ft  0
 930 To  940 ft  2
 940 To  950 ft  1
 950 To  960 ft  1
 960 To  970 ft  0
 970 To  980 ft  1
 980 To  990 ft  0
 990 To  1000 ft  1
 1000 To  1010 ft  1
 1010 To  1020 ft  0
 1020 To  1030 ft  0
 1030 To  1040 ft  0
 1040 To  1050 ft  0
 1050 To  1060 ft  0
 1060 To  1070 ft  0
 1070 To  1080 ft  0
 1080 To  1090 ft  0
 1090 To  1100 ft  0
 1100 To  1110 ft  0
 1110 To  1120 ft  0
 1120 To  1130 ft  1
 1130 To  1140 ft  0
 1140 To  1150 ft  0
 1150 To  1160 ft  0
 1160 To  1170 ft  0
 1170 To  1180 ft  0
 1180 To  1190 ft  0
 1190 To  1200 ft  0
 1200 To  1210 ft  0
 1210 To  1220 ft  0
 1220 To  1230 ft  0
 1230 To  1240 ft  0
 1240 To  1250 ft  0
 1250 To  1260 ft  0
 1260 To  1270 ft  0
 1270 To  1280 ft  0
 1280 To  1290 ft  0
 1290 To  1300 ft  0
 1300 To  1310 ft  0
 1310 To  1320 ft  0
 1320 To  1330 ft  0
 1330 To  1340 ft  0
 1340 To  1350 ft  0
 1350 To  1360 ft  0
 1360 To  1370 ft  0
 1370 To  1380 ft  0



CRSP Input File - C:\Program Files\Crsp\B-B'.dat

Input File Specifications

Units of Measure:  U.S.
Total Number of Cells:  13
Analysis Point X-Coordinate 1:  800
Analysis Point X-Coordinate 2:  
Analysis Point X-Coordinate 3:  
Initial Y-Top Starting Zone Coordinate:  8400
Initial Y-Base Starting Zone Coordinate:  8160
Remarks:  

Cell Data

Cell No.     Surface R.     Tangent C.     Normal C.     Begin X         Begin Y          End X            End Y

     1 5 .85 .35 0 8800 100 8780
     2 5 .85 .35 100 8780 300 8720
     3 5 .85 .35 300 8720 400 8640
     4 5 .85 .35 400 8640 500 8560
     5 5 .85 .35 500 8560 600 8400
     6 1 .87 .37 600 8400 800 8160
     7 5 .85 .35 800 8160 1050 8000
     8 5 .87 .35 1050 8000 1350 7840
     9 5 .82 .33 1350 7840 1600 7680
     10 5 .82 .33 1600 7680 1800 7520
     11 5 .82 .33 1800 7520 1820 7440
     12 5 .82 .33 1820 7440 2000 7360
     13 5 .82 .33 2000 7360 2300 7280
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C:\Program Files\Crsp\B-B'.dat       Total Rocks Rolled:  25

Scale: Each division = 20 feet

Spherical Rock:  6-ft dia., 18661-lb
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CRSP Analysis Point Data - C:\Program Files\Crsp\B-B'.dat

Analysis Point 1

Analysis Point 1: X =  800, Y =  8160

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Velocity (ft/sec) Bounce Height (ft) Kinetic Energy (ft-lb)

Maximum:  87.59  Maximum:  18.99  Maximum:  2770052
Average:  61.96  Average:  6.35  Average:  1512508
Minimum:  23.02  G. Mean:  2.79  Std. Dev.:  760375
Std. Dev.:  18.65  Std. Dev.:  8.54



CRSP Analysis Point Statistical Analysis - C:\Program Files\Crsp\B-B'.dat

Analysis Point 1

Analysis Point 1: X =  800, Y =  8160

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Cumulative Probability            Velocity (ft/sec)           Energy (ft-lb)                   Bounce Height (ft)

              50%                                  61.96  1512508 2.79
              75%                                  74.55  2025914 8.55
              90%                                  85.88  2487690 13.74
              95%                                  92.68  2764923 16.85
              98%                                  100.32  3076069 20.35

Note:  Velocity and kinetic energy are analyzed assuming a normal distribution.
           Bounce height is analyzed assuming a log distribution.











CRSP Data Collected at End of Each Cell - C:\Program Files\Crsp\B-B'.dat

Velocity Units: ft/sec Bounce Height Units: ft

Cell No.     Max. Velocity     Avg. Velocity     Std. Dev. Velocity     Max. Bounce Ht.     Avg. Bounce Ht.

 1 No rocks past end of cell
 2 No rocks past end of cell
 3 No rocks past end of cell
 4 No rocks past end of cell
 5 No rocks past end of cell
 6  94  63  20.74  14  4
 7  52  32  13.15  18  3
 8  18  16  0  4  1
 9  21  21  0  1  0
 10  31  31  0  12  11
 11  46  46  0  74  74
 12 No rocks past end of cell
 13 No rocks past end of cell



CRSP Rocks Stopped Data - C:\Program Files\Crsp\B-B'.dat

  X Interval                   Rocks Stopped  

 0 To  10 ft  1
 10 To  20 ft  0
 20 To  30 ft  0
 30 To  40 ft  0
 40 To  50 ft  0
 50 To  60 ft  0
 60 To  70 ft  0
 70 To  80 ft  0
 80 To  90 ft  0
 90 To  100 ft  0
 100 To  110 ft  0
 110 To  120 ft  0
 120 To  130 ft  0
 130 To  140 ft  0
 140 To  150 ft  0
 150 To  160 ft  0
 160 To  170 ft  0
 170 To  180 ft  0
 180 To  190 ft  0
 190 To  200 ft  0
 200 To  210 ft  0
 210 To  220 ft  0
 220 To  230 ft  0
 230 To  240 ft  0
 240 To  250 ft  0
 250 To  260 ft  0
 260 To  270 ft  0
 270 To  280 ft  0
 280 To  290 ft  0
 290 To  300 ft  0
 300 To  310 ft  0
 310 To  320 ft  0
 320 To  330 ft  0
 330 To  340 ft  0
 340 To  350 ft  0
 350 To  360 ft  0
 360 To  370 ft  0
 370 To  380 ft  0
 380 To  390 ft  0
 390 To  400 ft  0
 400 To  410 ft  0
 410 To  420 ft  0
 420 To  430 ft  0
 430 To  440 ft  0



  X Interval                   Rocks Stopped  

 440 To  450 ft  0
 450 To  460 ft  0
 460 To  470 ft  0
 470 To  480 ft  0
 480 To  490 ft  0
 490 To  500 ft  0
 500 To  510 ft  0
 510 To  520 ft  0
 520 To  530 ft  0
 530 To  540 ft  0
 540 To  550 ft  0
 550 To  560 ft  0
 560 To  570 ft  0
 570 To  580 ft  0
 580 To  590 ft  0
 590 To  600 ft  0
 600 To  610 ft  0
 610 To  620 ft  0
 620 To  630 ft  0
 630 To  640 ft  0
 640 To  650 ft  0
 650 To  660 ft  0
 660 To  670 ft  0
 670 To  680 ft  0
 680 To  690 ft  0
 690 To  700 ft  0
 700 To  710 ft  0
 710 To  720 ft  0
 720 To  730 ft  0
 730 To  740 ft  0
 740 To  750 ft  0
 750 To  760 ft  0
 760 To  770 ft  0
 770 To  780 ft  0
 780 To  790 ft  0
 790 To  800 ft  0
 800 To  810 ft  0
 810 To  820 ft  0
 820 To  830 ft  0
 830 To  840 ft  0
 840 To  850 ft  0
 850 To  860 ft  0
 860 To  870 ft  0
 870 To  880 ft  0
 880 To  890 ft  0



