






SUBSIDENCE OF THE LAND SURFACE 43 

Major sandstone units above the Sunnyside coal bed, 
of which the Castlegate Sandstone and the Bluecastle 
Member of the Price River Formation (Osterwald and 
others, 1981, p. 19-22) are the thickest and most 
widespread, also influence subsidence. A common 
assumption among miners that roofs would not cave 
through the Castlegate (which is as much as 92 m (300 
ft) thick) and the Bluecastle (which varies between 3 
and 92 m (10 and 300ft) thick) was incorrect. Caving to 
the surface through the Castlegate and Bluecastle 
locally is extensive, cutting through as much as 730 m 
(2,400 ft) of overlying rocks and producing some spec­
tacular subsidence features (figs. 41, 42). Most sub­
sidence features at the surface follow bedrock joints 
and faults. For this reason subsidence extends through 
the Castlegate, the Bluecastle, the Colton Formation, 
and other competent rock units wherever joints and 
faults are present, especially where lateral restraint is 
low. During 1959, subsidence features appeared at the 
surface of West Ridge above part of the Sunnyside No. 
1 Mine about 20 years after mining was completed in 
that area. During 1977, a prominent graben appeared 
in the Colton Formation near the top of the east side of 
West Ridge more than 20 years after mining beneath 
the graben was completed. 

Most of the known surface subsidence features in the 
Sunnyside district are various types of cracks. Some of 
the cracks show actual vertical displacement of the 
land surface, others are simple tension cracks (crev­
ices) in which the opposing sides are pulled directly 
apart, and still others are pushed together in com­
pression (fig. 43). The first two types of cracks corre­
spond to the steps and cracks of Brauner (1973, p. 3); 
the third type corresponds to pressure ridges in Arctic 
ice fields. All types of surface cracks either follow 
preexisting joint and fault planes in bedrock or are 
arranged in belts of en echelon breaks in surficial 
deposits. 

We do not know whether a gradual, more uniform 
lowering of the land surface accompanies the spec­
tacular surface cracking in the district. Such lowering 
is common in many mining areas of the world, pro­
ducing dish-shaped subsidence sinks (Grond, 1951, 
p. 52-53). We made no measurements at Sunnyside to 
determine if such a subsidence bowl exists, except 
along the Sunnyside fault zone, but no visible evidence 
indicates that it does. Complete removal of coal from 
such large areas, however, probably would result even­
tually in some form of general subsidence. 

FrcuRE 41.-Subsidence cracks (arrows) in Lila Canyon above the Book Cliffs Mine (fig. 2) (southern 
part of the Sunnyside district, Utah) extending through the 61-m- (200-ft-) thick Castlegate 
Sandstone. Photograph taken in 1959, soon after pillar extraction in the mine was started. 
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FIGURE 42.-0blique aerial photograph showing graben in Colton 
Formation on east side and top of West Ridge, 730 m (2,400 ft) 
above Sunnyside No. 1 Mine. Subsidence apparently was related to 
an unmined series of chain pillars of coal along a diagonal entry 
(under left side of graben) adjacent to a large area from which coal 
pillars had been removed (Osterwald, 1962a, sheet 2). Surface 
fractures shown by heavy lines; D indicates downthrown side. 
Photograph taken June 1977. 

A very spectacular zone of subsidence features 
appeared in the summer of 1959 along the trace of the 
Sunnyside fault zone, near the south end ofWest Ridge 
(figs. 2, 44; pl. 1). Individual breaks in this zone had a 
zigzag surface trace, paralleling bedrock joints, 
although the cracks themselves were in Pleistocene 
colluvium which is as much as 2 m (6 ft) thick. 
Displacement of the land surface amounted to as much 
as 0.9 m (3 ft) along some of the cracks. At all localities 
the surface was displaced downward to the northeast, 
opposite to the direction of stratigraphic separation on 
the Sunnyside fault zone. Maximum overburden above 
the coal is about 370 m (1,200 ft) along this zone of 
subsidence cracks. Caving in the overburden extended 
upward through both the Castlegate Sandstone and 
the Bluecastle Sandstone Member of the Price River 
Formation. By the fall of 1977, however, little evidence 
of subsidence could be found at this locality. Nearly all 
the cracks were sealed by downhill movement of surfi­
cial material, and all but a few displacements were 
obliterated by cattle and horse tracks. 

A, Tension crack in colluvium (0.9-1.5 m (3-5 ft) thick) along west 
side of Whitmore Canyon. Colluvium on right side of crack (east) 
has dropped about 20 em (8 in.). Hammer handle is about 30 em 
(1ft) long. 

B, Small compression crack or pressure ridge in alluvium (along top 
margin of bare alluvium) following east-trending bedrock fracture 
at mouth of Schoolhouse Canyon, near Sunnyside No. 1 Mine 
portal, Utah. Scale indicated by 15.2-cm (6-in.) rule. 

FIGURE 43.-SUBSIDENCE CRACKS IN SURFICIAL MATERIALS 
ABOVE THE SUNNYSIDE NO. 1 MINE IN 1959 

The land surface slopes steeply eastward from the 
subsidence zones on West Ridge into Whitmore 
Canyon, the floor of which is about 185m (600ft) below 
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FIGURE 44.-Subsidence cracks in colluvium, 0.9- 1.5 m (3-5ft) thick, 
overlying Bluecastle Sandstone Member of Price River Formation 
along west side of Whitmore Canyon, 610 m (2,000 ft) northwest of 
portal of Sunnyside No. 1 Mine, Utah. Photograph taken in 1959 . 
Hammer handle is about 30 em (1ft) long. 

the cracked zone. Dipping gently northeastward, strati­
graphic units from the Castlegate to the Flagstaff 
Limestone (Paleocene and Eocene) crop out on the 
slope or are covered by only 1 or 2 m (several feet) of 
colluvium. When the downward gravitational force on 
individual joints or fault-bounded blocks in a rock mass 
exceeds the friction on the joints or faults, the entire 
mass will fail (Evans, 1941, p. 475-477). Horizontal 
forces (producing lateral restraint against collapse) 
that act upon the rock mass will impede the gravi­
tational collapse, but, if the horizontal force (or lateral 
restraint) is reduced, the mass will collapse. The 
orientation of the ground slope and the dip of the beds 
on West Ridge allow gravity to considerably reduce the 

FIGURE 45.-View north of zigzag fractures on top of stripped surface 
of Castlegate Sandstone, at top of cliff above mouth of Schoolhouse 
Canyon (fig. 2). Cracks follow bedrock joints in underlying Castle­
gate. Scale indicated by hammer handle about 30 em (1 ft) long. 

lateral restraint, in a nearly east-west direction, on the 
northwest-trending faults and joints in rocks above the 
coal bed. This reduction in lateral restraint probably 
explains why spectacular subsidence features are 
found along Whitmore Canyon and why such features 
are not known at other localities in the northern part of 
the district. 

Many of the cracks (crevasses) in this zone stood 
open, the walls having been pulled apart as much as 
0.6 m (a foot or two) by tensional stresses. These cracks 
were a pronounced hazard to men and animals until 
they closed; fortunately, they were in a remote area 
where few people were allowed. The cracks were very 
deep, and some emitted air and gases that smelled like 
mine atmosphere. 
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FIGURE 46.-Diagrammatic sketches showing effects of subsidence 
into mine openings (modified from Isaacson, 1958, figs. 53, 54). 
A , zones of tension and compression produced in structures at the 
land surface, angle of draw (a ), break angle ( ~ ) , limit line, and 
break line; B , deflections of limit line (dashed) and changes in 
angle of draw (a ) through alternating hard and soft rock layers. 
Dashed limit line is an estimate of an idealized smooth surface. 

Another belt of cracks (crevasses) extended along the 
east side of Whitmore Canyon, at or slightly above the 
top of the Castlegate Sandstone. Individual crevasses 
in the belt dipped steeply, and the belt was nearly 
parallel to the trend of the canyon. Individual cre­
vasses followed directions of jointing in the Castlegate, 
so that the surface traces zigzagged (fig. 45). Most of 
these crevasses were open, some as much as 0.9 m (3ft) 
wide, and a few also emitted gas and odors smelling 
like mine atmosphere. This belt of crevasses (cracks) 
persisted for more than 10 years, although some indi­
vidual crevasses closed and others opened at various 
times (fig. 45). 

In a former residential area of the town of Sunny­
side, near the mouth of Schoolhouse Canyon (fig. 2), a 
few small pressure ridges in alluvium appeared in 
1958 (fig. 43B), probably because of local compressive 
stress produced at the surface at points where vertical 
subsidence was at a maximum (fig. 46). Horizontal 
movement of the surface in some areas is also indicated 
by en echelon systems of cracks (fig. 4 7), resulting from 
horizontal shear couples produced by differential sub­
sidence over old pillars. Mter mining ceased (Oster-

FIGURE 47.- View north of cracks in en echelon arrangement cutting 
road near mouth of Schoolhouse Canyon , near portal of Sunnyside 
No. 1 Mine, Utah. Hammer handle is about 30 em (1 ft ) long. 

wald, 1962a, sheet 2), in the hope they might prevent 
subsidence, many pillars were left beneath the former 
town site near Schoolhouse Canyon and beneath 
Grassy Trail Creek (fig. 2; pl. 5). The practice of leaving 
coal pillars in the mine to support and protect surface 
structures, although widely accepted in the Eastern 
United States (Vandale, 1967, p. 87-88), may be 
questionable in some circumstances. Much coal is 
wasted by the practice, and detailed surveying in the 
Somerset district, Colorado, indicates that surface 
movement over some remaining barrier pillars may 
exceed that over mined-out spaces (Dunrud, 1976, 
p. 22-23). 

