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PREFACE

This is one of a series of reports that summarize data relating to blasting procedures and
blast effects in cold regions. They are organized to deal successively with 1) explosions in air,
2) explosions in water, 3) explosions in solid ground materials. For the most part, the blast-
ing procedures used in cold regions are not much different from those that are in general use
clsewhere. Similarly, the principles involved in assessing blast effects in cold regions are the
same as those that apply to blast cffects generally. The reports therefore summarize princi-
ples and data for general explosions technology, and then present the procedures and data
for cold environments within this frainework.

The purpose of the series is to provide a convenient reference source for engineers faced
with pronlems of explosions or blasting in cold regions. Because not all engineers are well ac-
quainted with explosions technology, relevant physical principles are explained or summar-
12ed, but there is no attempt to explore the underlying theory in depth, nor is there any treat-
ment of the practical aspects of explosives use and safety practices. These topics are covered
well in Army Technical Manuals and Army 14ateriel Command publications, as well as in
commercial blasters’ handbooks and in textbooks.

This report was prepared by Dr. Malcolm Mellor of the Experimental Engineering Divi-
sion, U.S. Army Cold Regions Research and Engineering Laboratory. The work was done
under DA Project 4A762730AT42, Design, Construction, and Operations Technology for
Cold Regions; Task Area CS, Combat Support; Work Unit 029, Explosives and Projectile
Impuact Under Winter Conditions.

The author is grateful 10 Donald Albert and Paul Selimann of CRREL for their careful re-
views of the manuscript and suggestions for improvement.
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Blasting and Blast Effects in Cold Regions

Part I1I: Explosions in Ground Materials

MALCOLM MELLOR

INTRODUCTION

Considerable attention has been given to explo-
sive excavation in cold regions, and to the effects
produced by explosions in frozen media such as
snow, ice and permafrost. Many experiments,
field tests and theoretical studies have been carried
out, but the results that have been produced are
insufficient to give a complete and coherent pic-
ture if frozen materials arc treated in isolation. To
gain a full understanding of the relevant behavior,
the limited data for frozen materials have to be in-
terpreted in the context of general explosion tech-
nology, as it applies to unfrozen rocks and soils.
In this report, explosion effects in solid ground
materials are summarized in general form, with
frozen materials treated as special types of soils
and rocks.

Ice is a characteristic constituent of frozen
ground materials, and it has physical properties
that differ considerably from those of typical
rock-forming minerals and soil grains. For exam-
ple, ice density is about one-third that of silicates,
and the compressibility of ice under extreme pres-
sure is much higher than the compressibility of
tvpical rocks. However, in spite of the unusual
properties of ice, frozen materials such as snow,
ice and frozen soil behave much like other soils
and rocks when they are subjected to blasting or to
blast effects.

For most practical purposes, ice-bonded soils
can be treated like rock or concrete when design-
ing explosive excavation techniques or when as-
sessing blast effects. For example, water-saturated
frozen sand is like sandstone, frozen silt is likc silt-
stone, and water-saturated frozen gravel is like
concrete. Massive ice also behaves like rock under
explosive attack. It attenuates a stress wave more
strongly than do typical hard rocks, but its crater-
ing characteristics are not much ditferent from
those of common sedimentary rocks like lime-
stone: the idea that ice is a fragile material that
shatters easily is quite unrealistic. Snow deposits

have low bulk density and high porosity (com-
monly 40% to 80%), and it is no surprise to find
that snow is highly effective in attenuating stress
waves. However, the cratering characteristics of
dense snow are not much different from those of
common rocks and soils, since low strength and
low density are to some extent offset by strong at-
tenuation.

When the pore water freezes in common rocks
and minerals, there is a sigi.ificant increase in
strength. This can affect the economics of a large-
scale mining operation that is efficient and well-
optimized, but it is not of major significance in or-
dinary blasting operations for excavation and con-
struction.

This report is concerned mainly with explosions
inside the ground material. The effects of explo-
sions at or above the ground surface are consid-
ered in more detail in Part I.

DEEP UNDERGROUND EXPLOSIONS

When a concentrated explosive charge is set
deep underground with the borehole stemmed, the
initial effects of the explosion are spherically sym-
metrical as long as the surrounding material is not
strongly anisotropic (Fig. 1). The ground is stressed
by an initial shock wave and also by expanding
gas. There is local heating by adiabatic compres-
sion of the ground material, and the surface of the
blast cavity is exposed to the high temperature of
the explosion. The effects on the surroundings
vary to some extent with the properties of the
ground material. For example, highly porous ma-
terial with air-filled pores can compact locally to a
high degree, whereas very dense material can suf-
fer gross displacement only by distributing strains
and displacements over a large surrounding vol-
ume.

