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The Effect of Humidity on the
Compliances of Coal Mine Shales

The transversely isotropic compliance characteristic of three United States
coal mine shales is investigated. Tests on specimens stabilized at 0, 48 and
100 per cent relative humidity show not only a change of strength with
humidity but a change in observed compliances as well. Young’'s moduli values
obtained for ‘dry specimens were on the order of two or three times that
of the ‘wet’ specimens. This has important implications for any computer
modeling program using these types of shale.

INTRODUCTION

§ structural analyses of mining operations become
jore and more sophisticated by computer modeling.
good estimates of the mechanical behavior of various

lion appears to be quite deficient for some rocks in

0al mine shales, the most common rock type immedi-
~ately overlying coal. Since roof falls account for greater
han 50 per cent of coal mine fatalities, a more detailed
inderstanding of the mechanical behavior of coal mine
hales is certainly warranted, especially that exhibited
i..ﬂi" the varying humidity conditions experienced In
toal mines. These humidity fluctuations are evidenced
¥ moisture condensation on the rock during the sum-
ner and drying-out of the rock during the winter due
0 temperature differentials. Hence the purpose of this
Japer 1s to investigate coal mine shale compliances and
the effect of humidity on them.

The bedded nature of shales generally suggests that
ey may exhibit rotational symmetry in their mechani-
al properties, and they are consequently usually
podeled as transversely isotropic (characterized by five
ndependent elastic constants) in their elastic behavior.

Apparently, the only published data on the compliances
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TABLE 1. ELASTIC DATA FOR SHALES

Compliances*

( 107% o/ h

Source

— P— — —

28.4 33.7 - 4.3 6.1 Chenevert and
6.4 Gatlin (1965)

30.2 41.4 - 5.4 6.3 Chenevert and
5.4 Gatlin (1965)

* 1 Mﬂlmz = 145 psi = 10 bars

ock types are necessary. Unfortunately, this informa-

i¢ literature. This deficiency is particularly evident for

of shale to any degree of detail is that given by Chene-
vert and Gatlin [3]. It is reproduced in Table 1 below,
using the “3’ direction as perpendicular to bedding (see
Appendix A for a review of the form of the transversely
isotropic compliance matrix and conventions used In
this paper).

No independent shear moduli (S,4) values seem to
have been determined for shales. Other published data
on shales (e.g. [2]) do not give direction values.

The effect of moisture on rock compliances has been
somewhat investigated, but not with reference to direc-
tional properties. Shale-like rocks appear to have the
greatest change of compliance with moisture, as
observed from the Youngs moduli tabulated [rom
various sources in Table 2.

Hence it appears that few details are known about
the effect of moisture on coal mine shale compliances
and is a subject worthy of further study.

MATERIAL DESCRIPTION

Samples from three Appalachian coal mines were
selected for this study:

(1) a massive-appearing roof shale from the Beatrice
Mine of Island Creek Coal Co., Keen Mountain, VA:

(2) a well laminated roof shale from the Matthew
Mine of Consolidation Coal Co., Middlesboro, KY:
and

(3) a blocky ﬂbor shale from the Armco Mine of
Armco Steel Corp., Mountcoal, West VA.

TABLE 2. COMPARISON OF WET VERSUS DRY YOUNG'S MODULI FOR CER-

TAIN ROCKS
Young's

Rock Modulus

Type Wet/Dry Source
dolerite .97 wiid (1970)
quartzitic sandstone .75
sandstone ' .84
sandstone ol Nishihara (1957)
silty shale .43 Hermann et al
arenaceous sh % ; (1937)
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These samples were collected from actual strata fail-
ures by Dr. T. C. Shelton of the Virginia Polytechnic
Institute as part of a U.S. Bureau of Mines shale pro-
curement program. The samples were enclosed in plas-
tic bags, placed in 55-gal drums, and shipped to the
Twin Cities Mining Research Center, U.S. Bureau of
Mines, Twin Cities, MN.

