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ON THE RATE SENSITIVITY OF COAL

JR. KLEPACZKO (WARSZAWA)

This paper describes the development of quasi-static and dynamic techniques applicable to
compression testing of coal over a strain rate range of d,,~1.3 % 10~* s~ to Emaxr2 3103 g1,
At low and moderate strain rates a closed loop machine was used, while at high strain, rates was
accomplished with a newly-developed Hopkinson pressure bar apparatus. The loading direction
was perpendicular to the specimen bedding plane (Z-direction) for all of the tests, Test results
show a strong dependence of ultimate or crushing strength on the rafe of deformation for the high
region {§~10% 5~ 1), whereas at low and intermediate strain rates the strength values seem to be
rate insensitive.

1. INTRODUCTION

Coal stili remains a main source of energy for coming decades and well into the
twenty first century. It 'recentl_y has received renewed interest due to new technol-
ogies such as in-situ coal gasification, coal conversion by liquefaction and others.
Although standard mechanical testing of coal is well developed [I, 5], more soph-
isticated experimental techniques have been employed recently to test coal under
different conditions. Since it is well known that all gasification schemes require
proper coal bed preparation by cracking and fragmenting, an explosive technique
is usually -applied to produce such a condition. ' '

Thus it is desirable to obtain some information on the behavior of coal under
impact loading and relate the data to quasi-static behavior. Literature on the mech-
anical properties of coal do not include much information on the dynamic re-
sponse of this material. Fracture toughness behavior of coal under impact loading
is also of great interest. ,

This paper, however, concentrates on the behavior of coal tested in COmMpIession.
It is assumed that all testing is performed under condition of uniaxial stress, Such
an approach may be helpful in the formulation of a constitutive relation for coal.
The effect of the hydrostatic component of stress on the rate sensitivity of coal
should be explored later. Coalis also sensitive to the hydrostatic component of stress.
These features are observed in all rocks and rock-like materials [3, 4],

In the literature available very few data have in fact been published on the visco-
-elastic and visco-plastic properties of coal. As to visco-elastic properties, it is known
that coal exhibits time-dependent behavior affecting elastic constanis [1]. Creep
behavior was also observed during quasi-static compression tests [1].
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In addition to visco-elastic properties, shock compression measurements on
coal Lave shown its high strain rate sensitivity [2]. The uniaxial strain shock com-
pression experiments provided clear evidence that coal is not only a highly com-
pressible material, but also shows a strong dependence of stress-strain character-
istics on strain rate.

Because of the significance of the time-dependent behavior of coal, a more
systematic experimental study was undertaken to enhance scattered data on this
subject reporied in literature.

2. QUASI—STATIC‘ PROPERTIES OF COAL IN COMPRESSION

To complete the whole strain. rate.spectrum several strain rates are usually
applied. Part of this spectrum can be obtained using standard closed loop hard
machines. However, higher strain rates, usually in excess of =1 s~ 1, can be obtained
only with the aid of specially designed impa'qt'devibés;_ S

Since it is desirable to use always the same specimern . geometry, tailored. for
quasi-static as well as for impact testing, a short disc shape has been accepted. Coal
specimens of diameter D=25 mm and height L==12.4 mm were used throughout
the testing. For such specimen geometry the height to diameter ratio equal 0.5 was

_the most optimal in compression impact experiment [21].

The order of maximum fracture strain &, for coal in compression tests is about
2% 10~2, Thus the maximum d_iSplaceme_:ﬁt"U,;,ax to crush the coal specimen is
~0.25 mm, and as a consequence an accurate determination of Young’s modulus
requires a displacement resolution in the order of AU=2.5x10"* mm, The re-
quired displacement resolution was obtained by constructing a device for the pre-
cision compression tests. Figure 1 shows a schematic of this device mounted into
standard closed loop testing machine. A disc specimen is inserfed between the
upper and lower platens, and the relative displacement U between the platens is
monitored by two DCDT displacement transducers. Any platen tilt is eliminated
automatically by proper elastical connections. The lower platen is supported only
on one steel ball, allowing the platen to accommodate to the specimen. In this way
any siress concentrations on the specimen edges are eliminated, an impdrtant fea-
ture in the testing of semi-brittle material like coal. _ .