The subsidence crevasses along both sides of Whit­
more Canyon were reexamined by Barton K. Barnes 
(U.S. Geological Survey) in 1967. He found that many 
of the original cracks paralleling the northwest­
trending joints along the west side of the canyon 
(Osterwald, 1962a, sheet 2) had closed and that some 
new ones had opened. Most of the new cracks followed 
the east-northeast joints in the bedrock. 

, 

• 
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STRENGTH, 
STRESS-STRAIN CHARACTERISTICS, AND 

CHEMICAL VARIATIONS IN COAL 
FROM THE SUNNYSIDE COAL BED 

In order to evaluate the response of coal in the 
Sunnyside coal bed to changes in stress (both natural 
stresses and those induced by mining), the strengths of 
selected large coal blocks from the Sunnyside Nos. 1 
and 3 Mines were determined. Blocks from both mines 
were selected from coal layers that appeared to be 
uniform megascopically, as a means of reducing the 
effects of inhomogeneity on the test results. Variations 
in chemistry among coal cores from the Sunnyside 
No. 3 Mine that appeared to respond differently to 
stress were also examined. Because of the almost 
tenfold differences in triaxial strengths of cores from 
the Sunnyside No.1 Mine tested at the same confining 
(lateral) stress (table 1), the results of all these tests 
probably are of only limited use in directly providing 
strength parameters for use in mine design. The 
authors concur with the conclusions of Bieniawski 
(1968) that laboratory tests on coal specimens of any 
size can be used only for comparative purposes because 
the strengths of most ·coals are determined by extent 
and distribution of fracturing. The test results, 
however, did reveal several important factors related 
to the behavior of Sunnyside coal under stress, as 
described on the following pages. One of the most 
important of these factors involves chemical variations 
in the coal that either influence the failure strengths or 
result from molecular reconstitution in response to 
stress changes. Some cores cut from the same coal 
block varied widely in failure strengths. These factors 
provided a basis for understanding some of the failure 
mechanisms of coal under varying conditions and, 
hence, indirectly should help mining engineers to 
design safe, economical mining plans by providing 
insights into the range of strengths to be expected. The 
factors may also provide a basis for comparing the 
strength of Sunnyside coal with that of coals from other 
regions. Similarly, measuring some of the chemical 
constituents (organic molecular groups) of coals whose 
strength characteristics are unknown may help 
explain their behavior under various ranges of stress 
conditions. 

The response of coal to stress is unusual among 
rocks. Coal stores large amounts of strain energy when 
stressed (Greenwald and others, 1939, p. 8-9), and, in 
addition, the failure strength may·depend in part upon 
chemical composition (Hobbs, 1964, p. 216). During 
laboratory testing of Sunnyside coal we obtained 
several anomalous results, probably because· of these 
varying characteristics. These anomalous results 

included erratic-appearing excursions on several of the 
stress-strain curves, and in at least one core, lateral 
strain was reduced as axial stress was increase_d 
(fig. 50; table 1). The reduced lateral strain probably 
resulted from either closing of internal cracks or 
chemical changes in the coal. Samples tested in 
laboratories probably behave in a manner similar to 
the 1.5-m (5-ft)-square pillars of Pittsburgh coal that 
were tested in place by the U.S. Bureau of Mines 
(Greenwald and others, 1939). These pillars expanded 
upward as the roof shales were removed manually 
with a pick. Mter expanding, twice the overburden 
stress was required to jack them back to their original 
dimensions (Greenwald and others, 1939, p. 15-16). In 
addition, many of the laboratory samples produced 
miniature coal mine bumps by failing explosively with 
loud reports. 

TERMINOLOGY 

Some of the terminology in common use for strength 
testing of rocks and other materials is confusing 
because several terms are applied by different workers 
to identical concepts and features. Although no 
attempt was made to include a complete listing of 
terms used in testing in our glossary, some of the terms 
that we have used are defined. We have attempted to 
be consistent in usage of them in the report, even 
though other works are cited in which they are used 
differently. 

Compressive strength refers to the amount of 
applied load per unit area that is required to crush a 
specimen, usually a circular cylinder (a core) or a cube. 
If no restraint or force is applied to the outer surface of 
a cylindrical core or to a cube when it is being tested, 
the test is said to be uniaxial or unconfined. The load 
per unit area applied to the top and bottom of the 
specimen is referred to as axial or longitudinal stress, 
or sometimes simply as compressive stress. Tests that 
include a force per unit area applied to the outside of a 
cylindrical core, as well as axially, are referred to as 
triaxial compressive tests although only two stresses 
actually are applied. The stress applied to the sides of 
the cylinder is referred to as lateral or confining stress. 
In triaxial testing the force per unit area on the ends of 
the cylinder may be termed axial or longitudinal stress. 
The axial stress at which a specimen tested triaxially 
fails is termed the triaxial or confined compressive 
strength. In the discussions that follow the terms 
"unconfined compressive test" and "triaxial compres­
sive test" are used. Stresses in triaxial compressive 
testing are referred to as axial stress and confining 
stress. The stress at which a sample tested in uncon­
fined compression fails is referred to as the unconfined 
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TABLE !.-Triaxial compressive test results by U.S. Geological Survey from NX drill cores of coal from Sunnyside No. 1 Mine, Utah 
[Analysts: B.K Barnes, G.S. Erickson, R.A. Speirer, R.A. Farrow, and T.C. Nichols, Jr. Cores air dried to remove excess water from drilling and machining. Core number with N 

indicates long axis of core normal to bedding; P, indicates long axis parallel to bedding. Leaders (---)indicate no data available]. lbflin2 equivalent to psi (pounds per squareinch) 
used in common mining terminology.] 

UNMACHINED NX DRILL CORES 

Axial (longitudianl) 

Axial Tangent Secant Duration Loading 

Core No. 
Confining (lateral) Axial (longitudinal) Lateral Oongi- Poisson's modulus of modulus of of rate 

stress stress at failure strain tudinal) ratio elasticity elasticit~ loading axial 
strain time stress 

1lbflin2 kg!cm2 kPa 1lbf/in2 2kg!cm2 kPa (llrnlm) (l!rnlm) (kPax106 ) (kPaxl06
) (seconds) 2(slkg!cm2 ) 

10N 66.5 6170.307 
1st cycle ........ 0 0 865 60.8 5,964 +1,630 -6,864 0.237 0.883 
2d cycle ........ 0 0 2,306 162 1,590 4 +2,081 4-7,796 .267 3.327 1.275 (6) 

13N 0 0 1,209 85.0 8,332 +4,652 -2,275 .277 3.294 3.179 ~ 

15N 
1st cycle ........ 0 0 1,441 101 9,937 +1,876 -3,891 .482 2.585 2.481 (6) 

2d cycle ......... 0 0 3,600 253 2,482 +2,837 -4,802 .591 5.593 5.363 140 
16N 

1st cycle ........ 0 0 1,440 101 9,929 +1,180 -4,675 .252 2.039 2.060 39 7170.307 
2d cycle ......... 0 0 2,900 204 19,996 +2,267 -6,998 .324 5.935 3.123 53 

7N 200 14.1 1,379 6,486 456 44,721 4 +2,370 4-8;449 .281 5.418 5.369 192 (6) 

BN 200 14.1 1,379 6,014 423 41,467 4+2,719 4-10,525 .258 3.999 4.060 154 (6) 

11N 200 14.1 1,379 5 12,594 886 86,836 4 +2,880 4-12,609 .228 4.464 4.640 220 (6) 

14N 200 14.1 1,379 5,057 356 34,868 +5,829 4-7,343 .794 9.699 3.771 240 (6) 

17P 200 14.1 1,379 7,343 516 50,630 4+1,963 4-6,932. .283 6.803 6.477 166 (6) 

5N 
1st cycle ........ 1,000 70.3 6,895 4,714 331 32,503 +458 -7,251 .063 4.483 (6) 

2d cycle ......... 1,000 70.3 6,895 4,714 331 32,503 +1,256 -9,591 .131 3.389 do. 
3d cycle ......... 1,000 70.3 6,895 4,714 331 32,503 +767 -7,296 .105 4.452 do. 
4th cycle ........ 1,000 70.3 6,895 6,714 472 46,293 +1,913 -10,349 .185 4.273 do. 
5th cycle ........ 1,000 70.3 6,895 8,143 573 56,146 +2,981 -12,881 .231 4.359 do. 
6th cycle ........ 1,000 70.3 6,895 9,571 673 65,992 +4,095 -14,913 .275 4.426 do. 
7th cycle ........ 1,000 70.3 6,895 11,000 773 75,845 +5,240 -16,631 .315 4.560 do. 
8th cycle ........ 1,000 70.3 6,895 12,000 844 82,740 4 +5,592 4-16,901 .331 4.573 (6) 

4N (creep (6) 
test) ........... 

