HOKKAIDO UNIVERSITY

Title On the Triaxial Compression Test of Coal and other Specimens in Which High Pressure Gas is
Involved

Author (s) Ujihira, Masuyuki; Higuchi, Kiyoshi; Mizuma, Hideki

Citation BB RBETERMERS, 128, 41-50

Issue Date 1985-10-31

Doc URL https://hdl. handle.net/2115/41955
Type departmental bulletin paper
File Information 128 41-50. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




AL A LA JE R Bulletin of the Faculty of Engineering,
%128 5 (AEFI 60 4F) Hokkaido University. No.128 (1985)
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Abstract

In general, where the differential stress o0,-03 has a large value in a coal seam at the back
of an underground working face, such a portion may readily be susceptible to failure by rock
pressure.

When such a part of the coal seam contains high pressure gas in its pores and fissures,
the coal seam fracturing may be affected not only by rock pressure but also by gas pressure.
To examine the gas pressure influence to the failure stress of coals or mortar, triaxial
compression tests of them to which gas pressure was applied to pores and fissures were
conducted.

It was found experimentally that when the pore gas pressure was raised under constant
confining pressure, the strength (failure stress) decreased reversely as well as in the case
when pore pressure was applied by water. These results mean that, in underground drift
driving, the higher the coal seam gas pressure becomes the more the coal seam or rock
becomes susceptible to failure under the same rock pressure condition.

1. Introduction

The objective of the experimental study G 4
described in this paper was to determine
whether the coals or other mortar materials
retaining high pressure gas in their pores and
fissures might have a lower strength than
those having no pore pressure in the triaxial
compression test. As shown in Figure 1, if
the pore gas pressure of the material P, is
raised in the triaxial stress state, Mohr's
circle [II might move to the position of Mohr’
s circle II following to the Law of Effective

Stress as recognized in soil mechanics, the

latter circle might touch or cross the enve- Figurel  Schema for explaining the Law of

lope and the material might rupture”. Here, Effective Stress
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42 M. Usnira, K. Hicucur and H. Mizuma

Mohr’s parabolic envelope is assumed as a failure criterion.

Conventionally, triaxial compression tests to which pore water pressure was applied has
been conducted®¥?. Because, when the problems of coal and gas outbursts etc are studied,
pore fluid pressure should be given by gas, thus the authors carried out triaxial compression
test applying pore pressure by gas and attempted to confirm the aforesaid effect of pore gas
pressure against compressive strength of coals.

2. Material studied

Size and mechanical characteristics of three dissimilar coals and one kind of mortar are
given in Table 1. The average length of coal test pieces was 50 mm and the average
diameter of those was 30 mm¢. Average size of mortar test pieces was 96.3x50.0 mm .
Each test piece was previously dried for at least one month under natural room humidity and
temperature conditions.

Table 1. Mechanical properties of employed materials

COAL-POWDER  COAL COAL COAL
MORTAR (TAIHEIYO) (HORONAI} (SORACHI}

size (mm) 96.3%50.0¢ 48.4%30.0¢ 50.6X30.0¢ 50.2%30.0¢
gfr’g‘ggﬁs‘(‘{fg/cmz) 120.4 290.9 140.3 139.5
tensile

strength (kg/cmz) 5.20 9.37 13.5 5.42
porosity (%) 2.4 1.1 12.4 9.7
specific weight 1.46 1.20 1.22 1.21
pw(;]e}‘;gg 2.00X10°  LO2X10° 1.90X10°  1.39X10°
s.w. velocity

2 2
(m/sec) 9,58 X 10? 7.16X10° 9.61X10 8.39X10

3. Experimental procedure

For the triaxial compression tests, the apparatus shown in Figure 2 was used. Instead
of oil, the confining pressure was applied by nitrogen gas. Pore gas pressure was applied
from another N, gas bomb through a copper tube and steel made bottom end-piece. Both the
load and axial displacement were detected by loadcell and dialgauge respectively and they
were recorded by a X-Y recorder, then a stress-strain curve was drawn.