  X Interval                   Rocks Stopped  

 890 To  900 ft  0
 900 To  910 ft  0
 910 To  920 ft  1
 920 To  930 ft  1
 930 To  940 ft  0
 940 To  950 ft  0
 950 To  960 ft  0
 960 To  970 ft  1
 970 To  980 ft  0
 980 To  990 ft  1
 990 To  1000 ft  0
 1000 To  1010 ft  0
 1010 To  1020 ft  1
 1020 To  1030 ft  0
 1030 To  1040 ft  1
 1040 To  1050 ft  0
 1050 To  1060 ft  2
 1060 To  1070 ft  0
 1070 To  1080 ft  1
 1080 To  1090 ft  0
 1090 To  1100 ft  0
 1100 To  1110 ft  2
 1110 To  1120 ft  0
 1120 To  1130 ft  2
 1130 To  1140 ft  0
 1140 To  1150 ft  0
 1150 To  1160 ft  0
 1160 To  1170 ft  2
 1170 To  1180 ft  1
 1180 To  1190 ft  0
 1190 To  1200 ft  0
 1200 To  1210 ft  1
 1210 To  1220 ft  0
 1220 To  1230 ft  0
 1230 To  1240 ft  0
 1240 To  1250 ft  0
 1250 To  1260 ft  0
 1260 To  1270 ft  0
 1270 To  1280 ft  1
 1280 To  1290 ft  2
 1290 To  1300 ft  1
 1300 To  1310 ft  0
 1310 To  1320 ft  1
 1320 To  1330 ft  0
 1330 To  1340 ft  0
 1340 To  1350 ft  0
 1350 To  1360 ft  0
 1360 To  1370 ft  0
 1370 To  1380 ft  0



CRSP Input File - C:\Program Files\Crsp\C-C'.dat

Input File Specifications

Units of Measure:  U.S.
Total Number of Cells:  9
Analysis Point X-Coordinate 1:  200
Analysis Point X-Coordinate 2:  
Analysis Point X-Coordinate 3:  
Initial Y-Top Starting Zone Coordinate:  8560
Initial Y-Base Starting Zone Coordinate:  8400
Remarks:  

Cell Data

Cell No.     Surface R.     Tangent C.     Normal C.     Begin X         Begin Y          End X            End Y

     1 5 .85 .35 0 8650 100 8560
     2 1 .87 .37 100 8560 200 8400
     3 5 .85 .35 200 8400 300 8320
     4 5 .87 .35 300 8320 500 8160
     5 5 .82 .33 500 8160 650 8080
     6 5 .82 .33 650 8080 850 7920
     7 5 .82 .33 850 7920 1050 7760
     8 5 .82 .33 1050 7760 1480 7600
     9 5 .82 .33 1480 7600 1530 7520
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C:\Program Files\Crsp\C-C'.dat       Total Rocks Rolled:  25

Scale: Each division = 20 feet

Spherical Rock:  6-ft dia., 18661-lb
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CRSP Analysis Point Data - C:\Program Files\Crsp\C-C'.dat

Analysis Point 1

Analysis Point 1: X =  200, Y =  8400

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Velocity (ft/sec) Bounce Height (ft) Kinetic Energy (ft-lb)

Maximum:  79.82  Maximum:  17.42  Maximum:  2011921
Average:  54.71  Average:  4.69  Average:  1142518
Minimum:  21.74  G. Mean:  1.89  Std. Dev.:  562001
Std. Dev.:  15.41  Std. Dev.:  7.36



CRSP Analysis Point Statistical Analysis - C:\Program Files\Crsp\C-C'.dat

Analysis Point 1

Analysis Point 1: X =  200, Y =  8400

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Cumulative Probability            Velocity (ft/sec)           Energy (ft-lb)                   Bounce Height (ft)

              50%                                  54.71  1142518 1.89
              75%                                  65.11  1521981 6.86
              90%                                  74.46  1863284 11.33
              95%                                  80.08  2068190 14.01
              98%                                  86.39  2298161 17.03

Note:  Velocity and kinetic energy are analyzed assuming a normal distribution.
           Bounce height is analyzed assuming a log distribution.











CRSP Data Collected at End of Each Cell - C:\Program Files\Crsp\C-C'.dat

Velocity Units: ft/sec Bounce Height Units: ft

Cell No.     Max. Velocity     Avg. Velocity     Std. Dev. Velocity     Max. Bounce Ht.     Avg. Bounce Ht.

 1 No rocks past end of cell
 2  80  55  15.41  17  4
 3  80  45  18.4  16  5
 4  63  43  13.95  20  5
 5  50  32  12.48  10  3
 6  88  45  19.81  11  3
 7  79  39  19.54  8  3
 8 No rocks past end of cell
 9 No rocks past end of cell



CRSP Rocks Stopped Data - C:\Program Files\Crsp\C-C'.dat

  X Interval                   Rocks Stopped  

 0 To  10 ft  1
 10 To  20 ft  0
 20 To  30 ft  0
 30 To  40 ft  0
 40 To  50 ft  0
 50 To  60 ft  0
 60 To  70 ft  0
 70 To  80 ft  0
 80 To  90 ft  0
 90 To  100 ft  0
 100 To  110 ft  0
 110 To  120 ft  0
 120 To  130 ft  0
 130 To  140 ft  0
 140 To  150 ft  0
 150 To  160 ft  0
 160 To  170 ft  0
 170 To  180 ft  0
 180 To  190 ft  0
 190 To  200 ft  0
 200 To  210 ft  0
 210 To  220 ft  0
 220 To  230 ft  0
 230 To  240 ft  0
 240 To  250 ft  0
 250 To  260 ft  0
 260 To  270 ft  0
 270 To  280 ft  0
 280 To  290 ft  0
 290 To  300 ft  0
 300 To  310 ft  0
 310 To  320 ft  0
 320 To  330 ft  0
 330 To  340 ft  0
 340 To  350 ft  0
 350 To  360 ft  0
 360 To  370 ft  0
 370 To  380 ft  0
 380 To  390 ft  0
 390 To  400 ft  0
 400 To  410 ft  0
 410 To  420 ft  0
 420 To  430 ft  0
 430 To  440 ft  0



  X Interval                   Rocks Stopped  

 440 To  450 ft  0
 450 To  460 ft  0
 460 To  470 ft  0
 470 To  480 ft  0
 480 To  490 ft  0
 490 To  500 ft  0
 500 To  510 ft  0
 510 To  520 ft  3
 520 To  530 ft  1
 530 To  540 ft  0
 540 To  550 ft  1
 550 To  560 ft  1
 560 To  570 ft  1
 570 To  580 ft  0
 580 To  590 ft  1
 590 To  600 ft  1
 600 To  610 ft  2
 610 To  620 ft  0
 620 To  630 ft  2
 630 To  640 ft  1
 640 To  650 ft  0
 650 To  660 ft  0
 660 To  670 ft  0
 670 To  680 ft  0
 680 To  690 ft  0
 690 To  700 ft  0
 700 To  710 ft  0
 710 To  720 ft  0
 720 To  730 ft  0
 730 To  740 ft  0
 740 To  750 ft  0
 750 To  760 ft  0
 760 To  770 ft  0
 770 To  780 ft  0
 780 To  790 ft  0
 790 To  800 ft  0
 800 To  810 ft  0
 810 To  820 ft  0
 820 To  830 ft  0
 830 To  840 ft  0
 840 To  850 ft  0
 850 To  860 ft  0
 860 To  870 ft  0
 870 To  880 ft  0
 880 To  890 ft  1