After conditioning the signals from both the load cell and the two DCDT, it
is possible to obtain a force-displacement diagram F (4L), where reduction of the
specimen height AL is positive. An alternate approach, applicable for short time
loading, uses a digital transient recorder to obtain both P and AL as functions
of time; P (¢) and AL (7). Due to the high resolution of the measuring system and
the small displacement AL, necessary to crush coal specimens, the compliance of
the mechanical system, more exactly the stiffness of both platens, must be taken
into consideration.

For this purpose the procedure for the determination of compression charac-
teristics of coal has been established. This method, called the precision compression
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test, has been used in this paper for all quasi-static tests. A more exact description
of this procedure can be found in {6].

As a beginning, coal description and specimen preparation procedures will be
provided. All disc specimens were obtained from a Nova Scotia () coal, its physi-
cal properties given in [5]. The test specimens were cut with the aid of a coring

Lead cell

pel——,  Disc_soecimen

 Upper plalen

Acfuator

- -Fra, 1. Schematic layout of the device for precision compression test,

rig of ~25 mm diameter and next they were cut to ~12.5 mm in length. The ends
were finished by a grinding belt-sander to obtain parallelism better than +0.02 mm.
The parallelism is very important since 0.02 mm. introduces an error into strain
measurement W= 1.6 1073,

Three series of specimens were prepared from three orthog gonal directions with
respect to the bedding plane. The bedding plane is assumed to lay on the (X, ¥)
plane, where X is the direction along the seam, and direction ¥ coincides with the
seam width. Consequenily, direction Z is perpendicular to the seam plane and
neglecting curvature is parallel to the surface of the earth.

Controlled strain rate tests were petformed in compression for all three directions
at strain rate é=1,3%107*s™! with a closed loop testing machine. Specimen faces
are lubricated before each test with a MoS, base lubricant. For each. direction at
least five good tests have been completed.

Due to a high resolution in strain recording it is demonstrated that the complete
stress-strain curve for coal in uniaxial compression consists basically of four regions.
Such a curve always displays an S-shape, as shown schematically in Fig. 2. The

(") The coal was provided by Noval Technofogics, Ltd.
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first region, observed at relatively low stresses begins from the origin and is curved
due to the high compressibility of coal. Within this region the tangent modulus
do/ds slightly increases. The second region, observed at medium stresses, is char-
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Frg. 2. Stressstrain curve observed for coal in uniaxial compression; E—Young’s modulus;
E,—secant modulus; &,—maximum fracture stress.

acterized by an almost constant value of the tangent modulus. This is the highest
modulus observed and throughout this paper has been defined as Young’s modulus, £

(%)
E dS max

Both regions are basically elastic und exhibit a small hysteres1s locp. The th1rd
region strarts after exceeding the stress level ayo. This is the region characteristic
of microcracking and of progressive fracturing in a stable manner. Due to the
process of stable cracking, a. substantial decrease. of tangent modulus is observed.
There is also a considerable hysteresis observed during unloading. Phenomenologi-
cally, this region can be recognized as “plasticity with nonlinear strain hardening”.
In this region the maximum strength oy, is attained. The fourth region begins just
shortly after the maximum stress is reached, when the system becomes unstable
and the specimen starts to disintegrate. For the case of a stiff testing machine, the
specimen fails gradually as cracks extend further, with its load carrying capacity
decreasing refatively quickly to a total specimen collapse and complete disinte-
gration. This region, however, will not be analyzed in this paper. .
After defining characteristic points on the stress-strain curve, the following

quantitics can be determined from each tesi: "

i)  Young’s modulus E=(do/de)nax;

i)  Secant modulus Ey=0ufem;
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iif)  initiation point of microcracking (F70, £r0);

iv)  fracture point (o, &)-

The crushing parameters which have been determined for Z direction, as defined
in Fig. 2, dare given in Table 1, The whole stress-strain diagrams for five tests are
shown in Fig. 3. Average values for (g, £,) and (Cpms> Epm) at £=1.3X10"* are
also given in Table 1. Comparison of &ro 10 &, shows that the nonlinear portion
of the stress-strain diagram takes about one third of the total strain to fracture
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Fia. 3. Stress-strain characteristics for coal in 2 direction, §=1.3x10-4g"1,