Detailed descriptions of the geologic properties of
each rock type sampled are given elsewhere [12]. All
three had predominantly illite, quartz, and chlorite as
the major minerals (some kaolinite was found in the
Matthews shale); the vacuum dried porosity was
between 1-3 per cent; and the permeabilities observed
were low to nil over short period of time (a few hours).
In addition, preferred mineral orientation by X-ray dif-
fraction on disks [1,6] and acoustic velocity stereonets
of spheres [9] indicated that indeed there was preferred
mineral and acoustic velocity orientation and that the
largest divergence of values occurred between poles in
the bedding plane and perpendicular to it. A typical
acoustic velocity stereonet of Beatrice shale i1s shown
in Fig. 1. It 1s assumed for the purposes of this paper
that the material is transversely 1sotropic, even though
there were indications that the Matthews shale in par-
ticular might, in fact, be nearer to orthotropic. There
are few applications where this distinction would be
of great concern.

SAMPLE PREPARATION
AND HUMIDITY CONTROL

The bedding configuration of a sample block was
determined and prisms were cut in the direction desired
using wire and circular saws, The specimens were kept
small in size (on the order of 2-5 cm dia by 5 cm long)
to facilitate moisture conditioning. The specimen sur-
faces were ground flat and parallel to within + 0-0025
cm longitudinally and +0:01 cm laterally. Slabbing was
especially severe in Matthews, which was the reason
prisms were made originally (it was thought that the
wire and circular saws would minimize slabbing as

X

Fig. 1. Beatrice pulse velocity stereonet (km/sec).
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Fig. 2. Weight change with time for Beatrice shale.

opposed to coring, but 1t generally did not make a
great deal of difference in number of successful
attempts). A 50 per cent success rate in Matthews and
higher rates in the other shale types were obtained n
sample preparation. Water was used in all processes.
but because of the short exposure time, it should not
have appreciably affected the samples (some samples
were made without water cooling, but this only over-
heated the bits and yielded no increase in success rate).

Before testing, samples were placed in desiccators
stabilized at approximately 0, 48 and 100 per cent rela-
tive humidity. These humidities were attained by using
a drying desiccant and saturated salt solutions [11].
Since these rocks were quite nonporous and imper-
meable, time for moisture stabilization (defined as no
appreciable weight change in a week or two) from one
humidity to another was expected to be quite long,
which in fact was found to be the case. Samples to
be monitored for water absorption were first placed
in a desiccator maintained at 48 per cent relative humi-
dity as a base (since the samples had been exposed
to wet—dry cycling already, there was no way of deter-
mining the original moisture condition). This stabiliza- 3
tion generally required about one month. The samples
were then transferred to the other desiccators and taken
out for periodic weighings. The samples were disturbed
as little as possible in order to maintain the humidity.
desired, and the weighings were done as quickly as
possible (about 1-5 min), after which the samples were
returned to the desiccators. "

Figure 2 presents the moisture contents versus timg
history for intact Beatrice shale prisms when taken
from 48 per cent humidity to 0 and 100 per cent. There
is more scatter in the readings at 100 per cent humidity,
probably due to water collection on the surface of the
specimen with subsequent evaporation before and dur-
ing weighing. The curves indicate that the moisture had
not completely stabilized even after 30 weeks, but given
the finite time involved in this study, it was decided
to stabilize specimens at least 6 weeks before testing
and preferably longer. Stabilization times for the
Matthews and Armco shales were similar.

EXPERIMENTAL TECHNIQUE

The transversely isotropic compliance matrix wa
determined by testing the rock in the three independen
orientations shown in Fig. 3.
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'Fig. 3. Test configurations used to determine compliance values, with
load vs bedding orientation noted.

. Longitudinal and lateral deformations were moni-
pred; the average engineering elastic ‘constants’ as
‘defined in Appendix A were computed and used to
gompute S;;. S5, S33. and S, ;.

- However, the computation of S,,, the independent
shear compliance, was somewhat more complicated.
“The particular test orientation used for that compu-
fation was that shown in Fig. 3(b). Since load was not
applied along a major compliance axis, a platen—rock
shear force T would be expected to develop in addition
10 the normal stress ¢ which should be related to the
“observed strains in the following manner:

3

elungiludilml = Sl 1 O + Slﬁr

€lateral = 9130 + SEhT (1)

where the primed compliances are the transformed
values.