  X Interval                   Rocks Stopped  

 890 To  900 ft  0
 900 To  910 ft  0
 910 To  920 ft  0
 920 To  930 ft  0
 930 To  940 ft  0
 940 To  950 ft  0
 950 To  960 ft  0
 960 To  970 ft  0
 970 To  980 ft  0
 980 To  990 ft  0
 990 To  1000 ft  0
 1000 To  1010 ft  0
 1010 To  1020 ft  0
 1020 To  1030 ft  0
 1030 To  1040 ft  0
 1040 To  1050 ft  0
 1050 To  1060 ft  1
 1060 To  1070 ft  0
 1070 To  1080 ft  2
 1080 To  1090 ft  2
 1090 To  1100 ft  2
 1100 To  1110 ft  0
 1110 To  1120 ft  0
 1120 To  1130 ft  0
 1130 To  1140 ft  0
 1140 To  1150 ft  0
 1150 To  1160 ft  1
 1160 To  1170 ft  0
 1170 To  1180 ft  0
 1180 To  1190 ft  0
 1190 To  1200 ft  0
 1200 To  1210 ft  0
 1210 To  1220 ft  0
 1220 To  1230 ft  0
 1230 To  1240 ft  1
 1240 To  1250 ft  0
 1250 To  1260 ft  0
 1260 To  1270 ft  0
 1270 To  1280 ft  0
 1280 To  1290 ft  0
 1290 To  1300 ft  0
 1300 To  1310 ft  0
 1310 To  1320 ft  0
 1320 To  1330 ft  0
 1330 To  1340 ft  0
 1340 To  1350 ft  0
 1350 To  1360 ft  0
 1360 To  1370 ft  0
 1370 To  1380 ft  0



CRSP Input File - C:\Program Files\Crsp\D-D'.dat

Input File Specifications

Units of Measure:  U.S.
Total Number of Cells:  12
Analysis Point X-Coordinate 1:  500
Analysis Point X-Coordinate 2:  
Analysis Point X-Coordinate 3:  
Initial Y-Top Starting Zone Coordinate:  8560
Initial Y-Base Starting Zone Coordinate:  8440
Remarks:  

Cell Data

Cell No.     Surface R.     Tangent C.     Normal C.     Begin X         Begin Y          End X            End Y

     1 5 .85 .35 0 8880 150 8800
     2 5 .85 .35 150 8800 250 8720
     3 5 .85 .35 250 8720 450 8560
     4 1 .87 .37 450 8560 500 8440
     5 5 .85 .35 500 8440 600 8320
     6 5 .87 .35 600 8320 700 8240
     7 5 .87 .35 700 8240 800 8160
     8 5 .82 .33 800 8160 1050 8080
     9 5 .82 .33 1050 8080 1250 8000
     10 5 .82 .33 1250 8000 1450 7920
     11 5 .82 .33 1450 7920 1600 7840
     12 5 .82 .33 1600 7840 1850 7760
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C:\Program Files\Crsp\D-D'.dat       Total Rocks Rolled:  25

Scale: Each division = 20 feet

Spherical Rock:  6-ft dia., 18661-lb
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CRSP Analysis Point Data - C:\Program Files\Crsp\D-D'.dat

Analysis Point 1

Analysis Point 1: X =  500, Y =  8440

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Velocity (ft/sec) Bounce Height (ft) Kinetic Energy (ft-lb)

Maximum:  72.56  Maximum:  20.98  Maximum:  1664681
Average:  48.84  Average:  6.08  Average:  904902
Minimum:  15.78  G. Mean:  3.63  Std. Dev.:  479381
Std. Dev.:  15.07  Std. Dev.:  3.07



CRSP Analysis Point Statistical Analysis - C:\Program Files\Crsp\D-D'.dat

Analysis Point 1

Analysis Point 1: X =  500, Y =  8440

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Cumulative Probability            Velocity (ft/sec)           Energy (ft-lb)                   Bounce Height (ft)

              50%                                  48.84  904902 3.63
              75%                                  59.02  1228580 5.7
              90%                                  68.17  1519708 7.56
              95%                                  73.66  1694490 8.68
              98%                                  79.83  1890653 9.94

Note:  Velocity and kinetic energy are analyzed assuming a normal distribution.
           Bounce height is analyzed assuming a log distribution.











CRSP Data Collected at End of Each Cell - C:\Program Files\Crsp\D-D'.dat

Velocity Units: ft/sec Bounce Height Units: ft

Cell No.     Max. Velocity     Avg. Velocity     Std. Dev. Velocity     Max. Bounce Ht.     Avg. Bounce Ht.

 1 No rocks past end of cell
 2 No rocks past end of cell
 3 No rocks past end of cell
 4  73  49  15.07  21  6
 5  91  59  16  29  11
 6  91  50  20.45  17  6
 7  79  46  17.61  23  7
 8 No rocks past end of cell
 9 No rocks past end of cell
 10 No rocks past end of cell
 11 No rocks past end of cell
 12 No rocks past end of cell



CRSP Rocks Stopped Data - C:\Program Files\Crsp\D-D'.dat

  X Interval                   Rocks Stopped  

 0 To  10 ft  1
 10 To  20 ft  0
 20 To  30 ft  0
 30 To  40 ft  0
 40 To  50 ft  0
 50 To  60 ft  0
 60 To  70 ft  0
 70 To  80 ft  0
 80 To  90 ft  0
 90 To  100 ft  0
 100 To  110 ft  0
 110 To  120 ft  0
 120 To  130 ft  0
 130 To  140 ft  0
 140 To  150 ft  0
 150 To  160 ft  0
 160 To  170 ft  0
 170 To  180 ft  0
 180 To  190 ft  0
 190 To  200 ft  0
 200 To  210 ft  0
 210 To  220 ft  0
 220 To  230 ft  0
 230 To  240 ft  0
 240 To  250 ft  0
 250 To  260 ft  0
 260 To  270 ft  0
 270 To  280 ft  0
 280 To  290 ft  0
 290 To  300 ft  0
 300 To  310 ft  0
 310 To  320 ft  0
 320 To  330 ft  0
 330 To  340 ft  0
 340 To  350 ft  0
 350 To  360 ft  0
 360 To  370 ft  0
 370 To  380 ft  0
 380 To  390 ft  0
 390 To  400 ft  0
 400 To  410 ft  0
 410 To  420 ft  0
 420 To  430 ft  0
 430 To  440 ft  0