1st cycle ........ 1,000 70.3 6,895 6,714 472 46,293 +141 -8,891 .016 4.793 4.413 77 151 s to 
unload.6 

2d cycle ......... 1,000 70.3 6,895 9,571 673 65,992 +2,850 -15,372 .185 5.092 109 154 s to 
unload.6 

3d cycle ......... 1,000 70.3 6,895 11,000 773 75,845 4 +2,769 4-14,476 .191 3.878 3.236 137 (6) 

12N 1,000 70.3 6,895 10,429 733 71,907 4+4,280 4-15,667 .273 5.158 4.230 120 (6) 

20N 5,000 351.5 34,475 22,286 1567 153,661 4 +12,768 -18,603 .823 4.964 9.063 334 (6) ~ 

1Equivalent to psi (pounds per square inch) used in common mining terminology. 
2Determined graphically from figures 48-53. 
3Calculated from laboratory results used to compile figures 48-53. 
4At highest recorded values before failure. 
5 Anomalously high reading, probably resulting from bad gage. 
6 See "Remarks" column with list of core sizes and densities for each numbered core. 

compressive strength. This stress is also referred to by USGS. Triaxial and unconfined compressive tests were 
some authors as failure strength or ultimate strength. also done in the USGS laboratory by Y. Y. Youash 

(1965a, b) on samples of roof rocks from the Sunnyside 

LABORATORY RESULTS 
No.1 Mine to assess the effect of laminations (resulting 
from penecontemporaneous slumping and burrowing 
by organisms) on the strengths of the rocks. Results of 

Laboratory tests of unconfined and triaxial (con- these various tests are given in tables 1-5. Unconfined 
fined) compressive strengths, unconfined tensile tensile strengths are not included in the tables because 
strengths, and creep properties of the coals were done the coal is very weak; all cores tested in tension failed 
by the USGS and by the USBM with cooperation of the between 27.58 and 51.71 kPa (4 and 7.5 lbflin2

). 
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TABLE !.-Continued 

MACHINED NX DRILL CORES 

Core No. Density* 
(g/cm:1) 

Core size after machining 
to tolerances 

Measured 
(inches) 

Calculated 
(centimeters) 

Diameter Length Diameter Length 

Remarks 

10N 1.27 5.40 11.07 Ends of core epoxied to platens. 
lst cycle .............. . 
2d cycle .............. . Both tensional and flexural lateral failures in core. 

13N 
15N 

1.20 
1.22 5.40 7.10 Core cracked at 1,441-lbf/in2 (101.312-kg/cm2) axial stress. 

lst cycle .............. . 
2d cycle .............. . 

16N 
lst cycle .............. . 
2d cycle .............. . 

7N 
BN 

UN 

14N 

17P 
5N 
8th cycle .............. . 
4N (creep 

test) 
lst cycle .............. . 
2d cycle .............. . 
3d cycle ............. .. 

12N 

20N 

*Analyst: T.C. Nichols, Jr. 

1.20 

1.35 
1.37 
1.37 

1.40 

1.65 

1.30 

CONFINED AND UNCONFINED 
COMPRESSIVE TESTS 

5.36 

5.36 
5.32 
5.12 

5.36 

5.36 
5.36 

5.36 

5.36 

5.36 

6.87 

9.88 
10.48 
10.99 

10.40 

8.14 
8.73 

8.77 

8.65 

10.87 

Compressive tests done by the USGS on coal from 
the Sunnyside No. 1 Mine utilized a Forney concrete 
compression tester having a maximum capacity of 
190,800 kg (200,000 lbs) of force. A Soiltest4 triaxial 
cell is placed in the compression tester for triaxial 
tests. This cell can be used with a maximum confining 
pressure of 562.5 kg/cm2 or 5.516x104 kPa (8,000 
lbf/in2

). Hydraulic fluid is pumped into the cell through 

4The use of trade names (brand names) in this report is for descriptive 
purposes only and does not constitute endorsement by the U.S. Geological 
Survey. 

5Standard NX drill core is 2'Ya in. diameter. 

No loud pop at failure. 
Several crunching sounds at failure. 
Taken to failure at constant load rate. Core cracked with 

muffled pop sound at 2,735-lbf/in2 (192.290-kg/cm2) axial 
stress. Several crunching sounds when core failed. 

Unusual strain before failure. Silent failure. 

Erratic strain during testing. No noise at failure. 
Cycled using constant loading rate. 
Core failed with two loud bumping sounds. 

Loaded to two-thirds of axial stress at failure of core 12 N. 
Waited 35 min for starting second loading. 
Core idle 17.5 hrs after second loading. 
Small crack about 1.5 s before failure. 
Very irregular lateral strain between 39,000- and 81,000-

lbf/in2 (2.742x103
- and 5.695x103-kg/cm2) load on platens. 

Taken to failure at constant load rate. 

Irregular axial strain between 8,000- and 12,300-lbflin2 

(5.625x102
- and 8.648x102-kg/cm2

) load on platens. Taken 
to failure at constant load rate. 

a port in the side; lead wires from electrical resistance 
strain gages mounted on the specimens come out 
through another port. All the tests were done on 
54-mm- (21/s-in.-) diameter standardized NX drill 
cores5

• Attempts were made to standardize the length 
of cores at 108 mm ( 41/4 in.), but bedding planes in the 
cores commonly separated during specimen prepar­
ation so that most were shorter than 108 mm. Ends of 
the cores were machined to parallelism within a 
tolerance of 0.0254 mm (0.001 in.) and the sides were 
smoothed. For specimens for the Sunnyside No. 1 
Mine, actual dimensions of the cores as tested are 
given in table 1. Before being placed in the cell the 
cores were enclosed in polyvinylchloride plastic 
sleeves. These sleeves overlapped machined steel 
platens at each end of the cores and were clamped to 
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TABLE 2.-Unconfined compressive test results on 54-mm (21fs-in.) NX drill cores of coal from Sunnyside No. 3 Mine, Utah 
[Leaders(---) indicate no data. lbf/in2 equivalent to psi (pounds per square inch) used in common mining terminology. Modified from F. L. Gaddy, E. R. Rodriguez, 

and T. C. Miller, U.S. Bureau of Mines, written commun., 1959] 

Repeated loadings below failure stress 

Maximum stress during Poisson's 
Permanent set on 

Secant modulus of elasticity repeated loading Compressive strength at failure 
loading ratio 

(percent) 

Num-
kg/cm2 kPa Mean, 

Standard 
Mean, Mean, Mean Standard 

her lbf/in2 
(calcu- (calcu- lbf/in2 deviation, 

kg/cm2 kPa Mean 
Standard 

Mean 
Standard 

measured, deviation, 
Mean, Mean, 

of (measured) 
lated) lated) x106 lbf/in2 

x104 x106 deviation deviation 
lbf/in2 lbf/in' 

kg/cm2 kPa 
cores x106 

First loading 1 

3 150 10.6 1,034 0.309 0.122 2.173 2.131 0.106 0.032 
3 300 21.1 2,069 .345 .105 2.426 2.379 .147 .032 
3 500 35.2 3,448 .391 .084 2.749 2.696 .186 .032 
2 650 45.7 4,482 .466 .063 3.276 3.213 .222 .032 
2 3.33 4.04 

Second loading1 

3 150 10.6 1,034 0.308 0.030 2.166 2.124 0.084 0.045 
3 300 21.1 2,069 .352 .084 2.475 2.427 .137 .032 
3 500 35.2 3,448 .406 .077 2.855 2.799 .183 .032 
2 650 45.7 4,482 .478 .032 3.361 3.296 .217 .032 
2 .84 .99 
3 3,054 136 214.7 21,057 

First loading2 

3 150 10.6 1,034 0.270 0.032 1.898 1.862 0.083 0.032 
3 300 21.1 2,069 .296 .045 2.081 2.041 .121 .032 
3 500 35.2 3,447 .347 .055 2.440 2.393 .159 .032 
1 650 45.7 4,482 .436 3.065 3.006 .149 
2 10.20 1.49 

6.04 

Second loading2 

3 150 10.6 1,034 0.262 0.045 1.842 1.807 0.089 0.045 
3 300 21.1 2,069 .321 .045 2.257 2.213 .132 .045 
3 500 35.2 3,448 .376 .045 2.644 2.593 .172 .045 
1 650 45.7 4,482 .464 3.199 3.199 .182 
2 1.05 .50 

.71 
3 3,630 242 255.2 25,029 

1 As-received (natural) moisture content. 
2Saturated 75 percent. 

TABLE 3.-Unconfined compressive tests on coal cubes from Sunnyside No. 3 Mine, Utah 
[Leaders(---) indicate no data. lbf/in2 equivalent to psi (pounds per square inch) used in common mining terminology. Modified from F. L. Gaddy, E. R. Rodriguez, and T. C. Miller, 

U.S. Bureau of Mines, written commun., 1959] 

Repeated loadings below failure stress of 76-mm (3-in.) cubes Load at failure under compression 

Maximum stress during 
Permanent set on 

Secant modulus of elasticity Poisson's ratio repeated loadings 76-mm (3-in.) cubes 48-mm (1%-in.) cubes 
loading 

(percent) 

Num-
kg/cm2 kPa Mean, 

Standard 
Mean, Mean, Mean 

Mean Mean 
Mean 

Mean Mean 
her lbf/in2 deviation, Standard Standard calcu- calcu- calcu- calcu-
of (measured) 

(calcu- (calcu- lbf/in2 
lbf/in2 kg/cm2 kPa Mean 

deviation 
Mean 

deviation 
measured, 

lated, lated, 
measured 

lated, lated, 
cubes 

lated) lated) x106 

x106 x106 x106 lbf/in2 
kg/cm2 kPa 

lbf/in2 
kg/cm2 kPa 

First loading1 

3 300 21.1 2,069 0.334 0.059 2.348 2.303 0.101 0.022 
3 500 35.2 3,448 .377 .063 2.651 2.599 .146 .022 
3 800 56.3 5,516 .401 .032 2.819 2.765 .178 .000 7.97 4.10 

Second loading1 

3 300 21.1 2,069 0.390 0.039 2.742 2.689 0.146 0.022 
3 500 35.2 3,448 .421 .039 2.960 2.901 .104 .000 
3 800 56.3 5,516 .456 .045 3.206 3.144 .219 .022 .082 .70 

Compressive strength at failure 
117 4,574 321.6 31,538 
24 4,504 316.7 31,055 

119 5,749 404.2 39,639 
25 3,822 268.7 26,353 

1As-received (natural) moisture content. 
2Saturated 75 percent. 

