
ER 2393

POTENTIAL METHANE DRAINAGE USING 
HYDRO FRACTURING, CARBONDALE 

COAL FIELD, PITKIN COUNTY, COLORADO

by
Laertes P. Bigarella closed reserve

ARTHUR LARKS LIBRARY
COLORADO D AO,., oi MINES 
GOLDEN COLORADO 80401



ProQuest Number: 10781123

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

Pro

ProQuest 10781123

Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106- 1346



ER 2393

A thesis submitted to the Faculty and the Board of 
Trustees of the Colorado School of Mines in partial fulfill
ment of the requirements for the degree of Master of 
Engineering (Geological Engineer)

Golden, Colorado

Approved:
Dr. A. K. Turner

Golden, Colorado
Date X u 26, H&l



ER 2393 i i i .

ABSTRACT

The feasibility of methane recovery from the Coal Basin 
seam, in west-central Colorado, was studied where five ac
tive mines are operated by the Mid Continent Coal and Coke 
Company. These mines are extremely gassy, averaging 3,000
cubic feet of methane per ton mined. The gas potential is

6approximately 2.4 x 10 cubic feet per acre of coal.
Hydraulically fractured vertical wellbores appear to 

offer the best potential for methane recovery with minimum 
disruption to the mining operations. Accordingly, field and 
laboratory research was undertaken to predict the results 
and costs of applying this method.

The Poisson's ratio was determined as 0.25 for coal, 
and 0.23 for the roof rock. The Young's modulus is 4 00,000 
psi for the coa%l, compared to 2,900,000 psi for the roof 
rock. Based on these mechanical properties, the Geerstma and 
de Klerk equations predict that hydraulic fractures will ex
tend 650 feet from the wellbore and are expected to be con
fined within the colbed.

Methane recovery in advance of mining in this area
seems commercially feasible at the present gas price of 
$4.50 per thousand cubic feet with an investment per well 
of $163,000, a drainage period of 3 years, and steady gas 
flows of at least 52,000 cubic feet per day per well. The 
most important factors that affect the profitability of
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the recovery are the flow level, the gas price, the duration 
of the drainage, and the level of the investment.

Methane drainage in the Coal Basin area ought to start 
with an experimental phase to determine the flow potential 
and the production uncertainty. Five wells should be lo
cated in an L-shaped pattern covering 5,000 feet by 2,500 
feet, and approximately 7,000 feet away from the working 
faces so that they can drain the coal for 3 to 4 years.
Based upon the flow data obtained in this experimental phase, 
an optimal production phase can be designed.
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1. Introduction
This engineering report is part of the project, "Investi

gation of the Effect of Premining Methane Drainage on Under
ground Coal Mining Operation," sponsored by TRW Systems and 
Energy, Dr. W.A. Hustrulid as principal investigator.

1.1 Purpose
The purpose of the project is to evaluate the feasibility 

of successfully applying hydraulic fracturing for methane 
drainage prior to mining.

Methane in coal mines is a serious problem. It reduces 
mine safety and increases operation costs. Drainage of the 
methane prior to underground mining is highly desirable be
cause the drainage improves the efficiency and safety of 
mining operations, and the methane recovered can, with proper 
design and management, become a profitable investment. The 
methane drainage is not a simple task. The design of any 
drainage project ought to be based upon well defined reservoir 
characteristics and economic principles.

The Coal Basin mines produce approximately 900,000 tons 
of coal per year. Methane emissions average 3,000 cubic feet 
of methane for every ton mined. Assuming a gas price of $4.50 
for 1,000 cubic feet of methane (83)/ the potential income is 
approximately $12 million per year. The methane is now
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being released into the atmosphere. This project undertakes 
the first quantitative assessment of whether this methane can 
be captured in advance of mining and marketed profitably with 
the aid of hydraulic fracturing methods.

Several methane drainage techniques are being researched 
and developed in the U.S.A. Each of them has its specific 
applicability. The vertical hydraulic stimulated wellbore 
procedure is a simple method to drain methane prior to mining. 
The technique consists of inducing a fracture in the coalbed 
by hydraulically applying stress, and thereby increasing the 
effective drainage of the well. When the influence radius 
for a well is known, an optimization of well spacing and 
location can be recommended. The induced fractures may not 
be contained exclusively in the coalbed, however, and if the 
rocks forming the mine roof are fractured, the resulting 
reductions in the mine roof stability may affect adversely 
the mine safety conditions.

1.2 Scope
This engineering report reviews previous work in coalbed 

methane drainage and hydraulic fracturing.
The Coal Basin seam, mined by Mid Continent Coal and 

Coke Company, in west-central Colorado, was visited in June 
of 1980 to gather engineering geologic data related to the
topic. Several rock samples were collected and tested in the

\
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laboratory for their mechanical properties.
Based upon these laboratory results, analysis of fracture 

propagation characteristics was undertaken using the best 
available theoretical models and conclusions were made con
cerning the size, extent and effects of the fractures within

I

the coal seam and in the roof rocks. These estimates, although 
approximate and requiring further field test verifications, 
were used to analyze the economic viability of applying 
hydraulic fracturing to methane drainage.

1.3 Previous Work
There is an extensive literature dealing with methane 

drainage and hydrofracturing. For ease in readability, the 
following paragraphs identify only the general sources of 
information. Specific references are cited, as appropriate, 
in the detailed discussions which follow in the subsequent 
chapters.

Methane drainage is a new technique in the United States. 
Most of the research work and field results were published 
in several Reports of Investigations by the U.S. Bureau of 
Mines. These range from discussions of methane quality, 
methane in coalbeds, drainage characteristics, to case his
tories of drainage attempts. The most recent information can 
be found in the two Symposia of Methane Recovery from Coal- 
beds (64, 75). There is not available any publication dealing
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with all aspects of methane drainage.
Hydraulic fracturing is a popular technique in the oil 

industry. Literature, however, is scarce and dispersed 
through many different journals. Howard and Fast (1970), 
published a comprehensive book about hydraulic fracturing (4 2> 
It is more a source of general information than a manual of 
application. The hydraulic fracture technique developed at 
a much faster rate than the knowledge of the involved process. 
Most of the fracturing state-of-art came from U.S. Rock 
Mechanics Symposia, in particular, those of 1978 (76) and 
1973 (77).

Fracture propagation research is still in its early 
stages. The first papers are only a few years old. Their 
results are about laboratory experiments and are preliminary.
A few cases of observed fractured coalbeds are reported through 
the U.S. Bureau of Mines "Reports of Investigations" (55 , 5 6 'i .
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2. Descriptions of the Area and Mines 

2 .1 The Area

2.1.1 Location
The Coal Basin area is in west-central Colorado. There 

are five closely spaced mines in the southern part of the Coal 
Basin. These mines are approximately 25 miles south of 
Glenwood Springs and about 6 miles west of Redstone. All 
mines are located in Pitkin County (see Figure 2.1).

2.1.2 Topography
The Coal Basin topography is rugged. The basin is like 

an amphitheater approximately six miles long (NW-SE) and 
three miles wide (NE-SW). The basin boundaries are easily 
identified because of the mountain cliffs surrounding the 
basin (see Figure 2,2). The highest mountain surrounding the 
basin is 11,852 feet above sea level in Sec. 18, T10S, R89W. 
The bottom of the basin is approximately 7,300 feet at Coal 
Creek. The relief of the area is more than 4,000 feet. The 
average altitude is approximately 9,000 to 9,500 feet above 
sea level.

2.1.3 Surface Drainage
The basin is drained by Coal Creek, which has several 

tributaries: Porcupine, Dutch, Bear, Spring, and Braderish
Creeks. Coal Creek joins the Crystal River at Redstone.
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Figure 2.2 View of the topography of Coal Basin Area. The 
fan in the middle of the photo ventilates the 
Coal Basin Mine.
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The average slope of Coal Creek within the basin is 
6-7% .

2.1.4 Climate
Climate in areas with rough topography and high relief 

is a function of both latitude and altitude. Wide climate 
variations may be expected in short distances. The two 
closest weather stations are Glenwood Springs (altitude 
5,823 feet above sea level) and Crested Butte (altitude 
8,900 feet). Glenwood Springs is about 20 mi. north of Coal 
Basin, and Crested Butte is 20 mi-, southeast. The averages 
for the period 1931-1960 are shown in Table 2.1

The climate at the Coal Basin is more likely similar to 
Crested Butte because of their similar altitudes. The temp
erature in the Coal Basin is below freezing during five 
months, and is subjected to thick snow.

2.1.5 Access
The Coal Basin is accessed by five-mile-long private 

road from Redstone, Colorado. Redstone is located on 
Colorado Highway 133. Using this road, Carbondale is 17 
miles north of Redstone, and Glenwood Springs is a further 
12 miles north of Carbondale by Colorado 88.
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Table 2.1
Climate of the Area. Average 
for the Period 1931-1960 (46)

Glenwood
Springs

Crested
Butte

warmest month, July 71°F 58°F
coldest month, January 2 5°F 13.5°F
maximum precipitation, January 1.80 i n . 2.68 in.
minimum precipitation, June 1.19 in. 1.31 i n .
annual precipitation 18.03 in. 2 3.00 in.
annual snowfall* 74.20 in. 173.4 in.
annual temperature O O 36°F

♦Period 1931-1950
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2.2 The Mines
The mines are operated by Mid Continent Coal and Coke 

Company. The mines are named and located as follows: (9)
No. 1. Dutch Creek No. 1 Mine.

(NW , NE , SE , Sec. 17, TlOS, R89W) .
No. 2. Dutch Creek No. 2 Mine.

(SE , SW , NE , Sec. 17, TlOS, R89W).
No. 3. L.S. Wood Mine.

(SE , NW , SE , Sec. 8, TlOS, R89W).
No. 4. Bear Creek Mine.

(NE , NW , SE , Sec. 21, TlOS, R89W).
No. 5. Coal Basin Mine.

(SW , SW , Sec. 5, TlOS, R89W) .

The mines have their portals above 9,600 feet in eleva
tion. All the mines with the exception of one are mining
the Coal Basin seam,which dips about 15° into the mountains.
The Dutch Creek No. 2 is mining the Dutch Creek seam, approxi
mately 400 feet above the first seam. The overburden thick
ness in the mining area can be as much as 3,000 feet.

2 2.1 Mining System
Although coal mining in the area was begun around the 

beginning of this century, modern mining began only in 1956 
after a considerable period of inactivity. There are two min
ing systems in the mines, the room and pillar and the
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longwall system. The most recent published information of 
total coal production in the Coal Basin is shown in Table 
2.2, and tonnage per mine in Table 2.3.

Since 1956, the principal mining system has been room 
and pillar. It consists of 20 foot wide entries driven be
tween square pillars 60-100 feet wide. In a second stage, 
the pillars are mined allowing the roof rock to cave. The 
longwall mining system was implemented a few years ago. It 
consists of a working face immediately supported by hydraulic 
jacks. The coal is continuously mined by a shearer loader
and removed by a conveyor just behind. The roof behind the
narrow supported zone is allowed to cave, forming the gob area. 
The face advances simultaneously with the shearer loader, con
veyor and hydraulic jacks. At the sides of the longwall, 
there are two entries which are used for ventilation and coal 
removal.

The rock forming the mine rock is considered of good 
quality for roof control. There has always been a strong
layer a few feet above the coalbed anchoring the bolts. The
floor is subjected to floor heave. Many of the entries had 
to be remined to keep an acceptable clearance.

The in situ stresses were measured by the U.S. Bureau of 
Mines personnel during the summer of 1980 (7). The site of 
measurement was in the Coal Basin mine, 3,000 feet away from 
the outcrop and under 1,000 feet of overburden. The overcoring
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Table 2.2
Total Coal Production in the Coal Basin Mines

"Vear' .... Tons " "Re £7
1977 920,360 67
1976 386,779 67
1975 934,572 68
1974 865,933 68

Table 2.3 
Tonnage per Coal Basin Mines (67)

Mine 1977 1976
Dutch Creek No. 1 
Dutch Creek No. 2 
L.S. Wood 
Bear Creek 
Coal Basin

232,880
208,182
298,015
58,047

123,736

133 ,884 
267,302 
162,924 
114,740 
108,928
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was done in the Rollins Sandstone underlying the coalbed. 
The measured principal horizontal stresses were 662 psi 
(N52W) and 448 psi (N38E). The maximum principal stress 
is parallel to the anticline axis (see Figure 3.2). The 
difference between the measured in situ stresses and hori
zontal stresses caused only by gravitational loading are 
termed "excess horizontal stresses". They are believed 
to be the result of tectonic and topographic effects. The 
U. S. Bureau of Mines determined the excess horizontal 
stress as 412 psi (maximum) and 198 psi (minimum).

2.2.2 Methane in the Mine
Methane is explosive where its concentration in the 

air is from 5 to 15 percent. The most dangerous concen
tration is 8 percent (12) . The State of Colorado has a 
specific law for methane concentration in coal mines (14). 
The law states that the methane content of air in face 
operations should be less than one percent. In gassy mines 
the methane content is reduced by a proportional increas.e 
of the ventilation volume.

The Coal Basin Mines are subjected to high methane 
emissions when the coal is mined. The range and average 
emissions in thousands of cubic feet per day (MCFD) for 
1974-1976 oeriod are shown in Table 2.4.
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Table 2.4
The Range and Average Mechane 

Emission for l9/fr-19/b Period in HCFD (66)

Mine Range Average
Dutch Creek No. 1 1100-1489 1338
Dutch Creek No. 2 911-2194 1426
L. S. Wood 1512-2432 2170
Bear Creek 537-660 605
Coal Basin 820-1168 966
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Based upon these values and coal production, the vol
ume of gas per ton mined is 2,650 cubic feet undifferentiated 
between the mines. Emissions reported by Fender and Murray 
(28) ranged from 1,037 to 4,060 cubic feet of methane per 
ton of coal mined in the first quarter of 1977. The mine's 
chief engineer estimated an average of 3,000 cubic feet per 
ton mined as a realistic amount (10).

The virgin coal methane content is much less than the 
methane emitted per ton mined (see Chapter 4). The reported 
emissions per ton mined correspond to a range of virgin gas 
content from 450 to 600 cubic feet per in situ ton. Assum
ing an average thickness of 25 feet for the coalbed and coal 
specific gravity of 1.28, there is a ton of coal every square 
foot. An acre has approximately 43,490 tons of coal, and 
the amount of gas contained is about 24 million cubic feet.

The high methane content in the coal causes gas out
bursts and a need.for increasing ventilation. Gas outbursts 
are sudden, violent bursts of coal from the faces. They are 
caused by the high gas pressure in the coalbed. The venti
lation currently in use in the mines is fourfold to fivefold 
higher than that required for a nongassy mine. This large 
air volume dilutes the methane concentrations to under the 
one percent safety level. The cost of ventilation is 34.5 
cents for every ton mined. Assuming a production of 900,000 
tons/year, the ventilation itself costs approximately $300,000
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per year. Of this, about $230,000 is spent because of 
methane presence, ,Bourquin, 1980 (10).

Part of the methane is recovered from the gob areas . 
After the passage of the longwall face, there is left behind 
a cave partially filled with fallen roof rocks, The cave 
provides a reservoir for methane entrapment in the top be
cause methane is lighter than air. The rock surrounding the 
cave is highly fractured, allowing methane removal through 
drilled holes (12). This method provides a methane reduc
tion in the mine because it decreases the gas contribution 
of the unmined coal, particularly the coal underneath the 
gob It is, however, not effective to reduce methane re
leased in the active faces.

2.2.3 Future Mine Expansion
The company is planning to mine the deeper portions of 

the Coal Basin seam. The dipping seam will be reached by 
tunnels approximately 10,000 feet long. The tunnels will 
intercept the coalbed farther than the currently mined areas 
The overburden in the new parts is 2,000 to 3,000 feet thick 
Ventiliation will be through the old working areas.
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3. Geology of the Area

3.1 Regional Geologic Setting
The Coal Basin is located between a geologically dis

turbed area to the south and a simple monocline to the 
north (17). The disturbed area is associated with middle 
Tertiary intrusions which folded and faulted the area. The 
major intrusions close to the Coal Basin are Mount Sopris, 
Snowmass Mountain, and Chair Mountain intrusion. The West 
Elk Mountain intrusion is farther south. The Grand Hogback 
monocline is associated with the Piceance Basin to the west. 
The Tertiary Piceance Basin was formed by relative uplift of 
the adjacent highlands (17).

3.2 Stratigraphy
All the sedimentary rocks cropping out in the Coal Basin 

area are late Cretaceous in age. The stratigraphy of the 
area was studied by Donnell in 1962 (24) and by Collins in 
1970 (17) , in 1975 (16) , and in 1977 (15) . See Figure 3.1 
for the different stratigraphic divisions. Donnell divided 
the rocks in two formations, the Mesaverde Formation and the 
underlying Mancos Shale. The Mesaverde Formation was further 
divided in lower and upper parts. The lower part had three 
very distinctive sandstone units, called lower, middle, and 
upper sandstone zones. The contact between the Mancos Shale



Up
pe
r 

Cr
et

ac
eo

us
 

Te
rt

ia
ry

ER 2393 18.

Donnell 
1962 ( 24)

Collins 
1970 ( 1.7)

Collins 
1975 (16 ) 
1977 (15 )

Ohio Creek Conglomerate

c
o
-prtJeU
oru
Q)TjU
<D>rd
cna)

ua)JOEaj£
u0)
a
aD

u<UX)E<D
Ua)3Oi-4

Upper Ss 
zone

Middle 
Ss zone

Lower Ss 
zone

Mancos Shale

GO•H-PfdEpOZu
<DrJua)>rd
ina)£

Paonia
Shale
Member

Bowie
Shale
Member

Ro 11 i n s S s 
I'.ember

Mancos Shale

No scale.

a3OPo
Q>T3
<1)>aJ
in<u

co
-UcrtEMOCu
MOUa
coEctf
r-J
r-A
•r-f

EUa
cncu
r HM

Upper Member 
Undifferen
tiated

Paonia
Member

Sh

Bowie
Shale
Member

Ro 11 i n s 
Member

Ss

Cozette Ss 
Member

Mancos Shale

Figure 3.1 Stratigraphic correlation at the Coal Basin Area



ER 2393 19.

and the Mesaverde Formation was placed at the bottom of the 
lower sandstone zone.

Collins in 1970 (17) followed the Donnell’s Formation 
terminology. The contact between Mesaverde Formation and 
Mancos Shale was kept in the same place. The Mesaverde 
Formation was divided into three members: the Rollins Sand
stone member, which is equivalent to Donnell’s lower sandstone 
zone; the Bowie Shale Member which contains Donnell's middle 
and upper sandstone zones; and, finally, the Paonia Shale 
Member which is equivalent to Donnell’s upper part.