  X Interval                   Rocks Stopped  

 440 To  450 ft  0
 450 To  460 ft  0
 460 To  470 ft  0
 470 To  480 ft  0
 480 To  490 ft  0
 490 To  500 ft  0
 500 To  510 ft  0
 510 To  520 ft  0
 520 To  530 ft  0
 530 To  540 ft  0
 540 To  550 ft  0
 550 To  560 ft  0
 560 To  570 ft  0
 570 To  580 ft  0
 580 To  590 ft  0
 590 To  600 ft  0
 600 To  610 ft  0
 610 To  620 ft  0
 620 To  630 ft  0
 630 To  640 ft  0
 640 To  650 ft  0
 650 To  660 ft  0
 660 To  670 ft  0
 670 To  680 ft  0
 680 To  690 ft  0
 690 To  700 ft  0
 700 To  710 ft  0
 710 To  720 ft  0
 720 To  730 ft  0
 730 To  740 ft  0
 740 To  750 ft  0
 750 To  760 ft  0
 760 To  770 ft  0
 770 To  780 ft  0
 780 To  790 ft  0
 790 To  800 ft  0
 800 To  810 ft  0
 810 To  820 ft  3
 820 To  830 ft  2
 830 To  840 ft  1
 840 To  850 ft  0
 850 To  860 ft  0
 860 To  870 ft  1
 870 To  880 ft  2
 880 To  890 ft  2



  X Interval                   Rocks Stopped  

 890 To  900 ft  0
 900 To  910 ft  4
 910 To  920 ft  2
 920 To  930 ft  2
 930 To  940 ft  0
 940 To  950 ft  1
 950 To  960 ft  0
 960 To  970 ft  0
 970 To  980 ft  0
 980 To  990 ft  2
 990 To  1000 ft  0
 1000 To  1010 ft  0
 1010 To  1020 ft  0
 1020 To  1030 ft  1
 1030 To  1040 ft  1
 1040 To  1050 ft  0
 1050 To  1060 ft  0
 1060 To  1070 ft  0
 1070 To  1080 ft  0
 1080 To  1090 ft  0
 1090 To  1100 ft  0
 1100 To  1110 ft  0
 1110 To  1120 ft  0
 1120 To  1130 ft  0
 1130 To  1140 ft  0
 1140 To  1150 ft  0
 1150 To  1160 ft  0
 1160 To  1170 ft  0
 1170 To  1180 ft  0
 1180 To  1190 ft  0
 1190 To  1200 ft  0
 1200 To  1210 ft  0
 1210 To  1220 ft  0
 1220 To  1230 ft  0
 1230 To  1240 ft  0
 1240 To  1250 ft  0
 1250 To  1260 ft  0
 1260 To  1270 ft  0
 1270 To  1280 ft  0
 1280 To  1290 ft  0
 1290 To  1300 ft  0
 1300 To  1310 ft  0
 1310 To  1320 ft  0
 1320 To  1330 ft  0
 1330 To  1340 ft  0
 1340 To  1350 ft  0
 1350 To  1360 ft  0
 1360 To  1370 ft  0
 1370 To  1380 ft  0



CRSP Input File - C:\Program Files\Crsp\E-E'.dat

Input File Specifications

Units of Measure:  U.S.
Total Number of Cells:  8
Analysis Point X-Coordinate 1:  550
Analysis Point X-Coordinate 2:  
Analysis Point X-Coordinate 3:  
Initial Y-Top Starting Zone Coordinate:  8560
Initial Y-Base Starting Zone Coordinate:  8320
Remarks:  

Cell Data

Cell No.     Surface R.     Tangent C.     Normal C.     Begin X         Begin Y          End X            End Y

     1 5 .85 .35 0 8880 200 8800
     2 5 .85 .35 200 8800 400 8640
     3 5 .85 .35 400 8640 500 8560
     4 1 .87 .37 500 8560 550 8320
     5 5 .85 .35 550 8320 700 8240
     6 5 .82 .33 700 8240 800 8160
     7 5 .82 .33 800 8160 900 8080
     8 5 .82 .33 900 8080 1000 8000
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CRSP Analysis Point Data - C:\Program Files\Crsp\E-E'.dat

Analysis Point 1

Analysis Point 1: X =  550, Y =  8320

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Velocity (ft/sec) Bounce Height (ft) Kinetic Energy (ft-lb)

Maximum:  112.98  Maximum:  68.68  Maximum:  3834550
Average:  64.91  Average:  19.43  Average:  1630396
Minimum:  18.89  G. Mean:  11.07  Std. Dev.:  909983
Std. Dev.:  21  Std. Dev.:  3.51



CRSP Analysis Point Statistical Analysis - C:\Program Files\Crsp\E-E'.dat

Analysis Point 1

Analysis Point 1: X =  550, Y =  8320

Spherical Rock:  6-ft dia., 18661-lb

Total Rocks Passing Analysis Point:  24

Cumulative Probability            Velocity (ft/sec)           Energy (ft-lb)                   Bounce Height (ft)

              50%                                  64.91  1630396 11.07
              75%                                  79.09  2244817 13.44
              90%                                  91.84  2797450 15.57
              95%                                  99.5  3129230 16.85
              98%                                  108.09  3501595 18.28

Note:  Velocity and kinetic energy are analyzed assuming a normal distribution.
           Bounce height is analyzed assuming a log distribution.











CRSP Data Collected at End of Each Cell - C:\Program Files\Crsp\E-E'.dat

Velocity Units: ft/sec Bounce Height Units: ft

Cell No.     Max. Velocity     Avg. Velocity     Std. Dev. Velocity     Max. Bounce Ht.     Avg. Bounce Ht.

 1 No rocks past end of cell
 2 No rocks past end of cell
 3 No rocks past end of cell
 4  113  65  21  69  19
 5  55  28  17.13  4  2
 6  55  36  11.39  6  3
 7  72  51  14.99  12  6
 8  52  33  12.88  5  4



CRSP Rocks Stopped Data - C:\Program Files\Crsp\E-E'.dat

  X Interval                   Rocks Stopped  

 0 To  10 ft  1
 10 To  20 ft  0
 20 To  30 ft  0
 30 To  40 ft  0
 40 To  50 ft  0
 50 To  60 ft  0
 60 To  70 ft  0
 70 To  80 ft  0
 80 To  90 ft  0
 90 To  100 ft  0
 100 To  110 ft  0
 110 To  120 ft  0
 120 To  130 ft  0
 130 To  140 ft  0
 140 To  150 ft  0
 150 To  160 ft  0
 160 To  170 ft  0
 170 To  180 ft  0
 180 To  190 ft  0
 190 To  200 ft  0
 200 To  210 ft  0
 210 To  220 ft  0
 220 To  230 ft  0
 230 To  240 ft  0
 240 To  250 ft  0
 250 To  260 ft  0
 260 To  270 ft  0
 270 To  280 ft  0
 280 To  290 ft  0
 290 To  300 ft  0
 300 To  310 ft  0
 310 To  320 ft  0
 320 To  330 ft  0
 330 To  340 ft  0
 340 To  350 ft  0
 350 To  360 ft  0
 360 To  370 ft  0
 370 To  380 ft  0
 380 To  390 ft  0
 390 To  400 ft  0
 400 To  410 ft  0
 410 To  420 ft  0
 420 To  430 ft  0
 430 To  440 ft  0