When the shothole is completely filled by the
charge, the ground material that is in direct con-
tact with the charge experiences very high pres-
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Figure . Effects of a fullv contained explosion on the surrounding
solid material. Spherical symmetry for a spherical charge; cvilindri-

cal svinmetry for a long cvlindrical charge.

sures {approaching detonation pressure). Since the
initial amplitude of the shock wave from a typical
high explosive far exceeds the deviatoric yield
strength ot any solid material, the ground material
close 10 the charge undergoes intense compression
that is essentially hydrodynamic and adiabatic.
Rr-:tle material such a; rock is completely pulver-
ized in this zone (Fig. 1). As distance from the
charge increases, the shock wave amplitude de-
creases due to geometrical spreading of the wave
front and also due to dissipation in the ground
material. Inelastic (plastic) compression of the
material becomes progressively less severe, and the
shear resistance becomes increasingly important.
At sufficient radius from the charge, the behavior
of the material is that of an elastic solid rather
than the hydrodynamic behavior of pulverized
material. In the transition zone, the rock exhibits
an elastic-brittle response, and radial cracks are
formed by tensile hoop stresses, either from the
radially propagating shock or from the pressure
pulse produced by gas pressure in the explosion
cavity. In principle, cracks can be pressurized and
propagated by the expanding gases, provided that
the gases are not ‘‘sealed in’’ by intense pulveriza-
tion (and possibly fusion} of the cavity wall. How-
ever, crack propagation by gas intrusion probably

tJ

does not occur in a fully contained explosion. Be-
yond the zone of cracking the stress wave propa-
gates elastically at the acoustic velocity for the ma-
terial, producing dilatation and shear.

SIZE OF THE CHAMBER AND
THE CRUSHED ZONE
(Spring Hole Blasting)

The cavity produced by a deeply buried explo-
sion is termed variously a chamber, a camouflet, a
spring hole, or simply a cavity. **‘Chamber’’ is a
generai erm, “‘carrc 121’ i< an old military term
for an explosion smothered by burial, and *‘spring
hole™ usually means a cavity blasted at the base of
a shothole to provide space for more explosive.
The limit of the cavity is not always easy to define,
since fragmented material can collapse back. Nor
is the full extent of the crushed zone easy to meas-
ure, since it is extremely expensive to cut cross sec-
tions through hard rock at great depth.

Test data for rocks and soils

In various test programs carried out by the U.S.
Bureau of Mines, spring holes were blasted by con-
centrated charges and loose fragments were then

*—
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blown out through the shothole by compressed air.
These studies produced some of the best North
American data for small explosions, but it has to
be recognized that the volume of material excavat-
ed is somewhat arbitrary. The volume measured is
certainly more than the volume of open cavity
when no fragments are removed, but it is likely to
be significantly less than the total volume of rock
that is subject to severe cracking.

Figure 2 summarizes the results of four series of
tesis made in granite by the U.S. Bureau of Mines,
using a variety of explosives. This piot of volume
against charge weight displays considerable scat-
ter, but there is a systematic linear trend over al-
most 5 orders of magnitude. The indication is
that, for typical explosives well-coupled to gran-
ite, the volume of thoroughly crushed rock is
about 0.14 ft*/Ib, or 8.7 x 10~ m*/kg. There is un-
certainty by a factor of 2 on either side of this
value (the volume could be twice as much, or half
as much). The volumes plotted represent the total
volume of the excavated cavity, with no deduction
for the original volume of the charge.

Figure 3 gives the results of another series of
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tests made in salt. Here the range of the data is
smaller, but the data points lie very close to a
straight line, with little scatter. The yield in salt
was only half that in granite—about 0.064 ft'/lb,
or4 10" m'/kg.

One other study in rock produced a good linear
correlation between chamber volume and charge
size. In Project Buchanan (Gillespie 1972), spring
charges were fired in a weak, weathered granite,
giving the results shown in Figure 4. The data that
have been plotted here are for spring charges in a
fresh hole; during the project, second and third
charges were loaded successively into spring holes
produced by previous detonations. The data in
Figure 4 give specific cavity volume as approxi-
mately 0.06 ft'/lb, or 3.75 <10 m'/kg.

Other test programs in tonalite, weathered clay
shale, sandy overburden, and clay have produced
data that do not fit a linear relation between vol-
ume and charge weight. In general, these tests
cover relatively small ranges of charge size, and
thev cannot be taken as strong evidence against
the linear relation, especially as the log-log plots
suggest power relations with exponents both
above and below unity. Using mid-range values to
establish representative yields for these tests, spe-
cific cavity volumes are about 0.06 ft'/ib (3.9 >
10 " m' “ke) for tonalite, 2.2 ft'/lb (0.14 m'/kg)
tor weathered clay shale, 1.8 ft'/1b (0.1 m'/kg) for
lav, and 1.2 107 °1b (0.07 m' kg) for sandy over-
burden.