Collins in 1975 (16) moved the Mancos Shale Mesaverde. 
Formation contact, renamed the Mesaverde Formation as a group, 
and subdivided it into two formations: the lies Formation
and the Williams Fork Formation. Collins then stated that 
the contact between the Mancos Shale and the lies Formation 
"is everywhere placed at the bottom of the first significant 
sandstone unit in the Mancos" (16) . The contact between the 
lies Formation and the Williams Fork Formation is at the top
most of the Rollins Sandstone Member. The Williams Fork 
Formation was subdivided into Bowie Shale Member, Paonia 
Shale Member, and the undifferentiated member.

3.2.1 Mancos Shale
The Upper Cretaceous Mancos Shale crops out throughout 

60 to 70 percent of the Coal Basin area. Its thickness is



ER 2393 20.

approximately 3,000 feet. The rocks are dark gray marine 
shale and minor layers of limestone. In the upper part of 
Mancos Shale, bedding is absent or impossible to detect (15). 
Mancos Shale represents a neritic-sheIf deposit of a gener
ally south-southeastward prograding delta (15). (See 
Figure 3.2).

3.2.2 lies Formation
This formation crons out around the basin in an ellipti

cal pattern. Its thickness is about 1,000 to 1,200 feet.
The rocks are intermixed marine and non-marine siltstone and 
sandstones. The upper Rollins Sandstone Member is 120 to 140 
feet thick. This unit forms prominant cliffs, ledges, and 
benches. Bedding is commonly massive. This formation repre
sents a prograding bar-beach-delta front sand complex (15,16). 
(See Figure 3.2).

3.2.3 Wiliams Fork Formation
The Williams Fork Formation crops out in the middle por

tion of the mountains defining the basin. Its thickness is 
approximately 3,600 feet. This formation is divided into 
three members: the Bowie Shale Member, the Paonia Shale
Member, and one undifferentiated member (15,16).

The Bowie Shale Member is 6 80 feet thick. The member 
consists of sandstone, shales, claystones, siltstones, as 
well as non-marine, brackish, and marine coals. This member
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contains the Coal Basin seam, which is the main concern of 
this report. This coalbed will be discussed in a special 
section, p. 25. The middle sandstone bed underlies the Dutch 
Creek seam, a 5 to 20 foot thick coalbed. The top of the 
upper sandstone unit is the contact with the Paonia Member.

The Paonia Shale Member consists of 600 feet of non
marine sandstones, siltstones, shales, and coalbeds. The 
coalbeds are thin and highly variable in thickness. The un
differentiated part of Williams Fork Formation is 1,800 feet 
thick. It consists of non-marine deposits of sandstone, silt- 
stone, sandy shale, mudstone, shale, and thin coals (15).
(See Figure 3.2).

3.3 Dacite Porphyry Dikes
Vertical dikes composed of dacite porphyry are found in 

the southern portion of the basin. Their orientation is 
roughly parallel to a zone striking from N30W to N90E. Their 
thickness ranges from a few inches to 50 feet. These dikes 
appear to be intruded during the last stages of the underly
ing intrusion. They did not follow fault planes because 
there is no offset along the dikes. Some dikes are cut by 
faults; some faults are thus not directly related to the in
trusion (17). The dikes have affected the coal. The coal is 
coke proportionally to the dike thickness. The dikes usually 
widen in the coal. Considerable water is expected near dikes 

(16) •
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3.4 Structural Geology

3.4.1 Folding
The Coal Basin is an elliptical anticline whose center 

has been eroded. The fold plunges northwesterly. The 
eastern boundary is a high-angle reverse fault (17). The 
topography has been inverted. The former higher lands of 
the anticline now are the bottom of the basin.

The anticline is thought to be originated by a small 
laccolith at depth. The evidence for the intrusion is that 
many dikes outcrop in the basin; one sill is known in the 
area, there is a large area of baked shale; some hydro- 
thermal calcite veins and a sulfide’vein are present; and 
there is an overall increase of coal rank when compared to 
the surrounding areas (15) .

The strike in the mining area is north-northwest.
Dips are commonly between 0° to 25°, the average being 
approximately 13°. Significant strike variations can be 
expected around faults and minor folds in the flanks of the 
anticline (17 ) .

3.4.2 Faulting
High-angle normal faults are common in the basin. These 

faults are likely a direct result of the folding that pro
duced the anticline. Small highly-faulted areas appear to
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occur in groups. Faulting abundance and greater displacement 
are associated with strike changes (16,17).

The topographic expression of faults is poor. Fault 
extrapolation from the surface to the coalbed is difficult. 
Some faults have no apparent surface expression and yet are 
present underground. On the other hand, many faults with 
surface expression are either not found underground or have 
negligible offsets (15).

There are four major types of normal faults in the area. 
The first are high-angle faults striking perpendicular or 
subperpendicular to the anticline axis. Their displacements 
(from a few inches to 120 feet) decrease away from the out
crop and fold axis. They occur as sets dipping either east 
or west. The second set is roughly parallel to the fold 
axis, and they dip to either side. Their offsets are as much 
as 400 feet. The offset seems to decrease away from the out
crop. They are less abundant than those striking perpendicu
lar to the fold axis. The third set is transitional. They 
start either as parallel or as * perpendicular and curve into 
the other type. Their displacements are from a few inches 
to 20 feet. The fourth type is not tectonically related.
They are landslides and slump faults (17).

3.4.3 Jointing
On a regional basis there is no consistent joint pattern 

in the Coal Basin area. Jointing in the Mancos Shale is not
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well developed, very local, and randomly oriented. The 
jointing in the Mesaverde Group is not well developed and 
may change orientation depending on the particular lithology 
Jointing in the Rollins Sandstone is well developed and con- 
choidal. Jointing in the coal is poor. There are two possi 
ble sets of joints, one perpendicular to the axis of the an
ticline, the other either parallel or at 20° to 60° from the 
larger faults in the area (17) .

3.5 Description of the Coal Basin Seam and Surrounding Rock 
The Coal Basin seam is now being mined and high methane 

emissions are encountered. As the mines go deeper, methane 
represents a more serious problem. To minimize those pro
blems, methane drainage may take place in the Coal Basin 
coalbed.

3.5.1 Rock Mechanics Considerations
For a hydrofracturing application, the coal thickness, 

lateral continuity of the seam, composition, and properties 
of the coal measure rocks are of fundamental importance.

The coal thickness is a function of the partings split- 
ing the coal. The thickness reduction is proportional to 
the number of partings and their thickness. The partings 
are erratically present. Where partings are absent, the 
coal thickness is from 20 to 30 feet.
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The layer immediately underlying the seam may be either 
a coaly siltstone up to 36 inches thick or the Rollins 
Sandstone. The siltstone overlies the Rollins massive sand
stone, which is at least 80 feet thick.

The rocks overlying the coal are variable both verti
cally and laterally. The rocks are sandstones, siltstones, 
mudstones, and shales. The composition and thickness of 
partings is extremely variable.

Other factors which may break coalbed continuity are 
faults and intrusions. The fault prediction is difficult 
using surface mapping. Some faults do not have surface ex
pression, but they do offset the seam. Dikes may severely 
disrupt coalbed continuity. Some dikes cannot be predicted 
by surface mapping. Their thickness is unimportant to the 
disruption. A dike, either a foot thick or 50 feet thick, 
is a mining barrier, or a reservoir boundary for methane 
drainage.

3.5.2 Field Observations
The field observations done by the author in June of 

1980 were hampered by snow, which covered many of the out
crops above 9,000 feet in evaluation. Another problem is 
that most of the outcrops are in the middle portion of the 
cliffs where the access is difficult.

Underground measurements also present difficulties.
The roof is usually composed of a foot of coal left for
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roof support. Where floor heave required a floor adjust
ment, one coal parting may be seen. Another factor that 
biases underground observations is that openings are sprayed 
with limestone dust to prevent coal dust explosions. The 
light conditions underground are poor.

The author managed to measure four sections, which will 
be presented in the following pages. This information can 
be supplemented by some published measurements. Drilling and 
logging information was not available to the author at that 
time.

The rock’s appearance at outcrops and underground is 
thoroughly unsimilar even in short distances (500 feet).

The rocks at the outcrops are severely weathered. Sand
stone layers are easily identified because they stand out as 
resistent ledges. The coal is the weakest rock against 
weathering. The weathered product is "black mud". The mud
stones break down in small pieces, rounded, and less than 
one inch long. Shales differ from mudstone because they 
break down as angular pieces, very distinctively different 
from the rounded weathered mudstone. A striking aspect in 
the outcrop is the jointing system. The rocks are heavily 
jointed along the bedding planes.

The rocks underground are apparently unweathered. Sel
dom are the rocks jointed along bedding planes, but vertical 
joints are not uncommon.
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3.5.3 Coal Thickness
The Coal Basin coalbed consists of from one to four coal 

seams. The coal thickness depends on the number of partings 
and their thickness. The partings are very erratically 
present. Partings are layers with different composition

that split the coalbed in several smaller.seams. Where 
partings are absent, a single coal unit is from 25 to 30 
feet thick (17).

The author measured thoroughly three sections. One 
section was measured 2,000 feet northwest of Bear Creek Mine. 
(Figure 3.3 Section B ) . The coal was 16 feet thick with no 
partings. The section measured 500 feet south of Dutch Creek 
Mine (Figure 3.3;C) had the coal 17 feet thick, with no part
ings. The section measured at the open pit near Coal Basin 
Mine (Figure 3.3;G) had two coalbeds divided by a 10 foot 
parting. The upper coal was 8 feet thick and the lower 
5 feet thick.

Coal thicknesses reported by Collins in 1975 (16) are 
shown in Figure 3.3 (Section A,E,F ) . The coal varies from 
a single unit 35 feet thick at L.S. Wood Mine to four coal- 
beds (10,2,3, and 2 feet thick) at Bear Creek area.

3.5.4 Coal Thickness Variation
The coal thickness variation is a function of partings 

variations. The prediction of the number and thickness of
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partings is very difficult in a delta deposit such as Coal 
Basin seam. The only manner to know the presence of part
ings is to have drilling control and outcrop measurements.

The partings in the coalbed are extremely erratic. (See 
Figure 3.3). In a distance of 1.7 miles, three partings 
(1,1, and 5 feet thick) at Bear Creek area (Figure 3.3,
Section A) disappeared leaving a 35 feet thick seam at 
L.S. Wood Mine, 4th North Entry (Figure 3.3, Section E) (16). 
The author measured a 2 feet siltstone parting below an 
8 feet coalbed at the 2nd North Entry in the same mine. The 
2nd Entry is approximately 1,600 feet away from the 4th Entry.

3.5.5 Lithology

3 . 5.5.1 Coal
The face appearance of the coal bed is variable. The 

coal can be blocky, shattered, or any degree between them.
The top one foot at the second Entry North (L.S. Wood Mine) 
was friable, being easily crushed by hand. The rest of this 
seam was blocky.

The natural vertical fractures in bituminous coalbeds 
are called cleats. There are usually two cleat sets. The 
first is better developed and is called the face cleat. The 
other is not as well developed and is rather discontinuous, 
and is called the butt cleat. The two generally intersect at 
right angles (61).
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The Coal Basin seam is usually uncleated. New develop
ment at Coal Basin Mine shows coal in some areas with cleats. 
The cleats may be present in latent form. Mechanical test
ing on coal specimens visually uncleated showed two cleat 
sets in the coal after failure. The coal was obtained from 
the 2nd Entry North of L.S. Wood Mine.

The coal at L.S. Wood Mine (6th South Entry) is medium 
volatile. The proximate analysis is 22.6 percent of volatile 
matter, 69.6 percent of fixed carbon, 7.8 percent of ash,
0.82 percent of sulfur, and 14,521 BTU per pound (16). There 
is a possible correlation between methane content and coal 
rank, as it is discussed in Chapter 4.

3 . 5.5.2 Partings
The number, composition, and thickness of partings 

vary throughout the area. There are three partings present 
at Bear Creek Mine. The lower is a coaly siltstone rang
ing in thickness from one to five feet. The second parting 
has a similar lithology to the first and is one foot thick. 
The upper is a foot thick siltstone less sandy than those 
below (15).

The upper parting at 2nd Entry North, L.S. Wood Mine, 
varied its composition in approximately 500 feet. At the 
southeastern portions of the entry the 2 feet thick parting 
was a well indurated mudstone with conchoidal fractures.
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The vertical jointing spacing was about 1 per foot. In the 
northwestern portions, the thickness did not change, but 
the rock was a coaly siltstone poorly indurated. The 
induced hammer fractures were planar. The joint soacing was 
3 joints per foot.

3.3.5.3 Coal Measure Rocks
The floor rock of the entire coal bed is a very coaly 

siltstone. This siltstone is from 3 inches to 36 inches 
thick (15). Underlying the siltstone is the Rollins sand
stone, a very massive unit at least 80 feet thick. The con
tact between the coalbed and the siltstone is sharp. In 
the outcrop the coal structure was blocky and the siltstone 
structure was laminated. The contact between the siltstone 
and the Rollins sandstone is very sharp.

The lithology of the rock overlying the coalbed varies 
laterally and vertically. The major lithologies are sand
stone, siltstone, shale, and mudstone. Four roof sections 
were measured by the author. The first measured section is
2,000 feet northwest of Bear Creek Mine. (Figure 3.3, 
Section B ) . The coal is overlain by a 3 to 4 foot thick 
mudstone layer. This layer is overlain by a 6 foot thick 
fine-grained, well-indurated sandstone. Many rider coal cuts 
the sandstone, one in the middle and several at the bottom. 
Above the sandstone, there is a 14 feet thick dark gray 
mudstone.
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The second section is 500 feet south of the Dutch Creek 
Mine. (Figure 3.3, Section C ) . This outcrop is approximately
4,000 feet away from the first section. The rock overlying 
the coal is a 2 foot thick siltstone, with a general increase 
of carbonaceous material toward the bottom. Overlying the 
siltstone, there is a one foot thick, very well-indurated 
sandstone. Above it, there is a foot thick dark gray mud
stone. Overlying it, a 4 foot thick sandstone layer, very 
well indurated. This unit is heavily jointed at the bottom, 
and at the middle it has a 2 inch thick rider coal. Above 
the sandstone, there is a 9 foot thick dark gray mudstone.
The upper part of this layer is more sandy and less 
weathered.

The third outcrop was measured at an open pit mine
close to the Coal Basin Mine. (Figure 3.3, Section G) . The
coal is overlain by a 1 to 2 foot thick dark mudstone layer. 
The mudstone is overlain by a 2 foot thick gray fissile shale. 
The unit above is a very fine-grain sandstone with small 
beddings. Overlying it, there is a foot thick massive 
indurated sandstone. Above it, there is a carbonaceous 
mudstone 1 to 2 feet thick. On the top, there is a half
foot sandstone layer.

The outcrop at NE%, Sec. 17, TlOS, R89W, is about 3,000
feet south of L.S. Wood Mine. (Figure 3.3, Section D). The
immediate rock above the coal is a mudstone/shale unit
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2 to 3 feet thick. The unit is shale at the top and gradu
ally changes to mudstone. This unit is overlain by a 3 foot 
thick very fine-grain sandstone extraordinarily indurated.
The sandstone unit is more massive toward the top. The 
bottom displays 18 bedding joints in the lower foot. Above 
it, there is a 1 to 2 foot thick dark mudstone which is 
overlain by a foot thick massive fine-grained, well-indurated 
sandstone, Overlying it, a dark mudstone layer is 4 to 5 
feet thick. Above it, there is a 5 foot thick unit of fine, 
medium sandstone with a general increase of clay matrix and 
bedding joints toward the bottom.

The contacts between the coalbed and the immediate over- 
lying rock can be gradational or sharp. The thickness of the 
gradational zone is, however, of difficult measurement and 
interpretation. The contact is usually sharp where the above 
lithology contrast the coal lithology. The contact is rather 
gradational where the above lithology is a carbonaceous 
siltstone or carbonaceous mudstone.

3.5.6 Jointing in Coal and Adjacent Rocks
Sandstones, siltstones, and shales are jointed along 

bedding planes in the outcrops. The manner in which these 
rocks are jointed seems to not have any evident control.
There are innumerable vertical joints which appear randomly 
oriented. The number and characteristics of the joints in
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a single layer varies both vertically and horizontally.
Some sandstone units have an increasing joint number toward 
the bottom, others toward the top. Horizontal variation is 
more evident. A sandstone unit in the outcrop 500 feet 
south of Dutch Creek Mine changed horizontally from heavily 
bedded jointed, to massive in approximately 50 feet. A 
siltstone layer in the same outcrop had 13 bedding joints/ 
foot, at one point, but 30 feet away, it had 27 joints/foot. 
The coal itself is either unjointed or jointing 
characterization is difficult.

These changes may be due to dissimilar weathering 
characteristics of the same unit. Assuming that the same 
combination of weathering agents are acting over a small 
area, these differences reflect inherent differences in the 
same rock unit.

3.5.7 Water Intrusions from Surrounding Rocks
There are two major water sources from the surrounding 

rocks. One is a slow seepage uniformally distributed over 
some areas. The other is localized through fractures. At 
the second Entry North of L.S. Wood Mine, there are two frac
tures in the roof which leak substantial amounts of water. 
These fractures could not be traced to the coalbed, and they 
are not related to a major fault that is about 400 feet 
away. The origin of these fractures is unknown. They 
could either be inherent features in the rock or they were 
caused by the mining process.
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4. Review of Present Knowledge Concerning Methane 
in Coalbeds
Many aspects affect methane recovery and control pro

grams, including methane content in the coalbed, the gas 
migration characteristics, and the effects of mining. The 
closely associated economic factors are discussed and analyzed 
in a separate chapter.

4.1 Origin and Quality of Coalbed Methane
The gas found in coalbeds is informally called methane. 

The gas is, however, a mixture of many gases. Methane is 
present from 84 to 99 percent of the total. The complement
ary gases are other hydrocarbons (C  ̂ through C^ alkanes)
CO 2 , O 2 , H 2 , and He. The gas does not contain CO or
sulfur compounds (47, 48, 50).

Methane gas is produced in the coalification and dia- 
genetic stages of the coal formation. During the coalifica- 
tion, the predominant gases are methane and CO 2 . During the 
diagenetic stage, the gases produced are H 2  and the hydro
carbon gases: methane, ethane, ethylene, propane, propylene,
iso butane and normal butane, and pentane. These gases are 
formed by disassociation of the organic material (48).

The heating value of coalbed gas is similar to natural 
gas. It varies from 840 Btu/cubic foot to 990 Btu/cubic 
foot (47, 50).
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4.2 Gas Content in Coalbeds
4.2.1 Virgin Gas Content in Coalbeds

The methane content of coals is commonly represented by 
the volume of gas divided by the sample weight. Values are 
reported either as cubic centimeters per gram or as cubic 
feet per ton? the second value is obtained by multiplying 
the first value by 32.05.

The gas is sorbed on the internal surface of the coal. 
Surface areas of coals have been reported from 200 to 300 
square meters per gram (or 2,150 to 3,230 square feet per 
gram). The gas volume sorbed in this area can be as much 
as 21.34 cubic centimeters per gram (or 684 cubic feet per 
ton) (iL2) . By comparison, the Coal Basin area commonly has 
450-600 cubic feet per ton.