Correctly shaped test piece was slightly coated by an adhesive agent to its surface, rolled
fast by a vinyl tape and sandwiched between the upper and bottom end-pieces. Then the test
piece and two end-pieces were rolled together on their surface again by vinyl tape and pasted
by silicon grease heavily. The end-pieces had ten grooves of which depth and pitch were 1
mm respectively. These treatments prevented gas leakage from the vessel to the inner part
of the test piece. After a test piece was set in the vessel, platen of compression testing
machine was contacted softly on the piston for loading, then the confining pressure P, was
given. Gas leakage from the vessel to the inner part of the test piece through coating was
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examined by a gas pressure meter attached
Finally, the
pore gas pressure P, was applied and the

to the pore gas flow circuit.

compression test was carried out.

Here, a numerical calculation was con-
ducted to evaluate the amount of time re-
quired for attaining gas pressure equilibrium
in the entire interior parts of the test piece.
For calculation, measured gas permeability
of Taiheiyo coal K=5x%10"° darcy was used.
The result of the calculation shows that, at
all gas pressure levels, the gas pressure equi-
librium could be attained only within 10 sec-
onds (Figure 3). For practical purposes the
triaxial compression test was conducted after
one hour pore gas pressurization. The rate
of strain & was controlled to 590 X 10~%/sec.
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4. Experimental resulfs

4-1 Natures of fracture

Figure 4, 5, 6 and 7 show the stress-strain curves of Taiheiyo coal, Sorachi coal, Horonai

coal and mortar respectively.

These figures show when the types of material were dissimilar, and the nature of

fracture was also different among them as follows.

(1)
fracture from (Figure 4).
coal showed only brittle type fracture.
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Figure 6 Stress-Strain curve of Horonai coal

Taiheiyo coal which has no danger for coal and gas outbursts showed a typical brittle
In every pressure range (P.=40 K Pc =40 Kg/cm?, Fp =0—40 Kg/cm?), this

Figure 4 Stress-Strain curve of Taiheiyo coal
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(2) Sorachi coal which was sampled from an outburst prone seam has stress-strain curves
for ductile or transitional fracture (Figure 5). Inthis case, when the pore gas pressure P, was
0, it appeared ductile fracturing behavior.

When the pore pressure was set in the range of more than 25 Kg/cm? the fracturing
behavior changed from ductile to transitional fracture form.

(3) Horonai coal which is not an outburst prone coal has stress-strain curves for transi-
tional type fracture. Regardless of the pressure level of pore gas, only transitional type
fractures occurred (Figure 6).

(4) Soft mortar has stress-strain curves for ductile or transitional fracture (Figure 7).

Until the pore gas pressure P, was lower than 10 Kg/cm? fracturing behavior was
ductile. When the pressure P, was increased to more than 10 Kg/cm? stepwise, the frac-
turing behavior changed gradually to transitional fracture.

As mentioned above, it can be said that when the pore gas pressure is applied to weak
materials, the fracturing behavior is tends to change from ductile to brittle type fractures.

4-2 Relation between pore gas pressure and compressive strength

In every test, confining pressure was set as constant (P.=40 Kg/cm?®) and only pore gas
pressure was changed.

Table 2 shows the results of triaxial test of Taiheiyo coal. Taiheiyo coal was hard ;
average uniaxial strength was 290.8 Kg/cm?, average tensile strength was 9.4 Kg/cm? and
porosity was 11.1 4. The relation between o35 (=P.— P,) and failure stress of (=01—PF,) is
shown in Figure 8. The strength when ¢3=0 was about 1/3 of the strength at ¢3=40 Kg/
cm? as compared with the most far apart values in Table 2. The triaxial strength when 5=
0 was almost equal to the uniaxial compressive strength that was marked with white circles
in Figure 8.

