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1.0 SUMMARY

Flyrock is the source of most of the injuries and property
damage in a majority of blasting accidents in .surface mines.,
Since most of these accidents occur during normal blasting
operations, there is a need to develop a guantitative correlation
between shot conditions and maximum flyrock range. This maximum
flyrock ranyge can define a "blasting area" in which no personnel
or equipment should be present during a shot. Such information
can be of considerabhle value to pit foremen as well as to MSHA

mine inspectors.

The approach used was to develop a model that correlates
shot conditions and initial flyrock velocities and permits
computation of flyrock range from ballistic trajectories. The
Gurney formula for velocity of explosively-propelled plates or
fragments was adapted to explosively-propelled flyrock from
vertical rock faces or from bench tops. The modified Gurney
formula was then "calibrated" with measured flyrock velocities
from mining and explosives literature. Flyréck range thus
computed was found to compare favorably with flyrock range in
accident reports and with flyreck range obtained in one of our
previous studies. Charts were then developed for possible field
use which give maximum flyrock range as a function of shot
conditions.

The model indicates that for flyrock from vertical faces,
borehole diameter, minimum burden and height of explosive column
define maximum flyrock range for a given explosive, shot in a
~given rock. Variation in flyrock range for different rock types
under otherwise equivalent shot conditions, appears to be

fairly small.

For flyrock originating from bench tops, flyrock range
appears to be controlled by the distance of the top of the
explosive column to the borehole collar, by total explosive
load per borehole and, to a lesser extent, by borehole diameter.

However, differences in flyrock range among different rock types




appear to be relatively large. The timing sequence of detonations
of individual boreholes and gas venting during breakup of the

vertical face may also affect top-flyrock range.

Recommendations for additional studies and analyses to
confirm some of the conclusions of this study are presented.
In particular the suggested additional studies are directed

towards determining the causes of "wild" flyrock.




2.0 INTRODUCTION

By far the greatest single hazard in surface mine blasting
operations is flyrock. Flyrock accounts for approximately half
of all blasting-related accidents in surface mines (or somewhat
more than one-third if fall of ground accidents are -alsco included
in blasting-related accidents).! Clearly, improved blasting
practices and more definitive blasting regulations are still
needed to minimize the flyrock hazard. The current study is
aimed primarily at developing a flyrock model that may assist

in the development of such regulations.

Section 57.2 of MESA's Metal and Nonmetal Health and Safety

Regulations (CFR 30) defines blasting area as "the area near

blasting operations in which concussion or flying material can
reasonably be expected to cause injury." Note that this
definition is entirely qualitative. It gives the blasting
foreman no clue on how far to move personnel and equipment from
the blast. Section 57.6-160 states: "Ample warning shall be

~given before blasts are fired. All persons shall be removed from

the blasting area unless suitable shelters are provided to protect

men endangered by concussion or flyrock from blasting." The
second part of this regulation is difficult to enforce because

a quantitative definition of blasting area is lacking. Clearly,

Federal or State inspectors at present have no adequate means®

of checking compliance with 57.6-160 and similar state regulations.
Thus, the development of a quantitative definition of blasting
area for normal shots is highly desirable.

* Certain rules-of-thumb now used for estimating flyrock range
will be discussed in Section 8.1.




Alr shock velocities (concussion) attentuate much more
rapidly than flyrock velocities. Thus, it is entirely suitable
to define the blasting area as the circle whose radius represents
the maximum flyrock range for the particular conditions of the
blast. In many instances (e.g., a high face behind the bench
being shot or proper borehole layout and shot delay sequence)
the actual danger area is the hemi-circle in front of the free
face. However, the real problem is not whether to define the
blasting area in terms of a circle or a hemi-circle, but in

determining the conditions for the maximum flyrock range.