A distinction ought to be made between the possible 
sorption capacity and the actual methane content. The 
possible sorption capacity depends only upon the coal and 
the physical conditions involving the coal. The actual 
methane content depends upon the degree of entrapment of the 
gas and internal migration.

The possible sorption capacity is a function of temper
ature, coal rank, and pressure (49). The amount of sorbed 
gas decreases as temperature is increased. High volatile 
coals have little gas (from 1 to 6 cubic centimeters per
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gram); medium volatile coals from 6 to 12 cubic centimeters 
per gram; and low volatile coals from 10 to 19 cubic centi
meters per gram (59). The gas content is very sensitive to 
the pressure at low pressure ranges, but is less sensitive 
at higher ranges. At lower pressure ranges, the gas volume 
contained increases approximately in direct proportion to 
the pressure. At higher pressures, the relationship tends 
to be asymptotic to a constant value. Above 1200 psig, there 
is only a small increase in the amount sorbed into coals (71) .

The amount of in situ virgin gas, or actual methane 
content, may be less than expected because of a lack of 
entrapment and internal migrations. In general, it is true 
that the deeper the seam, the gassier the coal ( 73, 90) . For
example, the low volatile Mary Lee coalbed, in Alabama, has 
no gas problems at a depth of 500 feet, but mines in the same 
area under 1,500 feet of overburden are extremely gassy (59) . 
Similarly, the Hartshorne coalbed, in Oklahoma, shows an 
increasing gas content as overburden thickness increases, 
yet the rate of increase slows down with depth (44).

The gas can migrate either to an outcrop or internally 
to an adjacent formation which has reservoir characteristics 
(33). The migration is either favored or prevented by faults 
and by the coalbed structure (60). The coal adjacent to 
outcrops is usually drained and gasless (45). The outcrop
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influence radius is dependent upon the permeability and 
physical conditions of the coal. Coals displaying well- 
developed cleat and consequently, higher permeability, have 
low gas contents to a greater distance from the outcrop than 
uncleated coals, particularly if the cleats are oriented 
toward the outcrop. The underlying and overlying formations 
may have void spaces to store methane. The Kittanning coal- 
bed has a low gas content, but in some areas, when the roof 
falls, there is a high methane emission released from the roof 
(62). At the Sunnyside coalbed, in Utah, roof bolting releases 
methane from the roof rock (7 2) .

A diagram (Figure 4.1) relating gas content to coal 
rank and depth can be constructed supposing no internal or 
external migrations (48,49). The diagram assumes temperature 
and pressure as a function of depth. The coal is standard
ized regarding moisture and ash content (both totaling 10 
percent). The temperature is assumed 1°C per 100 feet, and 
the pressure head is supposed hydrostatic. Any naturally 
occurring deviations from those assumptions will induce 
errors when estimating the gas content by this graph (48,49).
In practical situations, the depth alone is not the controlling 
factor. Many cases are known with poor correlation between 
depth and gas content (59).
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4.2.2 Mine Methane Emissions
Methane flows continuously into coal mines because the 

mines are pressure sinks causing flowage of gas toward the 
mine. In operating mines, the gas must be removed for safety 
reasons, and is therefore, an important factor in designing 
the ventilation systems. The methane volume can be calculated 
knowing the volume of circulated air and the methane concen
tration .

The volume of gas released during mine operations is 
more than the virgin gas content of the coal being mined. The 
methane is released from the whole mine. A considerable 
amount of gas comes from the working areas. In the face, the 
coal exposure is renewed constantly. The coal is broken in 
small pieces permitting fast methane desorption. Another 
source of gas is the slow bleeding of gas from old worked 
areas. The gas comes from pillars, ribs, underlying or 
overlying coals, and roof and floor rocks that contain 
methane (52).

Methane emissions are generally defined as the total 
amount of gas emitted into the mine divided by the coal pro
duction during the same period of time. This parameter is 
useful in calculating the necessary ventilation for the mine. 
Deep coalbeds removed from outcrops may have substantial 
amounts of methane sorbed in their matrices. Mines extract
ing these coals are subject to methane emissions which can be
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as high as 3,000 cubic feet per ton mined. The actual mine 
emissions can be related to the virgin gas content knowing 
the structure, coal thickness, overburden thickness, and 
environmental settings (73). Figure 4.2 is an example of 
gas emission from mines versus the virgin gas content (52) .

4.3 Factors Affecting Gas Drainage in Coalbeds
Drainage is caused by an increase in the coal drainage 

surface and a reduction of pressure. The pressure reduction 
forces the gas in the fractures to move toward the pressure 
sink where it can be collected and removed. The gas movement 
in the fractures causes additional gas to diffuse out of the 
matrix into the fractures.

4.3.1 Permeability
The efficiency of methane drainage is related to the 

existence of a high permeability path allowing for the re
moval of the methane from the surrounding areas. The in situ 
permeability depends basically on coal fractures and the 
water content. The coal fracture system, cleats, are long 
preferential paths for methane migration. The field permea
bility is a function of cleat spacing and development. 
Anisotropic flow is due to unequal cleat spacing and develop
ment in different directions (74). Horizontal holes drilled 
parallel to butt cleats have a higher gas flow because the
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hole intercepts more face cleats with higher permeability.
On the other hand, holes drilled parallel to the face cleats 
have lower gas 'flow because of their interception of butt 
cleats with low permeability (61). In the same seam, differ
ences in either cleat development or spacing causes permea
bility variations and therefore, differences in drainage 
performance.

Gas and water often occupy the same void space in the 
coalbed. When there is a driving force for their movements, 
their permeabilities are closely associated with the presence 
of each other (53 ,87) . There are two relative movements: 
drainage and imbibition. The gas permeability rapidly increases 
when the water is removed from coals. The gas permeability 
substantially decreases when the coal is imbibing water. In 
the drainage cycle, the gas permeability normally reaches 
80% of the dry coal permeability before the water content 
is reduced to 50%. On the other hand, the gas permeability 
is reduced to less than 40% when the coal has imbibed water 
equal to only 40% of the pore volume (78,89) .

Methane drainage is only effective where water was 
removed. When both water and methane are being drained at 
the same time, the gas permeability tends to increase through 
time because of the progressive absence of water obstructing 
the fractures ( 5). If the coalbed has areas of high water
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saturation, this water acts as a barrier to methane migration. 
Drainage projects in such areas will have low methane recov
ery (44 ) .

4.3.2 Gas Pressure in the Coalbed
The gas pressure in the coalbed (reservoir pressure) 

increases with depth. Each coalbed has its own pressure 
gradient with depth. Extrapolation of gradients among 
different basins is somewhat difficult because of the little 
understanding of the variables involved. The reservoir 
pressure gradient varies from a little less than the hydro
static head (0.433 psig/ft.) to 0.20 psig/ft (74). The gas 
flow from coalbeds is proportional to the difference between 
the reservoir pressure and the pressure sink; therefore, the 
higher reservoir pressure, the higher the flow.

4.3.3 Time Effect
The gas flow from coalbeds decreases with time. Figure

4.3 is a production decline curve for a group of 20 wells 
drilled in the Pittsburgh Coal (Eastern U.S.) from 1953 to 
1965 (12). The gas decline rate is a function of the drain
age radius variation through time. The drainage radius is 
the distance that the gas will move toward the pressure sink. 
It corresponds to the distance where the reservoir pressure 
is changed because of the pressure sink. Just after the
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pressure sink is produced, the drainage radius is short, the 
pressure gradient is steep, and the gas flow is high. Through 
time, the drainage radius is extended, but the flow decreases. 
At the Pocahontas coalbed (Eastern U.S.) the coal within 
approximately 80 feet of the active mine is being drained 
(see Figure 4.4, curve 1). The drainage radius after two 
months of mining activity stabilized 1,300 feet away from- the 
face. The pressure gradient is less, but it drains farther 
(13) (See Figure 4.4, curve 2).

4.3.4 Mining Effects
The stress redistribution due to mine openings influences 

the coal permeability. The permeability is very high close 
to the face, minimum approximately 30 feet from the face, and 
rises again to the virgin permeability away from the stress 
concentrations. Minimum permeability is expected where 
abutment stresses are located. The abutment stresses are 
a concentration of stresses around the openings. The coal 
close to the face has been fractured because of high stresses. 
It has high permeability due to the innumerable cracks and 
fractures (33).

4.4 Flow Potential
The gas flow from a pressure sink depends upon the 

availability of gas, its influence area, and the gas flow in
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the coal. The gas availability is a function of the virgin 
gas content and the coal volume being drained. The influence 
area determines the volume being drained for a given thick
ness. The extent of the influence area depends upon the 
degree of stimulation. Single boreholes have a short influ
ence area compared to hydraulic fractured wellbores with long 
fractures draining the coal. The flow in the coal depends 
upon gas permeability, diffusion characteristics, water 
saturation, and coalbed gas pressure. The gas permeability 
is closely associated with the water saturation, and it deter
mines the rate of gas removal (74).

Diffusion characteristics govern the gas supply rate from 
the matrix toward the nearby fractures. The difference be
tween the coalbed gas pressure and the sink pressure dictates 
the speed of gas removal. The flow out of a pressure sink 
is a combination of all of these parameters (74).

There is no simple method to determine the gas flow 
knowing all the parameters. Computer models have been devel
oped to predict gas flows out of coalbeds. They require 
precise input data and are not readily available. One of them 
was developed by Intercomp, Texas (74).
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4.5 Drainage Methods in the Coalbeds
4.5.1 Vertical Wellbores

This drainage method is relatively simple and can drain 
the coalbed in advance of mining. The methane drainage 
equipment and the produced gas does not interfer with under
ground operations (12). The coal has to be stimulated to 
achieve high methane productions. Unstimulated coalbeds 
have a short drainage radius, the production is thus low.
The major disadvantage is the number of surface sites and 
their costs in mountain areas. There are many uncertainties 
about the gas recovery and the production rates (23, 47 , 59,80) . 
These problems are discussed further in chapter 8.

A.5.2.2 Shafts
Vertical shafts used for methane drainage are relatively 

expensive, but effective. The coalbed drainage is through

horizontal holes, which ought to drain the coal for at least 
three years. Their advantages are that they can be sunk 
long before the mining takes place, they produce large 
amounts of gas; and they can be used for ventilation when 
the mine reaches the site (31 ,47 ,80) .

An experimental shaft was sunk by the U.S. Bureau of 
Mines to study its feasibility. The gas drained from the 
Pittsburgh coalbed after a few years is six times the gas
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estimated to be in the influence area of the horizontal 
holes (29 ,30,31) .
A. 5.2.3 Slant Hole

The drainage consists of drilling a horizontal hole in 
the coalbed from a surface inclined hole. This technique is 
in experimental phase. Directional control and dewatering 
equipment should be improved (23,55,80) .
A. 5.2.4 Gob Degasification

This technique recovers methane from gob areas. The 
methane is lighter than air; therefore, it tends to concen
trate in the higher parts of the cave. Holes can be drilled 
from either the mine entries or the surface into the upper 
parts of the cave to recover the gas. This gas may pay the 
cost of its installation. The problems are unstable quality 
and quantity of gas, decreasing concentration with time, and 
flow rates dropping rapidly (47,59,55).

A. 5.2.5 Horizontal Holes From Mining Openings
This is an inexpensive technique because of the low 

drilling cost. The permeability is increased by inter
connecting cleats (23). They have the greatest influence 
in the face 'area, where they can immediately and effectively 
relieve methane problems (80). At Sunnyside Mine, Utah, 
reductions of 40% of face emissions are reported (72).
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The problems are that they require underground access 
and interfere with mining operations (47). They do not have 
time enough to drain the coal, and they need high coalbed 
permeability (23).
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5. Review of Hydraulic Fracturing Technique
In this chapter, an attempt is made to present the 

philosophy of hydraulic fracturing and its possible conse
quence to a future mining. The theory supporting hydraulic 
fracturing is presented in Appendix A, "Hydraulic Fracturing 
Theory."

5.1 Hydraulic Fracturing
Hydraulic fracturing is the process of developing a 

fracture or a fracture system in the rock medium by introdu
cing a fluid under pressure through the wellbore. The fluid 
pressure will overcome in situ stresses and will cause 
failure of the medium, propagating the fracture (42), .

The fractures are created in the reservoir formation in 
order to achieve a high permeability zone in the rock. The 
drainage influence of the well is, therefore, several orders 
increased. This technique has been developed and success
fully applied in the petroleum industry to enhance oil 
productions and recoveries (42).

The hydrofracturing is a continuous process, but sev
eral distinctive stages can be recognized. Before any well 
perforation, there is an undisturbed tectonic state of 
stress in the formation as well as the reservoir fluid pres
sure. After the well is drilled, there is a stress redistri
bution in the vicinity of the opening. The rock rupture is
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the consequence of pressure build up because of the fluid 
injection. When the fracture is initiated and is propaga
ting; there is a temporary stress redistribution. Immedi
ately after the fluid pressure is released, the in situ 
stresses tend to close the fracture returning it to its 
original position; however, the fracture can not be closed 
where propping material is placed in the fracture (81).

The design philosophy is to match noncontrollable for
mation characteristics by manipulating surface conditions 
and equipment. The noncontrollable parameters can be divided 
into : (a) rock properties of the formation (porosity, per
meability, composition, and strength); (b) rock mechanics 
(in situ stresses and rock behavior); (c) reservoir fluids 
(gas, water, oil, and mixtures); and (d) reservoir proper
ties (depth, pay zone height, barriers above and below the 
pay zone, temperature, and pressure). Based upon these 
parameters, the design should select the best fluid, the 
best rate, proppant size and concentration, and the 
economical fluid volume (79)•

5.2 Containment of Fractures
A fundamental aspect of hydrofracturing coalbeds is the 

containment of fractures. The coalbed is relatively a thin 
layer between coal measure rocks. The coalbed thickness is 
usually from a few inches to no more than 30-40 feet in the
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western United States. The coal measure rocks are either 
shales, sandstones, siltstones, limestones, or dolomites.
The coalbed is generally fractured to relieve methane 
emissions in a subsequent mine opening. The fractures 
ought to be contained in the coalbed to minimize adverse 
conditions in the mining operations and to increase the 
efficiency of fracture propagation in the coalbed.

The parameters controlling fracture propagation into 
adjacent layers are interrelated and of unknown relative 
importance. When a hydraulic fracture is thoroughly con
tained in one infinite layer, only the properties of this 
layer dictate the fracture propagation. When a fracture 
approaches and reaches an interface between two different 
layers, the interface shear strength, the relative fractur- 
ability of the layers, and the in situ stress conditions in 
the layers control whether or not the fracture will cross 
the interface. A further aspect favoring fracture pene
tration is the preferential direction of fracture growth.

5.3 Discussion of Fracture Propagation and Containment
Fracture propagation and containment, while still far 

from accurate prediction, have been the subject of consid
erable research. Theories have been prooosed to explain or 
predict fracture characteristics and propagation. These 
theories are reviewed in some detail in Appendix A.
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At this time the Geerstma and de Klerk equations seem 
to be the best available to- estimate fracture geometry.
There is no simple process for containment analysis. The 
best available approach is believed by the author to be the 
analysis of the required pressure level necessary to propa
gate the fractures in different rocks, and to compare the 
shearing stress caused by different pressure levels to the 
shear strength of the interface between the different rocks. 
Accordingly, this report utilized this method in the analy
sis undertaken for the Coal Basin.
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6. Experimental Work

6.1 Introduction
The Coal Basin coalbed, a coal parting, and the immedi

ate roof rock were mechanically characterized to permit 
analysis of the probable results of hydraulic fracturing.
The testing consisted of four uniaxial test (two coal speci
mens, one parting, and one roof); four triaxial tests in the 
coal (350, 750, 1,000 and 1,250 psi of confining pressure); 
twelve Brazilian tests (6 coals, 3 partings, and 3 roof 
rocks) ,* and, finally, 6 direct shear tests in the interface 
between coal and parting and coal and roof rock.

6.2 Rock Descriptions
All the rock tested came from the 2nd Entry North of the 

L.S. Wood Mine. The overburden in this entry is approximately 
2,000 feet thick and the outcrop is about 3,000 feet away.
The roof rock was collected in the major fault offseting the 
coal seam. The parting was collected 50 feet north of the 
fault, and the coal, 150 feet north of the fault.

The coal was collected at the middle portion of the 
upper coalbed, Coal Basin seam. All the specimens were cored 
from a single block (1.3 x 1.0 x 0.8 cubic feet). The small
est block dimension corresponds to the spacing between two 
bedding planes. The block did not show any significant 
discontinuity or cleats.
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The roof rock is a gray mudstone which has no visible 
bedding planes. The block was removed immediately above 
the coal and between two normal joints. The sample was 
8 x 6 x 6  cubic inches. The rock did not show any 
appreciable discontinuity.

The parting is two feet thick and is below 8 feet of 
coal. The rock is a carbonaceous siltstone with many coal 
riders. The sample was 1.5 x 0.5 x 1.0 cubic feet. The 
bedding planes are well developed.

6.3 Uniaxial Testing
Four specimens were tested according to the ASTM 

D2938-71a: Standard Test Method for Unconfined Compressive 
Strength of Intact Rock Core Specimens. The testing was 
done in the stiff machine of the U.S. Bureau of Mines, Denver 
facilities. The loading rate was 200 micro inches per inch 
per second. All the samples were tested perpendicular to 
the bedding planes. The results obtained allowed computa
tion of ultimate strength, Young's Modulus (both secant and 
tangent), and the Poisson's ratio. T h e  dimensions of 
specimens and results are shown on Table 6.1.

The specimens chosen for uniaxial testing were consi
dered to be the most intact of all the specimens. They did 
not exhibit any major cracks, discontinuities, or 
heterogeneity.
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Table 6.1 
Unconfined Tests

Rock Type Roof Parting Coal

diameter (in.) 2.087 2.087 2.078 2.078
length (in.) 3.980 4.015 4.006 3.979
area (in.^) 3.421 3.421 3.391 3.391
volume (cc) 223.15 225.11 222.67 221.17
weight (gm) 518.6 326.6 286.5 285.6
s. gravity 2.324 1.451 1.287 1.291
breaking load (lb.) 16000 7500 6600 4400

ultimate strength (psi) 4677 2192 1946 1298
E (secant) psi x 10^ 2578 521 374 299
E (tangent) psi x 10^ 2900 605 452 353

1 Poisson's ratio 0.233 0.233 0.228 0.273
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Two indistinguishable coal specimens were tested u n 
confined. One specimen broke at 1946 psi, the other at 
1298 psi. Both the specimens, after failure, were heavily 
cleated, with one of the directions well developed, and 
the other fairly developed. The weaker coal appears to have 
at least twice as many cleats as the stronger one. The weak 
sample had a very irregular failure surface. The stronger 
sample broke into two irregular planes approximately 30° off
the vertical axis.
%

The roof rock did not show any cracks when dry. The 
specimen was cored with water. As the water evaporated, 
there was a clear indication that the specimen was cracked, 
because the water in the crack did not dry as fast as the 
remaining surface. By this method, three parallel axial 
cracks were identified. The failure plane strike is paral
lel to the cracks which control part of the fault surface. 
The fracture angle is about 20° off the vertical axis.