Henrnch (1979 accepts without question that

chamber volume shouid be proportional to charge
weight for concentrated explosions inside rocks
and soils. For fully contained nuclear explosions
in rock, Glasstone and Dolan (1977) also accept
approximate proportionality between chamber
volume and the energy yield of the explosion.
From the evidence summarized above there seems
to be no good reason to doubt this proportional-
ity, so that chamber size can be expressed as a spe-
cific volume (Table la, 1b),

If it is assumed that the cavity produced by a
compact charge is approximately spherical, the
volume measurements give an effective radius for
the cavity. The specific volume data for granite in
Figure 2 imply a mean scaled radius of 0.32
ft/tb ", or 0.13 m/kg . This is just over two
charge radii—2.1, 2.2 and 2.3 charge radii for
charge specific gravities of 1.0, 1.2 and 1.4, re-
spectively. The results for salt imply a scaled radi-
us of 0.25 ft/lb " or 0.10 m/kg . For charge speci-
fic gravity of 1.0, 1.2 and 1.4, the cavity radius is
1.6, 1.7 and 1.8 charge radii respectively. The data
for weak, weathered granite suggest a cavity radi-
us of 0.24 ft/lb * or 0.10 m/kg"*. This is equiva-
lent to 1.6, 1.65 and 1.7 charge radii for charge
specific gravities of 1.0, 1.2 and [.4 respectively.
In tonalite (Fig. 5), cavity radius is about 0.24
ft/ib " or 0.1 m/kg ", i.e. the same as weathered
granite. These results are summarized in Table la.

Henrych (1979) gives cavity radii for hard rocks
in the range 1.1 to 2.5 charge radii, or 0.06 t0 0.13
m/kg (Table 1¢). For weak and weathered rocks,
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tonualite ot medium-ro-high  strength.
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values are in the range 1.7 to 4.0 charge radn, or
0.091t00.21 m g °

In soils and very weak rocks, the cavities are
much bigger. In weathered clay shale the radius is
about 0.81 ft/1b *, or about 0.32 m/kg . For the
slurry explosive that was used (DBA 22M), this is
equivalent to 6 charge radii. In saturated clay, cav-
ity radius is roughly the same, and in sandy over-
burden a little less (Table 1a). Henrych (1979)
gives data for a variety of soils. The overall range
of cavity radius is 3.8 to 13.1 charge radii, or 0.2
t0 0.7 m-kg ' (Table l¢).

Glasstone and Dolan (1977) give representative
values of cavity radius for fully contained nuclear
cxplosions deep inside rock (> 2000 ft, or > 600
m). For dense silicate rocks such as granite, the
cavity radius is 35 ft/kt ' (11 m/kt"™"). For dense
carbonate rocks (limestone, dolomite) the cavity
radius is 25 ft/kt ' (7.6 m/kt ). If these values are
converted directly into conventional HE units, as-
suming 1 kt fully equivalent to 1000 tons of TNT,
the radii are approximately 0.27 ft/lb" (0.11
m/kg ) and 0.2 ft/lb" (0.08 m/kg"") for silicate
and carbonate rocks respectively ( Table 1b). If a
cratering equivalency factor is used in the conver-
sion, say 1 kt = 10* Ib TNT, the cavity radii be-
come 0.34 ft/lb ' (0.14 m/kg ') and 0.25 ft/lb"
(0.098 m/kg ) for silicate and carbonate rocks re-
spectively. These values are in good agreement
with the HE values in Table 1a.

in theoretical studies of rock blasting, Kutter
and Fairhurst (1971} postulated an ‘‘equivalent
cavity'’ of fractured material formed by the shock
wave, and pressurized by the expanding gas. They
deduced that this equivalent cavity should have a
radius of 6 charge hole radii, or 6 charge radii, for

spherical symmetry. For cylindrical charges, the
corresponding figure was 9 charge hole radii, or 9
charge radii. The postulated equivalent cavity is
therefore bigger than actual cavities formed in
hard rock.

Test data for cylindrical cavities blasted by lin-
ear, or columnar, charges are not easy to come by.
Table 1d gives a tew reported values for cylindri-
cal cavities in soils. There are also some reported
values of about 3 to 4 charge radii for the **crushed
zone' when cylindrical charges are fired in hard
rock. These can probably be interpreted as cavity
radii.

Experimental values for specific chamber vol-
ume can be interpreted as powder factors (i.e. re-
ciprocal of specific hole volume, which is equal to
specific charge). The values for chambering in
rocks are more than two orders of magnitude high-
er than the powder factors that apply to typical
blasting operations, but the values for chambering
in soils and very weak rocks are quite low. For
rocks, the effective powder factor is about 200-
450 1b/yd® (115-270 kg/m’) and for very weak
rock, soils, and frozen soils the range is about
12-50 1b/yd* (7-30 kg/m*).