•· 

~ 
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the platens. A few cores were fastened to the platens 
with epoxy before testing to study the behavior of coal 
that adhered to roof rocks (table 1). 

Before testing by the USGS, all cores were allowed to 
dry in the laboratory for several weeks to permit 
moisture acquired during sawing, coring, and machin­
ing to evaporate. Previous tests made in cooperation 
with the USBM on specimens from the Sunnyside 
No. 3 Mine (tables 2, 3), however, indicated that 
moisture content did not affect the strength of the 
Sunnyside coal in a statistically significant manner 
(F. L. Gaddy, E. R. Rodriguez, and T. C. Miller, U.S. 
Bureau of Mines, written commun., 1959). 

For triaxial compressive tests, after the cores had 
dried, SR-4 type electrical resistance strain gages were 
attached with acetate cement to the cores. Gages were 
placed in both longitudinal and transverse positions to 
measure longitudinal and lateral strain. Standard rate 
of axial (longitudinal) loading was 6.895x104 kPa 
(10,000 lbflin2

) per minute, but loading was inter­
rupted at intervals during both the unconfined and 
confined tests to read strain. R:ates of loading were 
changed during some tests of coal to study the effect of 
varied loading rates on failure stress. Some cores also 
were subjected to two or more cycles of loading and 
unloading to determine the effects of hysteresis on 
ultimate compressive strengths (table 1). All tests were 
carried to failure. 

Compressive tests of coal from the Sunnyside No. 3 
Mine, done by the USBM in cooperation with the U.S. 
Bureau of Reclamation (USBR) and the USGS (F. L. 
Gaddy, E. R. Rodriguez, and T. C. Miller, U.S. Bureau of 
Mines, written commun., 1959), followed the standard 
procedures used for concrete testing by the U.S. 
Bureau of Reclamation (1949, 1953). Most of the tests 
were done on cores cut to 54-mm (21/s-in.) diameter by 
108-mm ( 41/4-in.) length (listed in table 2). The 
ultimate strengths of cores can be compared to cubes of 
coal, 76.2-mm and 47.6-mm cubes (3- and l'Vs-in.), 
which were also tested in unconfined compression 
(table 3). In general, the results obtained by the USBM 
(table 4) on coal cubes were within the range of 
compressive strengths determined by the USGS on 
unconfined coal cores (table 1). Specimens used for the 
USBM tests were prepared similarly to those used for 
the USGS tests, except that smooth bearing caps 
consisting of a mixture of fireclay and sulfur were 
applied to both ends of the cores and of the cubes. Mter 
the caps were applied, exact dimensions of the 
specimens were measured. The cores were placed in 
rubber jackets to protect them from hydraulic fluid 
used in triaxial testing. Loading rates for both confined 
and unconfined tests were 13,790 kPa (2,000 lbflin2

) 

.per minute. A measuring frame was used to measure 
strain of unconfined cores; SR-4 type electrical resist-

TABLE 4.-Summary of triaxial compressive test results, on NX drill 
cores from a block of coal, Sunnyside No. 3 Mine, Utah 

[Leaders(---) indicate no data available. lbf/in2 equivalent to psi (pounds per square inch) 
used in common mining terminology. Modified from F. L. Gaddy, E. R. Rodriguez, and 
T. C. Miller, U.S. Bureau of Mines, written commun., 1959] 

Lateral stress 
Compressive strength 

(averages of three samples) 

lbf/in2 kg/cm2 kPa lbf/in2 kg/cm2 kPa 
(measured) (calculated) (calculated) (calculated) (calculated) (calculated) 

0 2,299 161.6 15,850 

200 14.1 1,380 5,683 399.6 39,180 

600 42.2 4,140 7,937 558.0 54,730 

1,000 70.3 6,900 9,245 650.0 63,740 

1,600 112.5 11,030 11,483 807.3 79,180 

2,200 154.7 15,170 12,279 863.3 84,660 

12,500 175.8 17,240 13,642 959.7 94,060 
2,800 196.9 19,310 13,366 939.7 92,160 

4,000 281.2 27,580 16,620 1,168.5 114,600 

5,200 365.6 35,850 18,581 1,306.3 128,120 

6,800 478.1 46,890 21,525 1,513.4 148,420 

8,500 597.6 58,608 24,038 1,690.0 165,740 
1
Two samples only. 

ance strain gages were used to measure strain during 
triaxial shear (confined compression) tests. The USBM 
triaxial shear results are summarized in table 4. 

Results of unconfined and triaxial testing by the 
USGS (table 1) of coal cores from the Sunnyside No. 1 
Mine are summarized in a series of stress-strain curves 
(figs. 48-52). These curves illustrate several aspects of 
the behavior of Sunnyside coal in response to various 
stress conditions. All but one of the cores were cut with 
the long axis of the cylinder normal to the bedding in 
the coal. Figure 48 illustrates three coal cores loaded 
parallel to their long axes with no confining stress. In 
order to study possible hysteresis of the samples, all of 
these cores were subjected to two cycles of loading, the 
first cycle to values well below the anticipated failure 
strength and the second cycle to ultimate failure. As 
shown in table 1, the compressive strengths (stress at 
failure) varied by more than a factor of six. In addition, 
the amount of hysteresis (Thrush, 1968, p. 566) or 
permanent strain (also referred to as permanent set; 
that is, the comparison of all first-cycle data (table 1)) 
remaining in the cores after release of the first loading 
cycle varies as much as five times. The ranges of 
hysteresis in the samples tested by the USBM (tables 
2, 3) from the Sunnyside No.3 Mine are similar to the 
ranges of the samples tested by the USGS from the 
Sunnyside No. 1 Mine. Poisson's ratios for the Sunny­
side No. 1 Mine samples appear to be greater than the 
ratios for the Sunnyside No.3 Mine samples, although 
this apparent difference may have resulted from 
different testing procedures. These variations, how­
ever, appear to be less when No. 1 Mine coal also is 
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stressed laterally. The tangent and secant moduli for 
axially stressed individual Sunnyside No. 1 cores vary 
as much as six times (table 1) 

Results of triaxial compressive testing of cores from 
the Sunnyside No. 1 Mine at 1,379 kPa (200 lbf/in2) 
lateral stress (confining pressure) showed that the 
compressive strengths of the samples in the triaxial 
tests were as much as 10 times greater than in the 
unconfined tests (table 1; figs. 48, 49). The average 
compressive strength of the Sunnyside No. 1 Mine 
samples was 51,706 kPa (7,499lbf/in2; table 1), but the 
strength of the Sunnyside No. 3 Mine samples was 
39,184 kPa (5,683 lbf/in2; table 4). Tests of one core cut 
parallel to bedding showed no significant differences 
from those cut normal to bedding; similar results were 
obtained during tests of British coals by Hobbs (1964, 
p. 219). At 6,895 kPa (1,000 lbf/in2) lateral stress, the 
average compressive strength of Sunnyside No. 1 Mine 
coal was 76,831 kPa (11,143 lbf/in2; table 1) as 
compared with 63,7 40 kPa (9,245 lbf/in2) for Sunnyside 
No. 3 Mine coal (table 4). Slopes of the stress-strain 
curves for Sunnyside No. 1 Mine samples tested using 
1,379 kPa (200 lbf/in2) lateral stress (fig. 49) suggest 
less variation in compressive strength with increasing 
lateral stress, as is also shown by the curves for 
samples tested to 6,895 kPa (1,000 lbf/in2; fig. 50). Only 
one sample was tested at 34,4 75 kPa (5,000 lbf/in2) 
lateral stress (fig. 51); results of this test indicated that 
the compressive strength is about twice the strength of 
samples tested at 6,895 kPa (1,000 lbf/in2). Figures 
49-51 also show a number of irregularities in the 
stress-strain relationships in which strain decreased 
as stress was increased. These irregularities may 
result either from molecular rearrangements of chemi­
cal constituents in the coal or from storing of energy 
along cracks and defects, as suggested by Ingles and 
others (1973) for similar irregularities in sandstones. 
Results from triaxial compressive tests of cores from 
the Sunnyside No. 3 Mine (F. L. Gaddy, E. R. Rod­
riguez, and T. C. Miller, written commun., 1959) did 
not indicate any such irregularities. The results of 
testing one core cut parallel to the bedding in coal (core 
17P, table 1 and fig. 49) show no significant difference 
in failure strength or modulus from cores cut normal to 
bedding and tested at the same confining stress. Such 
anisotropy of coal strength, however, was reported by 
Jeremic (1981, p. 69, 71) for coal from Lethbridge, 
Alberta, Canada. Although the Lethbridge coal is 
equivalent to Sunnyside coal in geologic age, it has 
been subjected to a much different geologic history 
involving overthrust faulting, so that its stress history 
is much different. 