Certain conditions, such as inadequate burden, inadeqguate
stemming, improper shot delay sequencing, or faults in the
rock, etc., can produce a "wild" shot which throws flyrock much
further than a "normal" shot. Obviously wild shots can be
extremely hazardous. Thus, attempts at defining the conditions

that may result in wild shots are included in the present study.



3.0 QUANTITATIVE FORMULATION OF THE FLYROCK PROBLEM

The approach used in the present study is to relate
initial flyrock velocity to shot conditions and then use
ballistic trajectories to compute maximum flyrock range.
This approach is entirely justified because the effects of
air friction are quite small for typical flyrock sizes and
velocities. Furthermore, since safety is the prime
consideration, it is the maximum flyrock range that defines
a safe blast area, and in a ballistic trajectory the maximum
range is obtained with flyrock propelled at an initial angle.
of 45°. Thus, determination of initial flyrock velocity

completely determines maximum flyrock range.

In Section 3.1 we list the standard and slightly modified
ballistic trajectory equations. Section 3.2 develops
relationships between initial flyrock velocity and shot
parameters for flyrock from vertical faces (highwalls). The
problem of flyrock from bench tops (sometimes called cratering)

Will be addressed in Section 6.

3.1 Ballistic Trajectories

For flyrock at an initial velocity v, and an initial angle 0,
the horizontal range L (i.e., return of the projectile to its
original elevation) is given by

v % sin 20 :
L = 22— (1)
g
where g is acceleration of gravity. Maximum flyrock range Lm is

obtained when 0 = 45°, or

Ly = YV, /9- (2)







Figure la is a schematic representation of the rock
breakout produced by the detonation of one borehole of a
typical bench blast, with explosive column length £,
stemming length s, and burden to the free face b. Shot
conditions are assumed to be such that breakout occurs only
at the "vertical" free face in the region of length £. We
idealize the situation by considering that the homogeneous
rock surrounding the borehole acts as a "rigid wall"” in all
directions except that of breakout to the free face. This
breakout per borehole has the shape of a prism. Also shown
is the total volume of the rock broken (parallelopiped) that
is conventionally used in computing powder factors. In
Figure la it was assumed that the breakout angle is 90°,
thus the breakout width at the free face is 2b. If this angle
is o rather than 90°, the breakout width at the free face is

2btan (a¢/2). Then, per unit length of loaded borehole:
_ W/% .
c/m = pmbztan{G/Q) (7)

where W/% is the explosive weight per unit length of borehole andl
P is the density of the rock. That @ is indeed close to 90° is
shown in Table 1. The a's in this table are based on measurements
of the amount of rock broken, but are certainly overestimated as
explained in footnote a/ of this table.

For flyrock from thé vertical face (see Figure 1b) and fer
the geometry of the system considered (as shown in Appendix B)

Ny, ® Y2E' Yc/m (8)
where Y2E' is slightly less than /2E because the direction of
detonation is tangential to the rock and not head-on as in the
derivation in Appendix B. The relation between y2E and V/2E! was:

examined by the writer® who also showed that for most explosives
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According to equation (12), a plot of U; vs. ¢/m should give a

KiW, + KW

E r
—2K3Wr. In what follows V2E' will be replaced by 0.44D or D/3

depending on whether the main explosive charge is ANFO or any .

straight line of slope 2E' (1 - ) and intercept of

other explosive.

3.2.3 Effects of Multiple Boreholes

Consider a series of shots in which spacing between vertical
boreholes, all of diameter 4, is 2/3b, b, and 4/3b as shown in a
top-view sketch in Figure 2. In every case assume that hole (1)
fires 1/2 second before hole (2) and also assume that the breakout
angle is 90°. For a "typical" round, the rock broken by hole (1)
will have moved some 10 - 20 feet from its original position, thus
creating a new free face for hole (2). The new minimum burdens

for hole (2) are respectively 0.471b, 0.707b, and 0.943b for conditions
' (a), (b), and (c) in Figure 2. Obviously, condition (a) has the _
poténtial of-throwing fockfbur times further than condition (c) since
(from equations 2, 7, and 8) it can be shown that the maximum