Table 1, Crushing parameters for coal at §=1.3 % 10—+ 8715 @ tar Ero and G,y ave averaged values from

five tests,
Dire- Speci- : :
ction men 71077 opIMPal g, x10°% g, [MPa] Average vatue
zZ 0Z1 8.03 2545 11.69 3503 Ero=2.17x 103
0z2 8.78 23.19 i11.55 30.89 Fro=31.94MPa
073 9.32 36.48 13.86 48,11
0L4 9.75 35.76 . 13.90 30.84 Erm=12.68 103

0Z5 9.95 36.80 12.40 45.72 Crm=39.92MPa
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g The fmportant conclusion can be reached that the -“hardening” portion of
the stress-strain diagram must be taken into consideration during formulation of
4 constitutive relation for coal in compression. The second observation is that
the beginning of microcracking takes. place at about 0.8 of the crushing stress ;.
Therefore, coal may be loaded in compression without substantial cracking de-
tected by mechanical testing up to about 0.8 of its strength. [t is to be remembered
that the mean compressive strength decreases with increasing volume of stressed
material [1}. Thus the value 0.8 should be understood as a tentative,

To reveal the influences of the time factor in uniaxial compression of coal,
further tests were carried out at higher strain rates. Again, the controlled strain
‘rate tests were performed at 1.7x1072 s~ and ~2.0 s~ with the same closed
Joop testing machine supplying the axial load. The same device for the precision
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TiG. 4. Stress-strain characteristics for coal in Z direction, £=17x10"25"L,

Fable 2. Crushing paramétefs for coal at £=17x10"% 5™,

Direc- Speci-
tion men 27X 1073 GrlMPa]  grax107% g [MPa] Average valuz
Z 171 9.69 26.51 15.1 36.19 Bro=9.62x10"7
1742 10.4 28.48 172 43.73 G ro=230.04 {MPal
173 8,77 26.51 13.0 35.13 CEpn=1470%1073
1Z4 . 10.3 34.44 15.0 46,37 o rm=40.92 [MPa]
125 B 8.95 34,54 13.2 43.17 ’
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compression. tests was used (Fig. 1) with the same specimen geometry. Specimen
faces were lubricated with. the same lubricant. Thus the only factor which was
changed was the sfrain rate. : _ s

At strain rate §=1.7x 10~ 2571 five pood tests were compleied and: stress-strain
curves calculated. The same compliance function was used to calculate stresses and
strains of a.specimen [6]. The final results of these fests are shown in Fig. 4 and
in Table 2. - : . :

The next series of tests were performed at approximately 8=2.0 s~1, and stress-
-strain characteristics for six specimens are shown in Fig. 5 and in Table 3.
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Table 3. Crushing paramesters for coal at £=2.0 s~ L
Direction Specimen _ Efnx10_3 GrolMPa] ep, <1073 aralMPal Average values
y4 2721 S 114 24.7 18.8 327 Sre=1131x10-3
2Z3 12.8 21.0 i8.6 271 Tro=26,58[MPa]
274 i13 31.0 18.6 40.1 Erm=18.43x10-3
276 3.9 23.4 16,3 28,5 G re=33.07[MPa]
2Z7 14.5 39.2 20,7 43,5
. 2Z8 20 20,2 17.6 26.5
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Because of the relatively shgrt loading time, all process of compression was
recorded with the aid of two digital transient recorders. Both the displacement
in the form of an analog signal from the DCDT, and the force from the testing
machine load cell, were recorded as a function of time; i.e. two independent rec-
ordings were obtained: J (¢) and P (#). The independent recording enabled time
to fracture to be determined. On the average, the time from the beginning of loading
to fracture was 7,=23.7 ms. A typical record from such a test is shown in Fig. 6.