Figure 52 shows a series of curves illustrating the 
effects of lateral stress and cycling of axial stress on the 
strength of Sunnyside No. 1 Mine coal. These curves 
show the triaxial compressive test results with the 
axial deformation of the cores plotted against differ­
ential stress (longitudinal, or axial, loading minus 
lateral stress). Tangent lines are drawn to these 
curves, and the tangent modulus of elasticity (Young's 
modulus) was measured from the tangent lines. 
Tangent moduli vary considerably (table 1), but no 
apparent pattern resulted from testing at different 
lateral stress values (fig. 52), except that the moduli 
increased with higher latefal stresses. Tests on British 
coals, however, indicated that Young's modulus 
became nearly constant during tests at confining 
stresses above 6,895 kPa (1,000 lbf/in2) (Hobbs, 1964, 
p. 220). These values cannot be compared directly to 
the results from Sunnyside No.3 Mine coal because of 
different laboratory and measuring procedures, but the 
measured values of the secant modulus of elasticity for 
unconfined cores of Sunnyside No.1 Mine coal (table 1) 
show much greater ranges of values than do results 
from unconfined samples of Sunnyside No.3 Mine coal 
(table 2). 

All cores tested under repeated loading cycles 
showed varying amounts of hysteresis or permanent 
set. Although most of the hysteresis followed the first 
stress cycle (table 1), some was observed after the 
seven cycles to which one sample was subject~d during 
triaxial compressive testing. The hysteresis may be 
reduced with time; the permanent set may not really 
be permanent because the coal slowly recovers. During 
the test represented by figure 53, however, some 
hysteresis remained even after the core was at rest for 
several hours. This core was loaded twice to two-thirds 
of the axial stress at which other cores failed that were 
loaded at constant rates under 6,895-kPa (1,000-
lbf/in2) lateral stress; the third cycle was carried to 
failure. The core showed a slight decrease in modulus 
during the third cycle as compared to other cores tested 
at the same confining stress (table 1). 

FIGURE 48 (facing page).-Stress-strain curves for unconfined com­
pressive strength test of coal cores from Sunnyside No. 1 Mine, 
Utah. A, Core lON subjected to two stress cycles, ends fastened to 
steel platens of testing machine with epoxy; B, Core 15N subjected 
to two stress cycles, ends of core free to slip on platens; C, Core 16N 
subjected to two stress cycles, ends of core free to slip on platens. 
Arrows indicate directions of increasing and decreasing axial 
stress. Number of arrows on each line segment corresponds to 
number of stress cycle for core listed in table 1. Dots are recorded 
datum points. Dashed line and queries(??) are projected values due 
to gauge failure. 
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Additional unconfined and triaxial compressive 
testing of material from the Sunnyside coal bed was 
done by Crouch and Fairhurst (1973, p. 44-45), using 
samples from the Sunnyside Mines as well as from the 
Geneva Mine in the southern part of the district. These 
tests were done to study any possible differences 
between coal from Sunnyside that was not believed to 
be prone to bump and from the Geneva Mine that was 
known to be bump-prone (Crouch and Fairhurst, 1973, 
p. 28, 44). No differences were found. The results of 
Crouch and Fairhurst (1973, p. 43) indicated that the 
coal from the Sunnyside bed was two to three times 
stronger in unconfined compression than were our 
samples represented in table 1. In contrast, the triaxial 
compressive results shown in tables 1 and 4 indicated 
that the coal was about 20 percent stronger under 
6,895-kPa (1,000-lbf/in2

) and 34,480-kPa (5,000-lbf/in2
) 

confining stress than did the results of Crouch and 
Fairhurst (1973, p. 45), probably because of differing 
laboratory procedures. 

Additional triaxial compressive strengths of coals 
from the Sunnyside No.1 and No.2 Mines were given 
by Scheibner (1979, p. 71, 73, 88; table 5). This coal was 
obtained from areas in both mines that were unmined 
at the times of our investigations. Scheibner's results 
on unconfined cores indicated that the Sunnyside No.1 
Mine coal was about twice as strong as did our tests 
(table 1). Scheibner's results also indicated that uncon­
fined cores of coal with "high sonic velocity" from the 
Sunnyside No. 2 Mine were two to three times as 
·strong as those we tested from No. 1 Mine. Coal cores 
with "low sonic velocity" from the Sunnyside No. 2 
Mine, however, were equivalent in strength to our 
cores from No. 1 Mine (tables 1, 5). At confining 
stresses of 6,895 kPa (1,000 lbf/in2

) for coal from No. 1 
Mine, and 5,516 kPa (800 lbf/in2

) for coal from No. 2 
Mine, Scheibner's results (table 5) are equivalent to 
our results from No. 1 Mine (table 1). The arithmetic 
mean of Poisson's ratio for both No.1 and No.2 Mines 
(Scheibner, 1979, p. 63, 67, 88) is equivalent to our 
results from No. 1 Mine (table 1). The mean of the 
secant modulus of elasticity, as indicated by Scheibner 
for coal in No. 1 and No.2 Mines, ranged from 2.27x106 

to 3.65x106 kPa (0.33x106 to 0.53x106 lbf/in2
), which 

was within the ranges of our results (table 1). 

Results of the triaxial testing of coal cores from both · 
fthe Sunnyside No. 1 and No. 3 Mines are shown in. 
'figure 54. The two graphs were constructed by drawing 
semicircles (Mohr's circles) that intersect the hori­
zontal axis at two points representing the confining 
stress and axial stress at failure. The radii of the circles 

TABLE 5.-Results of triaxial compressive tests on cores 
from three blocks of coal, Sunnyside No. 1 and No. 2 
Mines, Utah 

[Data from Scheibner, 1979, p. 71, 73, 88) 

Confining stress Axial stress 

lbf/in2 

(measured) 
kPa 

(calculated) 
lbf/in2 

(measured) 

No. 1 Mine-13th Left and 16th Left 

0 0 6,000 
0 0 4,900 

500 3,450 9,050 
500 3,450 7,550 
500 3,450 9,180 

1,000 6,900 13,050 
1,000 6,900 13,250 
1,000 6,900 13,400 

No.1 Mine-17th Left 
1,000 6,900 8,390 
2,000 13,790 11,760 
3,000 20,690 15,560 

kPa 
(calculated) 

41,370 
33,790 
63,400 
52,060 
63,090 

89,980 
91,360 
92,390 

57,830 
81,070 

107,280 

No.2 Mine-Coal with "high sonic velocity," 
approximately 2,112 m/s (6,930 ft/s) 

0 
0 
0 
0 

400 
400 
400 
800 
800 
800 
800 

0 1,360 
0 2,950 
0 2,900 
0 2,980 

2,790 7,850 
2,790 6,400 
2,790 7,780 
5,520 8,060 
5,520 7,220 
5,520 7,220 
5,520 8,280 

9,380 
18,270 
19,960 
20,550 

54,130 
44,130 
53,640 
55,570 
49,780 
54,470 
57,090 

No. 2 Mine-Coal with "low sonic velocity," 
approximately 1,949 m/s (3,440 ft/s) 

0 
0 
0 
0 

400 
400 
400 
400 

800 
800 
800 
800 

thus are equal to 

0 3,920 
0 5,600 
0 4,020 
0 5,140 

2,790 
2,790 
2,790 
2,790 

5,520 
5,520 
5,520 
5,520 

8,360 
9,940 
9,450 
9,300 

10,900 
11,600 
10,000 
10,950 

axial stress - confining stress 
2 

27,030 
38,610 
27,720 
35,440 

57,640 
68,540 
65,160 
64,120 

74,160 
79,980 
68,950 
75,500 

Curves were fitted mechanically to be tangent to each 
series of circles. These curves represent the ultimate 
failure strength of the Sunnyside coal bed in the two 
mines. These results, however, indicate that the 
strength of Sunnyside coal does not increase linearly 
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with increasing confining (lateral) stress as did the 
strength of Canadian coals tested by Jeremic (1981, 
p. 71). 

The slopes of the tangent curves jn figure 54 
decreased as the confining stress increased; the shear 
stress at failure thus increases with increasing con­
fining stress. If the coal were tested at high-enough 
confining stresses, these curves should asymptotically 
approach the horizontal. The c~nfining stresses used in 
the testing programs, however, probably were high 
enough to permit some generalizations concerning the 
behavior of the Sunnyside coal bed at depths and 
stresses apt to be encountered in underground mining. 
The coal tested from the Sunnyside No. 3 Mine 
(fig. 54B) was stronger under high confining. stress 
than was coal from the Sunnyside No. 1 (fig. 54A). 
Although the coal bed was not sampled statistically 
either vertically or horizontally in either mine (all 
cores were cut from two large selected samples), the 
stronger coal in the Sunnyside No.1 Mine may account 
for the more violent failures of roofs and ribs in No. 1 
Mine as compared to No.3 Mine. Although no data are 
available, our subjective observations also indicate 
that actual coal bumps were more violent in No. 1 
Mine, perhaps because of the stronger coal. Violent 
bumps, however, did occur in No.3 Mine. The causes of 
these apparent differences in the violence of bumps 
probably result in part from different mining tech­
niques as well as from different geologic charac­
teristics. Triaxial compressive tests of several British 
coals indicated that although the yield strengths of 
different coals tested in unconfined compression varied 
by as much as 14 to 1, the strengths varied by only 2 to 
1 at 34,490-kPa (5,000-lbf/in2

) confining stress (Hobbs, 
1964, p. 216-219). 