Table 3 shows the triaxial compressive strength of Sorachi coal. The average uniaxial
strength of the coal was 139.5 Kg/cm? the average tensile strength was 5.4 Kg/cm? and
porosity was 9.7 9. Figure 9 shows the relation between o3 and of. The same as in the
case of Taiheiyo coal, when the pore gas pressure was increased under the constant confining
condition P,=40 Kg/cm? triaxial compressive strength clearly decreased.

Table 4 shows the results of triaxial compression test of Horonai coal. Uniaxial
compressive strength of Horonai coal was lower than that of Taiheiyo coal and higher than
that of Sorachi coal.

The average uniaxial compressive strength was 140.3 Kg/cm? the average tensile
strength was 13.5 Kg/cm? and the porosity was 12.4 95. Figure 10 shows the relation between
o3 and of. The same as in the case of Taiheiyo and Sorachi coals, when the pore gas
pressure was increased stepwise, the triaxial compressive strength decreased conversely.

The triaxial compressive strength when o5=0 was about 10/97 of the strength at ¢5=40
Kg/cm? as compared to the most far apart values in Table 4. The influence of the pore gas
pressure was clearly confirmed. As mentioned in the above 2 examples, the triaxial strength
at ¢3=0 was similar to the uniaxial strength as plotted by white circles in Figure 10.
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Table 2. Results of triaxial compresion test of Taiheiyo

coal °
No.| P P, of{(P—Py) of rg%‘é‘&%uss( x10"| comment 300— | — o
110 40 o 287 1.69 (*9¢r2) ) :
) Sc=290.8 o
21040 40 0 201 1.78 700~ | —
3140 40 0 389 1.69 St= 9.37 °
el 2 8 29 - . °
: kg/cm? 600~ | — °
5140 32 8 442 2.89 . o
61 40 30 10 331 1.21 o ° °
7140 30 10 340 1.73 500— 1 — ° ° e g
81 40 30 10 4T 2.2 0o
o
9| 40 30 10 571 3.05 % 400— | —
4 . . . < e ©
0} 42 30 12 520 Q T :
11 40 26 14 325 1.31 °
300—% — § ° o &
12138 20 18 540
13040 20 20 372 264 Y
14140 20 20 504 2.60 200— | — R
15 40 15 25 303 e
16140 15 25 388  3.08 100— | —
17140 15 2% 625 3.29
181 40 11 29 574 2.02
19 40 10 30 501 2.47 0 ' ! ’ '
201 40 10 30 5% ;'1 0 1o 20 30 “0
2 4 bl 2.5 ka
X 2
21| 40 10 30 594  1.75 03 (*Hrrt)
220 40 10 30 784 3.12
230 41 10 31 669  3.10 . L
24 | 40 6 34 489 5 55 Figure 8 Relation between o# and o} of Taiheiyo coal
251 40 5 35 727 2.67
26 40 5 35 87  3.24
27| 40 0 40 427 3.02
281 40 0 40 481  2.80
29| 40 0 40 489
30| 40 0 4 753 2.51
31 40 0 40 799 3.06
300 — | —
(kg/cmz) o
L]
250 — | —
Table 3. Results of triaxial compression test of Sorachi . 200 — | — ° o
coal 0’ e
No.| Pe Py oi(P.—~Pp) of zggﬁ%uss(xl()‘) comment 150 — | — .
1] 40 40 0 68  0.63
Sc=139.5 100 — | —
2140 32 8 1% 1.69
3140 25 15 18  0.76 St= 5.42
4] 40 15 25 199 1.64 50 — | —
T kg/em?
5140 9 3 197 1.14
6|40 5 35 230  2.42
7140 0 40 260  1.20 0 ! ! ' '
: 0 10 20 30 40ks/end)