FiG. 6. A typical record of compression test on coal at strain rate §=2.0s7%

It is interesting to note that the true strain rate, represenied by an average slope
of the & () trace, is almost half of that programmed by the pulse generator of the
testing machine, represented by a slope indicated by the broken line. This is caused
by the very small displacement needed to crush a coal specimen, and proves the
importance of using the DCDT system in displacement measurements.

After elimination of time, J (P) plots could be obtained, and as a next step the
compliance function was subtracted, thus providing stress-strain diagrams. This
procedure was applied to all six specimens tested at 2.0 s™1.

These three strain rates complete tests on coal at low and intermediate rates. This
is the largest possible rate range for a closed loop machine. In the present case the
ratio of the highest to the lowest strain rate is

= 20 =1.54%x10*
T axi0s e

Thus four orders of rate have been covered by these {ests,

3. PROPERTIES OF COAL UNDER IMPACT LOADING

The study of the dyramic behaviour of coal has important applications in coal
mining and blasting. There is not, however, a simple procedure developed so far
to test coal under impact loading,

" The procedure loading to the so-called Impact Strength Index [1] is based on
degradation of coal fragmenis by a succession of drop-hammer blows. The 1.S.L
test procedure may be defined as a technological one, and it does not lead to a strict
definition of coal resistance to fracture under impact loadings.
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Although there are attempts to correlate empirically the I.S.I. number and
qua51-statlc uniaxial strength o, this correlation does not provide a.ny information
about the behavior of coal under impact loading.

One of the modern techuiques developed at Sandia Laboratones US.A,
based on measurements of the response of coal under shock compression [2].
In this method a thin plate or cylindrical specimen of 28.6 mm diameter and 15 mm
to 30 mm thick is shock loaded by a high velocity impact induced by a flat projectile.
The free surface motion of the shocked specimen (the face of the specimen opposite
the face impact), which is recorded with a high precision by a laser interferometry
system, provides the shock wave profile correlated in turn to material behavior
under uniaxial strain conditions. This experimental technique is widely used to
test responses of metals under shock loading [7]. The technique itself is very costly,
needs a large diameter fast gas gun, a large vacuum chamber, and a sophisticated
system of electronic measurements, including a high power laser system and optics. |

Another method of dynamic testing of materials in uniaxial compression (uniax-
jal stress) is the Hopkinson split-bar technique, see for example [8,9, 10]. This
test technique was initially developed for the testing of metals at high strain rates
of about 10°s~!. Later the technique found application in the testing of rocks,
for example [11, 12, 13]. A more extensive review of existing literature on this tech-
nique is given in references [14-24].

Originally this method was proposed in 1949 by KoLsgy [16] to test materials
in compression at very high strain rates. A more detailed history of its development
" can be found in [8, 17]. Although Hopkinson pressure have been used in different
experimental configurations, the Kolsky apparatus has found the most widespread
usc. A newer version of the apparatus with three bars and two strain gage stations,
instead of capacitance transducers, has been proposed by LiNpHOLM [18]. This
latest version offers the greatest capabilities in compression impact testing [19].

" Theoretical analysis as well as numerical calculations have shown conclusively
that the split-bar technique provides reliable information concerning dynamic
stress-strain data [21, 23, 24]. .

- However, there are cerfain limitations of the ‘technique when applied to the
testing of rocks and rock-like materials, including coal. To date several attempis
have been reported in the literatuie on the use of the Hopkinson split-bar technique
for dynamic festing of rocks. Early reports indicated the usefulness of the method
[11, 12, 25, 26, 27]. All papers demonstrated high strain rate sensitivity of compres-
sion fracture stress for rocks [13, 28, 29, 30]. Application of the Hopkinson split-bar
apparatus for dynamic testing of rocks has also been discussed in [31]. Recently
this technique was applied to collect dynamic fracture and fragmentation data on
oil shale [32, 33, 34]. Consequently, the natural way to test coal under impact is
to apply directly the Hopkinson split-bar concept. An effort was undertaken at
the Department of Mechanical Engineering at the University of Manitoba to design
and construct the system. The system utilized is described wit more details in [6].
The impact velocities were achieved by using a pneumatically driven projectile
(striker bar) of proper length, guided by a long launch tube. Besides the gas gun,
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the experimental set-up consists of a system of two. properly instrumented bars,
and the measuring and recording egquipment. .