Using samples from the Sunnyside No. 1 Mine, 
Youash (1965a, b) tested the strength of roof rocks 
containing large horizontal burrows in unconfined and 
triaxial compressive tests. The results of these tests 
(table 6) indicate that the orientation of layering in the 
rocks with respect to the directions ·of principal 
stresses influences the failure strength. The results 
also provide a comparison of roof strength with coal 
strength. Failure strength of roof rock (axial stress­
confining stress) is lowest when the layering is at an 
angle of about 30°-45° to the axial (maximum prin­
cipal) stress (Youash, 1965a, p. 69, 71-72). Although 
when unconfined, the rock is strongest when the 
layering is normal to the axial stress, triaxial tests 
indicate that when confined to 31,028 kPa (4,500 
lb/in2

) the rock is strongest when the layering is 
parallel to the axial stress. This increased strength 
probably occurs because the friction across layering 
planes increases, preventing failure, and causes mine 

TABLE 6.-Results of triaxial compressive tests of roof rock, Sunnyside 
No. 1 Mine, Utah 

[lbf/in2 equivalent to psi (pounds per square inch) used in common mining terminology. 
Analysts: Y.Y. Youash, George Erickson, R.A. Speirer, and J.C. Thomas. Modified from 

Youash, 1965a, p. 73] 

Confining (lateral) stress 
Axial (longitudinal) Angle between 

stress at failure layering and 
direction of 

lbf/in2 kg/cm2 kPa 
lbf/in2 kg/cm2 kPa mininum 

(measured) 
calcul- (calcu-

(mt!asured) 
(calcu- (calcu- principal stress 

lated) lated) lated) lated) (degrees) 

0 0 0 14,500 1,020 99,980 0 
0 0 0 12,000 844 82,740 15 
0 0 0 10,000 703 68,950 30 
0 0 0 9,000 633 62,055 45 
0 0 0 7,500 527 51,713 60 
0 0 0 10,500 738 72,398 75 
0 0 0 13,000 914 89,635 90 

1,500 106 10,343 23,500 1,652 162,033 0 
1,500 106 10,343 24,500 1,723 168,928 15 
1,500 106 10,343 18,500 1,301 127,558 30 
1,500 106 10,343 17,500 1,230 120,663 45 
1,500 106 10,343 19,500 1,371 134,453 60 
1,500 106 10,343 19,000 1,336 131,005 75 
1,500 106 10,343 24,000 1,687 165,480 90 

3,000 211 20,685 32,000 2,250 220,640 0 
3,000 211 20,685 29,500 2,074 203,403 15 
3,000 211 20,685 27,000 1;898 186,165 30 
3,000 211 20,685 24,500 1,723 168,928 45 
3,000 211 20,685 27,500 1,933 189,613 60 
3,000 211 20,685 26,500 1,863 182,718 75 
3,000 211 20,685 32,000 2,250 220,640 90 

4,500 316 31,028 36,000 2,531 248,220 0 
4,500 316 31,028 37,500 2,637 258,563 15 
4,500 316 31,028 37,000 2,601 255,115 30 
4,500 316 31,028 34,000 2,390 234,430 45 
4,500 316 31,028 36,500 2,566 251,668 60 
4,500 316 31,028 35,000 2,461 241,325 75 
4,500 316 31,028 41,500 2,918 286,143 90 

roofs to act as compressed beams (Evans, 1941, p. 44; 
Woodruft, 1966, p. 282-288) so that they fail in com­
pression and not in tension. Furthermore, coal streaks 
in the rock lower the failure strength (Y ouash, 1965a, 
p. 72). 

Unconfined tests of roof rock from the Sunnyside No. 
1 Mine indicate that it is about two and one-half to 
three times as strong when the layering is normal to 
the maximum principal stress as is the Sunnyside coal 
(tables 3, 6). Triaxial compressive tests indicate that 
the roof rock is about 30 percent stronger at 31,028-kPa 
( 4,500-lbf/in2

) confining stress than is the coal at 
34,490-kPa (5,000-lbf/in2

) confining stress. This 
increased strength of high confining stress and with 
layers parallel to the maximum compressive stress 
probably increases the friction along layering planes 
and causes mine roofs at Sunnyside to behave as 
compressed beams (Evans, 1941, p. 449; Woodruff, 
1966, p. 282-288); so they fail in compression and not 
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FIGURE 49 (above and facing page).-Stress-strain curves for triaxial compressive tests of coal 
cores from Sunnyside No. 1 Mine, Utah, using a confining stress of 1,380 kPa (200 lbf/in2

) 

that was held constant throughout all testing. Dots are recorded datum. Dashed line and 
queries(??) are projected values due to gauge failure. A, Core 7N (cut normal to bedding in 
coal), ends free to slip on platens of test machine; B, Core BN (cut normal to bedding in coal), 
ends free to slip on platens of test machine; C, Core UN (cut normal to bedding in coal), ends 
free to slip on platens; D, Core 17P (cut parallel to bedding in coal), ends free to slip on 
platens; E, Core 14N (cut normal to bedding in coal), ends free to slip on platens. 
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). Core 12N, cut normal to bedding in coal, ends free to slip on platens. Dots are recorded datum. Dashed line and 
queries(??) are projected values due to gauge failure. 

in tension, even 1where nearly vertical joints and frac­
tures cut the roof rocks. Because coal from Medicine 
Hat, Alberta, Canada, was not as strong as the roof 
rocks, Jeremic (1981, p. 69-71) recommended leaving 
coal in mine roofs as protection against failures. 
Although leaving "top coal" to protect mine roofs was 
once common practice at Sunnyside, modern methods 
of roof support using bolts and yieldable steel arches 
were found to be more effective. 

CREEP TESTS 

The creep behavior of coal from the Sunnyside No. 1 
Mine was studied in the laboratory by B. K. Barnes. 
Bars of coal were sawed from a large block. These bars 
were cut so that their long axes were parallel to the 
bedding of the coal; they were 10.2 em (4 in.) long, 
1.27 em (0.5 in.) wide, and 0.640 em (0.25 in.) thick. 
Cutting bars of coal to sufficient length was difficult 
because the coal was brittle, and many broke before the 
testing was complete. The bars of coal were attached to 
a steel bar with epoxy and turned so that the coal bars 
were horizontal; weights of various sizes then were 
hung vertically from the ends of the coal. Deflections of 
the coal bars from the horizontal were then measured 
over long periods of time. Because no environmentally 
controlled laboratory space was available, the tests 

were conducted at normal room temperatures and 
humidities, which undoubtedly contributed inaccur­
acies to the results. The coal bars were used for the 
creep tests instead of specimens loaded in direct com­
pression because suitable facilities were not available 
for the compressive tests. We realize that the behavior 
of the bars may be different in some respects from the 
behavior of loaded, specimens, as pointed out by Griggs 
(1939, p. 226-227). Core 4N (table 1; fig. 52C) was 
loaded in a triaxial compressive test as slowly as 
possible to approximate a creep test, but no difference 
in modulus or strength was detected as compared to 
other cores tested at the same confining stresses. 

According to Griggs (1939, p. 228) creep in rocks has 
two components, which he called elastic flow and 
pseudoviscous flow. Because the behavior of coal may 
not represent truly elastic deformation, we prefer the 
term pseudoelastic flow. Because small deflections of 
some bars of coal are proportional to time (during that 
part of the creep represented by pseudoviscous flow), 
as is the compression of a viscous cylinder under axial 
load, the deflection of the coal bars is similar to the 
strain of a loaded cylinder-although bars are more 
susceptible to enyironmental changes than are loaded 
cylinders (Griggs, 1939, p. 226-227). Griggs (1939, p. 
228) represented the creep of loaded cylinders as a 
function of time by the equation: 
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S = A'+B (log t)+Ct, 

in which B (log t) represents the elastic flow and Ct, the 
pseudoviscous flow. The term A' in the equation repre­
sents the early part of the deformation of cylinders, 
which he stated (Griggs, 1939, p. 228) to be of no 
importance in long-term tests. 

The deflections of cantilever bars of coal, however, 
can adequately measure the creep characteristics of 
coals if the responses of the bars to environmental 
changes are considered (C. D. Pomeroy, British 
National Coal Board, written commun., 1955). Pom­
eroy used an equation similar to Griggs' for cylinders 
(1939, p. 228) to represent the creep of cantilever 
bars: 

In this equation dis the deflection, and A 1 is a term 
repr~senting the first part of the deflection, before 
pseudoviscous deformation begins; A 1 is determined by 
measuring the point on the vertical axis of the graphs 
at which a horizontal line from the beginning of the 
pseudoelastic portion of the creep curves intersects the 
vertical axis. Also in the equation, t is elapsed time, 
B 1 (log t) generally is the straight-line part of the 
curves plotted on semilogarithmic graphs (figs. 56-60) 
representing the pseudoelastic or nearly recoverable 
portions of the creep deformations when the pseudo­
viscous deformation is very small, and c1t is a term 
representing the slope of the pseudoviscous portions of 
the creep curves (indicating a constant rate of creep) 
when the pseudoelastic strain is very small. The 
equation does not adequately describe the early parts 
of the deformation because the logarithmic part 
approaches minus infinity as time approaches zero 
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FIGURE 53.-Stress-strain curve for triaxial compressive test of coal core from Sunnyside No. 1 Mine, Utah, subjected to 
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corresponds to number of loading cycle. Dots are recorded datum points. Dashed line and queries(??) are projected 
values due to gauge failure. 

