Vol3 Nl

TRANSACTIONS OF NFsoc Feb. 1993

ENERGY ABSORPTION OF ROCK FRAGMENTATION UNDER
IMPULSIVE LOADS WITH DIFFERENT WAE FORMS''

Li. Xibing

Lai. Haithut

Gu. Desheng

Central-South University of Technology, Changsha 410083, China

ABSTRACT

In order to investigate the effects ol stress waveforms on energy dissipution and the degree ol fagmentation

of rock. SHPB experiments on rock using rams with detferent structures and geometries hiuve been performed.

The efficiency ol energy absorption and post-fragmentaiton graim size< under dilTerent loading conditions huve

been determined. The resualts show that both energy absorpuion and the degree of fragmentation ol rock are re-

lated to the shapes of incident stress waves From the view ol energy economization. the approsimately

symmetric bell-shuped pulse produced by a truncated cone rum is apparently superior 1o an exponentrally-

attenuating pulse provided that the incident energy is great euough to ragment the rock, But no matter what the

intensitics und shapes ol the loading pulses are. the maximum energy ubsorption of rock can not be more than 30

Yo of the incident energy.
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1 INTRODUCTION

Most methods used in rock fragmentation
re based on dynamic transient loading. Recen-
v & number of studtes of rock dyvnamic frac-

ture and fragmentation have been performed
under stress wave loading conditions using Sp-
lit-Hopkinson Pressure Bar (SHPB) and simi-
lar devices. Valuable results concerning energy
absorption by unconfined cylindrical specimens
of rock at room temperature have also been ob-
tained' ™.

mainly focused on the effect of the duration

But until now. the research was

and amplitude of stress wave fragmentation.
and the incident stress waves were generated by
cylindrical rams of the same material and with
the same cross-sectional area as the incident bar
of a SHPB and the wave shape is approxima-
tely rectangular. In fact, in many practical en-

gineering as percussive drilling the shapes of in-
cident stress pulses are often not the same be-
cause machines with ditferent impacting pistons
generute loading pulses of the difterent shapes.
In the 1960s. some researchers studied the
influence of the shapes of stress waves on the
efficiency of energy transfer trom drill rods to
rock and obtained the most favourable inci-
dent stress wave shape corresponding to the
maximum efficiency'™ ™. But this efficiency did
not clearly indicate the ratio of energy consu-
med in rock fragmentation to incident ener-
gy. Part of the energy transfered to the rock
will be dissipated in the form of elastic wave.
which are apparently relevant to the shapes of
incident stress waves. The purpose of this pa-
per is to investigate the energy absorption and
fragmentation degree ot rock under impulsive
loading with different stress wave shapes. 6
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rams with different geometries corresponding
to different incident stress wave were designed
and a series of SHPB tests for 4 typical rocks
were carried out.This paper mainly introduces
and discusses the effects of the shapes of stress
waves on energy absorption and the degree of
fragmentation of rock.

2 EXPERIMENTAL
2.1 Experimental Set-up

The experimental set-up. i which the one-
dimenstonal stress condition is strictly satisfi-
ed. 1s shown in Fig. 1. The specimen of rock
was sandwiched between two cylindrical steel
bars. 1.200 mm in length and 22 mm in diame-
ter. forming a SHPB. The density(p,) and the
sonic velocity (C.) of the steel bars were 7.784
% 10° kg /m’ and 5.606.5m /s respectively.
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Fig. 1 Experimental set-up

I—compressed air gun: 2—ram: 3—laser: d—input bar: 5
—rock specimen: 6—output bar: 7—superdvnamic ampli-
fier: 8—transient recorder: 9—uadaptor: 10— printer. 11—

computer: 1 2—timer: 1 3—transter and amphlicr

The geometrical structure of the rams us-
ed in this experiment and the corresponding
incident stress pulses are shown in Fig. 2 and
3. From Fig. 3 it can be seen that the durations
of the stress waves tor rectangular shaped (a).
approximately bell-shaped (b), and exponen-
tially attenuating waves (f) were approximate-
ly 100 ps. Because the pulse durations primari-
ly depend on the geometrical structure of the
impacting rams. they were not changed with
terminal ram velocity which was changed in

order to generate various stress pulses with dif-
ferent incident ampiltudes or incident energies.
At the middle of the input bar a pair of strain
gauges were fixed in diametrically opposite po-
sitions so that contributions to the outputs from
any bending waves were cancelled. Simlarly. a
pair of strain gauges were fixed on the other bar
at a distance of 600 mm from the specimen. The
outputs of the two pairs of strain gauges were
amplified and fed to the inputs of a BC—VI
transient-recorder. The recording started just
before the arrival of the incident stress pulse
o, at the strain gauges of the input bar. The
digitalized stress wave records obtained with
the BC—VI| transient recorder were analyzed

using a Apple—{1 digital computer . The fol-
lowing quantities were determined:
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Fig. 2 Geometries of the rams