The system was specially designed to test coal, and. eventualiy rocks under
impact loading.: All bars are made of hard aluminivm alloy (2024-T3 Alcan) of
a diameter D=138 mm, Young’s modulus E=7.3x 10* MPa, and yield point (0.2%
offset) 0,=312 MPa,

4. STRESS-STRAIN CHARACTERISTICS OF COAL DETERMINED FROM IMPACT EXPERIMENTS

High strain rate tests at two strain rates, approximately &,~150s~1 and
&:~2000 s~*, were performed with the Hopkinson split-bar apparatus. The same
specimen geometry and lubricant was employed as for'the quasi-static tests.

The results for. the lower sirdin raie-series are: Shown in F1g 7 (senes 37), the
loading direction is again Z.

It has been observed that stress-strain characteristics defermined from the Hop-
kinson spiit bar technique at the fower strain rates are quite similar to those obtained
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from guasi-static loading. However, a small rate effect is observed, with values of
o generally higher than for quasi-static loading. AH characteristic values obtained
during the course of this series of tests are given in Tables 4 and 5. It is shown in
these tables that the average time to fracture is #,~ 118 ps, and the strain rate during
fracture is within the range 30 s 7'« §,<<253 1. The fracture stress 6,=45.46 MPa,
is slightly higher than for the quasi-static tests. However, a definite trend of increas-
ing maximal sirain at fracture &, is observed.

Table 4. Crushing parameters for ceal in Z divection, as determined from the split Hopkinson bar test —
— lower strain rates; gy, and opp.
0~ 8,253 571

Direction Specimen #7[usl &ils 4 o lMPa] ornMPa]

= 372 137.5 37.2 455 431
323 143.4 30.6 38.5 43.2
374 65.9 2529 42.0 48.4
3Z5 1529 51.5 35.2 37.6
376 90.3 118.1 44.6 50.0

Z Average 113.0 98.1 - 40,78 45.46

5=3.87 5=5.08

s—standard deviation

Tabie 5. Crushing parz meters for coal in Z divection, as determined frem the spiit Hopkinson bar test —
— lower strain rales; ., and &gy
30s 5,253 5!

Direction, Specimen y]s] &5 1] groX 1073 grm X107

z - 3Z2 137.5 37.2 16.8 19.0
3Z3 143.4 30.6 . 13.7 161
374 65.9 252.9 15.7 20.6
3Zs 1529 51.5 13.8 - 15.8
3Z6 : 90.3 118.1 i16.4 17.6

Z Average 118.0 98.1 15.28 17.82

' s=1.45 5=2.01

s—standard deviation

The results for the second series of tests using the Hopkinson split bar apparatus
are shown in Fig. 8 (series 42). This series was completed with the highest pos-
sible strain rate acceptable with respect to the specimen gemoeiry. However, in
this case the time to fracture is very short (approximately 26.4 us) and stress equilib-
rium across the specimen may not be achieved in this time interval., Therefore, in-
ertial forces may influence the amplitude of the transient peak stress recorded as
proportional to the peak of the transmitted pulse &7 (¢). Fracturing will tend to
attenuate the amplitude of a propagating pulse across the specimen and reduce
the transmitted stress as considered in [12]. Because the total mass of the coal speci-
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men is relatively low, an equivalent inertial stress produced is assumed to be
negligible. A further discussion of the inertial effects associated with this experimental
technigue, though present in the literature [16, 21], is beyond the scope of this
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Fia. 8. Stress-strain curves for high strain rate region 1.75x10%s~1<é, €2.05x10% s™1, also
average stress-strain curve is shown at £=1,3x10-%s-1,

paper. Generally there is a degree of uncertainty in the interpretation of fracture
stress data for brittle materials using the Hopkinson split-bar technique at very
high loading rates.