flyrock range, Lm' is proportional to (@/bYa

Normally, the delay between adjacent holes in the front row
of a shot is much less than 1/2 second. Thus, displacement of the
rock broken by hole (1) (still assumed to fire before hole (2)) is
much less than in the above examples. Alsohole (2) fires (in part)
into a "curtain" of broken and expanding rock. Nevertheless,
because commercial delay devices can occasionally be erratic, it
is desirable from the point of view of minimizing flyrock to
maintain borehole spacing >4/3b, so that even gross mistiming does
not create very small burdens between adjacent boreholes.
Unfortunately, this can result in poor fragmentation. Thus, some

compromise 1s necessary.

14
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Normalized" Comp}luted'r

D/3 Uobs Vo
Data Source Explosive (km/sec) (m/sec)? c/mx10* (m/sec)?
Ref. 15 EL-506C 2.30 1050 4.68%/ 1109
" " “ 234 2.25%/ 262
" 4QXPETN/ 1.08 254 =2.18%/ =237
" 60% " 1.50 174 x1.95%/ =157
" EL-506C 2.30 104/ 1.96%7 160
" " " 94®/ 1.8027 105
" " " 90.3 2.10% 209
" " o 24/ 1.20%  _105
" " " 12.3¢/ 0.72%  -272
Ref. 4 Dynamite l.28 480 2.54 363
" " " 3730 11.70 3557
“ " " 5695 18.32 5865
" " " " 14500%7 30.52 10119
" ' " u 87307 36.64 12253
“ " " 19150/ 39.83 13366
" " " 28500 83.27 28513
Ref. 16 Gelamite 0 1.995% 349 2.53 359
" " " 753 5§79 582
" " " 1202 4.93 1196
Ref. 5 Dynamex 1.00 3885 12.86 3961
"o " u 2304 9.92 2936
" " “ 4826 17.32 5576
Ref. 17 ANFO 2.07%/ 27887/ 2.10 209
Ref. 18 - . =09/  a.f  -140
* Normalized to D/3 = 2.30 km/sec o u; = 3.487 x 10°% (c/m) - 584.

a/ Ref. 12 gives explosive weight W and the total weight of rock
broken m, ; c/m = (%LH%%there %1=length of borehole and h=height
of rock. £t ol

b/ Charge diameter less than borehole diameter. '

c/ Not used in computing slope and intercept.

d/ 0.38D

e/ Shots in hematite ore.

£/ 0.44D

g/ It is claimed that maximum burden to borehcle diameter ratio
to break rock is 46. In computing c/m for this ratio we
assumed pc/pm = 1/2

Table 2: COMPARISON OF OBSERVED AND COMPUTED
FLYROCK VELOCITIES IN GRANITE BENCH SHOTS
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the area between the two "theoretical" lines. ILven more
disturbing is the fact that six of these points lie well

above the upper theoretical line. This means that a correlation

based on powder factors tends to underestimate flyrock range,

From a safety point of view such a correlation is bad unless
the degree of underestimation is accurately known over the

practical powder factor range.
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*
Normalized

2 Computed
0.38D i o . v
Date Source Explosive (km/sec) _( m/sec)? c/m x 10" (m/sec)
Ref. 16 Gelamite 2 1.75 4099 20.8 4238
" 0 T 753 4.56 558
T " " 595 4.56 558
" X " 455 3.90 409
" 60 HP gel 2.10%/ 930 6.08 903
" " T 395 4.40 522
" " T 161 3.90 409
" Hercom. B 1.20% 13360 60.8 13302
b/
Ref. 1 ANFO 1.95 445 3.72 386
3 n 1.98%/ 228 3.80 386
e
Ref. 17 ANFO 2.07%/ 72/ 2.7 134
Ref. 16 S s =0/ %/ =1.9 ~_44

.[..