The parting sample had several horizontal heterogene
ous layers 1/10 inch thick. There was a crack axially 
oriented. The rupture was through several planes, but none 
of them crossed the sample. The major fault barely went to 
the middle of the specimen where it shifted and followed a 
bedding plane. The major fault was not oriented by the pre
ceding crack, but they came within 30° of each other. All 
the fractures tended to form an incipient double cone.
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6.4 Triaxial Testing
Four coal specimens were tested under confining condi

tions . The test was done according to ASTM D266 4-67: 
Standard Test Method for Triaxial Compressive Strength of 
Undrained Rock Core Specimens Without Pore Measurements.
The confining pressure was 350, 750, 1,000 and 1,250 psi.
The specimens were tested perpendicular to the bedding 
planes with a loading rate of 200 micro inches per inch per 
second. The results obtained were ultimate strength, and 
Young's Modulus (secant and tangent). The specimen 
dimensions and results are shown in Table 6.2.

The specimen tested at 350 psi confining pressure was 
considered in good condition. One end had minor hetero
geneity not oriented in any particular direction. The coal, 
after failure, showed a rather well-developed cleat system. 
Three major fault planes crossed the sample off the vertical 
30°. The faults did not have a smooth plane, but they were 
stair-like parallel to the better developed cleat.

The speciment tested at 750 psi confining pressure had 
a major crack perpendicular to the bedding planes. This 
crack was 1/5 off the edge. The broken coal did not show 
any sign of cleats. The fault strike was 40° off the crack 
strike. The fault was rather a single plane, somewhat 
smooth, which curved at the bottom.
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Table 6.2 
Triaxial Tests (Coal)

Confining 
pressure (psi) 350 750 1 0 0 0 1250

diameter (in.) 2.078 2.087 2.078 2.087
length (in.) 4.038 4.000 3.976 4.003
area (in. ) 3.391 3.421 3.391 3.421
volume (cc) 224.42 224.28 220.98 224.44
weight (gm) 237.2 282.3 282.3 283.3
SG 1.279 1.258 1.277 1.262
breaking load (lb.) 15800 16500 22700 25300

ultimate stress (psi) 4659.4 4823.1 6694.2 7395.5
3E (secant) psixlO 356 448 443 473
3E (tangent) psixlO 469 530 539 543

1
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The specimen tested at 1,000 psi confining pressure had 
two major parallel cracks perpendicular to the bedding planes. 
Both cracks were in the same half-side of the sample. The 
specimen, after rupture, did not show any cleats. The 
fault strike was parallel to the cracks, and had a smooth 
surface. The fault started close to the first crack 5-10° 
off the vertical. Between the cracks, the fault was 30° off 
the vertical, and next, it was subparallel to the second 
crack, but it did not follow it.

The specimen tested at 1,250 psi confining pressure 
was supposedly the weakest and the most distrupted. The 
lateral surface was irregular and heavily thin-cracked. The 
coal, after failure, did not show any cleats. The fracture 
plane was sharp and very smooth. Only a single plane 
developed, cutting the sample completely. After the fail
ure, most of the thin cracks opened a bit, but the fault cut 
them without any direction changes.

6.5 Brazilian Test
Twelve specimens were indirectly tested for their ten

sile strength using the Brazilian test. Six coal specimens, 
three parting specimens, and three roof specimens, had con
formable failures. Their dimensions and tensile strengths 
are given in Table 6.3. The tensile strength was obtained 
by 2P/7TDL, where P is the breaking load (lb.) ; D is the 
diameter (inch); and L is the length (inch).
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One of the coal tensile strengths is very anomalous.
The sample was broken in the middle of the specimen 
parallel to the axis before the test. The juxtaposition 
of both sides was excellent. The sample was tested perpen
dicular to the fracture. The tensile strength is approxi
mately four times higher than the average of the five other 
specimens.

6.6 Direct Shear Test
The interface coal/parting and coal/roof was submitted 

to shear test under three different normal loads. The 
specimen dimensions and results are shown in Table 6.4.

The results are the apparent shear strength of the 
interface. The test consists of shearing the interface of 
two juxtaposed rocks under normal loads. The specimen's 
ends are parallel but not polished. The rocks interface 
cohesion is assumed equal to zero. The test gives the fric
tional term of the interface shear strength. The assumption 
of cohesion equal to zero is realistic because interface 
samples can be easily sheared off by hand.

Figure 6.1 shows the apparent interface shear strength. 
The apparent friction angle is 19° for roof/coalbed 
interface and 24° for parting/coal.
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Table 6.4 
Direct Shear Test at Coal Interface

Rock Type Roof Parting Coal
Diameter (in.)
Length (in.)2Area (in. )

2.087
1.437
3.421

2.087
1.233
3.421

2.087
1.478
3.421

Normal Load (lb.) 
Normal Stress (psi) 
Shearing Force (lb.) 
Shearing Stress (psi)

216.02
63.15
87.18
25.48

216.02 
63.15 

105.73 
30. 91

Normal Load (lb.) 
Normal Stress (psi) 
Shearing Force (lb.) 
Shearing Stress (psi)

432.57
126.45
168.80
49.34

432.57
126.45
200.34
58.56

Normal Load (lb.) 
Normal Stress (psi) 
Shearing Force (lb.) 
Shearing Stress (psi)

648.63
189.60
230.02
67.24

648.63
189.60
276.39
80.79
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Figure 6.1 Apparent interface shear strength.
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6.7 Summary of Results
The summary of unconfined results is shown in Table 6.5. 

The results are average when more than one value is available. 
The average for the coal tensile strength ignores the 
anomalous high result (No. 6 ).

The apparent friction angle at the coal/roof interface 
is 19°, and for the parting coal, 24°.

Both ultimate strength and tangent modulus of elasticity 
increase as the confining pressure increases. The ultimate 
strength depending on the confining pressure is shown by the 
Mohr's envelope, Figure 6.2. The cohesive strength is 400 
psi and the frictional angle is 31°.

The tangent modulus of elasticity increased with the 
confining pressure as it is seen in Figure 6.3.
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Table 6.5 
Summary of Unconfined Results

Coal Roof Parting
Secant Young’s 
Modulus (psi)

336,000 2,578,000 521,000

Tangent Young's 
Modulus (psi)

402,500 2,900,000 605,000

Ultimate 
Strength (psi)

1,622 4,677 2,192

Tensile 
Strength (psi)

25.85 375.05 108.72

Poisson's 
Ratio

0.25 0.23 0.29
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Figure 6.2 Mohr's envelope.



ER 2393 71.

o
r H 600-

500-

r-t
Q)
u-<O
(/)3

4J
c<D
tr>C

300-

rd 1 ' • 1^ 400 800 1200
confining pressure, psi

Figure 6 .3 Tangent modulus of elasticity as a function of 
confining pressure.
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7. Evaluation of Fracturing Potential in the Coal Basin
Three aspects are important when analyzing hydraulic 

fracturing: (a) fracture orientation; (b) fracture geometry;
and (c) containment of the fractures in the coalbed. If the 
fractures penetrate the roof rocks, then the consequences of 
a fractured roof on the mine stability must be considered.

7.1 Fracture Orientation
There is one in situ stress measurement available for 

the Coal Basin area (7). The measurement was made in the 
Coal Basin mine, under 1,000 feet of overburden, and the ob
served principal stresses were 1,000 psi (vertical), 662 psi 
horizontal), and 44 8 psi (horizontal). The maximum horizon
tal stress is parallel to the anticline axis (see Chapter 2).

Hydraulic fractures usually will be oriented normal to 
the minimum principal stress. Thus, the hydraulic fractures 
in the Coal Basin will likely be oriented vertically, and 
parallel to the anticline a x i s .

7.2 Fracture Geometry
The drainage area of a stimulated well depends upon the 

fracture dimensions. These, in turn, are a function of 
fluid and formation parameters. The fracture geometry is 

often affected by minor variations in these parameters.
Thus, to be useful, any estimate should be examined to
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determine how sensitive it is to minor variations in these 
parameters. An estimate of the probable geometry was ob
tained using equations developed by Geerstma and de Klerk 
(3 5) .

The Geerstma and de Klerk formulas are not energy based 
formulas. In other words, they do not determine what pres
sure level is necessary to break the rock. They determine 
what fracture volume can be expected after the injection of 
a certain fluid volume. They do take into consideration the 
parameters associated with fluid losses to the formation. 
These equations use two factors to characterize fluid losses
(a) a fracturing fluid coefficient, which is defined as 
the fluid loss through time; (b) the spurt volume, which is 
defined as the instantaneous fluid loss.

The basic data required by these equations were ob
tained for the Coal Basin seam (see Chapter 6), and con
sisted of: (a) a fracture height of 30 feet (corresponding 
to a coalbed 30 feet thick); (b) a Poisson's ratio of 0.25 
(the average Poisson’s ratio for coal); (c) a shear modulus 
of 161,000 psi (the average shear modulus of the coal based 
upon the tangent Young's modulus); (d) a fluid viscosity of 
1 centipoise (corresponds to water); (e) an injection rate 
of 10 bbl/min (commonly used when stimulating coal fields); 
(f) a time of 23.81 min. (corresponds to a fluid volume of
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10,000 gallons at an injection rate of 10 bbl/min); (g)
a pressure ratio between fluid and the minimum in situ
stress of 1 (assumption by Geerstma and de Klerk); (h)

_ 3a fracturing fluid coefficient of 1.11 x 10 feet/min.2 
(corresponds to a rock with low porosity and a fluid with 
additives reducing fluid loss); and (i) a spurt volume equal 
to zero inches per square foot (realistic when the rock has 
low permeability and porosity).

Using these data, the Geerstma and de Klerk equations 
supply estimates of: (a) fracture length given in feet;
(b) width given in inches; and (c) effectiveness of fracture 
extension (EffR), which is defined as the actual fracture 
volume divided by the total volume of fluid injected.

The result of these calculations are summarized in 
Tables 7.1 - 7.9. As shown in Table 7.1, the fracture 
length is proportional to the shear modulus, while the width 
is inversely proportional to the shear modulus. The Poisson’s 
ratio does not influence the fracture geometry significantly 
(see Table 7.2). The fracture length is very sensitive to 
and inversely proportional to the fracture height (see Table 
7.3). Small variations between internal fluid pressure and 
in situ stresses are unimportant to the fracture geometry 
(see Table 7.4).

Increasing the fluid viscosity decreases the fracture 
length but produces wider fractures (see Table 7.5). The
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Table 7,1
Fracture Dimensions as a Function of Shear Modulus

Shear 
Modulus 

psi
Length 

f t.
Width 
i n . EffR

50,000 594.60 0.3390 0.5906
100,000 640.00 0.2972 0.5626
161,000 674.55 0.2691 0.5300
221,000 694.69 0.2539 0.5218
400,000 737.27 0.2245 0.4849

1,045,000 803.63 0.1844 0.4347

Table 7.2
Fracture Dimensions as a Function of Poisson's Ratio

Poisson’s 
Ratio

Length 
f t .

Width
in. EffR

0.10 660.19 0.2804 0.5477
0.25 674.55 0.2691 0.5300
0.50 700.85 0.2494 0.5171
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Table 7.3
Fracture Dimensions as a Function of Fracture Height

Fracture
Height

ft.
Length

ft.
Width

in. EffR

8 1587 0.5749 0.7118
15 1071 0.4030 0.6297
20 885 0.3430 0.5974
30 674.55 0.2691 0.5300

Table 7.4
Fracture Dimensions as a Function of Internal Fluid Pressure

p/pw 
. psi/psi

Length
ft.

Width 
i n . EffR

0.8 689.00 0.2577 0.5207
1.0 674.55 0.2691 0.5300
1.2 662.4 0.2787 0.5373
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Table 7.5
Fracture Dimensions as a Function of Fluid Viscosity

Fluid
Viscosity,cp

Length
ft.

Width
in. EffR

1 674.55 0.2691 0.5300
5 564.59 0.3702 0.6170

10 519.69 0.4233 0.6527
100. 387.77 0.6494 0.7448

Table 7.6
Fracture Dimensions as a Function of Fluid Volume

Time 
m i n .

Volume 
g a l .

Length
ft.

Width 
i n . EffR

11.90 5,000 442.96 0.2184 0.5673
23.81 10,000 674.55 0.2691 0.5300
35.71 15,000 857.71 0.3059 0.5193
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Table 7.7
Fracture Dimensions as a Function of Injection Rate

Time 
m i n .

Inj ection 
Rate 

b b l ./min.
Length 
f t .

Width 
i n . EffR

47.62 5 611.82 0.2155 0.3848
23.81 10 674.55 0.2691 0.5300
15.87 15 690.30 0.3030 0.6181

Table 7.8
Fracture Dimensions as a 

Function of Fracturing Fluid Coefficient

C
f t ./min.%

Length
ft.

Width
in. EffR

l.llxlO'2 
2.0 xlO-3 
l.llxlO"3 
0.5 xlO-3 
1.llxlO'4

126.33
507.56
674.55
840.0
974.86

0.1169
0.2334
0.2691
0.3023
0.3257

0.0435
0.3459
0.5300
0.7517
0.9398
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Table 7.9
Fracture Dimensions as a 
Function of Spurt Volume

Sp 
i n .

Length
ft.

Width 
in . EffR

0 674.55 0.2691 0.5300
IQ'2 647.76 0.2652 0.5074
10'1 478.05 0.2267 0.3171
1. 117.81 . 0.1129 0.0391



ER 2393 80.

fracture width and length are proportional to the volume 
injected. At a pumping rate of 10 bbl/min, the fracture 
volume is a function of time (see Table 7.6). The fracture 
dimensions, on the other hand, are not very sensitive to 
the injection rate, for a given volume (1 0 , 0 0 0  gallons).
The efficiency of the fluid is, however, reduced by low in
jection rates, the fluid loss was 38%; at low injection 
rates it was 61%.

The- fracture volume affected by fluid losses is inver
sely proportional to the fracturing fluid coefficient.
Fluids with lower coefficients (i.e. lower losses to the 
formation) induce longer and wider fractures (see Table 7.8). 
An increase in the spurt volume (i.e. an increase in the in
stantaneous fluid losses) decreases the fracture volume.
Low spurt volumes produce longer and wider fractures (see 
Table 7.9).

7.3 Fracture Containment
Hydraulic fracturing is done commercially by many com

panies specializing in this field. They provide the fluids, 
proppant, and equipment. Each company may propose a final 
design according to what is available to them. Fracture 
penetration in the roof rock is a very important aspect which 
is not analyzed by the fracturing companies. The discussion 
in this section will focus on whether or not the fractures
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will penetrate the roof rock. The following section analy
zes the consequences hydraulically fractured roof rock 
might have on the roof stability.

The fracture height at the Coal Basin seam should be 
the coalbed thickness for the best possible drainage. As 
was seen in the description of the geology of the area, coal 
partings are common, but their mechanical properties are 
rather similar to coal. Thus, the effect of these partings 
on the fracture geometries is expected to be negligible. 

7.3.1. Preferential fracture growth direction
The determination of the preferential direction of frac

ture growth is fundamental in the fracture containment 
analysis. The extension of hydraulic fractures is a two 
dimensional process. In a vertical plane, the fracture may 
grow vertically as well as horizontally. The coalbed has a 
very short vertical dimension when compared to the horizontal 
dimension. To better drain the coal, it is preferable that 
fractures propagate horizontally rather than vertically. In 
other words, an optimized fracture should be contained in the 
coalbed and not be propagated into surrounding layers where 
gas may not be available.

Hydraulic fractures propagate when the concentration of 
tensile stress at the tip overcomes the field stress redis
tributed according to the fracture geometry and the strength 
of the rock. The stresses in the rock are concentrated and
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the highest in the fracture tip. The stress intensity fac
tor (K^) is a parameter which quantifies the stress normal 
to the fracture at the very crack tip. The stress intensity 
factor can be given by (2):

K i = (p - oh ) y T  

where:
K.£ = stress intensity factor 
p = fluid pressure inside the fracture
o. = minimum horizontal stress h
2 a = crack length

The rock hydraulically fractures when the stress inten
sity factor is greater than the fracture toughness (R^j) •
The fracture toughness is a measured material property. It 
cannot be derived from common rock mechanics parameters 
such as tensile and compressive strength, Young's modulus, 
Poisson's ratio, etc.

The vertical hydraulic fractures have two tips tending 
to propagate the fractures vertically and horizontally (see 
Figure 7.1). Two cases must be analyzed for the preferen
tial fracture growth. The first is when the fracture ex
tends without reaching any vertical boundary (infinite 
mass) and the second is when the fracture propagation tends 
to cross different layered rock formations.
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KIV = (p - crR ) (h/2 ) 3 5  

KIH = (P ” aH^

Tip tending to propagate 
the fracture vertically. VERTICAL TIP:

Crack length equal to 
the fracture height.

IVTip tend
ing to . 
propagat^ 
the frac
ture hori
zontally

IH

HORIZONTAL TIP:
Half of the crack 
length equal to the 
fracture length.

Figure 7.1 Tendencies of fracture propagation and respective 
crack lengths.
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In the case of an infinite rock mass, the fracture 
toughness is the same vertically and horizontally; therefore, 
this factor does not influence the preferential fracture 
growth. The preferential direction of growth can be deter
mined by comparison of which tip has a higher stress inten
sity factor, and consequently, which tip tends to break the 
rock preferentially propagating the rock in that direction.

The fractures propagate normal to the minimum principal 
stress. The intermediate and maximum stress are parallel to 
the fracture, and they do not influence the stress distribu
tion and fracture propagation. Both tips, one causing the 
fracture to extend vertically and the other to extend hori
zontally are under the same stress (minimum principal stress) 
and internal pressure. The stress intensity factor is, con
sequently only a function of the crack length. The crack 
length is the distance between two opposite tips propagating 
the fracture in the same direction. The tip propagating the 
fracture vertically has the crack length (2 a) equal to the 
fracture height, whereas the tip propagating the fracture 
horizontally has half of the crack length (a) equal to the 
fracture length (because the fracture extends with two wings, 
see Figure 7.1). To determine the preferential growth di
rection it is only necessary to compare the stress intensity 
factor as a function of the respective crack length.
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The fracture growth is a continuous process, but two 
stages may be recognized regarding tendencies of preferen
tial growth. The first stage is when the fracture is prop
agating in an infinite rock mass and the fracture length is 
shorter than half of the fracture height. The stress inten
sity factor is greater in the tip causing vertical extension 
and, consequently, the fracture tends to grow preferentially 
in a vertical direction.