(Griggs, 1939, p. 228). Furthermore, the term A1 

(describing the earliest parts of the deformation) is 
difficult to evaluate. We do not agree with Griggs 
(1939, p. 228) and Pomeroy (written commun., 1955) 
that the earliest parts of the deformations are not 
important to the long-term results. When plotted on a 
linear time scale (fig. 55), the deflection of a bar loaded 
with 95 g (3.35 oz) showed a rapid and linear initial 
deflection rate in the first lf2 hour. Between lf2 and 4 
hours the deflection gradually decreased. After the 
first 4 hours, the bar deflected at a uniform rate, 
yielding a nearly straight-line curve, until slightly 
more than 24 hours had elapsed. Thus, the first lf2 hour 
of the deflection curve (fig. 55) may represent initial, 
nearly elastic deformation which gradually decreases 
with an increase in pseudoviscous deformation until 4 
hours have elapsed. After 4 hours elapsed, the bar 
deformed by pseudoviscous creep until 1 day elapsed. 
Neither Griggs nor Pomeroy considered the defor­
mation prior to 1 day's elapsed time. The term A 11 

therefore, probably should include both elastic and 
time-dependent pseudoviscous deformation; the pseu­
doviscous portion increases rapidly near the end of the 
time represented by A1• The B 1 (log t) term in the 
equation also approaches infinity as time approaches 

·infinity, but this is not important to our bar tests 
because of the short lengths of time and because 

environmental changes mask any small late 
deflections. 

The deflection curves we obtained (figs. 56-60) are 
more complex than the ones shown by Griggs (1939) 
and by C. D. Pomeroy (written commun., 1955). Beyond 
an elapsed time of about 1 day, our curves seem to 
represent combined and simultaneous pseudoviscous 
and pseudoelastic deformation (representing the 
B 1 (log t) and c1t terms of the equation). The pro­
portional amounts of each of these terms that describe 
individual deformation curves change with increas­
ingly large amounts of elapsed time. 

Deflections of clamped cantilever bars can be used to 
determine the elastic modulus of the material from 
which the bars are made. The following discussion is 
adapted from Singer (1951, p. 212-213). Let L be the 
length of the beam, H the height, and B the width; total 
weight of the beam is W. Deflection (d) of the beam 
results from the sum of the concentrated load on the 
end of the beam (P) and a distributed load represented 
by the weight of the beam (W). The deflection of the 
beam after loading will then be represented by the 
following equation: 

WL3 PL3 

d=--+--
8 EI 3 EI 
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where 
E is the elastic modulus of the material and I is the 
moment of inertia of the beam. The elastic modulus, 
therefore, can be determined by 

L 3x(3W+BP) 
d=-----

24 d I 

which, for beams with rectangular cross sections, is 
equivalent to 

E = 

where 

(3W±8P)L3 

2dBH3 

B is the width and H is the height of the beam. 
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TABLE 7.-Measured deflections of coal bars and computed moduli of elasticity 
[Analyst: B. K. Barnes. Weight of bars (11.03 g) estimated from average densities of coal (table 1). Pis amount of weight added to end of bar, d0 

is deflection measured immediately after bar was weighted, E0 is elastic modulus computed from initial deflection (d0 ), d2 is deflection after 
2 hours, and E 2 is modulus computed from d2] 

In grams 
(measured) 

85 
85 
95 
95 

105 
115 
115 
125 
125 

135 
135 
145 
155 
155 

165 
165 
175 
175 

p 

In ounces 
(calculated) 

3.0 
3.0 
3.4 
3.4 

3.7 
4.1 
4.1 
4.4 
4.4 

4.8 
4.8 
5.1 
5.5 
5.5 

5.8 
5.8 
6.2 
6.2 

In inches 
(measured) 

0.0096 
.0068 
.0183 
.0111 

.0106 

.0069 

.0326 

.0089 

.0089 

.0106 

.0160 

.0139 

.0334 

.0189 

.0291 

.0135 

.0221 

.0323 

In millimeters 
(calculated) 

0.2438 
.1727 
.4648 
.2819 

.2692 

.1753 

.8280 

.2261 

.2261 
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115 g (4.1 oz) (B and C, dots), plotted against logarithm of time. 
Dashed curves mechanically fitted using French curves, to show 
general trends of deflections. 

All bars used in our tests were of the same size, 
constituting a volume of 8.29 cm3 (0.51 in3

). Using an 
average density of 1.33 g/cm3 (0.05 lb/ft2

), determined 
from table 1, the average weight of the coal bars was 
11.03 g (0.389 oz). Elastic moduli for deformation of 
the bars shown in figures 56-60, calculated from 
equation 1, are shown in table 7. The elastic moduli 
(E0 ) calculated from the deflection that occurred as 
soon as the bars were weighted (d0 ) are close to the 
static secant modulus deteremined for core 10N tested 
in unconfined compression (table 1). The modulus of 
core 10N, however, was more than five times less than 
the modulus of other cores of coal from the Sunnyside 
No. 1 Mine (table 1) and was about three times less 
than the secant modulus determined from the coal 
cores from the Sunnyside No. 3 Mine (table 2) (F. L. 
Gaddy, E. R. Rodriguez, and T. C. Miller, written 
commun., 1959). The elastic modulus determined from 
deflection of the coal bars was about one-tenth the 
moduli Scheibner (1979, p. 24-25) calculated for coal 
from the Sunnyside No. 1. The lower moduli probably 
resulted from the different testing methods used in 
these various reports, but the variations in secant 

moduli for unconfined cores in table 1 suggest that, 
although the moduli are of the same order of mag­
nitude, actual variations exist in the coal. 

Elastic moduli of the coal bars determined from 
deflections measured 2 hours after loading (E2 in table 
7) generally are less than the moduli determined from 
the initial loading (E0 ), probably because the deflection 
after 2 hours is increased by the onset of nonelastic 
deformation; therefore, the measurements include 
both elastic and nonelastic moduli. 

The curves in figures 56-59 in general show an 
initially rapid deflection after being weighted. Fol­
lowing this rapid initial deflection, most curves, for 
example, A in figure 56, show a long, almost linear 
increase in deflection with the logarithm of time (pseu­
doelastic) for the first 8-50 days, followed by nonlinear 
deflection with the logarithm of time. Coal bars with 
the same weights, however, did not always behave 
similarly. Bar B, represented by curve B in figure 56, 
showing almost twice the initial rapid deflection of the 
one represented by bar A, after about 3 days began to 
deform pseudoelastically but at a much increased rate. 
A coal bar weighted with 105 g (A in fig. 57) after about 
3 days of elapsed time showed an almost logarithmic 
decrease in deflection with the logarithm of time. Some 
bars weighted with the same mass, showed as much as 
four times the deflection of others (8 and C in fig. 57). 
Generally, bars weighted with heavy masses (C, D, and 
E in fig. 58 and and C in fig. 59) began to deflect at 
increasingly rapid rates (pseudoviscous deformation?) 
after about 10-30 days. A few bars (A in fig. 57 and B 
in fig. 59) showed little or no increase in deflection with 
time after the initially rapid deformation, probably 
indicating that the coal did not creep markedly. The 
few bars that showed decreasing deflection with time 
may indicate the effects of chemical changes within the 
coal, either as a result of stress or of temperature or 
humidity changes in the laboratory. The nearly cyclic 
variations in deflection (shown by solid lines in figs. 
56-60) at about the same times for different coal bars 
probably result either from environmental changes or 
from accidental disturbances in the laboratory. 

Several bars of coal, after being loaded for several 
days, were unloaded to observe the recovery from 
deflection and also to investigate the behavior of the 
coal upon second loadings. After being weighted with 
85 g (3.0 oz) for 7 days, one bar was completely 
unloaded (A in fig. 60). About one-half of the total 
deflection of this bar was recovere.d immediately; the 
remainder was recovered at a nearly uniform rate until 
about 98.5 days, at which time the bar was closer to 
its original configuration than it had been at the initial 
measurement about 0.27 days after weighting. 
Another bar also weighted with 85 g (3.0 oz) was 
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unloaded at about 10.2 days. Mter rapidly recovering 
about 20 percent of its deflection, this bar was reloaded 
at about 10.8 days; when reloaded, the bar showed no 
further creep (8 in fig. 60). A third bar weighted with 
125 g (4.4 oz) deformed rapidly at first, changing to a 
much slower deformation rate at about 0.3 days. This 
bar was unloaded at 10.1 days and immediately began 
to recover the slow deformation. When reloaded at 
about 10.8 days, after recovering the deformation lost 
during unloading, the coal continued to deform at a 
slightly higher rate than before unloading, changing 
gradually to a slower rate than before unloading (C 
in fig. 60). The deformation of the bar weighted with 
125 g ( 4.4 oz) was nearly the same as the deformation 
of one bar weighted with 85 g (3.0 oz) (8 and C in 
fig. 60), although the bar with 125 g (4.4 oz) defm:med 
at slightly less deflection. 