All parameters obtained during the series of tests at the highest strain rates are
given in Tables 6 and 7. Both Fig. 8 and Table 7 reveal a substantial rate effect for
coal within the high strain rate region attained, 1.75x 10 s71<§,<2.05x10% s~1,
To demonstrate the magnitude of the strain rate influence the quasi-static average
stress-strain diagram for §21.3x107% s~ has also been shown in Fig. 8. The dy-
namic to quasi static ratio of &, and & can be calculated from comparison of
Tables 1 and 6 as :

(&J"D)dyn " 93.24 — (&f)dyn _ 120.52 .

— f=1 = 4. ) —3.02
(Trodstar  31.94 (T )aa ~ 39.92




ON THE RATE SENSITIVITY OF COAL 353

Thus the ratio of dynamic to quasi-static crushing stress for coal in the Z direction
is approximately three. In addition, the fracture strain &, is larger for dynamic
loading conditions than that observed during quasi-static tests, having a ratio of

(EJae 1891072
(Ef)smt 1.268x10-2

=1.49.

Table 6. Crushing parameters for coal in Z direction, as determined from the split prkinson bar test —
— the highest strain rates; o5, and oy,
175 %1077 g £2.05x 10% !

Direction Specimen £rius] &7s71] arofMPa] aru]MPal
zZ 471 26,0 1852 738 103.6
4772 24.0 1746 96.0 1i4.5
4z4 28.0 2046 98.7 121.8
425 28.0 1920 103.9 142.1
476 26.0 2050 93.8 120.6
y4 Average 26.4 1922.8 93.24 120,52

s=11.50 s=14.05

s—standard deviation -

Table 7. Crushing paramesters for coal in Z direction, as determined from the split Hopkinson bar test —
— the highest strain rates; ¢, and g,

Direction Specimen trips] £4571 X 1073 g4, %1073

z 4z 26.0 1352 8.3 17.8
’ 472 24,0 1746 9.3 15.6
474 - 280 2046 10.0 20.6
475 28.0 1920 92 19.2
476 26.0 2050 10.4 21.3

Z Average 26.4 1922.8 9.5r . 18.90
5=0.81 5=2.28

s — standard aeviation

All representative stress-strain curves which are given in Fig. 8 indicate the sub-
stantial effect of strain rate on both fracture stress o, and fracture maximum strain &;.
" The experimental points are shown only up to strains slightly in excess of maximum
stress. For the high strain rate tests some relaxation time is observed to decay the
stress from the maximum level. Generally, the stress-strain curves obtained at
a strain rate ~2x10%s™" show a parabolic shape rather than the typical S-shape.



354 J. R. KLEPACZKO ~

5. THE STRAIN RATE SPECTRUM FOR CRUSHING OF COAL

Since crushing of coal is generally found to be sensitive to the rate of deformation,
this rate sensitivity can be demonstrated as a function of strain rate. Test results
from a variety of rocks show a strong dependence of the ultimate or fracture strength
on both rate of deformation and temiperature. In addition, radial confining pres-
sure (the hydrostatic component of the stress tensor) affects substantially the frac-
ture strength [14]. Thus a general formulation of the fracture condition for a uni-
axial stress should be & function of the following parameters: '
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Fic. 9. Strain rate spectra for coal in compression V, [] — denotes 6o, X, [1, ¥ — denotes oyu;
W —asy from Hopkinson split-bar test.