Coalbeds are best considered as semi-infinite rock 
masses (see Figure 7.2) because their horizontal dimensions 
are extremely large compared to their thickness. Fracture 
growth apparently occurs in a sequence of stages. The ear
liest stage occurs from the time the fracture is initiated 
until the fracture reaches the boundaries of the coalbed.
This stage is shown as la in Figure 7.2. During this stage 
the fracture growth is predominantly vertical, because is
much larger than

Once the fracture has encountered the coalbed boundary, 
Stage Jb'in Figure 7.2 is begun. Because the horizontal 
length of the fracture is still less than half the coalbed 
thickness, vertical fracture growth is still the preferred 
growth direction, since KIV is still greater than K IH. 
Accordingly, fracturing of the roof rock may occur in the 
vicinity of the borehole. Whether such fracturing actually 
occurs is problematical, however, and depends on several
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factors, including the relative fracture toughness character
ized of the coal and the roof rocks, the degree of hetero
geneity of these materials, and other local conditions.

Once the fracture has propagated in distance which is
at least one half the coalbed thickness, horizontal fracture
growth is preferred over vertical growth, since K Tt_ is nowIH
greater than KI V « This Stage II fracturing, as shown in 
Figure 7.2, emphasizes horizontal fracture propagation in 
which is contained within the coalbed

If the roof rock is to be penetrated, the penetration of 
the fractures is likely to be nearby the wellbore where the 
vertical tendency of growth is the greatest.

7.3.2 Containment of Fractures in the Coalbed
The fracture near the wellbore tends to grow more ver

tically than horizontally. When the fracture reaches the 
interface between coal and roof rock, it tends to grow fur
ther vertically and consequently, to extend the fracture 
into the roof rock. Whether or not the fracture penetrates 
the roof rock depends upon the mechanical characteristics of 
the roof rock and the shear strength of the interface- The 
containment of the fractures in the coalbed is important for 
efficiency reasons. Fractures extending in the roof rock 
where gas may not be available represent losses in fractur
ing fluids and energy.
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wellbore
roof rock

coal
>>KIV IH

la)

> KK IHIV

(lb)

Fractures shown 
only in one side.

(II)

Ki v K< k ih

Figure 7.2 Preferential fracture growth directions
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The internal pressure inside the fracture causes con
centration of tensile stresses at the tip and maintains the 
fracture open during the propagation process. The formation 
is hydraulic fractured when the stress intensity factor over
comes the rock fracture toughness. To propagate the fracture 
in the coalbed, the pressure must be great enough to reach 
the stress intensity factor to break' the coal. When the roof 
rock has a higher fracture toughness than coal, the propaga
tion of fractures in the roof rock is only possible when
the stress intensity factor is increased to overcome the 
higher rock fracture toughness.

^Therefore, to increase the stress intensity factor with 
the same fracture geometry a corresponding increase of in
ternal pressure is required. The higher pressure causes also 
a higher stress intensity factor in the coal favoring a pref
erential propagation in the coalbed.

The fracture toughness values for the coal and roof rock
in the Coal Basin seam are not known. The roof rock, however,
has much higher compressive and tensile strengths than coal 
(see Chapter 6 ), and it is reasonable to believe that roof 
rock fracture toughness is higher than that of coal. A 
higher fracture toughness in the roof rock contributes to the 
containment of the fractures in the coalbed. In the follow
ing analysis the coal and roof rock fracture toughness are 
assumed equal. This conservative approach assumes that the
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fracture toughness does not influence the fracture contain
ment in the Coal Basin seam.

The fracture should have a minimum width which allows 
the fluid to penetrate the fracture. The minimum width is a 
function of the fluid viscosity and the pumping rate. Fluids 
with high viscosity create wide fractures when penetrating.
A high fluid injection rate induces wide fractures when pene
trating. The fracture close to the tip is very narrow but 
behind the tip, the fracture widens allowing the fluid pene
tration. The increase of width is achieved by the internal 
pressure elastically deforming the surrounding rocks. The 
coalbed and roof rock have different deformation character
istics and, therefore, different pressure levels are re
quired to deform the rocks achieving the minimum width.

The differences of internal pressure in the fracture 
causes shearing stresses in planes perpendicular to the frac
ture. The interface between coal and roof rock has substan
tially lower shear strength than either the coal or roof 
rock. When the shearing stress overcomes the shearing 
strength of the interface, the interface undergoes shear 
failure. Once failed, the fracture has a blunted tip which 
does not concentrate hydraulic fracturing stresses which 
causes the fracture propagation.
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The expression giving the rock deformation under a 
triaxial stress field is (5 4 ):

^  = g CcTjl -  ̂ (a2 + ^3) ) (7.1)

where Ll/l  = strain, in direction 1, in/in 
E = Young's modulus, psi 
a 1  = stress in direction 1 , psi
a 2  5 5 stress in direction 2 , psi
a 3  = stress in direction 3 , psi
\> = Poisson's ratio

The direction 1, 2 and 3 are perpendicular and coin
cident with the princinal stress directions.

The internal pressure necessary to achieve the minimum 
width is a function of Young's Modulus and field stresses. 
Knowing c <*3 * Young's Modulus and the strain, it is possible 
to find the pressure necessary to obtain the minimum width. 
This pressure is obtained by elastic deformation 'analysis and 
ought to be supplemented by the in situ stress of tectonic

origin. *
The determination of strain { L l / D  depends upon two fac

tors: (a) the minimum width allowing fluid penetration {LI)

and (b) the distance where the deformation takes place (S.). 
Beyond this distance, the rock mass is not affected by the 
hydraulic fracture, and all deformation is achieved within
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the limit. The stress distribution around the fracture is 
independent of the deformation characteristics of the mater
ial. Figure 7.3 shows the decreasing stresses a3.ong a line 
perpendicular to a fracture (81). The fracture geometry is 
assumed elliptical. The stresses deform the rock, and con
sequently, the deformation takes place where stresses.caused 
by the hydraulic fracture are present. Using Figure 7.3, the 
distance where most of the stresses are present (greater or 
equal to 7 0%) is 7 0 feet from the fracture. Therefore, the 
distance where most deformation takes place is within 7 0 
feet perpendicular to the fracture.

The Coal Basin seam will be hydraulically fractured un
der 2,000 feet of overburden. The vertical stress is a 
direct result of gravitational loading and is given by: 
(equation A.l in Appendix A and reproduced below as equa
tion 7.2).

% e r t  = ^  (7*2>
where o . = vertical in situ stress, psivert *

y = specific weight, psi/ft 
h = depth, ft

The horizontal in situ stress at any depth is the sum 
of gravitational loading and the excess horizontal stress.
The excess horizontal stress caused by tectonic effects must
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Figure 7.3 Hydraulic induced stress to pressure difference 
as a function of distance from the fractures 
(modified from 81).
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be measured in the field. It commonly has maximum and mini
mum values in orthogonal directions. Consequently, the 
horizontal in situ stress has two magnitudes, one maximum 
and the other minimum. The gravitational component of the 
horizontal in situ stress is given by:

The maximum and minimum horizontal in situ stress taking 
into account the tectonic effects is given by:

The field stress in the Coal Basin seam can be found 
substituting corresponding values in the former equations. 
The depth is 2,000 ft., the specific weight is 1 psi/ft. 
(based upon roof rock density of 2.3, see Chapter 6 ) . 
Poisson’s ratio is 0.25 (corresponds to coal Poisson's ra
tio, (see Chapter 6 ), maximum excess horizontal stress is 
412 psi, and the minimum excess horizontal stress is 198 
psi (see Chapter 2).

(7.3)

where ahor *lor*zonta-1' stress, psi 
av = vertical.stress, psi 
v = Poisson's ratio, unity

a ahor + a (7.4a)max excess max

a ahor + a (7.4b)m m excess m m
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Qvert = ^ x ^ 0 0 0  = 2 0 0 0  psi

ahor = 2 0 0 0  (iro7§5) = 6 6 6  P si
°max = 6 6 6  + 4 1 2  = 1 0 7 8  Psi
a . = 6 6 6  + 198 = 864 psimin

The field stress in the roof rock can be found similarly 
using the depth of 2 0 0 0  feet, specific weight of 1  psi/ft., 
Poisson's ratio of 0.23 (corresponds to the roof rock, see 
chapter 6 ), maximum excess horizontal stress of 412 psi, and 
the minimum excess horizontal stress of 198 psi (see chapter 
2 ) .

CTvert = x 2 0 0 0  = 2 0 0 0  psi

<W = 2000 (Î0?23J = 597 PS1
a = 597 + 412 = 1009 psimax *
o . = 597 + 198 = 795 psim m

Minimum width can be assumed equal to 0.5 inch. The 
deformation is analyzed on one side of the fracture, and 
therefore, is half of the width (AS.=0 .25 inch) • In 
equation 7 .1 , a1 is the internal pressure causing the rock 

to deform under the stresses (maximum horizontal in situ 
stress) and (vertical in situ stress). The minimum excess 
horizontal stress should be added to ĉ ., to obtain the final 
internal pressure which deforms the rock and overcomes the 
tectonic stresses.
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The internal pressure deforming the rocks and allowing 
fluid penetration-in the coalbed can be found using:
A! = 0.25 inch, I - 70 feet, E = 402500 psi, a 2  = 1078 psi,

= 2000 psi, v = 0.25, and minimum excess horizontal stress 
of 198 psi in the equation 7.1

° 1  = 70x12 X 4 0 2 5 0 0  + ° - 2 5  (1078 + 2 0 0 0 )

= 889 psi

The internal pressure in the coalbed will be considering 
the tectonic stresses:

p = 889 4* 198 = 1087 psi

The fracture internal pressure in the roof rock, assum
ing Afc = 0.25 inch, I = 70 feet, E = 2900000 psi, a 2  = 1009 
psi, a^ = 2000 psi, v = 0.23, and minimum excess horizontal 
stress of 198 psi is:

o = 70X12' x 2900000 + ° ‘23 d 009 + 2000) 
a^ = 1555 psi

Considering the tectonic stresses, the internal pres
sure required to propagate a fracture into the roof rock: 

p = 1555 + 198 = 1753 psi

The shear strength of the interface coalbed and roof 
rock is given by:
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T a normal (7.5)

where o normal is the stress acting normally to the
interface (vertical stress where the interface is horizontal), 
tan 4> is the frictional angle of the interface, and C is the 
cohesion of the interface. The interface between Coal Basin 
coalbed and roof rock, therefore, has a shear strength 
equal to:

t = 2000 x tan 19° =688 psi 
where 2000 psi is the normal stress under 2000 feet of over
burden, 19° is the frictional angle of the interface, and 
cohesion is assumed zero (see chapter 6).

To propagate a fracture in the coal, the internal pres
sure needs to be only 1087 psi, while to propagate this frac
ture in the roof rock, the pressure needs to be increased 
to 1753 psi. This difference in the internal pressures

necessary to cause fracturing within the coal and the roof 
rocks produces a shear stress along the interface equal to 
the difference; thus, t = 1753 - 1087 = 666 psi. This value 

of 666 psi is close to the shear strength of the interface 
(688 psi); thus, within the reliability of the parameters 
assumed the interface between the coalbed and roof rock will 
likely undergo shear failure.
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Once the interface undergoes shear failure, the frac
ture has a blunted shape and loses the propagating tip which 
concentrates the stresses necessary to the fracture extension.

The preceeding solution obtains the shearing stress at 
the interface and compares it to the shear strength of the 
interface. The solution assumes several parameters which 
may actually vary. The minimum width was assumed 0.5 inch, 
based upon fractures when propagating have wider dimensions 
than after fluids removal. Close to the wellbore the fluid 
losses are minimum, consequently the fracture width during 
propagation (minimum width) was assumed twice of that after 
47% of fluid losses (0.27 inch., see Table 7.1). The mini
mum width equal to 0.5 inch, gives a shearing stress of 666 
psi. A lower injection rate could require a minimum width 
of only 0.3 0 inch. This represents a shearing stress at 
the interface of 370 psi, which would not cause shear fail
ure at the interface. Higher injection rates require wider 
fractures, such as 0.7 0 inch. The associated shearing 
stress at the interface would be 966 psi.

The interface shear strength under 2,000 feet of over
burden is 688 psi considering only frictional forces (co
hesion equal to zero). • The cohesion may not be zero as 
assumed, and 50 psi of cohesion may prevent interface shear 
failure during fracture propagation.



ER 2393

The above analyses utilized the very conservative 
assumption that the coal and roof rocks had the same frac
ture toughness values. Because it is expected that the 
roof rocks will have higher fracture toughness values 
than coal, fracture propagation into the roof is deemed even 
less likely and shearing along the interface more likely than 
the above calculations indicate.

Consequently, it is believed at this time that the frac
tures in the Coal Basin seam will tend to be contained in 
the coalbed.

7.4 Consequences of a Hydraulically Fractured Roof
Although the previous calculations suggest it is un

likely, it is possible that hydraulic fracturing may cause 
some additional fractures in the roof rock. The fractures 
might extend into the roof rock because of local variations 
in the mechanical properties of the various materials and 
interfaces.

These additional roof fractures do not represent any 
problem in areas 'mined using the longwall system. In areas 
mined using the room and pillar system, the new fractures 
can be located either inside pillars, parallel, inclined or 
perpendicular to the span of the room. Parallel to the 
span or inside pillars, the fracturing does not represent 
an adverse roof control problem. The worst case between



ER 2393 99.

inclined or perpendicular to the span is when the fractures 
are perpendicular to the opening span, when there might be 
an adverse mining condition.

The stability analysis of a roof with a vertical frac
ture perpendicular to the span must consider two cases (S7). 
The first is that the horizontal thrust is insufficient, 
thereby allowing the blocks to rotate and fall. The second 
case is that the rock crushes at points of high compressive 
stresses, allowing rotation and collapse.

The horizontal thrust must be great enough to avoid 
the shearing of the blocks along the fracture. The most ad
verse position for the fracture is close to the pillar where 
the shearing stresses are maximum.

The horizontal thrust cannot exceed the ability of the 
rock to support high compressional stresses. These stresses 
are highest in the bottom of the support and in the upper 
part of a midspan fracture.

To analyze the preceding aspects, a beam is assumed 
immediately above the openings. The assumptions are: (see
Figure 7.4) (a) beam height equal to 60 inches because at
the present time the roof is reinforced with five foot long

bolts; (b) the unit weight of the beam is equal to 0.0867 
2lb/in /in. This value corresponds to a density of 2.4

(average of Coal Basin roof rock); (c) the span of the beam
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is equal to 240 inches because the present mine openings are 
commonly 20 feet wide.

These assumptions allow for the computation of the total 
beam as follows:

Q - Y h L

2where y = the unit weight, lb/in /in

h = the beam height, in.
L - the beam span, in.
Q = the weight of beam per inch of beam 

Substituting appropriate values this gives 
0 = 0.0867 x 60 x 240 * 1,248 lb/in.
The moment arm for the horizontal thrust is (57):
A - 0.91h - 0.44 h 2/L 

where h * the beam height, inches
L =* the beam span, inches
A * the moment arm, inches 

Substituting values:
A 55 0.91 x 60 - 0.44 x 60^/240 ■ 48 inches 
Assuming first no in situ horizontal stress, the hori

zontal thrust developed in the support because of partial 
rotation of the blocks is (57).
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h-

0 - qL
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q = 0.0867 lb/in^/ln 
L = 240 in 
d = 60 in

Figure 7,4 Stress distribution in a fractured beam.
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T = Q x L/ (8 + A) 
where Q = the total weight of the beam, lb/in.

L = the beam span, inches

A = the moment arm, inches
T = the horizontal thrust, lb/in.

Substituting values:
T - 1,248 x 240/(8 + 48) - 780 lb/in.

The ability of a fracture located near the support to 
transmit vertical forces is dependent on the frictional 
angle of the propping material and the normal force acting 
in the fracture. The proppant consists of unconsolidated 
sands which have a conservative frictional angle of the 
order of 15°. Therefore, the fracture can transmit verti
cal forces up to:

S = 780 x tan 15° = 209 lb/in. 
where 780 lb/in = the horizontal thrust, and

tan 15° = the assumed frictional'coefficient
The vertical force that the fracture must transmit is 

equal to half of the total weight of the beam:
V = 1,248 x 0.5 - 624 lb/in.
Consequently, the safety factor for the beam with no 

initial horizontal stress is 
SF - 209/624 - 0.33
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where: 209 lb/in = the resisting force, and
624 lb/in = the driving force.

Safety factors lower than one represent a failure con

dition. Therefore, the roof beam with no initial horizontal 
stress would fail by sliding of the blocks.

However, the assumption that the horizontal stresses 
are zero is probably too conservative. Horizontal stresses 
probably are acting on the-beam.. Safety factors "for 
sliding and crushing with active horizontal stresses can be 
calculated using one method proposed by Lucas and Alder (57). 
The results of these calculations are summarized in Table 
7.10 and Figure 7.5.

These calculations require a value for the horizontal 
stress and an assumed beam geometry. These values allow 
the calculation of a beam loading which in turn allows for 
the calculation of values for the horizontal thrust, a fric
tional force, and a crushing stress. These values then allow 
for calculation of safety factors for both sliding and crush
ing.

The horizontal thrust is the stress acting in the beam 
as a combination of in situ stresses and arching. The fric
tional force was calculated using the horizontal thrust and 
a frictional angle of 15°. The crushing stress is obtained
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from the horizontal thrust and a restricted area of the arch. 
The safety factor for sliding is calculated assuming that 
the vertical force is half the weight of the beam. The 
safety factor for crushing is calculated using the strength 
of the roof rock in the Coal Basin area (4,600 psi).

The openings in the Coal Basin seam are subjected to 
horizontal stresses in the range of 600 to 1,200 psi, which, 
according to these calculations result in safety factors for 
sliding of between 15 and 32 and safety factors for crushing 
of between 2 and 4. Therefore, the hydraulic fracturing of 
the roof is not as adverse a mining condition as it might 
first appear.
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Figure 7.5 Safety factors of a fractured beam as a 
function of horizontal stresses.
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8. Recommended Methane Drainage Procedures for the
Coal Basin

8.1. Legal Aspects of Methane Drainage
The question of ownership of coalbed gas has not yet 

been decided when the public land has one leasor for oil and 
gas and another leasing for coal. The final decision depends 
upon rulings by the Secretary of Interior who has not decided 
any case (32) .

Where one leasor leases both the oil and gas and the 
coal, the commercialization of the methane from coalbed is 
possible. The leasor should apply to the Conservation Div
ision of the U.S. Geological Survey for the permit. The U.S. 
Geological Survey will contact the specific surface management 
agency for their approval of roads and drilling sites. In the 
case of National Forests, the surface management agency is the 
Forest Service. Their final decision regarding roads and drill
ing sites depends upon meeting the Wilderness Act of 1974 (32).

8.2. Vertical Stimulated Wellbores
8.2.1. Practicability

A vertical stimulated wellbore is a surface technique 
for recovering methane from coalbeds which has several ad
vantages over other methods. The first advantage is that 
the method is completely independent of underground operations 
and does not interfer with the mining process. Furthermore,
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the method is simple and the basic unit, a shallow stimulated 
wellbore is relatively inexpensive. -The drainage may be imple
mented by successive stages allowing small investments distri
buted over the drainage period. The technique is flexible 
allowing adjustments in well numbers and well site positions 
according to field conditions.