*

o2

Figure 9 Relation between o3 and o} of Sorachi coal
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Table 4. Results of triaxial compression test of Horonai

coal
N « « Young's B 700 — -
0| Pe Py of{Pe—Py) of [0 S(X10%) comment (kg/cm?) o
11 40 40 0 70 0.90 Se=140.3 600 — | —
2| 40 40 0 139 0.78
3| 40 36 4 150 1.38 St= 13.5 500 — | — . °
4] 40 35 5 111 1.34 . ) °
¥ kg/em
51 40 32 8 199 2.03 °
6140 30 10 180 1.3 6 400 = —
70 40 25 15 175 1.53 8 g,
81 40 20 20 216 1.62 300 — | — e
9140 20 20 209  2.15 o
101 4 20 20 340 2.35 200 — | — o °
1] 40 20 20 343 1.80 . ° o
1240 15 25 250 1.66
B3] 40 15 25 461 3.38 100 —{ — 1| °
14 40 12 28 331 1.87
15| 40 12 28 342 2.36 0 i T T T T
16| 40 10 30 271 1.40 0 10 20 30 40 (kg/cn?)
1740 10 30 336 1.8 o,
18 | 40 8 32 252 1.61
19| 40 8 32 320 1.65 Figure 10  Relation betveen of and of of Horonai coal
20 | 40 7 33 649 3.45
21 | 40 5 3 489 2.86 o )
99 10 ' 16 433 2 45 Table 5. Results of triaxial compression test of mortar
23040 0 40 496 2.50 No.| Pe P» oiP—P» of YO8 (x10%) comment
24 | 40 0 40 521 2.29 modulus
25 | 40 0 40 678 3.40 1] 40 40 0 108 1.84 Se=120.4
21 40 40 0 108 1.85
3] 40 40 0 129 2.32 St= 5.20
o R
k 5 Y. .
(% N 640 35 5 151  2.50
300 - | — ° * 71 41 34 7 166 1.63
° 8] 40 30 10 207 2.48
° o, ° o 91 40 27 13 210 2.75
10| 40 26 14 189 2.68
o .' 1] 44 30 U4 216 2.93
200 — | — ° . 121 40 24 16 181 2.45
" ° 13 40 22 18 208 3.01
6 .o o 14| 40 22 18 271 3.47
4 1 15 40 20 20 223 2.47
4 e é»«—-pc 16 40 13 27 263
100 =% — P 17140 10 30 258  2.47
e, e 18 | 40 5 35 262
19 | 40 5 35 309 2.14
20 | 40 4 36 288
21 | 40 0 40 258
0 T T T T T
0 10 20 30 40 22 | 40 0 40 271 2.87
03x ( k%mz) 23 | 40 0 40 324 3.08
24 | 40 0 40 326
25 | 45 0 45 313 2.96
Figure11  Relation between ¢ and o} of mortar G 0 % 319 3.26
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Table 5 shows the experimental results of mortar. The average uniaxial compressive
strength of mortar was 120.4 Kg/cm? its average tensile strength was 52 Kg/cm? and
porosity was 22.4 9%. Figure 11 shows the relation between ¢ and of When the pore gas
pressure was increased, the strength of the mortar decreased distinctly. The ratio of the
strength at ¢§=0 against that at ¢¥=40 Kg/cm? was about 1/3 compared with the most far
apart values in Table 5. When ¢¥=0, triaxial compressive strength was nearly equal to the
uniaxial compressive strength.

It was experimentally confirmed that if the pore gas pressure was applied to the coals
in the triaxial compression test under the constant confining pressure condition, failure stress
o7 decreased definitely and of when ¢f=0 became almost equal to the uniaxial compressive
strength.

5. Consideration of experimental results

Up to here, it was described provisionally that o= P.—F,. More correctly, o3 should be

written as
oi=P.—ab, 0=axl) (n

where, a is the coefficient of pore pressure effectiveness (refer to Figure 12).
The value of & could be decided in the following manner.
With reference to Figure 13, failure criterion is decided as

?P=mTy(To—0) (2)

where, m : Constant given both from uniaxial compressive strength and tensile strength.
T, . Tensile strength.

r=nT (T, —0)

h

T, 7
/
/
/I
/e

Figure 12  Effectiveness of pore pressure Figure 13  Parabolic envelope for failure criterion
Stress state of material could be given
2 J— 2