~ Substituting the relationship between transformed
: and princip_alﬁ cﬁompliances at direction cosines m and
' 114] and dividing by the normal stress,

it}ni‘ ;| D | F, g,
Iﬁi‘ = [m?*S,; + 2m*1%S,5 + [*S33 + m*1%2S,,]
+ [=2021S,; + 2(m°l — ml>)S;3 + 2ml>S;
“ 3 3 1 ¢ |
+ (”] | — ”f[ )S44J — = — (2)
o Lk
Gu 7192 , 212¢C
-lo_'—' = [m*1°S;; + (m* + 1%)S;3 + m*1*S;;

— m*1°S44] + [—2ml°>S,,
+ 2(ml>® — n’1)S 3 + 2m’1S;4

4 (ml® — m>1)S44] . 1— (3)
o E

these equations are greatly simplified for the case indi-

ated in Fig. 3(b) since the 45-degree load vs bedding

Bfientation was used. Using the direction cosine for

.-degrees and subtracting (3) from (2), the relation
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Fig. 4. 2000 kN Capacity testing equipment.

Hence S,4 1s a simple calculation for this particular
orientation, but if orientations other than 45 degrees
are used, 1t becomes much more complex as seen by
equations (2) and (3).

To collect the required data, a 2000 kN MTS hyd-
raulic servo-controlled testing machine was used for
applying loads to the specimens. This unit 1s shown
in Fig. 4. The loads were monitored with load cells
placed immediately above the machine platens.

Longitudinal deformations were monitored with the
LVDT’s (linear variable differential transformers)
shown in Fig. 4, while lateral deformations were moni-
tored with DCDT’s (direct current differential trans-
formers) as shown in Fig. 5. These devices were chosen
rather than strain gauges because of their simplicity
in setting up and their ability to monitor after detect-
able sample cracking.

Fig. 5. DCDT lateral monitors.
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Fig. 6. Typical Beatrice load-deformation curves, with load vs bedding orientation noted.

Two systems were used for data output: a Vidar data
punch machine and two Hewlett-Packard x-y—y
recorders. These systems recorded the raw data. to
which the proper calibration factors and platen defor-
mation corrections were applied.

All testing was designed so that peak load was
reached in approximately 10 min. This allowed enough
time for “quasi-static” tests while minimizing moisture
changes during testing. Specimens were placed between

TABLE 3. BEATRICE SHALE ELASTIC CONSTANTS OBSERVED

Orientation

steel platens of the same cross section for testing. !
spherical seats were used, since they tended to rotaté
once fracturing began, hence decreasing test ‘control
after the peak load was reached. A constant specimeg
lateral deformation rate was programmed, again allo
ing for greater ‘control’ after peak load was ur.:

I
r
l

RESULTS

Typical load-deformation curves for the Beatrigés
shale are given in Fig. 6. Those for Matthews and"
Armco were similar in nature, although not all thres
humidities were represented 1In  the 45-deg 4
orientation. Note how the curves show decreasmg
ticity and peak load with increasing humidity. °

TABLE 4. MATTHEWS SHALE ELASTIC CONSTANTS OBSERVED

Humidity of load  E(103 MN/m?) v, vy, 0 v,
to bedding
0 pct / 56.6 . 164 - 574
/ (9.2) (.024) (.507)
N=14 N=L N=4
45° 38.0 142 .264 -
(6.8) (.011) (.035)
N=4 N=4 N=4
._l_. 31.6 112 . 3
(3.5) (.040)
N=6 N=12
48 pct 40.8 . 047 - Lok
/] (2.7)  (.006) (-090)
N=4 N=4
L5° 31.3 174 340 -
(3.M (.017) (.023)
N=4 N=4 N=4
I 29.9 195 - =
(1.4) (.034)
N=4 N=8
100 pct 21.8 .016 - 1.89
// (6.4)  (.087) (1.9)
N=6 N=6 N=6
45° 9.6 .09 1.3 -
(2.3) (.13) (1.3)
N=2 N=2 N=2
12.8 416 - -
(2.1) (.079)
N= N=8