(1) the energy of the incident stress pulse
W,=(4,C,/ E)|oid! (1)
where A.. C, and E, being the cross-sectio-
nal area. the sonic velocity, and Young's mo-
dolus of the input bar.
(2) the energy of the reflected stress pulse
W, =(A4.C./ EMapdt (2)
(3) the energy of the transmitted stress
pulse
W= (4,0, E)fordt (2)
(4) the energy absorbed by the rock speci-

men
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. =W, —(We+W) (4)
2.2 Rock Specimens

Cylindrical specimens, 21.00 min in diame-
ter () and 33.60 mm in length (/). were pre-
pared from rock blocks of 500 mm x 500 mm >
500 mm. The two ends of each specimen were

ground to a parallel tolerance of less than 0.05

mm. Static compression tests of the specimens
were carried out on an INSTRON 1342 ma-
chine. The types of rock dnd their compressive
strengths .. Young’s moduli (%), densities(p ).
bar acoustic wave velocities (C). and defor-

mation work (W) were determined and are
given in Table 1.
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Fig. 3 Thec forms of incident stress wave

corresponding to the rams in Fig. 2

2.3 The Dearee of Fragmention of Rock

After a specimen was umpacted the frag-
ments of the broken rock were collected and
sieved using the sieves with mesh diameters of
0.6.2.5.6.9 and 12 mm respectively. The mean
grain size of the fragments was calculated as
follows

dpy=) rd) /Y r (5)
where d; is the mean grain size of the fra-
gments situated between sieves with successive
mesh sizes, and letting the fragments whose
sizes are less than 0.6 mm be equal to 0.3 mm.

and letting those larger than 12 mm be equal
to 13.5 mm: r, is the wi.—% of the fragments

corresponding to .

3 EXPERIMENTAL RESULTS AND DIS-
CUSSION

3.1 Relqtion Bebween Transmiitted and Inei-
dent Encrey

Fig. 4 shows W, / W, vs W under the rec-
tangular wave loading condition. Similar results
have been obtained tor bell-shaped und expone-
ntially attenuating pulse loading. From Fig. 4 it
can be seen that W, not only diminishes with
the increase of W, but also varies with the type

of the rock.

3.2 The Relation Benween the Energry Abso-
rhed by Rock (w,) and the Incident Ener-
2y (W)

According Lo the regression results. as-
suming W, =50 J. /7 d=1.6 and «=2.1 mm.
we find that W,/ W, of sandstone is 35.7 %
for the bell-shaped stress-wave. 35.3 % for rec-
tangular stress-wave, and 28.2% for the expo-
nentially attenuating stress-wave. The corre-
sponding tigures for granite are 47.7 %. 34.7
%+ while those for marble are 43.0 %, 36.1 %.
28.1%.

Table 1 The types and mechanical propertics

of the rock samples
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The above results show thut the maximum
energy absorption of rock is not more than 50
% of w.. In fact. according to the experimental
results of w. in all impacts. except the four
samples of granite in which the ratio of maxi-
mum w,./ W, 1s 52.21 %. the maxunum energy

absorption was generally not more than 50%.
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Fig. 4 The relation between W, and W, for the

rectangular wave loading

Fig. 5 illustrate the relation between w, and
W, of granite loaded by the stress waves shown
in Fig. 3 with W, =10~ 60 J. It can be seen that
w, always increases with Wy, but different meci-
dent stress waves results in difterent w_ values.
In addition the efficiency ot energy absorption
of rock for both bell-shaped and rectungular
pulses 1s larger than that for the exponentially
attenuating pulse. But for sandstone, because
of its serious weathering and lower strength. an
incident energy of ~ 20 J can {racture it. So the
energy absorption under the exponentially at-
tenuating pulse loading is lower than that of the
other pulse loads. and moreover the diversity of
the energy absorption of the exponential pulse
loading to the other two pulse loading increases
with the increasing incident energies. At the
range of high lvading incident energy the ener-
gv absorption of the rectangular pulse approa-
ches that of the bell-shaped pulse. for marble
when W, is larger than its value corresponding
to the intersection point of the two curves. the
etficiency of energy absorption of rock for the
exponential pulse becomes poorer than that for
both rectangular and bell-shaped pulses. But
when W, is relatively small an exponential stre-
ss wave 1s superior to both rectangular and bell-
shaped stress-waves in energy absorption by the
rock. -
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Fig. 5 The relations between energy absorption