(o= ) =(25%) @

Eq. (3) could be rewritten

2+ {c—hy=1," (4)
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provided that
01— 03 01+ 03

5 = T, _-f =}
To derive the failure conditions under triaxial stresses, from Egs. (2) and (4) we get
(e~ hP+m T(Ty—0)=Tm (5)

From Eq. (5), equal root condition for & can be given

et Tohotm( - =1) T8 = 0 ()
Eq. (6) can be rewritten
01— 03 \? <m+03 <_ﬁ¢__ 2
<——-~—2 > +m7To — 5 >+m 1 1>T = (7)

Solving Eq. (7) for oy, it follows that
al:H(ag—mTo)i{<mT0>2~4mToaa—m(m—4>Tg}m] (®)

Eq. (8) shows that if the equation of Mohr envelope for failure criterion is decided and the
confining pressure o; is given, the axial stress ¢, for failure without pore gas pressure can be
evaluated.
In the case where pore gas pressure is applied, the failure condition follows that
0?‘:‘%—[{(PC—Q'P,,)—mTo}i{(mTo)z—éi(mTo)(Pc“"aPp)‘WL(m—4)Toz}l/z] (9)
When ;=0 in Eq. (8), it means that uniaxial compression test is conducted. Then Eq.
(8) can be written

01:‘%_[_mToi{(mTO)2_m(M'—4)Tg}‘/Z] (10)
While, assuming that e=1, P.=PF, in Eq. (9) in triaxial compression test, Eq.(9) can be
written

Of:é—li'-mToi{(mTo)z_WZ(WL“‘l)Toz}:] (11)

The right sides of Egs. (10) and (11) are equal to each other.

Experimentally, it has been confirmed that if P.=P,, uniaxial compressive strength S
was almost equal to failure stress of in triaxial compression test. Namely, we can say that
Law of Effective Stress could be almost absolutely applied to employed coals like in the case
of soil mechanics.?

6. Conclusion

(1) In the triaxial compression test using three sorts of coals and one kind of mortar, if
the pore gas pressure was applied under the constant confining pressure, the failure stress o}
dropped clearly. It can be said that these results are as same as the results conventionally
conducted under water pressure applied test.

(2) From equal root condition between equations of Mohr’s circle and Mohr envelope, it
was evaluated a =1 and confirmed that Law of Effective Stress can be fitted to coals almost
absolutely.
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(3) Under the constant confining pressure i. e. P.=40 Kg/cm? it was found that according
to the pore gas pressure change, fracture form changes reversibly as follow :
Pore gas pressure
increase
(Ductile fractare) ————— (Brittle fracture)
Pore gas pressure
decrease
Among the above mentioned terms, (1) involves the most important factors. It shows
that if the other environmental conditions nearby working are immutable, the more the pore
gas pressure increases, the more the movement of Mohr's circle toward origin becomes
remarkable and the part of the coal seam readily reverts to shearing and pulverization. If
these pulverizations occurred instantaneously at the back of the face, one of the conditions
for coal and gas outbursts might be caused.

7. Acknowledgement

The authors would like to express their thanks for the academic advice by emeritus Prof.
T. Isobe and for the assistance in this study by T. Shiohata and Y. Kamiyama, graduate
students of Hokkaido University.

Literatures Cited

1) Y. Hiramatsu, J. Min. Metal. Inst. Jap., 98 (1136)pp 989-991 (1982)

2) J. Handin et al, Bull. Ame. Assoc. Petro. Geol., 47 pp 717-755 (1963)

3) W.F. Brace et al, Int. J. Rock Mech. Min. Sci. 5 (5) pp 415-426 (1963)

4) T. Goto et al, J. Min. Metal. Inst. Jap., 98 (1131) pp 393-398 (1982)

5) J. C. Jager and N. G. W. Cook, Fundamental of Rock Mechanics, Chapman and Hall, pp 214-225 (1968)