where of is the crushjng stress in compression. for a particular volume ¥ of a speci-
men material, &f and & denote respectively the fracture strain and the strain
rate at fracture (maximal stress), T is temperature and p hydrostatic pressure.
A similar surface of four parameters (g7, &, T, p ~) can be constructed in tension
to describe changes of ;. This type of fracture criterion for uniaxial compression
of Dresser basalt was discussed in [13]. A similar criterion should be derived for
coal. On the basis of guasi-static and Hopkinson split-bar results, the following
strain rate spectra can be constructed: g (logé),, and oy (log &), both at
atmospheric pressure, room temperature T4 300 K, and constant specimen volume V. .
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These spectra are shown in Figs. 9 and 10. Points for the three lower strain rates
are the mean values, whereas Hopkinson split-bar data show o,y and oy, for each
specimen. Values of dyo and oy, for the highest strain rate are not shown in Fig. 9.
The full spectrum of mean values &, is shown in Fig. 10. It may be concluded that
the strain rate sensitivity for fracturing of coal is highly nonlinear,

Up to the strain rate x50 ™1 a plateau is observed, or even a miniroum may
oceur at éx10s~% At the high strain rate region rate sensitivity increases dra-
matically and o, is much higher than the platean level. Such a trend is observed for
both fracture stresses, i.e. gpy and aypy.

A different strain rate spectrum is observed for mean fracture strains &;o and &y,
Such a spectrum is shown in Fig. 11. It is observed that both quantities & and
&y increase during increase of strain rate, but 8y, shows a maximum at éx 100 ™7
and then decreases. Values of &, show a tendency to increase within the entire
range of the applied strain rates, i.e. 107* s™1<é<2x 10° 577, or over seven decimal
orders. Again Fig. 11 demonstrates the very complicated behavior of coal under
compression impact.

6. DISCUSION AND CONCLUSIONS

The experimental techniques developed during the course of the coal testing
seem to be very useful in characterizing the behavior of this material over a wide
range of strain rates. The quasi-static technique of precision compression testing
makes it possible to measure stress-strain diagrams for coal with a high resolution
and at a variety of lower strain rates up to é—10s~ 1. For example, this techuique
may be useful in determining of the Strain Energy Storage Index [35] for different
strain rates. The Strain Energy Storage Index for coal is the simplest rock-burst
liability indicator. This index is defined as the ratio of the energy released W,
(elastic strain energy) to the disspated enmergy W, during one loading—unloading
loop, possibly close to the ¢, According to this definition, the Strain Energy
Storage Index: x is, [35, 36, 371, ‘ '

. W,
K= W,
where
w, f o(e7)ds for unloading
and '
W= o de— [ o () ds,
[ Ep

An average value for SESI for quasi-static loading is =5, [35]. It is obvious, in
light of the present results, that the index x must be strongly rate dependent and
rather should be determined under impact loading. A further discussion of this
problem is beyond the scope of this paper. '
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The split Hopkinson pressure bar technique, as applied to impact loading of
coal, offers more possibilities to achieve strain rates up to 2000 s~ than ‘oy any
other method.

A series of quasi-static tests at é=1,3x10"*s~! for three: diﬂ‘erent loading
directions have indicated that the coal tested can be characterized to some extent,
as having transverse isotropy. This type of anisotropy is such that the material is
isotropic in the (XY) (bendding) plane, and anisotropic in any other combination
of plancs, including Z—the strongest direction.

Measurements of stress-strain diagrams for all three directions of loadmg indi-
cate that an S-shape is always observed when a proper gain of strain reading is set
Thus, it is the typical feature of coal.

Dynamic measurements indicate in addition that the elastic properties of coal
are time dependent and, consequently, as attempted in [1], a viscoelastic model
of material behavior should be employed for further analysis.

The high stress region is characterized by a kind of “strain hardening” and a per-
manent deformation, probably having its source in microcracking. This part of the
stress-strain diagram is also highly rate sensitive, especially over the high strain
rate region. Thus, in addition to viscoelasticity a “viscoplastic’ behivior is observed.