* Normalized to 0.38D = 1.75 km/sec (Gelam.2)
**See text for method of computing c/m

+ v? = 2.266 x10" (c/m) -~ 475

a/ D/3

b/ 0.44D

c/ Not used in computing slope and intercept.
d/ See footnote g in Table 1.

e/ Hematite waste rock.

Table 5:

COMPARISON OF OBSERVED AND COMPUTED

FLYROCK VELOCITIES IN SANDSTONE CRATER SHOTS
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oy

Bench «
Height s/wl/3

1
h 1/3 . Y 2E" ve Ln Lo Lobs
Mine Rock (feet) (££/1b™"7) . ¢/mx10" (ft/sec) (ft/sec)? (feet) (feet) (feet)
Réno Construction Limestone 14 1.65 5.25a/ 6000 14035 435 450 210
Carbon Limestone Limestone 50 0.76 12.33/ 6480 41555 1290 1338 600
' : . a/ 850~
Star Route Quarry Limestone 36 0.93 ~lo.4 5600 25966 806 840 1000
Fernsteat Quarry Limestone 40 ~1.0 Ng.éa/ 5750 v25125 780 820 450
§ : a/ b/
Mine U Limestone 70 1.76 5,25 6580 16881 524 589 300
: . s a/
Mine O Taconite 35 0,45 19 6200 44000 w1400 w1430 ~1000
a =
Mine M Taconite 50 1.53 4.76%/ 62003/ 8262 257 300 e
Mine C Sandstone 60 © 1.65 3.72 6700 5394 168 '\:168e 200
Mine C Shale 110 3.49 - 6700 0 0 0 0
:  :
Mine B Shale 68 1.72 3.7 / 7020 5850 ~180 230 300
. £
Mine I Shale 44 1.80 P 3L / 6700 5330 165 200 ~v200
= s = length of stemming column and = weight of explosive column.

** From Figure 6.

a/ From Figure 6 and curve for granite.

b/ Flyrock from vertical face; see Table 4.

c/ From Figure 6 and curve for granite. Equation 13 used to compute  us.

d/ Slurry explosive; values shown are D/3.
e/ ' Flyrock landed at about same level as bench top.
f/ From Figure 6 and curve for sandstone.

-

Table 7: COMPARISON OF OBSERVED AND COMPUTED FLYROCK RANGES FROM BENCH TOPS
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Flyrock ranges, for granite and sandstone, based on the
empirical correlation of Figure 7 are compared with flyrock
ranges computed from the Gurney model in Table 8 for s/Wl/‘c’ <
1.75 ££/1b 15, Agreement between these two methods of estimating
flyrock range for bench top flyrock is fairly good. The maximum
difference between these two sets of estimates is about 2?%-.
For s/W"‘/El ¥ L15 ft/lbl’/3 we have no means of estimating c/m
(see Figure 6 and discussion in Section 6.1). Thus, no
comparison can be made between the empirical and Gurney methods.
In any case, the flyrock range under these conditions (s‘./Wl/3 >
1.75) is expected to be small.
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borehole, according to Eqg. 7.3-18 of Ash's article is given
by

pc'frd2 "
Wmax o i (3b-s) = 1.81pcd b ; if s=0.7b.
Then,
s/W/ = 0.7b/(1.81p )V* a%Ab¥5 = (0.574/p ) (b/a) ¥,

and with b/d = 30 (according to Ash) and p_ = 53 1b/£ft? (for ANFO),

s/WY* = 1.48 ft/1bY°

According to the plots in Figure 7 this value of s/WY? can still
lead to far-ranging bench top flyrock at least for shots in
granite and possibly also in limestone (see Table 7).

Still another attempt to estimate flyrock range was
published by Lundborg, et. 41.% Their study was concerned
primarily with crater shots. Based on conservation of momentum,
scaling laws for spherical explosive charges, and ballistic
trajectories they obtained a relation between flyrock range and
borehole diameter. The constants in this relation were obtained

enmpirically and their final result for maximum flyrock range is
L= 853a% (18)

where Lm is in feet and 4 is in inches.