  X Interval                   Rocks Stopped  

 440 To  450 ft  0
 450 To  460 ft  0
 460 To  470 ft  0
 470 To  480 ft  0
 480 To  490 ft  0
 490 To  500 ft  0
 500 To  510 ft  0
 510 To  520 ft  0
 520 To  530 ft  0
 530 To  540 ft  0
 540 To  550 ft  0
 550 To  560 ft  5
 560 To  570 ft  3
 570 To  580 ft  3
 580 To  590 ft  1
 590 To  600 ft  0
 600 To  610 ft  1
 610 To  620 ft  0
 620 To  630 ft  2
 630 To  640 ft  2
 640 To  650 ft  0
 650 To  660 ft  0
 660 To  670 ft  0
 670 To  680 ft  1
 680 To  690 ft  0
 690 To  700 ft  1
 700 To  710 ft  0
 710 To  720 ft  0
 720 To  730 ft  0
 730 To  740 ft  0
 740 To  750 ft  0
 750 To  760 ft  0
 760 To  770 ft  0
 770 To  780 ft  0
 780 To  790 ft  0
 790 To  800 ft  0
 800 To  810 ft  0
 810 To  820 ft  0
 820 To  830 ft  0
 830 To  840 ft  0
 840 To  850 ft  0
 850 To  860 ft  0
 860 To  870 ft  0
 870 To  880 ft  0
 880 To  890 ft  0



  X Interval                   Rocks Stopped  

 890 To  900 ft  0
 900 To  910 ft  0
 910 To  920 ft  0
 920 To  930 ft  0
 930 To  940 ft  0
 940 To  950 ft  0
 950 To  960 ft  0
 960 To  970 ft  0
 970 To  980 ft  0
 980 To  990 ft  0
 990 To  1000 ft  0
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1.0 INTRODUCTION 

 

This report was prepared at the request of C.W. Mining Company for an evaluation of 
surface subsidence mechanics and determination of typical deformation expected at the Bear 
Canyon longwall reserve (figure 1) in the C.W. mining operations, located near Huntington, 
Utah.  The study was initiated in response to a deficiency list prepared by resource specialists 
of the Utah Division of Oil, Gas, and Mining. 

 
Specific objectives were as follows: 
 
• Description of subsidence mechanisms and angle of draw; 
• Description of pillar designs developed by C.W. Mining for the multiple seam 

reserve in the Bear Canyon Study area,  
• Calculation of subsidence profiles over the longwall blocks in both Tank and 

Hiawatha seams using regional subsidence measurement results, and 
• General recommendations for surface subsidence monitoring. 
 
The study area is located adjacent to the permitted areas in the C.W. Mining existing 

room-and-pillar operations located in the Wasatch Plateau Coal Fields of eastern Utah.  
Longwall mining has been extensively used in both the Book Cliffs and Wasatch Plateau 
coal fields since its introduction at the Sunnyside mines during 1960’s; it is generally 
considered an environmentally attractive method to mine coal.  It minimizes damage to the 
surface by permitting gradual subsidence of overburden strata over mined-out areas while at 
the same time satisfying BLM requirements of maximizing economic recovery of coal 
resources (Maleki and others 2001). 

 
C.W. Mining is planning to mine coal reserves from the study area using the longwall 

method mostly in the Tank and Hiawatha seams at a typical depth of 800 to 2,000 ft (two 
limited panels are also envisioned in the Blind Canyon Seam).  Existing mine plans call for 
extraction of the reserve using an extraction height of 5 to 8 ft within longwall panels. 
Subsidence calculations (consisting of vertical movements and horizontal strains) were 
completed for three longwall blocks, as illustrated in figure 1.   

 
• Block 1, Tank Seam.  For five 500- to-640-ft wide longwall panels retreated from 

northwest to southeast. Seam thickness varies from 5 to 7.6 ft within this longwall 
block.  We have simulated an average extraction height of 7 ft.  This is a 
conservative and prudent assumption for this study. 

 
• Block 2, Tank Seam. For four 600- to-800-ft wide longwall panels retreated from 

northwest to southeast. Seam thickness varies from 5 to 8 ft within this longwall 
block.  We have simulated an average extraction height of 7 ft.   

 
• Block 3, Hiawatha Seam.  For four 640-ft wide longwall panels retreated from 

northwest to southeast. Seam thickness varies from 5 to 15 ft within this longwall 



block.  The extraction height is fixed at 8 ft considering longwall face equipment 
specifications. 

 
This report is prepared in five sections.  After this introduction, the subsidence 

mechanism is presented in section 2.0, followed in section 3.0 by a description of mining and 
geologic conditions and subsidence characteristics, including rock mechanics data, 
subsidence parameters, and a discussion of the conceptual mine layout designs developed by 
C.W. Mining for multiple seam longwall extraction.  Predicted deformation patterns are 
presented in section 4 using three-dimensional subsidence models. The subsidence 
monitoring program is reviewed in section 5. 
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2.0 SUBSIDENCE MECHANISM 
 
Surface subsidence occurs because of downward rock mass movement caused by the 

closure and collapse of mined-out excavations. Surface subsidence processes result in both 
vertical and horizontal displacement of rocks. Two major mechanisms of surface subsidence 
are associated with mining:  formation of sinkholes and creation of troughs. 

 
The type of subsidence mechanism predicted for the study area is the trough-type 

subsidence.  It is characterized by the formation of a relatively smooth basin and is much less 
damaging than sinkhole subsidence.  Sinkholes result from sudden or time-dependent 
collapse of overburden in localized areas, and these areas can be from several feet to tens of 
feet in diameter.  Based on long-term measurements over the Hanna Basin, Wyoming 
(Karfakis 1987) and the Colorado Front Range (Matheson and Bliss 1986), researchers have 
established a relationship between the probabilities of sinkhole subsidence versus overburden 
depth.  A great majority of sinkholes (98% probability) form where depths are less than 160 
ft. At typical cover depths of 400 to 2,000 ft over the mains at the longwall project site, the 
probability of sinkhole occurrence is small, assuming stable “support” pillars. 

 
As longwall operations are initiated in the first panel, roof span increases behind the 

longwall face until it caves.  The roof span varies in mines, but  typically ranges from 30 to 
200 ft, depending on the strength of the roof rocks.  The remaining overburden rocks will 
remain stable, transferring their load to the face and gate pillars.  At some critical face 
position, the arching and load transfer mechanism collapses, and ground movement expands 
toward the surface, causing subsidence.    

 
The caving process is associated with fracturing of near-seam strata and settling of 

overlying rocks.  Four zones of movement are associated with subsidence (Peng 1992). 
  
1. Cave zone—broken and fragmented rocks that fill mined space.  The immediate roof 

rocks fracture into blocks often controlled by preexisting structure, filling the mined space. 
Bulking and rotation of individual roof rocks eventually limits the upward growth of failure. 
The thickness of this zone is estimated to be two to eight times seam thickness, depending on 
the bulking characteristics of the immediate roof rocks. 

 
2. Fracture zone—fractured rocks that fail because of shear stresses near the ribs and 

delamination toward the center of the panel.  This zone is located directly above the cave 
zone. The strata within this zone move downward, usually in large blocks, but without major 
rotation, to rest on the caved zone below. The permeability of the rocks is increased within 
this zone, which is estimated to extend twenty to sixty times seam thickness (Peng 1992) 
above the mine roof depending on geologic conditions and the strength of the rocks.  
 

3. Continuous deformation zone—deformation zone from the top of the fractured zone 
to the surface soils.  The strata flex downward without significant fracturing, gradually 
settling over the fracture zone. In the absence of soils, this zone extends to the surface, 
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forming compression zones at the surface to the center of the panel and tension zones at the 
edge of excavations. 

 
4. Soil zone—This zone is an extension of the continuous deformation zone, which, 

depending on site-specific conditions, generally consists of soils and weathered rocks. 
Because of the less-brittle nature of soils, tensile cracks associated with transient subsidence 
may not be detected easily in front of the face and any existing fractures tend to heal quickly. 
Tensile fractures forming at panel boundaries last longer, but eventually get closed due to 
caving of fracture walls.  