One coal core (core 4N, table 1) from the Sunnyside 
No. 1 Mine was subjected to three cycles of loading 
during triaxial testing under 6,895-kPa (1,000-lbf/in2

) 

confining stress (fig. 49). In order to test the creep 
response of the coal, loading and unloading rates were 
much slower than those normally used. Although the 
slow loading and unloading rates yielded larger 
hysteresis loops than those of samples tested with 
rapid loading and unloading rates, the resulting stress­
strain curves for this test are not markedly different 
from curves for other samples from the Sunnyside 
No. 1 Mine that were tested normally at higher rates 
and loadings. The test was unsuccessful in yielding 
creep information that could be correlated with the 
tests of deflection of weighted coal bars because the 
amount of hysteresis was very close to the amount of 
hysteresis shown by other samples tested at the same 
confining stress but with normal loading rates (fig. 49). 

CHANGES IN CHEMICAL COMPOSITION 
RElATED TO STRESSES IN COAL 

Triaxial compressive testing of coal cores from Sun­
nyside No.1 and Sunnyside No.3 Mines revealed small 
differences in strengths of cores that failed under the 
same confining stresses (fig. 61). Although these differ­
ences were so small that they might have been the 
results of experimental error, we also considered other 
possibilities. To do this, infrared spectral analyses 
were run on various major megascopic types of coal 
selected from some of the cores in order to measure 
their contents of major organic-chemical constituents. 
Detailed discussions of infrared analytic techniques 
are given by Friedel and Queiser (1956, 1966). Results 
of our analyses indicate either that some of the 
constituents of vitrain are particularly sensitive to 
changes in stress or that the failure strengths of some 

samples are sensitive to variations in chemistry. The 
constituents most related to these variations are the 
amounts of benzene-ring compounds and the amounts 
of kaolin in vi trains of the cores. 

Using infrared spectra, we analyzed vi trains, repre­
sented by points in figure 61, in some of the cores from 
the Sunnyside No.3 Mine. The amplitudes of spectral 
curves (fig. 62), which show the infrared transmittance 
from samples through a range of wavelengths, were 
measured at appropriate points to determine the 
amounts of organic compounds in each vi train sample. 
Lower transmittance on the spectral curves indicates 
higher contents of specific organic-chemical groups. 
Because the amounts of benzene-ring compounds in 
the vitrains appeared to vary in some systematic 
manner, we investigated the amounts of these com­
pounds further. The axial stress at failure, confining 
stress, and transmittance for the wavelength repre­
sented by 1,2-position isomers of benzene-ring com­
pounds were then recalculated so that 172,400-kPa 
(25,000-lbf/in2

) axial stress, 69,000-kPa (10,000-lbf/in2
) 

confining stress, and the transmittance at 13.29x104 A 
(angstroms) were unitized to 100 percent in a pro­
cedure similar to practices common in petrologic calcu­
lations (Alling, 1936, p. 25; Spock, 1962, p. 285-287). 
When plotted in ternary diagrams (fig. 63A), the dis­
tribution of the plotted points can be closely repre­
sented by a curved line, showing that the failure 
stresses partially depend upon the amounts of these 
benzene-ring compounds in the coal. 

We also measured the infrared spectral curves for 
the contents of 1,2,4-position; 1,2,3,4-position; and 1, 
4-position isomers of benzene rings (fig. 63B) and for 
aliphatic hydrocarbons (fig. 63C) in vitrain from the 
same cores from Sunnyside No. 3 Mine. The 1,2,3, 
4-position or 1,4-position isomers of benzene rings 
(wavelength at maximum transmission 12.30x104 A) 
yield results similar to those for the 1,2-position 
isomers of benzene rings, although the spread of the 
points representing higher stress levels is greater. The 
curves fitted by inspection to the plotted points in 
figures 63A and 63B are nearly identical. When plotted 
in a similar ternary diagram (fig. 63C), the results of 
measuring the contents of aliphatic hydrocarbons 
(wavelength 3.45x104 A) showed much more dispersion 
than either of the types of benzene-ring substitutions 
and resulted in a random distribution. A few fusains 
were analyzed for comparison with the vitrain; as 
shown in figures 63B and 63C, these results showed no 
systematic variation. Somewhat similar correlations 
between chemistry and strength of coals have been 
reported previously. Hobbs (1964) found that the yield 
stress of low-rank British coals decreased with increas­
ing volatile content above 34,500-kPa (5,000-lbf/in2

) 

confining stress. 
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FIGURE 60.-Deflection of bars of coal from 
Sunnyside No. 1 Mine plotted against 
logarithm of time. Bar loaded with 85g 
(3.0 oz), unloaded after 7 days (A, dots); bar 
loaded with 85 g (3.0 oz), unloaded during 
lOth day, and reloaded (8, open circles 
about dots); and bar loaded with 125 g 
(4.4 oz), unloaded at 10.1 days, and 
reloaded at 10.8 days (C, open triangles 
about dots). Dashed curves are fitted 
mechanically using French curves, to show 
general trends of deflection. x, x', and x" 
indicate points on curves at unloading and 
onset of deflection to points y, y', andy''. 
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L. J. Fredrickson, Jr. (Spectran Laboratories, oral 
commun., 1960), who did the infrared spectral anal­
yses, thought that kaolinite in the Sunnyside No. 3 
Mine coal showed a consistent variation through the 
samples. The ternary diagram for kaolinite (fig. 64) 
shows little dispersion at low stress levels and 
approximates the curves for benzene rings, but at high 
s·tress levels it shows increasingly greater dispersion of 
the plotted points. Apparently, kaolinite content 
influences the strength of coal only at low confining 
stresses. 

The infrared spectral analyses seem to indicate that 
some organic chemical constituents of coal, principally 
the benzene-ring compounds, are correlated with 
stresses in the coal at failure. Because the organic 
compounds formed during coalification, these com­
pounds are indigenous to the coal. Most of the vari­
ations in amounts of the compounds, therefore, are 
original, but some of the variations may have resulted 
from molecular rearrangement during the compressive 
testing procedures. Kaolinite, in contrast, is a detrital 
component carried into the original coal swamp by 
rivers, and any correlation between kaolinite content 
and strength of the coal may indicate that kaolinite 
influences the mining stress le.vels at which the coal 
fails. Because curves for organic compounds (fig. 63) 
and kaolinite (fig. 64) are similar, the chemical com-· 
position of coal probably affects the strength of the coal 
more than the stress on the coal changes the chemical 
composition of the coal. These results suggest that, by 
using infrared spectral analyses of benzene-ring com­
pounds and kaolinite in combination, the strengths of 
coals in new mining areas might be estimated as an aid 
to design of mining plans. Kaolinite content estimates, 
however, would only be useful at low levels of confining 
stress. 

CONCLUSIONS 

Although the mechanisms producing coal mine 
bumps and related types of failures in underground 
coal mines are complex, the results of the work in the 
Sunnyside coal mining district do permit several con­
clusions. These conclusions may not be generally appli­
cable and might not even apply to mining in the entire 
Sunnyside district because of subtle differences in 
geology as well as differences in mining procedures. 
Some techniques of study and understanding of 
mechanisms of failure that have been identified can be 
used to establish geologic principles and to suggest 

mining practices that may minimize coal mine bumps 
in other coal mining areas: 

1. Bumps are only one facet of mine-opening defor­
mation that results from high stress concen­
tration. If roofs and ribs are strongly supported, 
floors may heave, and the additional stress on 
floors may cause ribs to bump. Partially yield­
able support, however, may relieve abnormal 
stress concentrations and reduce incidence of 
violent deformation. 

2. Mine ribs commonly fail along curving shear 
fractures that increase in dip downward 
(figs. 19, 20, 22). 

3. Many mine roofs and floors fail as results of 
strong components of lateral stress. Such fail­
ures may be followed at later times by violent 
bumps of ribs. 

4. Deformational features in the coal are of both pre­
mine and post-mine ages. 

5. Coal in the Sunnyside Mines is deformed by both 
fracture and creep. 

6. Shatter zones in the mines have both direct and 
indirect relationships to bumps. Mine openings 
oriented at large angles with respect to shatter 
zones are more prone to violent bumps than are 
openings oriented at small angles to shatter 
zones. 

7. Geologic features, such as lithologies of roof rocks, 
orientations of sand grains, ripple marks, and 
trace fossils, and stratigraphy of roofs and 
floors, strongly influence the deformation of 
mine openings, including bumps. 

8. Subsidence of the land surface is a result of 
collapse of roof rocks into mined-out openings. 
The collapse extends upward through as much 
as 680 m (2,220 ft) of overburden which includes 
several thick, competent sandstones. 

9. Stress accumulated as a result of mining tends to 
concentrate along faults and other geologic dis­
continuities. 

10. Triaxial compressive tests of coal indicate that 
the compressive strength of coal increases 
markedly when subjected to lateral (confining) 
stress. Coal from the Sunnyside No. 1 Mine is 
slightly stronger than coal from the Sunnyside 
No.3 Mine, which may account for the greater 
number of violent bumps in the No. 1 Mine. 

11. The failure strengths of coal samples at low levels 
of confining stress are affected by small 
amounts of kaolinite contained in vitrain. The 
contents of benzene-ring compounds apparently 
can be correlated with failure strengths. 
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