Unfortunately, even a cursory comparison of the flyrock
range computed by this formula with observed bench top flyrock
range (Table 7) shows that this formula grossly overestimates

flyrock range. This is illustrated in the following tabulation:
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In the field, borehole diameter, d, is usually fixed by
the availability of drilling equipment and burden, b, can
usually be adjusted to obtain the desired blast results. Thus
it is logical to develop charts for field use that relate Lo
to b for various fixed values of d. A series of such curves
for granite is shown in Figure 8 (more curves are given in
Appendix D). Note that on a semi-log scale the relation
between Lm and b is linear over the range examined for
3"<d<6". For d>6" there appears to be a break in the
linear plots at Lm-<100 ft (the broken lines in Figure 8).

In blasting hard rock or blasting under wet conditioens,
slurry explosives are often used instead of ANFO. Thus it is
desirable to estimate the effect that Substitutionjof slurries
for ANFO will have on the plots in Figure 8. Unfortunately
there are many commercial slurry explosives available and
their explosive characteristics can vary appreciably.
Consequently, no unique explosive properties can be assigned
to a "generic" slurry explosive. In general slurries are denser
than ANFO and have.a higher detonation velocity than ANFO under
comparable conditions. However, some scanty data?” suggest
that /2E' =2 D/3 for slurries whereas V/2E' = 0.44D for ANFO.
Thus, as far as Y2E' is concerned, the higher D of slurries
is counterbalanced by the higher numerical factor of ANFO,
but the higher density of slurries will result in a larger
c/m than that for ANFO at any given borehole diameter. On the
basis of Equations (13), (14), or (17), we can anticipate that
the flyrock range of any diameter borehole loaded with slurry
will be greater than the flyrock range of the same borehole
loaded with ANFO.

In Figure 8 we have plotted Lm vs. b curves for a "low"
density and a "high" density slurry. The low density slurry
is Hercules Gel Power 0 at 1.15 g/cc. The detonation velocities
for thig slurry were interpolated from data given in the
manufacturer's trade literature. The high density slurry is
DuPont's Pourvex Extra at 1.33 g/cc. Trade literéture'gives
only a single value of D=4900 m/sec for 4 =5" (under

confinement) .
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is a break in v vs. s/WY® plot (Figure 7). Consequently

the plots for sandstone in Figure 8-D were terminated at

s/WY/5 = 1.5 £t/1b¥8, Similarly a break in the granite plot

of Figure 7 occurs in the region of s/W/A = 2 to 2.75 ft/lbhé.
Consequently the granite plots in Figure 8-D were. terminated at
s/W/ = 2 ft/lb”é. Below these termination regions L, is

expected to decrease rapidly.
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model tests of rock blasting they are expected to be of limited
value. A more useful approach is to produce artificial faults in
reasonably homogenous rock through a judicious combination of
drilling and small-scale blasting. Shots in which artificial faults
have been introduced between the borehole and the free face can then
be compared to similar shots with no artificial faults in the rock.

There appears to be littleihope of finding much useful data
on wild shots in accident reports. Fortunately wild shots are not
too frequent. Thus, the data base at best will be small. Further
problems arise from the fact that most of the accident reports of
wild shots are grossly lacking in the necessary details for estab-
lishing the cause of these wild shots. Clearly an experimental
approach is required to obtain an understanding of the factors
that contribute to the production of wild flyrock. Though wild
shots are infrequent, their hazard potential is great. Consequently
the elimination of wild flyrock is a most worthwhile improvement in

blasting safety.

The specific questions that need to be aqswered deal primarily
with flyrock from limestone and shale, .These two rock types are
probably shot much more frequently in the U.S. than all other rock
types combined. The questions are: (a) what is the relationship
between S/Wl/aand V/W for crater shots in limestone or in shale?