 
Three subsidence phases are associated with trough subsidence (figure 2).   
 
1.  The subcritical phase occurs immediately at the beginning when movement is in a 

small area at the center of the basin. 
 
2.  The critical phase occurs as the basin area expands when the maximum value of the 

downward movement is reached at the center.  The critical excavation width is generally 
larger than 1.4 to 1.6 times the overburden thickness and is influenced by position and 
strength of competent layers within the overburden. 

 
3.  The supercritical phase occurs as the basin develops a flat bottom. In this phase, the 

basin area continues to increase with the cave area, but subsidence will remain at the 
maximum value attained in the critical phase. 

 
Thus, the surface response of longwall mining activity, shown in Figure 2, begins with 

the subcritical phase, then progresses to the critical phase, and finally, to the supercritical 
phase. The subsidence process first shows effects on the surface as the upper strata bend, 
including tension (expansion), which causes near-surface fractures to open up and new ones 
to be created. Figure 2 shows how the middle portion of the excavation expands as 
subsidence continues, going through a cycle of, first, tension and then compression, which 
closes tension cracks. Final subsidence shows an excavation with the middle portions lower 
in elevation, but back to a near-original state. Areas on the edge of the excavation basin are 
subjected to tensile strains. Tensile strains are accumulative if the tensile zones overlap 
during the extraction of side-by-side panels (“transient” subsidence) or superimposed 
multiple-seam designs.  By staggering the position of full extraction boundaries in multiple 
seams, C.W. Mining has avoided overlapping the tensile zones and thus reduced the potential 
for surface cracking at final mining boundaries (“permanent” subsidence). 

 
Considering panel width to average overburden depth ratio for the C.W. Mining project 

area (0.6), these longwall panels are considered to have subcritical widths, and thus the great 
majority of subsidence is expected during the mining of the second and the third panels.   
The subsidence process is expected to be mature within 2 years after mining. 

 
Subsidence characteristics for any coal field depends on site-specific geologic conditions 

and mining practices, including strata competence, geologic structure, topography, extraction 
height, extraction speed, and mine designs. For instance, rapid changes in topographic 
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conditions are known to influence both naturally occurring and mining-induced rock mass 
wasting, including sandstone escarpment failure (Maleki and others 2001).  The site-specific 
subsidence parameters for the Bear Canyon study area are addressed in the following 
sections using available monitoring results locally and regionally within Utah coal fields.  

 

 
 

Figure 2. The three phases of subsidence development.
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3.0 MINING, GEOLOGIC CONDITIONS AND SUBSIDENCE 
CHARACTERISTICS 

 
3.1 Conceptual Mine Layout Designs 

 
The C.W. Mining Company, in cooperation with MTI engineering staff, implemented 

geotechnical studies at both Tank and the Blind Canyon seams during the 1990’s to study 
coal seam behavior and support loading during multiple seam pillar extraction (Maleki and 
others 1999).  These studies consisted of underground and surface mapping, installation and 
monitoring of geotechnical instruments for the evaluation of Mobile Roof Support, and 
three-dimensional stress analyses. In addition, during 2001, MTI implemented a preliminary 
escarpment stability evaluation to assess potential pillaring impacts on the stability of the 
Castlegate Sandstone escarpments at the Wild Horse Ridge reserve. This study utilized a 
wealth of data collected over both stable and unstable escarpment areas at the neighboring 
East Mountain and Trail Mountain mines (Maleki and others 2000, MTI 2001).   

 
As illustrated figure 1, C.W. Mining has oriented the longwall panels N55° W and is 

planning to use three-entry gateroad systems with 30-ft-wide yield pillars (50 ft center-to-
center) and 500- to 800-ft-wide panels.  This conceptual mine plan is suitable for permitting 
purposes and additional stress analyses are planned for finalizing mine designs in multiple-
seam bump-prone conditions. 

 
At sufficient deviation of 30° from major joint sets (N15° E and N85° E, MTI 2001), 

the existing mine orientation is beneficial for stability of development workings because it 
avoids alignment of joints and mine openings. 

 
From environmental point-of-view, MTI considers this orientation effective in 

reducing the potential for subsidence-related cracking at the surface. Because at panel 
boundaries, the subsidence cracks generally form near parallel to longwall face and length 
(Maleki and others 2006), by misaligning the joints and panel orientation, C.W. Mining 
increases its chances of limiting the number and length of mining-induced surface fracturing 
at final mining boundaries. 
 

To control gate pillar bumps, C.W. Mining staff has selected yield pillars to reduce 
strain energy accumulation within the gate pillars.  Pillar size was selected on the basis of  
successful experience in the neighboring longwall operations in the East Mountain and Trail 
Mountain.  

 
Based on a comprehensive case study by the USBM in 1980’s (Fejes 1985, Dyni 

1991, Section 4.2), MTI makes the assertion that the narrow 30-ft-wide yield pillars 
commonly used in the two-entry Utah reserves crush completely with no influence (or 
subsidence humps) above the gateroads. Thus the existing layout is also beneficial for 
reducing surface impacts, although we prefer a two-entry system for coal bump control based 
on site-specific geotechnical monitoring in the Dugout Canyon Mine (Maleki and others 
2003).  

3.2 Geology, Rock Strength and Stress Field 
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 The three coal seams of economic interest belong to the Blackhawk Formation which is 
overlain by the Castlegate Sandstone and underlain by the Star Point Sandstone and the 
Mancos shale (figure 3).  Minable longwall reserves are mostly contained in the Tank and 
Hiawatha seams with limited reserves also in the Blind Canyon Seam. Tank and Hiawatha 
seams average 7, and 8 ft in the study area; the Blind Canyon is 7 ft thick. The interburden 
between the Tank and Hiawatha seams is approximately 300-ft. 
 
 The overlying cliff forming Castlegate sandstone is a massive cross-bedded unit.  It 
contains occasional thin, interbeds of shale, pebble conglomerate and mudstone.  This unit is 
170 to 250 ft thick in the area using the corehole data , however, the actual exposed thickness 
is locally much lower (as low as 50 ft).  The Price River Formation consists of numerous 
beds of cross-bedded sandstones with occasional interbeds of shale, pebble conglomerate, 
and mudstone. 
 
 The Blackhawk Formation is composed of interbedded deltaic mudstone and siltstone 
and is less resistant to weathering than the neighboring units. It is characterized by 
alternating slope and cliff forming units.  This unit is approximately 750 ft in thickness. 
 
 The Star Point Sandstone consists of thick cliff-forming sandstone units separated by 
shales. It is light colored and is approximately 350 ft in thickness in the study area. The 
Mancos shale is a blue-grey color marine shale, approximately 1000 ft thick, and is soft and 
well weathered. 
 

 Jointing patterns were mapped at the Castlegate Sandstone horizon and found similar 
across the study area (MTI 2001). The joint trends are thought to be generally coincident 
with jointing found in the overlying Price River and underlying Blackhawk Formations and 
are consistent with the measurements on the Wasatch Plateau (Maleki 1988, Maleki and 
others 1999).  Joints were typically within a few degrees from vertical.   
 
 The most pronounced (primary) joint trend typically ranges between N10° E to N20° E 
(N15° E average). A less pronounced and secondary joint system trending S80° E to S90° E 
was also observed. This trend appeared to be generally consistent across the study area.  
 