Orientation

Humidity of load E(10% MN/m?) Y, Uy, 50
to bedding
0 pct 39.5 .027 .
(4.5) (.028)
/9/ N=L N=L4
‘_l_ 23.3 121 .
N=] N=2
// 34.0 .065 -
// (5.2) (.021)
N=6 N=6
48 pct 45° 21.4 .040 161
(6.4) (.0kk) (.034)
N=4 N=4 N=l
23.8 . 184 -
._l_ (0.7) (.013)
N=3 N=6
100 pct 16.2 .087 -
(2.7) (.040)
// e (o




TABLE 5. ARMCO SHALE ELASTIC CONSTANTS OBSERVED AVERAGE OF
TWO SAMPLES

ciects o Humidity on Coal Mine Shales

Orientation
Humidity of load E(103 Mi/m2) Vyo Y
to bedding
0 pct /] 38.0 .018 - .082

45° 32.0 .029  .104 -
5 29.5 A52 - -
/] 35.5 261 - 248
50 21.1 020 .116 =
1 29.0 202 - -
/] 344 314 - 497
459 16.2 .100  .264 -
1 14.9 3 - -

duse of peak load reduction is interesting in itsell,
fequiring further investigations than shown here, and
will be the subject of another paper. The elastic ‘con-
stants’ were compiled for curves such as these by aver-
aging secant values between 5SkN and one-half peak
Joad. The results of these computations are given in
fables 3, 4 and S for the three shale types. In those
ables, the subscript on Poisson’s ratio i1s the direction
pnitored in relation to bedding (see Appendix A),
¢h value in parentheses is one standard deviation,
id N 1s the number of tests for each data point. The
':-;?1 deviations for the Armco results (Table 5)
gre not computed, since only two values were
iained for each point. As mentioned earlier, further
amputations can be made to convert these results to

impliances, which was done for the Beatrice and
fatthews shales (Table 6).

DISCUSSION AND CONCLUSION

* The results in Table 6 indicate one clear trend: an
erease in compliance with increased moisture (1.e. a
crease in Young's modulus E and an increase in Pois-
on's ratio v). The load-deformation curves presented
irlier (Fig. 6) also indicate this trend. The change in
impliances from 0 to 48 per cent humidity was much
%5 marked than from 48 to 100 per cent humidity.
ais was especially evident for S35, but there 1s one
itable exception to this, §,, for the Beatrice shale.
- Table 3 shows very high standard deviation for v, ,
st probably due to the premature cracking often
bserved when loaded parallel to bedding. It was
geause of this consideration that S,; was used in
able 6 instead of S;;. If an unusually large v, | was
ted, one would expect a small v |, since the material
@s no longer continuous. In addition, this was the
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direction in which an unexpected observation was
made: that of lateral contraction initially, with expan-
sion at higher loads (one would expect all contraction
or expansion in the elastic zone). This phenomenon was
noted quite early in the testing program and is dis-
cussed elsewhere [ 12]. Because of this premature crack-
ing and 1nitial contraction, it 1s not too surprising
that this particular compliance does not agree with the
others in trends observed.

This study does show that moisture affects the com-
pliances observed (those taken directly from the load-
deformation curves), and the logical reason for this is
the loss of grain to grain contact area and an increase
or decrease of capillary tension between grains (due
to the encroachment of water 1n the pores).

It is quite interesting to note in Table 6 how rapidly
S35 rises at 100 per cent humidity while the rise of
Sy, seems to be a bit more gradual. This i1s probably
due to mineral grain orientation effects (i.e. somewhat
like the difference between adding water between a
deck of cards and then compressing a stack of cards
perpendicular and parallel to the cards and comparing
the results with a deck without water).