The major unknowns of any method recovering methane from 
coalbeds are the flow potential and the production uncertainty 
of the methane recovery. The vertical stimulated wellbores 
permit the determination of both through an experimental 
stage of low initial investment.

Exploration wellbores can often be reused for drainage 
reducing the cost of access roads and facilities as well as 
the actual drilling. If the exploration wellbores are too 
few or nonexistent, the drainage drilling can supply valu
able mining information with a further advantage that the 
costs may be paid for by the gas recovery.

8.2.2. Disadvantages
The major disadvantage of vertical wellbores is the number 

of wells necessary to drain the gas. The potentially high 
number of wells requires more.and longer access roads to the 
well sites. The construction of the access in mountain areas 
represents higher investment cost.
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Climate conditions result in higher maintenance costs 
in the winter time. This problem is however, common to coal 
mining operations. The amount of water in, the coalbed may 
require special investments to remove and dispose of the 
water. The technology available to remove the water is, 
however, very advanced.

8.2.3 Applicability of the vertical wellbores to the 
Coal Basin Area

The amount of gas available in the Coal Basin seam and 
the constantly increasing gas prices makes the methane drain
age through vertical wellbores potentially attractive. The 
major problems are the production uncertainty and its level, 
the cost of access in the rugged topography, and the legal 
aspects of both right of way and drilling in a national forest.

8.2.4 Possible alternative solutions
Horizontal holes drilled from a shaft sunk in advance 

of mining is a possible alternative method to recover the 
methane. The technique however, requires a very high initial 
investment and the methane production uncertainties make the 
risk of investment very high.

Underground methods in advance of mining interfere »with 
mining operations. The coal ought to be left draining for 
several years before the investment is profitable.
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8.3. Flow potential in the Coal Basin Area
The gas potential in the Coal Basin seam is approximately

24 million cubic feet (MMCF) per acre (see chapter 2). Only 
a percentage of this amount can be recovered in a given period 
of time. For example, the recovery in 3 years might be 10%
(2.4 million cubic feet per acre).

Gas flow rates from coalbeds are generally not uniform 
through time? usually the initial flow rate gradually will 
decline through time. An actual flow for example, may average 
80 thousand cubic feet per day (MCFD)/well during the first 
year and 7 2 MCFD during the second year. If this happened, 
the decline rate would be 10% per year.

The gas flow could be the result of several combinations
of influence areas and depletions. For example, to obtain a
steady flow rate of 78 MCFD/well for three years (assumed a 
methane potential of 24 MMCF/acre), the supply can be produced 
by either the drainage of 24 acres recovering 15% of the avail
able gas or the drainage of 36 acres recovering 10%. Using 
this reasoning, innumerable combinations are possible between 
influence drainage area and flow contribution per acre.

The flow potential of a well could be defined as the flow 
expected for the hydraulic fracture length. This parameter 
applies for specific coalbeds but it can be an efficient tool 
to optimize well patterns.
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Coals are anisotropic rocks. The highest permeability 
direction and consequently, the highest flow direction follows 
face cleats and it is proportional to the development of the 
cleats. On the Coal Basin, the face cleats are oriented 
perpendicular to the anticline axis, therefore, the highest 
flow is expected normal to the anticline axi.s.

The major factor determining the flow level out of a 
hydraulically fractured wellbore is the fracture orientation 
with respect to the highest flow direction. If the fractures 
are normal to the highest flow direction, the well flow is 
expected to be high due to the large influence area. Conver
sely, if the fracture is parallel to the highest flow direction, 
the flow is expected to be much lower due to the smaller 
influence area (see figure 8.1).

Based upon stress analysis and calculations given in 
Chapter 7, the hydraulic fractures in Coal Basin are expected 
to be vertical, about 650 feet long in each side of the well 
(consequently totaling 1300 feet), substantially confined 
within the coalbed, and oriented parallel to the anticline 
axis. The Coal Basin seam was observed with latent cleats, 
one of them better developed than the others (see chapter 6).
The better developed cleat is perpendicular to the anticline 
axis; therefore, normal to the hydraulic fractures, and allow
ing the creation of a large influence area.
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Figure 8.1 Influence area as a function of fractures 
orientation and highest flow direction.
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The flow level in the Coal Basin Area is expected to be 

medium to high, 4 0-80 MCFD/well. The combination of large 
influence area, large amounts of gas present, high pressure, 
and low permeability may result in a reasonable flow providing 
a long fracture is draining the coal. The low permeability, 
resulting from poor cleat development, may restrict the flow 
per square foot of fracture. Nevertheless, the mines are 
extremely gassy, or in other words, the gas is moving from 

the coal toward the mine which is acting as a pressure sink. 
There is no reason why the gas will not move from the coal 
toward the fracture acting also as a pressure sink.

8.4. Methane control plan
It is recommended that the drainage project should take 

place in two stages; experimental and production. The exper
imental stage will test the flow potential and the production 
uncertainty of gas recovery. In the second stage, production, 
wells and stimulation procedures will be designed according 
to results of the first stage and the gas produced will be 
sold commercially.

8.4.1. Experimental Stage
The experimental stage ought to take place in the near 

future because the data acquisition takes a few years. The 
flow among different wells even in the same area may be 
variable. Thus the experimental stage should have a reasonable
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number of wells to observe both the flow recovery potential and 
the variability of the flow. The gas generated in this phase 
may be piped to the wash plant and used to dry the coal.

The wells should be located 7,000 feet away from the 
present mining faces allowing the coal to drain for at least
3.5 to 4 years. The exact location depends upon the topo
graphy for the road and drilling sites.

The well pattern should allow the collection of field
data which will be used in the production stage to optimize
the well pattern. The experimental pattern suggested here

«

creates different interferences among wells so that the extent 
of influence area can be estimated.

The proposed well pattern is shown in figure 8.2. The 
wells A, B and C are parallel to the anticline axis. The 
wells D and E are perpendicular to the anticline axis. The 
influence area for each well has an elliptical shape, with 
the longer axis parallel to the highest permeability direction. 
The short axis of the influence ellipse corresponds to the 
fracture length because the much lower permeability parallel 
to this direction and the narrow exposure of the fracture.

The flow recorded in each well will depend upon the de
gree of interference to which the well is subjected. At the 

beginning, the influence areas grow without any interference 
(see figure 8.3.(a)). After some period of time, the well
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Figure 8.2 Proposed experimental well pattern in the 
Coal Basin Area.
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D will start to interfere with wells B and C. Well D should 
be interfered by wells B and C. Well B and C should have 
similar flows but lower than A (see Figure 8.3.(b)). Through 
time, the influence areas grow and so does the intereference. 
Well D might even start to interefere with well E, and this 
can be observed by comparing the flow of well E with flow of 
well A (see Figure 8.3.(c)).

There is an empirical method to estimate the influence 
area of the wells. The flow is proportional to the influence 
area. The flow of well D should be the lowest, followed by 
wells B and C. By drawing different ellipses with different 
areas and measuring their influence areas considering the 
mutual intereference, it is possible to determine the ellipse 
sizes which have flows according to the degree of interference.

The gathering of data ought to start just after the well 
is drilled. Water levels, gas flows and water permeability 
of the coal are important parameters that may be used to just
ify different performances among wells. Data during stimula
tion can help to determine if the fractures have the same vol
ume and pressure records and, therefore, are likely to have 
the same dimensions. The flow of both water and gas after 
stimulation should be used to interpret the results and de
termine the influence area.
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8.4.2 Production Phase
The production phase may start one or two years after the 

experimental phase. The gas may be sold commercially once 
the legal aspect of ownership is solved. The gas can be 
introduced to the gas pipeline which runs 8 miles N-NW from 
the mines. The basic investment is the same as the experi
mental phase (roads, wells, stimulation and surface equipment), 
but to this must be added the cost of connecting the pro
ducing areas to the pipeline, as well as the cost of the' 
compressor to introduce the gas in the pipeline.

The final design of the well locations and the number 
of wells will depend upon results obtained in the experimental 
phase. A factor which favors the production phase is that 
the topography behind the cliffs surrounding the Coal Basin 
is less rugged than the areas being mined now.
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9. Assessment of Economic Feasibility of Methane
Drainage for the Coal Basin

9.1 Price of the gas
The coalbed gas quality and Btu content is similar to 

natural gas (see Chapter 4 ), therefore, the natural gas 
prices apply to coalbed gas. The gas recovered from coalbeds 
is under the deregulated category of the Federal Energy Regu
latory Commission. The natural gas price may be as high as 
$4.50 per million Btu (or per thousand cubic feet) as reported 
in October of 1980 by the Oil and Gas Conservation Commission 
of the State of Colorado (83).

9.2 Investment costs
The investment cost in the Coal Basin includes four 

major categories: (a) access and site preparation, (b) well
drilling, completion and stimulation, (c) well and surface 
equipment, and (d) piping system. Figure.,9.1 shows a typi
cal drainage well.

9.2.1 Access and site preparation
The cost of the roads depends upon the type of the road, 

(for example Jeep trail or car road), the number and size of 
additional structures (for example bridges, retaining walls), 
and the amount of rock and soil removed. In areas with 
substantial relief, the road cost may be twice as much of
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that for moderate relief. The cost for a truck road is 
assumed here to be twice the road cost determined by Boreck 
and Strever, 1980 (8) for moderate relief, and is therefore:

road construction = $0.70/foot 
site preparation = $500/site

9.2.2 Well drilling, completion and stimulation
The cost of well drilling, completion and stimulation 

for shallow wells (less than 3000 feet deep) is favored by the 
fact that the drilling rig is truck mounted. The drilling 

cost including the cost of 6 3/4" jet sealed journal bearing 
bit, and 9 7/8" surface bit is ( 8):

Total drilling cost = $15.60/foot 
Logging = $ 1.20/foot
The completion cost consists of (8 ) rig time (@ $l/foot) 

cement (@ 0.50/foot), surface casing (8 5/8" 241b K55 short 
thread, @ $1029/well), well casing (5 1/2" 141b K55 short 
thread, @ $5.80/foot), production tubing (2 3/8" OD steel 
tubing @ $3.90/foot), and rods (3/4" @ $1.50/foot). There
fore, the total completion cost is $12.70/foot plus $1029/well 

The stimulation cost consists of ( 8) abrasijetting 
(@ $1,250/well) and hydraulic fracturing (@ $18,000/well).
This cost totals all stimulation costs. Therefore, the 
stimulation cost is $19,250/well.
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•9.2.3 Well and surface equipment
The well and surface equipment are ( 8 ): Downhole pump 

($500/pump), Well head ($1200/well), and pump jack ($6805/well)# 
separation tank (Pitkin gas separation tank: 1 for 4-5 wells,
@ $8000/tank), Gas meter ($1000/meter) and gas gauge ($50/ 
guage). Therefore, the total well and surface equipment 
cost is about $11150/well.

9.2.4 Piping system
The cost of the piping system from the wells to a major 

pipeline is ( 8) surface pipe (2 3/8" OD seamless pipe @

$1.29/foot), couplings (@ $0.30/foot of pipe) and labor 
(@ 1 x cost of materials). Therefore, the cost of a piping 
system (including both materials and labor) is $3.20/foot.

The cost of a major pipeline is dependent upon the gas 
flow level and pressure which it is subjected. As a rough 
estimate, it is assumed here to be twice the price of a 
simple pipeline. Therefore, the cost of installing a major 
pipeline (including both materials and labor) is estimated 
as $6.40/foot.

A compressor is required to introduce gas from the low 
pressure pipes to a high pressure regular gas pipeline. The 
cost of a single compressor may be as high as $500,000.
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9.3 Maintenance and operation costs
This cost includes labor, maintenence and repair as well 

as electrical power. The labor cost is estimated as 1 man for 
each 5 wells, 1 visit per week, about $50/visit (@ $520/well/ 
year), repair and electrical power is estimated as 5% of the 
investment per well (@ $9500/well/year). The maintenance and 
operation cost is therefore, about $10200/well/year.

9.4 Investment cost for the experimental phase
The costs estimated here are of preliminary nature 

because mine plans and topographic maps showing mined areas 
and property boundaries were not made available to the author.

(1) Construction of a road
28000 ft. to reach the drilling sites and 10000 feet 
between sites

0.70 (28000 + 10000) = $26,600

(2) Drilling sites
5 sites x $500/site = $2,500

(3) Drilling cost and logging
5 wells average 2400 feet deep

5 x 2400 x 16.80 = $201,600
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(4) Completion cost
5 wells average 2400 feet deep

5 x 2400 x 12.70 + 5 x 1029 = $157,545

(5) Stimulation cost
5 wells x 19250/well = $96,250

(6) Well and surface equipment
5 wells x 11150/well = $55,750

(7) Secondary piping system
Assuming the pipelines along the roads for the ease 
of maintenance:

38000 x 3.20 = $121,600 
The gas pipe between the mines and the coal driers is 
already built.

(8) Maintenance cost
10200 x 5 x 3 = $153,000 (3 years period)

Total cost of experimental phase: $841,845

Which represents an average cost per well of $162,969

Total x 1.2 contingency factor = $977,814.00
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9.5 Investment cost for the production phase
The investment per well in the production phase is

basically the same as in the experimental phase. There is 
an additional cost, the gas connection of the producing 
areas to the major pipeline 8 miles away. The pipe cost can 
be estimated as $324,403 (8 x 5280 x 1.2 x 6.4) added to 
the compressor $500,000 totaling $824,403 for the additional 
investment.

The total investment for the production phase depends 
upon the number of wells and the production level. The 
determination of these parameters requires field information 
obtained by the experimental phase.

9.6 Economic sensitivity
In this section, the focus is on the determination of the

most important economic parameters associated with the profit
ability of methane recovery. Once the key parameters are 
known, future analyses could concentrate on more precisely 
determinating their values. The sensitivity analysis is made 
on an after income tax basis and studies the sensitivity 
of the profitability for the (a) flow characteristics through 
time, (b) flow level, (c) price of gas, (d) period of 
time, (e) investment fluctuation, and (f) variations in 
maintenance and operation costs.
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The economic analysis is based upon the five experimen
tal wells suggested earlier. The total investment is $977,814. 
The gas price is adopted as $4.50/1000 cubic feet of methane. 
The maintenance and operation cost is assumed as $51,000 per 
year. The period of time is assumed to be three years due 
to the short nature of the experimental phase. The gas flow 
refers to the average daily production of the five wells in 
thousand cubic feet.

Table 9.1 summarizes all economic analysis for the 
different assumptions. The gross revenue is the market value 
of gas produced per year. A royalty (6%) is paid on the 
gross revenue. Depreciation, amortization and depletion 
are used for tax deduction. Depreciation refers to sur
face and well equipment as well as pipeline which have an

useful life of 6 years. Amortization is distributed over 
the project life. Depletion is calculated as the smallest 
value between 22% of the gross revenue after royalty or 
50% of the taxable income. The taxable income after depletion 
is subjected to 46% federal taxes. The cash flow is the 
after tax money available after paying operation expenses and 
income taxes. Salvage is the value of the equipment not. 
completely used up during the project life. The internal 
rate of return is calculated when the net present value is 
equal to zero. The net present value is calculated using an
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Table 9.1 Summary of economic analysis

127.

Flow MCFD 40 60 80 100
Period 3 3 3 3
Price of gas 4 .50 4.50 4.50 4 .50
Investment 977814 977814 977814 977814
Op. costs 51000 51000 51000 51000

Gross revenue 328500 492750 657000 821250
Royalty (6%) -19710 -29565 -39420 -49275
Net revenue 308790 463185 617580 771975
22% net revenue (67933) (101900) (135867) (169834)
Operation costs -51000 -51000 -51000 -51000

257790 412185 566580 720975
Depreciation -35469 -35469 -35469 -35469
Amortization -254998 -254998 -254998 -254998
Taxable income -32677 121717 276113 430508
50% of taxable (60858) (138056) (215254)
Depletion -60858 -135867 -169834

60858 140245 260673
Tax (46%) tax benefit -27994 -64512 -119909
Net income -17645 32863 75732 140763

+60858 +135867 +169834
+35469 +35469 +35469 +35469

+254998 +254998 +254998 +254998
Cash flow 272821 384189 502066 601065
Salvage 106407 106407 106407 106407
Rate of return (%) -4.76 28 .70 77.31 138.10
Net present value -181005 111413 420925 680867
Pay back (years) 1.43 0.95 0.63
NPV i=10% 161089 483547 754362

i=20% 67224 365192 615439
i=30%

. .......
-7802 270501 504232
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Table 9.1 continued
Flow MCFD 40 60 80 100
Period 5 5 5 5
Price of gas 4 .50 4.50 . 4.50 4 .50
Investment 977814 977814 977814 977814
Op. costs 51000 i 51000 51000 76500

Gross revenue 328500 492750 657000 657000
Royalty -19710 -29565 -39420 -39420
Net revenue 308790 463185 617580 617580
22% net revenue (67933) (101900) (135867) (135867)
Operation costs -51000 -51000 -51000 -76500

257790 412185 566580 541080
Depreciation -21281 -21281 -21281 -35469
Amortization -152998 -152998 -152998 -254998
Taxable income 83509 237904 392299 250613
50% of taxable (41754) (118952) (196149) (125306)
Depletion -41754 -101900 -135867 -125306

41754 136004 256432 125306
Tax -19207 -62561 -117959 -57640
Net income 22547 73442 138473 67665

+41754 +101900 +135867 +125306
+21281 +21281 +21281 +35469

+152998 +152998 +152998 +254998
Cash flow 238582 349623 448620 483439
Salvage 35469 35469 35469 106407
Rate of return 12.49 42.86 76.37 68.35
Net present value -37805 390255 771886 372016
Pay back (years) 3.09 1.80 1.18 1.02
NPV i=10% 41268 504294 917098 432592

i=20% -104501 293996 649270 318107
i=30% -209986 141596 455045 226523
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Table 9.1 continued
Flow MCFD 80 80 80 80

Period 3 3 3 3
Price of gas 4.50 4.50 4.50 6 .00
Investment 977814 1466721 733360 977814
Op. costs 102000 51000 51000 51000

Gross revenue 657000 657000 657000 876000
Royalty- -39420 -39420 -39420 -52560
Net revenue 617580 617580 617580 823440
22% net revenue (135867) (135867) (135867) (181156)
Operation cost -102000 -51000 -51000 -51000

515580 566580 566580 772440
Depreciation

I
-35469 -53203 -26601 -35469

! Amortization -254998 -382497 -191248 -254998
j Taxable income 225113 130879 348729 481973
j 50% of taxable (112556) (65439) (174364) (240986)
j Depletioni -112556 -65439 -135867 -1811561ij 112556 65439 212862 300816
i Tax (46%) -51775 -30102 -97916 -138375
j Net income 60780 35337 114945 162440
j +112556 +65439 +135867 +181156
!!
j