 A third joint set was observed infrequently with a N50° E to N55° E trend. This set was 
only observed in the east near the Fish Creek Canyon. Spacing on this set is estimated to be 
greater than 10 feet due to its lack of occurrence or expression. 
 
 Apparent joint spacing appears to be controlled by confining stress. In outcrop the 
primary and secondary joints are more apparent and appear closer spaced at or near the 
points than in head of drainages. Rocks in place often exhibit jointing at 10 - 15 feet spacing, 
but more broken rocks nearly always showed closer spaced joints. 
 
 Faulting is not expected within the longwall reserves (Reynolds 2006). 
 

 
Maleki Technologies, Inc. Page 8 8/7/2006 



 Site-specific geologic and rock mechanics data are limited, although MTI has collected 
large amounts of information from adjacent properties. Figure 4 summarize the mechanical 
properties of coal measure strata at the neighboring East Mountain, compiled by MTI. 
Clearly, most overburden rocks are strong and stiff, capable of accumulating large strain 
energies, which contributes to seismicity.  
 
 The researchers from the former USBM and private industry have made a number of 
stress measurements in mines of Wasatch Plateau, Utah. There are two stress measurements 
within the close proximity of C.W. Mining operations (figure 5).  These measurements 
confirm that the far-field stress field is unremarkable. The horizontal stress is moderate and 
is less than 50 percent of the vertical stress magnitude.  We anticipate similar stress field at 
the C.W. Mining operations based on observations of lack of stress-induced stability 
problems (such as cutters) and an analyses of measurements in the existing reserve (Maleki 
and others 2000). 
 
3.3 Subsidence Parameters 

 Subsidence engineering parameters include subsidence factor, angle of draw, angle of 
critical deformation, and horizontal strain.  The subsidence factor is the ratio of maximum 
measured subsidence to extraction height. Because this ratio depends on excavation width 
and overburden thickness, it should be measured in supercritical excavations where caving 
has reached the surface on collapse of the pressure arch. 
 
 The angle of draw defines the limit of surface movements beyond the edge of an 
excavation.  It is measured from a vertical line drawn at the panel edge and a line connecting 
the panel edge to the point of “no” movement on the surface. In practice, the accuracy of 
surveying equipment defines the point of no movement. This accuracy is usually about 0.1 ft 
but varies depending on topographic conditions, measurement technique, etc. Angle of 
critical deformation is similar to the angle of draw, but is measured to a point of critical 
deformation with respect to existing structures; it is preferred by many practitioners because 
it avoids the shortfalls connected with the accuracy of surveying equipment.  Based on 
subsidence data from 40 longwall panels, Peng (1992) found that it is 10º less than the angle 
of draw.   
 
 Horizontal strain is the change in horizontal length of the ground divided by the original 
length of the ground. Positive strain is used here to show tensile strain indicating an increase 
in the horizontal length of the ground. Compressive strain (negative notation) occurs when 
the ground is shortened or compressed. Maximum tensile strain is found in supercritical 
excavation and maximum compressive strain occurs in subcritical excavations. Horizontal 
strain increases with an increase in extraction height and decreases at greater depths. Surface 
topography also influences horizontal strain.  
 
 The best estimates for the extend and magnitude of subsidence for the C.W. Mining two-
seam mining conditions can be obtained by reviewing the results of long-term monitoring in 
Utah. The USBM implemented a comprehensive subsidence study over the Energy West 
two-seam longwall reserve from 1978 to 1989. The study monitored surface movements over 
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four Blind Canyon and six Hiawatha panels. The study addressed angle of draw, subsidence 
factors for single and multiple-seam mining, and critical width.  Similar to the Bear Canyon 
reserve, the mining area was bounded by faults. Maximum subsidence was 68% to 72% of 
the extraction height for single and two-seam mining conditions, respectively.  This is in 
general agreement with other measurements in Utah showing a subsidence factor of 70 %. 
The angle of draw ranged between 25° to 30° for single- and two-seam mining conditions, 
respectively.  This reported maximum angle of draw is higher than average values for the 
East Mountain (22.5° to 25°, Fejes 1985) but is significantly lower than that reported by the 
British National Coal Board (NCB 1975). 
 
3.4 Gate Pillar Behavior 
 
 Because gate pillar designs may influence surface subsidence, some recent investigations 
have focused on evaluating subsidence above gate pillars.  The Western U.S. measurements 
show different overburden deformation characteristics influenced by the choice of pillar 
designs. Based on a comprehensive case study by the USBM in 1980’s (Fejes 1985, Dyni 
1991, Section 4.2), MTI makes the assertion that the narrow 30-ft-wide yield pillars 
commonly used in the two-entry Utah reserves crush completely with no influence (or 
subsidence humps) above the gateroads.   
 
We expect the three-entry yield pillar system at the Bear Canyon Mine to behave similarly in 
the long-term with no subsidence humps. The exact timing of pillar crushing is uncertain at 
this time requiring additional stress analyses.  However, based on geotechnical 
measurements in Utah coal fields (Maleki and others 2003), pillar yielding to residual 
strength can occur quietly rapidly behind the face in moderately deep mines.  We expect 
pillar crushing to be complete after extraction of panels on both sides because of significant 
convergence at the seam horizon. Site-specific calculations to address ground control issues 
in the three-entry system are forthcoming and will form the basis for petition to switch to a 
two-entry system. 
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Figure 3.  Generalized stratigraphic column.
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Figure 4. Histogram frequency diagram of uniaxial compressive strength and Young’s 
modulus, regional data compiled by MTI. 
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Figure 5. Regional horizontal stress measurements (ellipsoids) and the orientation of 
cleats in Utah coal fields. 
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4.0 PREDICTED GROUND MOVEMENTS 

 
4.1 Methodology 
 
Surface subsidence is the readily observable manifestation on the ground surface of the 

displacement field surrounding the underground portion of the mine. Predicting subsidence 
magnitude, therefore, constitutes a particular solution of the overall problem of finding the 
induced displacement field. To study subsidence phenomena and estimate the magnitude of 
subsidence, a number of empirical, physical, and numerical methods have been used.  

 
Empirical methods, including profile functions, influence functions, and graphical 

methods were proposed by the British National Coal Board. These methods involve the 
analysis of existing subsidence from an area to predict future subsidence effects. These 
methods are based on the mathematical fit of a considerable number of measured subsidence 
profiles. They apply to geologic conditions in the area where they were developed and 
require adjustments if they are applied to different strata conditions.  

 
To estimate surface deformation above the proposed longwall panels, we used a three-

dimensional influence function method while accounting for site-specific conditions using 
the subsidence monitoring data from both the neighboring Deer Creek Mine.  These methods 
have become very popular for the prediction of subsidence and surface strains within the last 
two decades (USBM, 1983; Peng and others 1994; SDPS 2000).  They are superior to 
graphical methods because they can be used to model an entire longwall block while 
allowing an examination of the sensitivity of results to variations in seam thickness, pillar 
designs, panel dimensions, and overburden thickness.  

 
These methods rely on the influence of an extracted volume on the displacement 

components of a remote point on the surface. In the zone calculation method, for example, 
the circular zone of influence around a point on the ground surface is divided into a number 
of zones in such a manner that the influence factor of such an area is fixed at a certain value. 
If the full area of the influence were mined out, the point in question would undergo 100% of 
maximum possible subsidence.  If some portion within the zone of influence were unmined, 
subsidence would be correspondingly reduced.  