In the present study it was assumed that limestone is "granite-

like" and shale is "sandstone-like!. These assumptians need
verification via actual crater shots. These shots could also be

used to check the validity of our assumption that elongated explo-
sive loads behave. like cancentrated loads if s is taken to be the
distance from borehole collar to the top of the elongated load

rather than the distance to the center of mass of a concentrated load
(b) preliminary data on crater shots in granite suggest that observed
flyrock ranges from such shots are greater than the computed ranges.
Is this a Galid.conclusion? Here, complete analysis of the Martin-
Marietta dat&&may provide the answer; (d) how valid is the assumption
that v2E" = D/3 for slurry explosives? Some data justifying this
assumption is given in Reference.zg,‘but additional measurements

would be desirable.
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types can be grouped broadly as discussed in Section D-1. In
what follows, the only type of explosive to be considered 1is
ANFO. At present there 1is insufficient data to make precise
estimates of the effect of wusing explosives other than ANFO
except that in a general sense flyrock range is expected to be
greater for slurry explosives than it is for ANFO.

It has been found that the factor that controls bench top

flyrock range is s/Wlﬁ. This factor can be obtained from Figure
7-D.

Flyrock ranges for ANFO 1loaded shots- in granite and
sandstone are given in Figure 8-D as a function of the above
factor (s/w?ﬁ} for three different borehole diameters. Flyrock
ranges for 1limestone cannot at present be predicted with any
degree of accuracy. However, in Figure 8-D at any value of s/wlﬁ
they are expected to be roughly midway between the ranges for
sandstone and granite.

The following examples will illustrate the use of this
chart: '

4., wWhat 1is the maximum flyrock range of an ANFO shot in
sandstone with 105 pounds of ANFO per 6 inch diameter
borehole with 7 feet of stemming?

Solution: W = 105 lbs; s =7 ft; 4 = 6 in. Enter
Figure 7-D at W = 105 which is the imaginary vertical
line midway between the vertical line 1labelled 100 at
the bottom of the chart and the first small division to
its right as indicated by the broken line in the chart.
Proceed upward along this line labelled "example 4" to
its intersection with diagonal line labelled s = 7 feet.
Move to the left along the horizonal line through this
intersection,b (as indicated by the broken line) to read
1.48 ft/1bY3 on the vertical scale on the left of the
chart. Now enter Figure 8-D at s/WY?® = 1.48 as shown by
the broken vertical line labelled "example 4" and move
to 1its intersection with the 1light diagonal line
labelled d=6". Move to the left along the horizontal
line through this intersection (as shownj and read 170
feet on the wvertical scale on the left of the chart.
This is the answer sought.
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Let us consider the energy used to-break rock and to impart
kinetic energy to the broken rock as "useful energy." The energy
to crush rock around the borehole and to produce a seismic wave
in the rock will be called "wasted energy." For the time being,
we shall ignore "wasted energy" due to venting of detonation
product gases. The kinetic energy of the broken rock is mUé/Z
and the work of breaking the rock (according to the model of
Section 3.2.1) is mKSWr or simply mK'. The sum I of these two

energies is:
I = m(ué/2~+K‘),

but from equation (12) Ué = S(c/m) -2K', where S is the slope

of the ué vs. ¢/m plot and ~-2K' is the intercept. Consequently,
Z = (m/2) |3(c/m) - 2K’ +21<'] = Sc/2. (E-1)

The "usefiul energy" per unit weight of explosive, o, is just S/2.