Spring holes in frozen materials

Spring hole measurements have been made in
frozen soils, usually without any attempt at exca-
vation of loose debris. Benert (1961) fired 60%
gelatin dynamite in a frozen till described as
“gravelly silt.”” The results (Fig. 6) give a general
idea of spring hole volume in frozen till, but they
cannot be used to define a relation between vol-
ume and charge weight, since the length/diameter
ratio of the charges .ncreased with charge weight,
reaching a value of 12 for the biggest charges.

Other tests were made in frozen silt, using sensi-
tized nitromethane and composition C-4 (Mellor
1972, Sellmann, unpublished). These were not sys-
tematic studies, and the results (Fig. 6) are not
suitable for defining gencral relations between
chamber volume and charge weight. Bauer (1975)
fired compact charges of ANFO (S.G. 0.85) in
frozen clay. The results follow a linear trend, al-
though Bauer himself did not accept a linear rela-
tion between cavity volume and charge weight.

Looking at the overall compilation of data in
Figure 6, it appears that spring hole volumes for
compact charges in frozen silt and frozen clay may
be quite similar, with specific volume about 0.53
ft'/1b (3.3 x 10°* m'/kg). The equivalent radius for
a spherical chamber is about 0.5 ft/1b > (0.2
m/kg 7). Thisis 3.2 charge radii for a charge speci-
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Charge We:ght

soils.

fic gravity of 1.0, or 3.6 charge radii for a specific
gravity of 1.4,

The data for frozen till are probably representa-
tive of the performance of a compact spring
charge at the lower end of the data range, but at
the upper end of the range they represent cylindri-
cal rather than spherical geometry. In this materi-
al, specific volume is perhaps about three times
smaller than in frozen silt and frozen clay.

SIZE OF THE CRACKED ZONE

It is not easy to determine the extent of radial
cracking around a deeply buried explosion. To get
a feel for the size of the cracked zone, results of
the few direct observations have to be combined
with deductions from indirect evidence.
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Figure 6. Summary of spring hole data for frozen Figure 7. Summary of stress attenuation daita for spherical

propagation in grarnite.

Research studies (Olson et al. 1973) suggest that
radial cracks from a concentrated charge in gran-
ite may extend about 18 to 20 charge radii (2.5-2.75
ft/1b”, or 1.0-1.1 m/kg"). Another estimate can
be made by considering the empirical stress atten-
uation curve for granite in Figure 7. If the com-
pressive radial stress'6T the graph is assumed equal
to the tensile circumferential stress, and if the ten-
sile strength of the granite is taken as 2000 1bf/in.?
(13.8 MPa), then radial cracks could perhaps ex-
tend out to a radius of 5.5 ft/Ib"* (2.2 m/kg"), or
about 39 charge radii. If the same type of argu-
ment is applied to the attenuation of peak radial
strain (Fig. 12), and appropriate values are taken
for the tensile failure strain of the rock, another
estimate is obtained. Taking the tensile failure
strains for granite and limestone as 4.5 x10™* and
3 x 107 respectively, the indicated values of maxi-




Table 2. Indications of crack extent for charges in an infinite rock mass.

a. Concentrated charges.

Indicator

Damage radius (determined by inspection)
Stress attenuation
Strain attenuation

Attenuation of particie velocity

Maximum extent

(charge radu) i dh m/kg
18-20 (granite) 25275 1.0-1.1
= 39 (granitc) =53 =2}
=29 (granite) =4 = 1.6
=40 (hmestone) = 5.5 =22

<94 <13 -8

h. Long cylindrical charges.

lndicator

Damuage radius (determined by inspection)
Shothole spacing in bench blasting

Shothole spacing in smooth blasting (limited
burden)

Shothole spacing in presplitting (very large
burden)

Elastic analysis (simple assumptions)

Elastic analysis (assuming cavity expansion)

Muximum extent
{charge radii)

15-58
=45 (extreme limits 20-80)

45-56 (assuming decoupling ratio
of 3.5)

2R-42 tassuming decoupling ratio
of 3.5)

26-37 (probable range)
19-53 (extreme plausible range)

21-33 (probable range)
15-46 (extreme plausible range)

mum crack radius are about 29 charge radii for
granite (4 ft/Ib™, or 1.6 m/kg") and about 40
charge radii for limestone (5.5 ft/1b”, or 2.2
m/kg""). A very crude upper limit estimate can be
made by drawing on attenuation curves for peak
particle velocity, together with empirical damage
criteria for near-surface waves. A safe limit of
particle velocity for internal cracking of sound
rock is about 25 in./s (635 mm/s); for a spherical
wave in granite, this level is reached at a radius of
about 13 ft/1b"™ (5.2 m/kg""), or about 94 charge
radii.

These rough estimates are summarized in Table
2a. It seems fairly clear that maximum cracking
radius is in the range 10 to 100 charge radii. It is
not unlikely that the actual range is about 20 to 40
charge radii for spherical symmetry.