 
Subsidence calculations (consisting of vertical movements, change in surface slopes and 
strains) were completed for three longwall blocks. 
 

• Block 1, Tank Seam.  For five 500- to-640-ft wide longwall panels retreated from 
northwest to southeast. Seam thickness varies from 5 to 7.6 ft within this longwall 
block.  We have simulated an average extraction height of 7 ft.  This is a 
conservative and prudent assumption for this study. 

 
• Block 2, Tank Seam. For four 600- to-800-ft wide longwall panels retreated from 

northwest to southeast. Seam thickness varies from 5 to 8 ft within this longwall 
block.  We have simulated an average extraction height of 7 ft.   

 

 
Maleki Technologies, Inc. Page 14 8/7/2006 



• Block 3, Hiawatha Seam.  For four 640-ft wide longwall panels retreated from 
northwest to southeast. Seam thickness varies from 5 to 15 ft within this longwall 
block.  The extraction height is fixed at 8 ft considering longwall face equipment 
specifications (Reynolds 2006). 

 
4.2 Model Calibration 
 

Subsidence predictions were made using a numerical model calibrated with baseline 
subsidence data from the East Mountain.  The long-term surface response to longwall mining 
in 5E, 6E, 7E and 8E panels was monitored by researchers from the U.S. Bureau of Mines in 
two phases (figure 6).  These panels were mined from May 1974 through January 1983, and 
subsidence was monitored along five monument lines from September 1979 to June 1983 
during phase 1 investigations.  Phase 2 results reported by Dyni (1991) include surface 
response to mining the Hiawatha Seam some 60-ft below extracted 5E through 8E panels in 
the Blind Canyon Seam.  

 
USBM study reports an average angle of draw of 25 degrees ranging from 16 to 33 

degrees, and a final subsidence factor of 67 percent for single-seam mining. Surface effects 
were described as follows (Fejes 1985): 

 
“There were no visual surface effects within the subsidence area.  The local vegetation 

were not altered, and no surface fissures were detected……” 
 

The results of phase 1 monitoring were used to establish modeling parameters.  Figures 7 
and 8 present a comparison of measured and calculated subsidence along a north-south 
monument line during the extraction of each four longwall panels and show good agreement.  
The subsidence factor increased from .35 during the extraction of 6E to 0.67 after the 
extraction of 8E. Note that yielding gate pillars used in this longwall block, crushed 
uniformly, showed no humps in the subsidence trough. 
 
 The calibrated version of the model was used to make quantitative predictions of the 
subsidence expected over the Bear Canyon Mine. The similarities in geology and geometry 
(depth of cover, face width, yielding gate pillars, and mining height) between the monitored 
area over East Mountain and the neighboring project area justify the use of the back-
analyzed parameters for the predictive model. 
 
 Some uncertainty exists for predictions made with the model due to variations in geology 
and mining geometry, including actual mining heights.  Precise estimates of subsidence can 
only be achieved as site-specific data become available, and mine plans are finalized.  

 
 
4.3 Results 
 

Figure 9 presents expected subsidence pattern after the extraction of each longwall block and 
figure 10 the combined two-seam subsidence resulting from extraction of blocks 1, 2, and 3 
after the completion of mining in the Tank and Hiawatha seams.   
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Figures 11 and 12 present both subsidence and surface strain profiles along section A passing 
through the two-seam longwall extraction zone. Additional results are summarized in table 1 
including changes in surface slopes.  

 

Table 1.  Predicted subsidence parameters for single and two-seam extraction design options. 
Block Average 

mining 
height, ft 

cover, ft Maximum 
subsidence, ft 

Maximum 
tensile strain, 

ft/ft 

Maximum slope, 
percent 

1 Tank 7 1,000 4.9 3.2e-3 .7 
2 Tank 7 1,000 4.9 3.2e-3 .7 
All combined 8 1,300 10.4 3.2e-3 1 

 
Predicted subsidence varies from approximately4.9 to 10.4 ft for single and two-seam 

extraction.  Using a criterion suggested by Singh and Bhattacharya (1984), tensile strains do 
not reach levels that could cause localized surface fracturing except at shallow areas (<650-ft 
cover). This assertion is in agreement with USBM measurements and observations on the 
East Mountain.  The potential for surface fracturing is not higher at the permanent two-seam 
boundaries because longwall layouts in the Tank and Hiawatha seams are staggered.  By not 
columnizing the longwall extraction areas in multiple seams and by not aligning panel 
orientation with primary joints, C.W. Mining has reduced the potential for surface fracturing. 

 
Expected surface movement beyond underground mining boundaries varies from 460 

ft in block 1 to 750 ft to the northeast where two-seam mining is planned in blocks 2 and 3.  
Changes in surface slopes are small (approximately one percent).   
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Figure 6.  Subsidence monument locations above the USBM study site, East Mountain. 
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Figure 7. Compared measured and calculated subsidence after extraction of 5E and 6E 
panels. 
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Figure 8. Compared measured and calculated subsidence after extraction of 7E and 8E 
panels. 
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Figure 9. Subsidence pattern over longwall blocks 1, 2 and 3. 

 
Maleki Technologies, Inc. Page 20 8/7/2006 



-2000 0 2000 4000 6000 8000

0.0

1.0

2.0

3.0

4.0

4.5

5.0

6.0

7.0

8.0

9.0

10.0

A

A'

Block 3, Hiawatha Seam

Subsidence, ft

Block 1, Tank Seam

Block 2, Tank Seam

 
Figure 10. Total subsidence pattern after the extraction of blocks 1 through 3. 
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Figure 11. Typical subsidence profile at location A. 
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Figure 12. Typical final strain profile at location A. 
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5.0 MONITORING PROGRAM 
 

   
A subsidence-monitoring program should be implemented to verify the subsidence 

predicted in this study and to record any mining-induced damage to surface resources.  
 
Subsidence monuments should be monitored by surveying a monument line across 

the first longwall block.  For verification purposes, it would be desirable to locate the 
monument line near the center of this block.  The monument spacing of 50-ft is 
recommended over the first longwall panel for detailed comparison to the predictions. The 
monument spacing may be increased to 250-ft over panels 2 through 5. 
 

From such monitoring, site-specific angle of draw, subsidence factor, and tensile 
strains can be calculated resulting in predictive subsidence techniques for the Bear Canyon 
study area.  However, the arrangement and location of the monument line or method of 
survey can vary according to site-specific conditions influenced by topography, roads, etc. 
 

Measurements should include a precision level survey to measure vertical settlement and 
possibly a steel tape extensometer to measure horizontal strain. GPS methods have recently 
become available and used in many western U.S. operations successfully. Alternatively, 
aerial photographic methods used extensively at the neighboring Trail Mountain and East 
Mountain, may be used. 
 
 C.W. Mining has not observed surface cracking above the existing Wild Horse Ridge 
panels and thus does not foresee the need for detailed monitoring.  USBM researchers report 
very few mining-induced cracks over the East Mountain (Dyni 1991; Fejes 1986). MTI has 
designed and analyzed surface monitoring programs over Colorado mines (Maleki and others 
2006).  In some shallow mines, geologic staff conducts an annual crack survey over active 
longwall panel areas. A visual inspection is deemed sufficient over the deeper mines. The 
survey data include crack location, orientation, horizontal length, and width. Based on these 
measurements, MTI recommends a limited monitoring program so that the presence of 
surface cracks (if any) can be verified.  
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