w, /J-cm™

w, of granite and incident energy W,

3.3 The Effect of the Louding Waveforms on
the Degree of Fragmentation of Rock

As another example, Fig. 6 shows the
grain size distribution of granite fragmented by
an approximately bell-shaped stress-wave. 1t
can be seen that the tfragmentaton degree of
rock increases and the gruain size composition of
the fragments becomes finer and more homo-
geneous from coarser with the increasing of W,.
The other rock and stress-wave loads yield the
simifar results to Fig. 6. Fig. 7 presents the rela-
tion between mean grain sizes calculated with
equation (5) and incident energy W, and Fig. 8
presents the relation between mean grain sizes
and energy absorption per unit velume of gra-
mte. From Fig. 6 1t can be seen clearly that the
post-fragmention grain sizes diminish with in-
creasing W,. From Fig. 7, one can see that dit-
ferent stress-waves result in different mean
grain sizes even if the energy of the mcident
waves is about the same. But from Fig. 8. 1t can
be seen the stress-wave forms have hardly eftect
on the degree of rock fragmentation. Thus.
those expertmental results show that the degree
of fragmentation of rock depend mainly on the
energy absorption of rock per unit volume.
which is mainly used for producing new surface
area of rock. When w, of granite increased to
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about 1.5 J.cm™. the reduction in the grain
sizes with increasing w, is apparently slow.
which is perhaps due to a course reasons. First.
with the increase of w,, the kinetic energy
transmitled to fragments is increased, and the
energy for producing new surface 1s relatively
small. Secondly, high w, values result in more
fine fragments (<.0.6 mm).
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Fig. 6 Granite gain size (/) distribrtions under the
loading of approximately bell-shaped incident wave
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Fig. 7 The relations between the mean grain sizes o/

of granite and incident encrgy W,

4 CONCLUSION

(1) The experimental results show that dii-
ferent incident stress-waveforms result in differ-
ent efficiencies of energy absorption ol rock.
When the incident energy s great enough for
fragmenting rock the efficiency of rock energy
absorption for exponentially attenuating stress-

wave 1s less than that for both the approxi-
mately bell-shaped and rectangular stress wave:

(2) No matter what the loading pulse wa-
veforms are. the relations between rock energy
absorption measured by SHPB and post frag-
mentation grain sizes can be given in a single
linear regression equation. and the dispersion 1s
relativelv small. Thus rock energy absorption
can mndicate the degree of fragmentation rock.
While the effects of dynamic fragmentation of
rock by different incident waveform loading
conditions need to be investigated. this is feasi-
ble using SHPB which can measure rock energy
absorption and can produce stress pulses with

different shapes:
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Fig. 8 The relations between mean srain sizes (/)

and energy absorption w_ of granite

(3) Diafferent siress wavelorims result in
different degree of fragmentation of rock. This
1s becuuse energy absorption by rock under
different stress wavetorms is not the same even
il the loading incident energy values are about
the same. Bul no matter what the loading tnci-
dent waves are the mean grain sizes of the frag-
ments will increase and the grain composition
will become finer and more homogeneous with
increasing incident energy:

{4) Rock energy absorption increases with
increasing incident energy. but the maximun
energy absorption of rock hardly surpasses 50
% of incident energy

(To be continued on page Ne 9)
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3.2 Iufluence of the Fractal Surface of the Par-
ticle on the Size Definition

The outline of the cross-section and the sur-
face of a rock-fractured particle are fractal. That
means the profile perimeter and surface area de-
pend on the step length. Therefore. for a given
particle. the perimeter and surface area are not
constant. When the smallest self-similar structure
on a particle surface can not be known. the defi-
nitions of particle size based on two parameters.
such as equivalent surface diameter. equivalent
volumetricly surface diameter and perimeter di-
ameter are equivocal. Only for a given step leng-
th. can the values of a diameter be scaled and
compared to each other.

On the basis of the cross-section area and
the volume of a particle are constant. volume di-
ameter. projected area diameter. sieve diameter.
Feret's diameter. Martin’s diameter and unrolled
diameter state precisely the meaning of a particle

size.

3.3 The Formula Relating the Length of « Fru-
ctal Outline or Area of « Fractal Surfuce
Ditler fron the Previous One

When the step length tends toward zero. the-
oreticaily. for any particle size. the outline length
and surface area should be infinite. However, the
particles of rock or ore in nature surely have the
smallest self-similar structure so the perimeter P
and surface area .S can be defined.

Suppose an outline has a fractal dimension
Dy, a surface Dg. The volume diameter oy 1s
chosen as the particle size. according to Ref. [12].

We have
(2 3
P "7l (4)
where 71s the volume of a particle.
D i3
S ol (5)
Becutise }'=kd (kisconstant).
N, I
PLd, " =7.d.° (6)
- n S l'\ s :
Srd =y 0d ) (7
where 7, and v, are constants which depend

on the smallest self-similar structure of a given
particle.

Egs. 6 and 7 are compared to the traditional
equations for perimeter and area in a function of
iy P:“,'Iu’f-. S=1.d,.. The purticle size should be
considered as J&° and ¢

The surface fractal dimension of rock-frac-
tured particles. which is a characteristic value
describing a particle’s properties must be measu-
red extensively. This paper serve as the beginn-

ing.
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