+35469 +53203 +26601 +35469
»
j +254998 +382497 +191248 +254998
Cash flow 463804 536476 468663 634064
Salvage 106407 159610 79805 106407
Rate of return 59.49 16.82 160.42 165.25
Net present value 320460 22368 577671 767513
Pay back (years) 1.09 1.61 0.57 0.54
NPV i=10% 378880 88770 636625 844632

i=20% 268474 -36734 525210 698954
i=30% 180166 -137166 436091 582141
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Table 9.1 continued
Flow MCFD 40 65 59 (+10%) 64.9

Period 3 3 1st year 2nd year
Price of gas 6.00 4 .50 4.50
Investment 977814 977814 977814
Op. cost 51000 51000 51000

Gross revenue 438000 533812 484537 533812
Royalty 26280 -37028 -29072 -32028
Net revenue 411220 501783 455465 501783
22% net revenue (90578) (110392) (100202) (110392)
Operation cost -51000 -51000 -51000 -51000

360720 450783 404465 450783
Depreciation -35469 -35469 -35469 -35469
Amortization -254998 -254998 -254998 -254998
Taxable income 70253 160316 113998 160316
50% of taxable (35126) (80158) (56999) (80158)
Depletion -35126 -80158 -56999 -80158

35126 80158 56999 80158
Tax -16158 -36872 -26219 -36872
Net income 18968 43285 30779 43285

+35126 +80158 +56999 +80158
+35469 +35469 +35469 +35469

+254998 +254998 +254998 +254998
Cash flow 344561 413910 378245 413910
Salvage 106407 106407 - -
Rate of return 15.74 41.04 36.80
Net present value 7362 199453 180756
Pay back (years) 1.64 1.27 1.33
NPV i=10% 52686 252393 236204

i=20% -32946 152353 131456
i=30% -101360 72369 47808
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Table 9.1 continued
Flow MCFD 70.8 73(-10%) 65.7 58.4

Period 3rd year 1st year 2nd year 3rd year
Price of gas 4.50
Investment 977814
Op. cost 51000

Gross revenue 583087 599512 539561 479610
Royalty -34985 -35970 -32373 -28777
Net revenue 548102 563541 507188 450833
22% net revenue (120582) (123979) (111581) (99183)
Operation cost -51000 -51000 -51000 -51000

497102 512541 456188 399833
Depreciation -35469 -35469 -35469 -35469
Amortization -254998 -254998 -254998 -254998
Taxable income 206635 222074 165721 109366
50% of taxable (103317) (111037) (82860) (54683)
Depletion -103317 -111037 -82860 -54683

103317 111037 82860 54683
Tax -47526 -51077 -38116 -25154
Net income 55791 59960 44745 29529

+103317 4-111037 4-82860 4-54683
4-35469 4-35469 4-35469 4-35469

4-254998 4-254998 4-254998 4-254998
Cash flow 449576 461464 418072 374679
Salvage 106407 - - 106407
Rate of return 45.14
Net present value 210961
Pay back (years) 1.20
NPV i=10% 261308

i = 20% 166132
i=30% 89911
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Table 9.1 continued

Flow MCFD 82 (-20%) 65.6 49.2
Period 1st year 2nd year 3rd year
Price of gas 4 .50
Investment 977814
Op. cost 51000 ij
Gross revenue 673425 538740 404055
Royalty -40405 -32324 -24243
Net revenue 633019 506415 379811 !

1

22% net revenue (139264) (111411) (83558)
Operation cost -51000 -51000 -51000

582019 455415 328811
Depreciation -35469 -35469 -35469
Amortization -254998 -254998 -254998 i
Taxable income 291552 164948 38344
50% of taxable (145776) (82474) (19172)
Depletion -139264 -82474 -19172

152288 82474 19172
Tax -70052 -37938 -8819
Net income 82235 44536 10353

+139264 +82474 +19172
+35469 +35469 +35469

+254998 +254998 +254998
Cash flow 511966 417477 319992
Salvage - - 106407
Rate of return 50.38
Net present value 219595
Pay back (years) 1.11
NPV i=10% 266073

i=20% 178161
i=30% 107596
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internal rate of return of 15%. The pay back is the period 
of time that the project pays back the investment. Net 
present values for internal rates of return of 10, 20 and 
30% are shown as NPV i = 10%, i = 20% and i = 30% in Table
9.1 respectively.

will be based on two indicators: the internal rate of return
after tax when the net present value is equal to zero (i) and 
the net present value after tax calculated by an internal 
rate of return of 15%. The internal rate of return when 
NPV is equal to zero is also called profitability index and 
is a comparision index. The rate of return should be compared 
to a minimum acceptable rate of return to determine if a 
particular project is satisfactory in comparison with alter
native uses that exist for the investment capital. To compare 
an after tax analysis, the minimum rate of return (assumed 
here 15%) must be on an after tax basis.

The net present value is obtained by subtracting the 
cash flow present value (including salvage) from the after 
tax investment present value. It is calculated using a 
minimum internal rate of return of 15%.

The profitability is somewhat sensitive to the flow 
characteristics through time. The gas flow from coalbeds can 
start in one level, and either increase, remain the same or 
decline through time. Table 9.2 shows several flows through
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time and their profitability. All the flows recover the,final 
amount of 71.176 x 10 ft. in three years. When the gas 
is recovered with low initial flow and progressively higher 
flows (+10%/year) the net present value is 10.34% lower than 
that of steady flow. When the gas is recovered with a high 
initial flow and progressively lower flows (-10%) the net 
present value is 5.76% higher than that of steady flow. High 
initial flows return the investment faster and therefore, are 
more profitable. However, the overall profitability depends 
more on the amount of gas recovered rather than on the 
manner in which the gas is recovered (see table 9.3 and Figure 
S.2) .

The profitability of methane recovery is extremely sen
sitive to the average flow level. Table 9.3 and Figure 9.2 
show the profitability (net present value) of steady flows 
from 40 MCFD/well to 100 MCFD/well. The net present value 
increases about 300% when the flow increases 33.3% (from 
60 MCFD/well to 80 MCFD/well). The first profitable flow 
will be 52 MCFD/well, assuming steady flow and a price of 
$ 4.50/MCF.

The profitability is very sensitive to the gas price.
Gas prices by the end of 1980 were around $4.50/MCF but the 
prices are continuing to increase. Table 9.4 and Figure 9.4 
show the profitability variation if the gas price rises 33.3%
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Table 9.2 Profitability as a function of flow 
characteristics through time

Decline
rate

Flow MCFD/well i% NPV $
1 year 2 year 3 year

+10% 59 64 .9 70.8 36 .8 180756
0 65 65 65 41.0 199453

-10 73 65.7 58.4 45.1 210961
-20 82 65.6 49.2 50 .4 219595

Table 9.3 Profitability as a function of flow level

Sf!owY MCFD/well i% NPV

40 -4.76 -181005
60 28 .70 111413
80 77.31 420925

100 138.10 680867
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Figure 9.2 Profitability as a function of flow level.
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from $4.50/MCF to $6.00/MCF. For this variation, the net 
present value increases slightly more than 80% for the 80 
MCFD/well flow. The first profitable flow will be 38 MCFD/ 
well, assuming steady flow and a price of $6.00/MCF.

The profitability of methane recovery depends upon the 
duration of the drainage. Table 9.5 shows the profitability 
variation when the duration of drainage increases 66.6% (from 
3 to 5 years). The net present value increases about 250% 
for the 60 MCFD/well flow but about 80% for the 80 MCFD/well 
flow. The internal rate of return (i) can be a misleading 
indicator for very high values of internal rates because it 
diminishes the importance of cash flows at the end of the 
period.

The profitability of the methane recovery depends on 
the level of investment. Increasing the investment level by 
50%, perhaps due to increased costs for drilling and materials, 
can make a previously very profitable flow (80 MCFD/well) 
unprofitable. In this case, the net present value decreases 
94.7% (see table 9.6).

The maintenance and operation costs are less important 
to the profitability. Increasing the costs by a factor of 
50% reduces the net present value of 80 MCFD/well flow by 
11.6% (see table 9.7).
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Table 9.4 Profitability as a function of price of gas

Gas price 
$

Steady flow 
MCFD/well i NPV

4.50
40 -4 .76 -181005
80 77.31 420925

6 .00 40
80

15.74
165.25

7362
767513

Table 9.5 Profitability as a function of period of 
time draining the coalbed

Period of Steady.flow i NPV
time, years MCFD/well % $

40 -4.76 -181005
60 28.70 111413

3 80 77.31 420925
100 138 .10 680867

40 12.49 -37805
60 42.86 390255

5 80 76.37 771886
•

100 129 .36 1201400
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Table 9.6 Profitability as a function of investment

Investment
$

Factor Steady
flow

MCFD/well
i NPV

$

733360 0.75 80 160.42 577671
977814 1 80 77.31 420925

1466721 1.5 80 16.82 22368

Table 9.7 Profitability as a function of maintenance 
and operation cost

Operation 
cost $

Factor Flow
MCFD/well

i NPV

510 00 1 80 77.31 420925
76500 1.5 80 68.35 372016

102000 2 80 59.49 320460
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10. Conclusions and Recommendations

10.1 Conclusions
The present methane price level makes unconventional 

methane sources attractive commercially. The Coal Basin seam, 
in west-central Colorado, has substantial amounts of methane 
with similar characteristics to natural gas. The existing 
knowledge concerning the potential of gas recovery is still 
quite meager, but economic analysis shows that the recovery 
is likely to be profitable. Some attention should be given 
to more precisely quantifying the recovery potential in the 
field, including the acquisition of the data necessary to 
maximize the recovery and the commercial production of the 
g a s .

Analysis of the parameters involved in the methane re
covery defined four as the most important in affecting the 

recovery profitability. They are the (1) flow rate, (2) gas 
price, (3) duration of the drainage, and. (4) required 
investment level. The flow rate is the most important para
meter. Minor variations among flows have great influence 
on the profitability of the recovery. The initial amount of 
gas recovered is more important than the flow variability 
through time.

The gas price level and duration of the gas drainage 
jointly affect profitability. At the end of 1980, the gas
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price was around $4.50 per thousand cubic feet (MCF)- This 
price makes three year recovery through stimulated wellbores
in a mountain area profitable for steady flows higher than 
52 thousand cubic feet per day (MCFD) per well. In the very 
near future the gas price is likely to increase. If the price 
rises to $6.00/MCF, the first steady flow reduces to 38 MCFD/ 
well. Drainage for longer periods of time makes the profit
ability of a given flow correspondingly higher.

The required investment level is a major factor in 
determining the overall profitability. Operation and 
maintenance costs do not influence the profitability to 
as great an extent.

The best manner to recover the gas In advance of mining
in the Coal Basin Area seems to be vertical stimulated well-
bores. Such recovery is completely independent of and does
not interfere with mining operations. The method is flexible
and may be adjusted to field conditions. The recovery and
its investments can be distributed in several stages. The
first stage, of low investment cost, can determine the flow
potential and the uncertainty of the recovery. The major 
problems in the Coal Basin area are the access roads to the
well sites in the mountain areas and obtaining the rights of
way in a National Forest.

The wellbores need to be stimulated to increase their 
influence in the coalbed. Hydraulic fracturing seems to be
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an effective way to produce long fractures draining the coal. 
The fractures in the Coal Basin seam are likely to be sub
stantially confined within the coalbed allowing an efficient 
fracture propagation. If the fractures do penetrate the 
future mine roof rock, they will penetrate close to the well- 
bore, where the tendency for vertical growth is the greatest. 
Even if natural variations eventually allow fracture penetra
tion in the roof rock, the fractures do not represent a roof 
stability problem.

10.2 Recommendations
It is suggested that a methane recovery project ought 

to start with an experimental stage of low investment deter
mining the two major unknowns: the gas flow potential and
flow variability among different wells. Using a specific 
well pattern, it is possible to create different interferences 

among the wells and accordingly, different flows. Such 
differences allow for the determination of the influence 
areas of the wells.

Associated with the recovery there ought to be acqui
sition of additional data such as water levels and seam 
permeability. These data may explain or help interpret 
flow performance variations among different wells.

Based upon results of the experimental stage, an opti
mization of the production recovery can be considered.
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Appendix A Hydraulic Fracturing Theory 
A.l Introduction

Any theory is confirmed and supported by observation
of the field results. The theory of hydraulic fracturing
is difficult to check because the fracturing results are
not easily observed because of the fracture depth. In the
oil industry, many fracture aspects are impossible or very
difficult to determine. The principal unknowns are the 
orientation of the initial crack with respect to the in- ■
jection hole, the direction of the fracture growth, the 
possibility of forking or dividing the crack, and the be
havior of the crack near an interface between two forma- ■ 
tions (6).

Hydraulic stimulation of coalbeds ahead of mining per
mits visual observation of fracturing results when the mine 
reaches the wellbore. The fracturing is commonly done 
three to five years ahead of the mine, and coalbed stimula
tion in the U.S. was started a few years ago, so that a few 
stimulated wells have now been observed and results 
reported.

There is a particular problem related to coalbed stimu
lation. The experience and knowledge of hydrofracturing was 
gathered in oil fields, which have different rock properties, 
behavior, and structures than coal (58). Both processes 
could be associated if the understanding of fracturing was
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complete. However, fracturing knowledge has not improved 
as fast as the fracturing materials and techniques (42X

A. 2 In Situ Stresses Before Drilling
The in situ stress field is the result of gravitational 

stresses, topographic effects, and other stresses that might 
be of tectonic origin (3) .

The gravitational stresses are easily determined. The 
vertical stress depends upon the weight of the overlying 
strata. The weight can be calculated by multiplying the 
overburden thickness to its specific weight. The horizon
tal stress is dependent upon Poisson's ratio and the verti
cal stress. Taking into consideration gravity loading, 
the following equations may be used (4):

(A.l)
(A.2) 

where
Oy = vertical stress, psi 

= horizontal stress, psi 
v = Poisson’s ratio, unit 
y = specific weight, psi/ft. 
h = overburden thickness , ft.
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The second equation was derived assuming that the under
ground site has lateral confinement. This equation predicts 
that the horizontal stress has the same magnitude in any 
direction. Where the underground site is not confined, the 
second equation does not apply and the horizontal stresses 
are less than found using the equation (4 ).

Commonly, horizontal stresses have higher magnitude than 
those predicted using gravitational forces. Horizontal 
stresses may be 1/3 to 3.5 times the vertical stress. Hori
zontal stress measurements reported throughout the world are 
shown in Figure A.1 as a function of depth (11). As it is 
seen in the figure, wide scatter and large variation of hori
zontal stresses are found at shallow depths (less than 3,000 
feet). Less variation is expected at greater depths, where 
horizontal stresses approach the vertical stress (11).

Lower points adjacent to high topographic masses have 
an additional stress contributed by the topographic mass. 
There are mathematical methods to predict the additional 
stress due to the topography. See Hooker e_t aly 1972 (71)
for further details.

A very important observation is that even in areas 
without significant topographic relief, there are stresses 
which are not predicted by gravity loading alone. Aggson, 
in 1979 (3 ), states that, "experience has shown that 
nearly any rock mass that has extensive lateral continuity
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can be expected to contain horizontal compressive stresses 
in excess of those induced by gravity loading or tempera
ture changes." The difference between the value found when 
using equation A.2 and the measured value is called "excess 
horizontal stress" (4 ). There is a maximum "excess hori
zontal stress" and a minimum perpendicular to the first.
The direction of the maximum compressive stress usually is 
aligned with the general tectonic structure (4 ).

Local variation and concentration of stresses are pos
sible depending upon the characteristics of the layers as 
well as inclusions. Assuming only gravitational loading, 
equation A.2, describes the horizontal stress as a function 
of depth and v/ (1-v), where v is Poisson's ratio.
It is supposed two layers, approximately at the same depth, 
but with two differenct Poisson's ratios; for example,
0.15 and 0.33. The horizontal stress in the layer with the 
lower Poisson's ratio will be 17.6% of the vertical stress. 
The other layer will have 50% of the vertical stress. In 
other words, one layer has a higher stress by a factor of 
2.84. Layering with different Poisson's ratios is not 
uncommon; thus, vertical variation of horizontal stresses 
should be expected (54).

Where an inclusion is present, either stresses concen- 
tation or dispersion is dependent upon the relative modulus



ER 2393 157.

of elasticity. When the inclusion has a higher modulus of 
elasticity, the inclusion will have higher stresses than the 
surrounding rocks. Conversely, if the inclusion has a 
lower modulus, the stresses inside will be lower. There are 
methods to determine stresses concentration as a function of 
the inclusion geometry and relative modulus of elasticity.
(See Oudenhoven et â L, 1972 (70) for further information).

A. 3 Stress Concentration Due to the Wellbore
After the wellbore is drilled, there is a stress redis

tribution due to the opening. The stress redistribution is in 
dependent upon the opening size. It depends on the shape
of the opening, the field stress and the pore pressure (54).

The radial and tangential stresses surrounding circular 
wellbores subjected to two principal horizontal field 
stresses can be described by the following equations. Polar 
coordinates is the reference system for these equations (54):

/

Radial stresses: (Equation A.3)

Tangential stresses: (Equation A.4)

2 2

(aH " ah>

ft j. 3rw .
+  “2*“") cos 29r
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where: ĉ t = maximum horizontal stress, psi
= minimum horizontal stress, psi

r = wellbore radius, ft. w
r = distance from the center of the wellbore, ft.

Pp = internal pressure, psi 
9 = angle. 9 = 0 is alignment with the maxi

mum principal stress.

The tangential stressog in the wellbore surface varies 
from parallel to the maximum horizontal princi

pal stress (9 = 0°, 180°) to ^cr^-a^-p^ perpendicular to 
the maximum horizontal principal stress (9 = 90°, 270°).
A.4 Breakdown Pressure

The formation will break when the internal pressure of 
the wellbore overcomes the stress concentrations around the 
opening and the tensile strength of the rock. This can be 
mathematically expressed as (25) :

= To + ^°h ~ ” ^p (Equation A . 5)
where: P^ = breakdown pressure, psi

Pp = pore pressure, psi
T q = tensile strength of the rock, psi
Other symbols were defined earlier.

Breakdown pressures in laboratory samples agreed well 
with the elastic theory for fluids which did not penetrate 
the rock. The agreement between experimental results and
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theory is, however, over some range of confining pressure. 
This stress range is highly variable according to rock 
properties. In stress ranges beyond elastic behavior, the 
breakdown pressure is lower than expected using elastic be
havior (63) .

Breakdown oressures are not consistent with elastic 
theory when fluids are allowed to penetrate the rock (63). 
The breakdown pressure is substantially lowered, even with 
insignificant fluid penetration, because of the increased 
pore pressure in the surrounding rock (25). Similar reduc
tions can be found when pore spaces collapse in partially 
saturated impermeable rock. Either fluid penetration or 
pore collapse will produce an apparent tensile strength. 
This apparent value will be lower than the static tensile 
rock strength. The fluid penetration is time dependent. 
Lower pressurization rates allow greater fluid penetration; 
therefore, lower breakdown pressure (25).