For long cvlindrical charges, there are more di-
rect observations on the size of the cracking zone
(Cattermole and Hansen 1962, Siskind et al. 1973,
Siskind and Fumanti 1974), Maximum radius of
the cracked zone seems to be in the range 15-55
charge radit. This fits quite well with empirically
established values of hole spacing in practical
bench blasting. A typical spacing/diameter ratio
of 45 for bench blasting implies a crack extent of

about 45 charge radii. The extreme limits in bench
blasting are 20 to 80. Looking at established prac-
tice for smooth blasting and presplit blasting, and
assuming a decoupling ratio of 3.5, the ranges of
hole spacing in charge diameters are 45 to 56 for
smooth blasting and 28 to 42 for presplitting. This
can perhaps be interpreted as an expectation that
crack extension from a single charge will be in the
range of 45-56 and 28-42 for smooth blasting and
presplitting respectively.

Another estimate can be based on the static
plane strain elastic analysis for a hole in a thick
plate. Consider a hole of radius « in a plate that
has in-plane principal stresses g, = o, = P. If the
hole has internal pressure p, the radial and circum-
ferential stresses at radius r from the center of the
hole are, respectively:

o, =P+ (p-P)(a/ry 1

o, = P~ (-P)(a’r). (2)
Ifp>> P,

0, = —0p = -plu/r). (3)
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When a borehole is pressurized abruptly, an
elastic stress field can establish itself in the sur-
rounding medium at the acoustic velocity for the
medium. For that part of the material that does
not fracture during passage of the shock, the limit-
ing radius for crack formation is the value of r
where o, equals the tensile strength of the rock o;.
This is assuming that the borehole pressure can be
sustained for longer than it takes to establish the
elastic stress field.

A first inclination is to identify hole radius a
with the drill hole radius d/2, d being the drill hole
(and charge) diameter. Corespondingly, the hole
pressure p might be identified with the detonation
pressure of the explosive p;, or with some fraction
of p. However, it may be more reasonable to take
a as half the diameter of the blast cavity, or half
the diameter of the crushing zone, either of which
can be denoted Kd, where K > 1. The correspond-
ing hole pressure p would then be the pressure p,
which is reached after adiabatic expansion of the
explosion products from the detonation pressure
Pp at diameter d to py, at diameter Kd.

For the first set of assumptions, the potential
limit for crack extent is given by

r=apy/op)" = (d/2)py/op)". )

For the second set of assumptions, the limiting ra-
dius for crack extent is given by

r = (Kd/2)(py/op)" %)

where, for a long cylindrical charge, adiabatic ex-
pansion gives

Py = pDK_Z.' (6)

in which 4 = 1.2 for expanding explosion pro-
ducts. Thus

(Kd/2)(p/K* 07)"

~
Il

K'"(d/2)pp/ o). Q)

With K = 2to 3, K!™ is in the range 0.8 to 0.87,
so the choice of assumptions does not have a
strong effect on the final result.

For exploratory estimates, take the tensile
strength of fairly strong rocks as 1000 to 2000
Ibf/in.? (6.9 to 14 MPa). Take K = 2to 3, and p,
in the range 0.7 x 10* to 2.8 x 10" 1bf/in.* (5 to 19
GPa). The factor (p,,/0;) " controls the result;
pairing high and low limits for p, and o, gives a

range from 19 to 53, while the pairing of low and
high limits for both reduces the range to 26 to 37.
These are maximum crack lengths in charge radii
for the first and simplest set of assumptions. For
the second set of assumptions, maximum crack
lengths are 80% to 87% of these values.

Table 2b summarizes the deduced limits for max-
imum crack length around a long cylindrical
charge in rock. Again it seems safe to conclude
that maximum crack length will be in the range 10-
100 charge radii. The actual range is probably nar-
rower, say 20 to 55 charge radii.

ATTENUATION RELATIONS FOR
SHOCK PROPAGATION

Spherical symmetry

In reviewing the available data for spherical
propagation of blast effects in ground materials,
the standard forms of presentation used in the lit-
erature will be followed (next section). In the stan-
dard presentations, data are plotted on logarith-
mic scales for good reason, since the values can
span many decades. There is also a common prac-
tice of representing the data by straight lines on
log-log plots, and hence by simple inverse power
relations, i.e. I = I, r", where [ is the magnitude
of the effect, r is the radius from the source, and /,
and n are empirical constants. This is convenient,
but it is not necessarily good science; n has to vary
for different ranges of r, / must tend to infinity as
r tends to zero, and there is no separation of geo-
metrical effects and dissipation effects.

As a stress wave propagates spherically, it atten-
uates because the wave spreads over an ever-in-
creasing surface area, and also because energy is
dissipated in displacing and straining the medium
through which the wave passes. The effect of geo-
metrical spreading is the same for any material
and at any distaiice from the source; the area of a
spherical wave front is proportional to r2. By con-
trast, the effects of dissipation tend to decrease
with distance; close to the source, much energy is
expended in pulverizing and fracturing rock, but
at distant range the wave is elastic and not subject
to much loss.