Finally, the crushing stress o, is also rate sensitive over a high strain rate region,
which would lead to the formulation of a rate and perhaps temperature dependent
fracture criterion. . -

The present study of the mechanical behavior of coal specimens in compression
was performed only at one specimen size, i.e. discs of /,=12.5 mm and D225 mm.
Due to the relatively small volume of such specimens, all generalizations of the
present results must consider the effect of volume [1, 38]. It is known, for example,
that the crushing strength of coal decreases as specimen volume increases. This
observation leads to the conclusion that the volume function should be derived
by a statxstlcal method, for example [1, 38 291,
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STRESZCZENIE

O WRAZLIWOSCI WEGLA KAMIENNEGO NA PREDKOSC ODKSZTALCENIA

W pracy zawarto opis technik doswiadczalnych w zakresie quasi-statycznym i dynamicznym,
znajdujgeych zastosowanie w probie sciskania wegla kamiennego w szerokim zakresie prediosci
odksztalcenia, od 8mimrel. X107% 571 d6 dnax2 X 10° 571, W zakresie matych i $redoich predkosci
odksztalcenia zastosowano maszyng wytrzymalofciowa z zamknieta petia sterowania, natomiast
badania w zakresie duzych predkosci odksztalcenia zostaly przeprowadzone na specjalnie skon-
struowanym do tego celu zmodyfikowanym prgcie Hopkinsona. Kierunek obciaZenia dla wszystkich
badanych probek ograniczono do kierunku prostopadlego do plaszczyzay ztoza (kierunek Z).
Wyniki badan uzyskane w zakresie duzych predkosci odksztalcenia (£~010% 571) wykazaly bardzo
silna zaleznodé naprezenia inicjacji mikrospgkania &,0 oraz naprgzenia niszezacego &y, od predkoded
odksztalcenia, W zakresic malych i $rednich predkedci odksztaicenia wytrzymatos$é wegla kamien-
nego w probie $ciskania wykazuie brak wrazliwoéci na predkosc odkszialoenia.

PeasomMe

O OVBCTBUTEINLHOCTH KAMEHHOI'O VEJIA HA CKOPOCTh AECOPMAIH

B pabore comepRETCA OIMCAHNE IKCHCDAMERTANBHEIX, TCXHAK, B KAZHCTATHYECKON A IHHEA-
MuTeCKOH 0DAACTRX, HAXOAMIEX IPUMEHEHAES B HCITHITAHAM CHATHA XaMEHHOI0 YIia B IMHPOKOM
HATEPBANE CROPOCTH ReQOPMANEH, OT &ypm ~~1,3- 10~ * ¢~ 70 gppe~22+10% ¢ 1. B usreppame Makix
B CpenHux ckopocreill jgediopMalEd NpHMeHeHa WCIBITATe/BHAS MallnHa ¢ 3aMKHYTOH DeTieH
YOpasneHus, Wecnemosanmn we B obmacta Donsmmux cxopocteil gethopMalia MPOBEACHD! Ha Cie-
[HANLAO HOCTPOEHEOM I 9ToH Lenr MO adAEpoBaEHOM cTepikHe L ONKARCONa



360 J, R. KLEPACZKO

Hampapnenric BATPYKEHES U BCeX HCCICIOBANABIX 00PalloB OTPAHIICHO K HANPABICHIIO
HepTeHANKYIAPHOMY K IIOCKOCTH MECTOPONAeH s (Ranpapierne £). PesyibIarer ACCISAOBANMM,
TIOTYUCHEEe B HETEPRANe GOBHIX cropocteil gedropMaliay (e~<107 ¢ %), nokasasim oyeis CAALHYIO
BABMCHMOCTE HAODANKEHAS WHENHAPOBAHH MHKPOTPENEHEL O, W DA3PYHIAIOIEIO HAlIDDECHIST
0w OT CROPOCTE HehopMarid, B HATEpRAITE MAILIX ¥ CPEIHAX CROPOCTEH AedopMaLii HHOYHOCTE
KAMEHHOIO VEJIA B VCIBITAHHA CHATHS NOKA3LBAET OTCYTBHS YYBCTBETENLHOCTHM HA CKOPOSTH
nedopManne '

POLISH ACADEMY OF SCIENCES
INSTITUTE OF FUNDAMENTAL TECHNOLOGICAL RESEARCH

Received December 6, 1932,