Field conditions commonly have some degree of hetero
geneity and anisotropy. These conditions influence the 
breakdown pressure. Where the rock contains pre-existing 
cracks or fractures, the pressurization does not need to 
break the rock, but simply opens the pre-existing fractures 
( 1 ) . Some rocks have a well-developed anisotropy, for 
example, many parallel panles of weakness. Laboratory
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experiments at the University of Wisconsin, showed a con
sistent relationship between breakdown pressures and frac
turing direction of anisotropic slates. The pressure 
increases as the bedding angle with respect to the wellbore 
axis is increased. The fluid was not allowed to penetrate 
the rock.

The understanding of breakdown pressure process is 
still at the beginning. There are many exceptions contra
dicting the principles. The theory predicts, for a given 
stress condition, the rock with higher tensile strength 
should have higher breakdown pressure. The Indiana lime
stone had a higher breakdown pressure than PMMA (poly
methylmethacrylate) . However, the PMMA is ten times 
stronger in tension than the Indiana limestone. The 
Indiana limestone is porous and permeable. Theoretically, 
the breakdown pressure for slower pressurization is lower 
because of fluid penetration. Experiments with fast and 
slow pressurization had indistinguishable results. Anderson 
and Larson, in 1978 ( 6 ), pointed out that, "at the present 
the criterion for initiating cracks in terms of tensile or 
shear stresses is not clearly understood."

Hubbert and Willis, in 1957 (43), suggested that 
hydraulic fracturing can be used to determine the in situ 
stresses. They assumed that the fracture is normal to the
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minimum principal stress. Using equation B.5, the maximum 
horizontal stresses can be calculated knowing the (a) break 
down pressure (b) shut in pressure which is the pressure 
without frictional losses, (c) tensile strength determined 
on laboratory cores, and (d) pore pressure calculated from 
well flow data. When the core is not available, the

tensile strength can be obtained as the difference in the 
pumping pressure in the first test and an additional test 
(36) .

A.5 Fracture Orientation
It is commonly accepted that a hydraulic fracture will 

propagate normal to the minimum principal stress (42,43).
The in situ stresses are undisturbed a couple of diameters 
away from the wellbore. The principal direction of the 
fracture is thus independent of the wellbore (43 ) . The 
higher the difference between the intermediate and the mini 
mum principal stresses, the better the fracture definition, 
the more likely the fracture is oriented normal to the 
minimum principal stress (38 ) .

Commonly fractures are either vertical or horizontal. 
The type of the fracture is stress dependent. A broad 
generalization can be made relating fracture type to depth. 
At shallow depths, the horizontal stress may be the maximum 
and the vertical minimum. Under this circumstance, a hori-



;\

zont. a„ Lecture x.. propagate. Tnf ooeper w e . '.t, the vr.. 
cal s-.. ret a is uswax*j' the maximum. vhe fractures will h us 
be V Z - -.•« v- o. .4 (42) ' . h e  vast majority of fractures created in 
the o_ .. and gas industry are vertica^ (79) .

fracture orientation close to the wellbore is dependent. 
upon tne fracture source and the stress concentrations. The 
fracture source may be a point source, a line source, or a 
multipoint source (22). A point source can be imagined as 
a circular cut in the well casing in a plane perpendicular 
to the wellbore axis. A line source could be an open well
bore. The multipoint source is a multiperforated cased 
wellbore. Vertical fractures are always induced from ver
tical line source wellbores, regardless of the relative 
stress magnitudes. This result has been checked by abun
dant laboratory and field experiments (37 ) . The fracture 
orientation may change a few diameters away from the 
wellbore (37 ) .

Secondary fractures are branches of a principal frac
ture. The secondary fractures are created and propagated 
when the fluid pressure overcomes the stress perpendicular 
to either a secondary or a natural fracture. An increase 
of pressure increases the likelihood of fractures opening 
in a direction other than perpendicular to the minimum 
principal stress. The pressure may be increased by either 
natural barriers to the fracture growth, or by proppant
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blockage. The possibility of secondary fracture creation 
is enhanced by small differences between the minimum and 
intermediate principal stresses (20).

Heterogeneity and anisotropy have an important role 
in fracture orientation. Their influence is dependent upon 
the stress level. Close to the wellbore, fractures ignore 
minor flaws due to the overwhelming effects of stress con
centrations (63). Wells stimulated in the same area should 
have approximately the same strike direction for the frac
tures (27). Exceptions to this principle are not uncommon; 
for example, at Valles Caldera, New Mexico, two closed well- 
bores had fracture strikes 90° apart. This is probably due 
to natural fractures that have been opened instead of the 
creation of new fractures. (1 ).

Laboratory experiments on slates showed that fluid 
isolation from very anisotropic rock permits fractures which 
are complete unaffected by the anisotropy of the rock (38). 
Isolating the wellbore with a thin lining of plaster of paris 
allowed all the induced fractures to be independent of the 
foliation inclination. All fractures were vertical and 
normal to the minimum principal stress. When the fluid was 
allowed to penetrate the rock, the orientation was a little 
unpredictable. When the foliation was parallel to the well
bore, the fractures were vertical and along the foliation
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planes. Foliation inclined 30° determined inclined frac
tures all along foliation planes. At 60 , some fractures 
were inclined along foliation, some were vertical, and others 
were both vertical and inclined. Fractures, when the well
bore was perpendicular to the foliation, were all vertical 
(38) .

In situ observation of stimulated coalbeds showed that 
fracture orientation in coalbeas is unpredictable. Hydro- 
fracturing the Mary Lee coalbed, Alabama, resulted in hori
zontal, inclined, and vertical fractures. They propagated 
in directions similar to bedding planes, rock joints, and 
coal cleats directions. See Figure A.2 (56). Other stimu
lated wells in the same mining area had fractures propagated 
within 8° of the combined average cleat and roof joint 
directions (55) .

Sometimes hydrofracturing coalbeds results in fractures 
which follow both face and but cleats at perpendicular direc
tions. This contradicts the principle that fractures should 
be perpendicular to the minimum principal stress. Fractur
ing at Pittsburgh coalbed, Washington County, PA, resulted 
in two fractures following face and butt cleats induced from 
the same well (26,27).

Major orientation changes are possible when fracturing 
coalbeds. An induced fracture in the Pittsburgh coalbed,
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Marion County, West Virginia, was vertical and propagated 
diametrically from the wellbore. The fracture direction 
changed abruptly to follow face cleats (58).

A . 6 Fracture Geometry
Several equations have been proposed describing frac

ture geometry. The equations proposed by Geertsma and 
de Klerk in 1969 and by Nordgren in 1972 are the most 
accepted in the petroleum industry.
A . 6.1 Geertsma and de Klerk Equations (35)

These equations predict the fracture width and length 
for a given height. The fracture width is only dependent 
upon the fluid pressure distribution in the fracture. 
Deriving the equations, several assumptions were made. Of 
those, the more important are: the formation is assumed
homogeneous and isotropic; the rock behaves in the linear 
elastic stress-strain field; the fluid flow is assumed 
everywhere laminar and it behaves as a purely viscous 
liquid.

Two orientations are assumed, either horizontal or ver
tical. The equations basically do not differ. The width is 
assumed constant vertically and varies along the length of 
the fracture. The fluid injection is over the entire ver
tical interval. For vertical fractures, (35), the equations 
a r e :
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1. Width variation along the fracture length: (Equation A.8)

W = W.m 1 -

2. Width

W = 0.2945 m

x

(1 - v)uf QL2 p

(Equation A .9)

w pw

Length (Equation A .10)

L = 0.00465

170.16 C

(ttW + 8S )
m P

a Ef f .

Where: a “ „U - + 8 g •’m p
W = width, inch 
v = Poisson's ratio

= fluid viscosity, centipoise 
Q = injection rate, bbl per m i n .
L = fracture length, ft. 
x = longitudinal distance, ft.

C = fracturing fluid coefficient ft./ \| mi n ) 
= spurt loss, in.P

H * height, ft. 
t = time, min.
G = shear modulus of deformation, psi 

E
-  T a + v )
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E = Young's modulus, psi.
p = average pressure in the fracture, psi.

Pw = injection pressure at the wellbore, psi. Usually

Eff. - fracture efficiency, from a chart (Figure B.3)

The solution is achieved by trials. First W is calcu-m
lated assuming any L. Alpha is then calculated using W .m •
Eff. is obtained as a function of alpha as shown in Figure 
A.3 (18). Finally, is computed using equation A . 10. The 
second trial assumes to obtain W , and repeats the cycle. 
The calculation ends when computed L is equal to the assumed 
L in the width expression.
A.6.2 Nordgren Equations (69)

Similar to Gertsma and de Klerk equations, Nordgren 
equations predict the fracture width and length for a given 
height. The fracture is assumed of constant height and of 
elliptical cross section in both directions perpendicular 
to the fracture plane. The fracture height is thought to 
be much smaller than fracture length. The fracture is 
assumed under conditions of plane strain in vertical planes 
perpendicular to the plane of the fracture. The solution is 
simplified for two particular cases: large fluid loss and
no fluid loss.
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The solution is obtained using dimensionless quantities:
1. Dimensionless time (Equation A.11)

td = 143.199 t (1-v) \i ̂  O'
 5--------

CJ HG

-2/3

Dimensionless length and dimensionless width are obtained 
graphically (Figure A.4 and A.5, respectively).

The fracture length is obtained from

,5 i -1/3Ld - 269.57 L Uf Q' 
C8 H4 G (Equation A .12)

and the fracture width is obtained from:

Wd = 12.38 TJ 

The symbols were defined earlier.
C G H

- 1/3 (Equation A.13)

Fracture dimensions are proportional to fluid viscosity, 
injection rates, and time, but inversely proportional to 
fluid leak-off. The higher the viscosity, the wider the 
fracture. The higher the injection rate and time, the 
greater the fracture volume; and consequently, the longer 
and wider the fractures. The greater the fluid loss, the 
smaller the fracture. Low fracturing fluid coefficient 
indicates fluids with low leak-off. An effective combina
tion to propagate a fracture may be either a very high
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viscosity fluid pumped at low rates or a very low fluid loss, 
moderate viscosity, and pumped at high rates (79).

The efficiency of fracture propagation is closely 
associated with the fluid characteristics. Where the 
fluid leaks off into the rock formation, there is an energy 
loss and a volume reduction (21). The fluid loss is due to 
porosity, permeability, and natural hairline cracks which 
exist in the rocks (79 ) . An ideal fracturing fluid should 
nave a low leak-off rate, a high ability to carry propping 
materials, and a low pumping friction loss. It ought to be 
easy to remove from the formation, compatible with natural 
formation fluids, and, finally, should cause minimum damage 
to the formation permeability (42).

Spurt loss and fracturing fluid coefficient are experi
mentally determined. The fluid loss into the formation as 
a function of time has two very distinctive stages. The 
first is characterized by a rapid fluid loss. The initial 
volume lost builds up a cake which prevents further fluid 
leak-off. This volume per rock area is called spurt vol
ume. The second stage is characterized by a much slower
fluid loss rate. The slope of the fluid loss per area 

2(gallons/feet ) versus the square root of time is called 
fracturing fluid coefficient. The laboratory test corres
ponds to apply the fluid on the rock and measure the losses
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as a function of time. The fluid pressure and temperature 
ought to be similar to the field conditions (42).

A.6.3 Comparison Between Theoretical Calculations and 
Practical Results 

Poor agreement exists between in situ observed fractures 
in coalbeds and theoretical results. At Mary Lee seam, Alabama, 
the predicted length was 300 feet, but the actual length was 50 
feet or less. The actual width was 4 1/2 inches, instead of 1 
inch expected (56). In the Illinois No. 6 seam, Illinois, the 
width was 10 times greater than predicted (58).

A.7 Fracture Closure
After the pressure release, the fractures tend to heal 

because of in situ stresses. The fracture closure is avoided 
by filling the fracture with propping materials which resist 
the stresses closing the fracture. At the same time that 
propping material provides support, they ought to permit a 
high fluid flow through the propped fracture.

The proppant emplacement is done in two stages. The 
fracture is started with a certain amount of fluid which 
does not contain any proppant (called pad volume). After 
the pad volume is pumped, a specific fluid volume carrying 
the proppant is injected. The rate of tip advance driven by 
the pad fluid is less than the rate of the propped fluid 
behind. The pad fluid has a higher fluid loss at the tip,
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is building the cake which avoids further losses, and does 
not have new fluid input. Consequently, the propped fluid 
will eventually reach the tip because the pad volume was 
completely lost to the formation (42).

The fluid parameters which are important to the prop
pant transport are viscosity, density, and velocity. The 
ideal proppant characteristics are sufficient compressive 
strength and malleability; maximum size and narrow particle

t

range for easy injection into the fracture; uniform spheri
cal particles; substantial inertness to all formation fluids 
and treating chemicals, specific gravity similar to the 
fluids, and availability in large quantities at reasonable 
cost (42) .

There are two basic propped fractures; a fracture filled 
with a single monolayer of proppant, and a fracture filled 
with many layers. The monolayer proppant allows high flow 
conditions in the fracture. The proppant is placed with the 
use of a spacer which has the same transport characteristics 
of the proppant, and it is easily removed from the formation 
using solvents. The monolayer concentration should be care
fully designed. High concentrations reduce the flow condi
tions, and low concentrations allow either crushing or 
embedment of the proppant because of the high stresses. It 
will crush between high strength faces, and it will embed in 
soft rocks. A fully propped fracture consists of several
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layers of proppant. This solution is particularly recom
mended where the rock formation is soft. The rock can 
embed only in the outside part of the deck. The 
permeability in the middle partion remains high (42)

A. 8 Fracture Containment

A . 8.1 Shear Strength of the Interfaces
When a fracture reaches an interface, the interface 

itself is the first obstacle to fracture propagation. Where 
the interface is well bounded, the continuity between dif
ferent layers is enhanced. On the other hand, if the inter
face has low shear strength, there is a continuity break 
between the layers.

Experimental results showed that induced fractures 
crossed only interfaces which had high shear strength 
( 6 ,21). The mathematical form of the shear strength 
influence on fracture propagation is unknown at the present 
(21) .

Assuming that the interface is not well bounded, two 
magnitudes of shear strength are possible: either weak or
medium. When a fracture reaches a weak interface, shear 
failure occurs along the interface. The blunted tip 
shape at the interface prevents further fracture propaga-. 
tion into the adjacent formation regardless of the rela
tive properties (6 ,20,21). The fracture is solely
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extended in the original formation. When the fracture 
reaches an interface of medium shearing strength, the 
fracture stops without causing shear failure. The fracture 
keeps extending in the original formation, but the pressure 
is increasing because of the interface obstruction. The 
increasing pressure may either fail the interface, 
face (as in the strong case) (21). The division of inter
face shear strength as weak, medium, or strong is merely 
descriptive. The necessary magnitudes allowing fracture 
propagation are not known.

A.8.2 Relative Fracturability
The fracture toughness measures the rock strength under 

hydraulic fracturing stresses. When the pay zone has lower 
fracture toughness than the barrier formation, under the same 
fracturing stresses the fractures tend to stay in the pay 
zone. Conversely, when the barrier rock has the fracture 
toughness lower, the fracture tends to propagate there. The 
relative fracturability of the adjacent layers measures the 
preferential tendency for fracture propagation among different 
layers.

Daneshy, in 1978 (21), proposed a composite sample to 
determine rock relative fracturability in the laboratory. The 
rocks are tested twice. In the first test, one rock is the 
formation being fractured, the other being the barrier forma
tion. The second test inverts the rocks position, being the
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former barrier the rock being fractured, and the other being 
the barrier. A fracture may cross into one formation, but not 
vice-versa.

This experimental, relative fracturability index is not 
readily determined and available. A much better situation 
would be the determination of the index from common rock me
chanics parameters. The dependency of the index on the rock 
mechanics parameters, however, is unknown. One alternative 
solution is to study the influence of rock mechanics para
meters on fracture propagation. There are four parameters 
which influence the fracture propagation: shear modulus, .
Young's modulus, Poisson's ratio, and tensile strength.

When the adjacent formation has a lower shear modulus 
than the formation being fractured, the approaching fracture 
tends to extend into the barrier formation. Conversely, if 
the barrier formation has a' higher shear modulus, the frac
ture tends to stay in the fractured formation (82). The stress 
intensity factor is defined as the stress normal to the frac
ture at the very tip. It is the stress causing the rock to 
hydraulically fracture. The higher the factor is, the greater 
is the tendency to break the rock. Computer modeling showed 
that when a fracture approaches a higher modulus material, the 
stress intensity factor decreases. A reduction in the stress 
intensity factor increases. A reduction in the stress inten
sity factor means a decrease in the tendency to break (39).
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As soon as the tip crosses the boundary into the higher mod
ulus formation, the stress intensity factor abruptly increases 
to a higher level than it had in the lower modulus material. 
Conversely, when the fracture approaches a lower modulus bar
rier, the tendency to break increases. As soon as it crosses 
the boundary, it suddenly decreases (39).

When the layers are only different regarding Poisson's 
ratio, the stress intensity factor is not appreciably dif
ferent from the homogeneous case (40). The rupture

mechanism of fracturing is tensional; therefore, the tensile 
strength of the rocks involved is important. Theoretically, 
the rock with lower tensile strength is preferentially 
fractured (6 ) .
A.8.3 In Situ Stresses

Layers with high stress concentrations may prevent frac
ture propagation into them. Different layers may concentrate 
stresses unequally. Some layers may have a much higher con
centration than others. A propagating fracture avoids high 
stress layers because it needs a much higher pressure to 
extend there. It will tend to extend either into less 
stressed barrier layers or into the original formation when 
the barrier has higher stresses (82).
A . 8.4 Fracture Propagation Direction

The fracture tends to extend vertically at a much slower 
rate than it does horizontally (51). The density of
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the hydrofracturing fluid has influence in the vertical 
growth of the fracture. When the lithologic stress gradient 
is less than the fluid density, the fracture tends to proga- 
gate downwards. When the rock stress gradient is higher 
than the fluid density, the fracture tends to move upwards. 
When they 'are equal, the fracture tends to extend horizon
tally (82). Commonly, the lithologic stress gradient is 
one psi/foot. The density of the fracturing fluid is

approximately 0.4 3/feet. Consequently, most of the field 
cases should have preferential upwards vertical growth.

A.8,5 Field Results of Fracture Containment

In situ observation of fractures in coalbeds showed 
that fracture may either be contained or be propagated into 
roof rocks, even in the same area. A series of four wells 
were drilled in the Mary Lee Coalbed, Alabama. The wells 
are spaced less than one mile. One stimulated wellbore had 
the fractures completely contained in the coalbed (56 ). The 
other two wells had fractures extending into the roof for an 
undetermined distance (55 ).

Seldom is mechanical quantification reported about the 
rocks involved. The fracture is said penetrating into the 
roof which consists of 12 inches of shale, 16 inches of a 
rider coal seam, and penetrated into another shale member
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(58). The fracture may be contained by a floor barrier, 
such as a fireclay layer (26' or a three-inch-thick shale 

parting (27). Without mechanical parameters, the compari
son among different cases is very subjective, being more an 
art than a science.