The ratio of ¥ to the total chemical energy cQ of the explosive

is:

L/cQ = S/2Q. (E-2)

The "wasted energy" per unit weight of explosive, according

to Section 3.2.2 is K, W_+K, W = K'". Now, from equation (12)

K'YE' =1 -S/2E' and the ratio of "wasted energy" to the chemical
energy of the explosive is:

K'YQ = E'/Q(1 -S/2E') = 2E'/2Q -8/2Q. (E-3)
Now, we can examine the conditions for minimizing the ratio
of "wasted energy" to "useful energy"”, namely K'Yo. From the

above K'Y/o = (E' -S8/2)/(S/2) =2E'/S-1. Since S=2E'(l-K'VE'),

K"o = 1/(1 -K'YE') -1 = (K'"Y/E")/(1-K'WE'). (E-4)
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According to equation (E-4)., for a given rock (i.e., a given K'"),
K'/c becomes progressively smaller as 2E' increases. Similarly,
by eliminating S, ¢ = 2E'(1-K'/E')/2 and o, the useful work per
unit weight of explosive increases as 2E' increases. Thus
explosives with large values of /2E' are expected to be more
~efficient than explosives with low V/2E'.

Since imparting too much kinetic energy to the broken rock
is undesirable (it creates far-ranging flyrock), optimum use
of the chemical energy of the explosive is expected for explosives
with large 2E'but with borehole diameters and burden to the free
face chosen to keep ¢/m small. The factor 2E' can be increased
by using an explosive whose detonation velocity, D, is large or
an explosive whose TI' is small since 2E' = const|D2?/(T —l)]. Thus,
the effectiveness of the relatively low detonation velocity

ANFO may be attributed to its low T.

We will use the vertical face data for granite to estimate
an energy balance for rock blasting, since these data are the
most extensive that we now have. Specifically we'will use
equation (13) in which all the data have been normalized to a
V2E' for EL506C sheet explosive. According to Reference 15, Q,
the total chemical energy of this explosive is about 4 x 10%ergs/g.
The ratio of the kinetic energy of the broken rock to Q is given
by (m/c)(ué/2Q). The ratio of the energy to break rock to Q is
given by (m/c)(KSWr/ZQ). The tabulation below shows these rock

kinetic energy and rock breakage energy ratios, as well as.I/cQ,
as a function of -¢/m.

(c/m)10* (m/c)10”° mu;/ch* mKawr/cQ** $/cQ
2 5 0.071 0.365 0.436
3.33 0.192 0.244 0.436

0.290 0.146 0.436

10 1 0.363 0.073 0.436

* From equation (13)
** For 2K,W_=5.84 x10°(cm/sec)?
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As shown above, the sum of the two ratios is constant
and independent of ¢/m. Thus, for the conditions described,

the "useful energy" is about 44% of the chemical energy of
the explosive.

According to equation (E-3) the energy that is used in
generating the seismic wave in the rock plus the energy used
in crushing the rock surrounding the borehole can be estimated

as follows. Since 2E' = (2.3 x10°%)? (cm/sec)? S =23.478 x 10" (cm/sec)?
and Q 4 x10° ergs/g,

K'/Q = 0.226.

Thus, the energy consumed in impértiﬁg kinetic energy to the
broken rock, breaking the rock, generating the seismic wave and
crushing the rock around the borehole amounts to 0.436 + 0.226 =
0.662 or about 2/3 of the chemical energy of the explosive. It
may be expected that the remaining 1/3 of the chemical energy
- is "lost" through gas venting and residual energy of the preoduct
gases. Howevex, this may not be the case. |

Anderson?’ showed that the avérage eséape velocity
of product gases from a slab of explosive backed by a rigid boundary
attains a maximum value of about 0.3D, where D is the detonation
velocity of the explosive. Thus, an extreme upper limit of the
ratio of kinetic energy of the escaping gas to the chemical energy
of the explosive (assuming that‘all the product gases vent) is
(0.3D)2/20Q = 0.54. Obviously this ratio is a gross overestimate,
but it does suggest that appreciable energy can be lost through
venting. These losées might be expected to be proportional to
c, and thus be automatically included as an additional constant
in the bracketed term of equation‘(lZ), and be part of what we
have called seismic and crushing energies. However, these venting
losses may differ not only for different strata but also for
different explosives in the same strata. Thus the relation

between venting losses and c may be quite complex.
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