Practically speaking, this change of compliance with
moisture could have a profound effect on a coal mine
roof, for incoming air tends to condense on the mine
rock as it i1s cooled in the summer and dry out the
mine rock as it 1s heated in the winter. In addition,
this wet-dry cyclic change 1s aggravated by the use of
water for dust suppression at the face. If moisture is
absorbed into the roof shale, the roof will tend to relax
due to its lower elasticity, but this may be compensated
by the tendency to swell with greater moisture content.
However, if moisture 1s desorbed from the roof shale,
the roof will tend to contract due both to increased
elasticity and the natural contraction of shale as it dries

TABLE 6. COMPLIANCES OBSERVED [10™ ®(MN/m?) ']

| BEATRICE MATTHEWS
0 pct 48 pct 100 pct| O pct 48 pct 100 pct
_I_ +
S11 18. 25, 46. 25. 29. 62.
(3.) (2.) (14.) ( 3.) (4.) (10.)
N=4 N=4 N=6 N=4 N=6 N=6
533 32. 33- 78- hBh 1!2: 95-
(3.) (1) (13) (1)
N=6 N=4 N=4 N=1 N=3 N=1
Sy2 - 3. - 1. - 1. -1. - 2. - 5,
(1.) (1.) ( 4.) (1.) (1.) (2.)
N=4 N=4 N=L4 N=14 N=6 N=6
1
Sya - 4, - 7. - 32. -5. - 8, - 37,
(1.) (1.) (8.) (1.)
N=12 N=8 N=8 N=2 N=6 N=2
s“2 67. 86. 468. - 108, -
(8,) (6.) (264.) (29.)
I N=4 N=4 N=2 N=4

ITheoretically, S13 = S31, but from the data obtained, S;3
appeared more reliable, and in most cases S3; was within
any reasonable experimental error. Consequently, S13 was used.

2Suu was computed from the 45° tests as indicated in the text.



340

out. This contraction will often be great enough to
break the shale in tension.

In addition, roof shale 1s often interrupted by foreign
structures such as kettle bottoms, horsebacks, or other
discontinuities, making the problems even more severe.
In order to determine the exact influence of humidity
changes in a particular mine, field data i1s needed and
1s the next logical step to this study.
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APPENDIX A

The most general expression for the linear elastic strain-stress rela-
tionship 1s the following:

(A-1)

where
€ = infinitesimal strain.
S = compliance, and
g = stress

as defined in the usual manner (see e.g. [6]). For a transversely iso-
tropic material (hexagonal symmetry), the compliance matrix 1s
reduced to 5 independent compliances. If one chooses axes parallel
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132,414

I, %,

Fig. Al. Relation of bedding to x. y, = axes.

to the principal strain axes, the [S] matrix would appear as follows:

S|[ Sll SIJ “ () D h |
Si2 & §3 O 0 0 :
, Si3 Si3 S;3 00 0 |
"Slt'.lﬁ. — | e % -’ l
544
S-M-
— 2(5” o Slz)_

using the directional notation as shown in Fig. Al.
Within this framework the compliance matrix can be expresse
In terms of ‘enginecring elastic constants’ as follows:

Lt e 0 0
Eq L E:
il l M 0 0
E|[ 1:|| ’;:]_ ‘
V| Vi |
Su.is — = ——— = ’f*“ — 0 0 0
* E E E
() () 0 l 0 0
Gy
|
0 () 0 () - — ()
G,
2 I .\ !
0 0 0 0 0o T4l
g E,
where
E | = Young's modulus in the x—y plane,

E, = Young's modulus perpendicular to the x—y plan

' = Poisson’sratio in the x—y plane due to a forceap

in the same plane, f

Poisson’s ratio perpendicular to the x-y plang

to a force applied in the x-y plane, '

v, = Poisson’s ratio in the x-y plane due to a §

applied perpendicular to it,

(¢, , = G, = shear constant between the x—y plane and any’
plane perpendicular to it.

These definitions are perhaps clearer in reference to Fig A

addition, since

i

|

Vi

1'”_1 \'Ll|

EL B
these six constants defined above reduce to five independent valu
number required for a transversely isotropic matenal.

ZIEL'ﬂ")

Fig. 2. Relation of bedding to elastic constants.