For a simple wave. the energy is proportional to
the square of the amplitude. The area traversed by
the wave front is a spherical surface, and thus the
energy is spread over an area that increases with
ri. The energy per unit area is then inversely pro-
portional to ri. The amplitude is thus inversely
proportional to r. If the wave propagation were

.




pertectly lossless, with no dissipation of energy in
the medium and no change of wavelength, the am-
plitude 7 would attenuate as

L=1(rr)! (8)
where /, and r_ are reference values of amplitude
and radius respectively, and a finite lower limit is
set for r. In air, pressure wave attenuation far
from the source is not much more rapid than 1/r,
and in water the attenuation follows an approxi-
mate /r trend even at fairly close range.

In general, it is to be expected that energy will
be absorbed, or dissipated, as a wave travels
through any real material. Whatever the term used
for the dissipation (internal friction, absorption,
etc.), the expectation is that the amplitude of a
plane wave (no spreading) will attenuate exponen-
tially, i.e.

I =1le 9)
where /, is the amplitude at 7 = 0 and « is an atien-
uation constant with the dimension of (length)™.

Combining the effects of geometrical spreading
and internal dissipation, a rational form for the
attenuation relation of a non-dispersive wave in
isotropic material is

[ = L{r/r)' e (10)
where r, is a lower limit of 7, approximately equal
to the charge radius, and [, is the value of fat r =
To.

Equations similar to eq 10 are used in geophys-
ics to express the attenuation of seismic waves,
and applicability to explosive stress waves in rock
has been demonstrated by Duvall and Petkof
(1959) and by Archison and Roth (1961). Equation
10 can be written in togarithmic form as

Iir
lnlﬁ(r—”)!: - al

and therefore a semi-log plot of the product Ir (log
scale) against r (linear scale) should be a straight
line, with the slope giving «. Duvall and Petkof
(1959) plotted data for the peak amplitude of
strain waves, and obtained linear trends for many
different explosives, four different rock types, and
various charge sizes. Fogelson et al. (1959) did
similar work with six different explosives in gran-
ite. Atchison and Roth (1961) obtained similar re-
sults for strain waves in marble. Values of the at-

an

10

tenuation constant o were found from the stope of
the regression line. All data were for the elastic re-
gion, starting just outside the limit of major crack-
ing. Scaled values of « by Duvall and Petkof var-
ted slightly with the explosive type, but mean val-
ues were:

Granite 0.034 (ft/1b"y
Sandstone 0.048 (ft/1b")
Chalk 0.027 (ft/1b")™!
Shale 0.026 (ft/1b")

A value of 0.085 (ft/Ib”)"* was accepted for marl-
stone, but the data show a distinct break in slope
on the semi-log plot. Fogelson et al. (1959) found
a mean value of 0.031 (ft/Ib"*)"' for granite. The
scaled values listed above are applicable when r is
used in corresponding scaled form. If r is ex-
pressed in feet, then the values of a given above
are numerically equal to values of « in ft'. Atchi-
son and Roth (1961) give a miean value for marble
of « = 0.011 ft'. Taking « with dimensions
(length)', the SI equivalents of these values are:

Granite 0.110 m™ (0.103 m™)
Sandstone 0.158 m™!
Chalk 0.088 m™
Shale 0.086 m™
Marble 0.037 m"

While eq 10 has some attractive features, its ap-
plicability is likely to be restricted to a certain
range of radius, in the same way as the power rela-
tion is restricted, since the dissipation mechanisms
are very different at different ranges (e.g. crush-
ing, fracture, anelastic vibration). Attenuation by
internal dissipation is also dependent on fre-
quency; in general, attenuation rate increases with
increase of frequency. High frequency compo-
nents of a complex wave tend to be filtered out
first, and the frequency characteristics are thus
changed at long range. This effect may be fairly
insignificant in some materials, but not in others.
Finally, the geometric attenuation is only a 1/r
function for a non-dispersive wave, or a pulse with
cunstant phase duration.

Taking a purely empirical approach, measured
relations between / and r can be described very
well by a polynomial, e.g.

l=ar' +ar’+ar (12)

in which the coefficients a, are curve-fitting pa-
rameters and the radius r can be expressed in any
convenient scaled form. However, there is little
point in fitting a polynomial to badly scattered




data over a small range of r while ignoring boun-
dary conditions. Some empirical attenuations ob-
tained in this way give ridiculous values of 7 when
the charge radius is substituted for r (e.g. Henrych
1979).

Whatever the relative merits of difterent attenu-
ation relations for wave amplitude, the simple in-
verse power relation is still the most favored form
in explosion technology. It embraces all types of
attenuation arising from geometry, absorption,
dispersion and frequency filtering. It is simple,
convenient and, when appropriately restricted,
quite acceptable. To avoid problems with dimen-
sions and boundary conditions, the power relation
can be written as

I =Lr/r)™" (13)
where /, is the amplitude at the lower limit of ap-
plicability for distance, r,. For lossless propaga-
tion, such as might occur with an acoustic wave in
an ideal elastic medium, n = 1. Where there is dis-
sipation, n > 1; inrocks, n = 2 is common and in
soils n can be as much as 3 to 4 at close range.

Cylindrical symmetry

With ideal cylindrical propagation, the energy
per unit area of wave front is proportional to the
radius r and therefore the wave amplitude is in-
versely proportional to r*:. This is the same as the
stress/distance relation for a static elastic stress
field (eq 3). If attenuation is expressed in the form
of eq 13, perfectly lossless propagation is repre-
sented by n = 2. When there is dissipation, n >
2 but it should be a bit less than the correspond-
ing value for spherical propagation. Henrych
(1979) gives a value of n = 1.44 for sandy loam at
fairly leng range (r/r, > 30).

ATTENUATION OF STRESS, STRAIN
AND GROUND MOTION

Just as in water and air, the amplitude of the
spherically propagating shock front decreases with
increasing radius from the charge. However, the
stress field created in a solid by a shock wave or an
elastic wave is not isotropic, as it is in water and
air; the radial and circumferential stress compo-
nents are not necessarily equal outside the close
range ‘‘hydrodynamic’’ zone. In a fluid there is
only a compression wave, whereas in a solid there
is, in the elastic response range, a compression
wave (P-wave) oscillating in the radial direction,

plus a shear wave (S-wave) oscillating transversely
to the radial direction. The front of a shock wave
can be characterized by the peak radial stress, and
this can be plotted against scaled radius to give at-
tenuation curves for various types of ground ma-
terials. Measurements of shock pressure in solid
materials are more difficult and uncertain than
corresponding measurements in water and air. In
addition to the usual problems of frequency re-
sponse and calibration for the gauges, there are
problems of coupling, impedance matching, and
directional resolution. Furthermore, measure-
ments may be affected by proximity to the sur-
face, and also by anisotropy and inhomogeneity in
the ground material.

Attenuation data for peak radial stress

Figure 7 gives a compilation of results for the
attenuation of peak radial stress in granite when
the test conditions are such as to approximaic
spherical symmetry. Data for extremely high stress
levels refer to nuclear explosions, which can in-
duce close-range pressures greater than the deton-
ation pressure of high explosives. The nuclear data
are from tests designated Hardhat (5 kilotons, 290
m depth), Shoal (12.5 kilotons, 366 m depth), and
Piledriver (50 kilotons, 460 m depth). Different
authors interpret the same measurements in slight-
ly different ways. One of the low stress curves
seems erroneous, perhaps because of incorrect
conversion of units. The high explosive data by
Noren (DuPont) are for water pressure in bore-
holes, which is not necessarily the same thing as
rock stress. However, if the analysis of Khristof-
orov and Romashov (1967) is applied to Noren’s
data, the agreement with the other results is excel-
lent. Taking a representative line through all of
the credible data, the decay of stress with distance
is very close to an inverse square relation (actual
exponent -1.92) for distances out to about 25 ft/
Ib” (10 m/kg ™).

Figure 8 gives some attenuation data for spheri-
cal propagation in volcanic tuff. In this material,
stress levels are somewhat lower than they would
be in granite at the same range. Overall, the decay
of peak stress with distance is very close to an in-
verse square relation for distances out to about 25
ft/1b" (10 m/kg"). Comparable data for alluvium
are shown in Figure 9.

Smith (1966) gave decay exponents for a variety
of materials. Not all of the values given are accept-
ed by this writer, but results for dry sand, clay, silt
and loess indicate close-range attenuation with an
exponent of -4 (Fig. 11).
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Figure 8. Stress attenuation data for spherical propa-

gation in volcanic tuff.

Henrych (1979) shows how the stress attenua-
tion in sand varies with the water content and the
air content (or dry bulk density). For saturated
sand, the attenuation exponent is -1.05 with zero
air content, -1.5 with 5x10™* air content, -2.0
with 107¢ air content, and -2.5 with 4 x10°* air
content. In other words, saturated sand with no
air gives attenuation like water, while saturated
sand with plenty of air bubbles gives attenuation
like rock. For unsaturated sand of dry bulk densi-
ty p, the attenuation exponent was -2.8 for g
1.6-1.7 Mg/m?, -3.0 for ¢ 1.52-1.6 Mg/m?,
and -3.3 for ¢ = 1.45-1.5 Mg/m".

The attenuation of stress in glacier ice and in de-
posited snow is illustrated in Figure 10. In ice,
stress appears to decrease with distance raised to
the power -2.3, a decay rate that is a bit more
rapid than rates found in typical rocks, and much
faster than the decay rate for liquid water (see Part

Figure 9. Stress attenuation data for spherical propa-

gation in alluvium.

II, Fig. 1). Within the range of available data,
overpressures in ice are well below the values for
corresponding distances in water. By comparison
with granite (Fig. 11), overpressures in ice are
lower than the values in granite at close range (< 1
m/kg”), but comparable at longer distances (e.g.
10 m/kg"). Attenuation in dense snow appears to
be strong in the near field; the decay exponent is
-3.75, or close to the approximate value of -4 that
was given above for near-range attenuation in soils.
Within the range of existing data, the peak stresses
in snow are lower than corresponding values in
air, water, ice, rocks and typical soils (Fig. 11).

Attenuation data for peak strain

In some attenuation studies the emphasis has
been on strain rather than stress. Figure 12 repre-
sents a compilation of data for the attenuation of
peak radial strain with distance for various types
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Figure 12. Attenuation of peak radial strain for
spherical propagation in granite. (Data from Du-
vall and Atchison 1957, Atchison and Tournay
1959, Duvall and Petkof 1959, Atchison and Pug-
liese 1964, Nicholls and Hooker 1965.)
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spherical propagation in salt. (Data from Nicholls
1962, Nicholls and Hooker 1962a.)

of high explosive in granite.* Beyond the range
where the peak compressive strain is comparable
to the failure strain of the rock, the response
should be approximately elastic, and related to the
peak stress components through the elastic mod-
uli. In this elastic range, peak strain appears to be
inversely proportional to the square of distance
from the charge, which is in agreement with the
stress attenuation. The test results may be influ-
enced by proximity of the wave to the surface.

Figure 13 gives an impression of the attenuation
of peak radial strain in salt. The original reports
have the detailed data points fitted by a line that
changes slope on the log-log plot, with slightly
steeper slope at the shortest distances. Overall, the
combined results follow a trend in which peak
strain is approximately proportional to radius
raised to the power -V/,.

Figure 14 gives strain attenuation data for a var-
iety of explosives detonated in a /limestone (density
2.36 Mg/m’). The original authors (Atchison and

* Data from Nicholls and Hooker (1962b) have been omitted.
They do not fit the general trend, and the same test results seem
to have been used to give different values of strain in a later re-
port (Nicholls and Hooker 196}
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Figure 14. Attenuation of peak radial strain for
spherical propagation in limestone. (Data from
Atchison and Pugliese 1964b.)
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Figure 16. Comparison of attenuation curves
Sor peak radial strain in four different rocks.
(Data from Duvall and Atchison 1957.)

Pugliese 1964b) fitted power relations to their data
so as to give an exponent of -2.64 for all explosive
types, but the inverse cube trend shown in Figure
14 is an adequate approximation for the overall
data band.

Figure 15 indicates the strain levels recorded in
marble for a variety of explosives. The data band
has been drawn here to represent inverse square
decay.

In Figures 12-15, the range of variation for the
strain at a given scaled distance probably repre-
sents variation of explosive type. The differences
in detonation velocity (or pressure) produce dif-
ferences in impedance matching between different
explosives and the rock. In the original studies by
the U.S. Bureau of Mines, the charges filled the
diameter of the shothole at the required depth, but
the explosives were chosen so as to cover a wide
range of detonation velocity, and hence a wide
range of characteristic impedance (product of den-
sity and velocity).

Figure 16 compares average attenuation curves
for four different rock types. Each curve repre-
sents an average for several types of explosives,
with detonation velocities ranging from 6500 to
21,000 i't/'s (2000 to 6400 m/s). The left side of the
plot represents the response of the rock where
strains are greater than, or comparable to, the fail-
ure strains for uniaxial stress. The trend to a low

attenuation rate near the source, seen also in Fig-
ure 12, could be interpreted as an indication of a
limiting compressive strain at close range.

Attenuation of displacement,
velocity and acceleration

For some purposes, the internal stresses and
strains of the ground material are of less interest
than the displacement and its time derivatives, i.e.
velocity and acceleration. This is particularly true
in the outer zone of elastic disturbance, where the
effects are of a seismic nature.

If a wave travels through a medium, passage of
the disturbance causes each particle of the medium
to be displaced a distance x in time ¢, where ¢ is the
time for first arrival of the wave at that particle.
The instantaneous particle velocity is Av/Af, or
dx/drt; the instantaneous acceleration is d*x/dt’.
The particle actually oscillates about its original
position, and if the disturbance is idealized as a
simple sine wave, the displacement x can be ex-
pressed as a function of time:

X = Asinwer = Asin(2nf1) (14)

where A is the amplitude of the sinusoidal dis-
placement, « the angular frequency and f the fre-
quency in cycles per unit time. The particle veloc-
ity v is thus

dx
vV = — = Awcosw!
dr wCOSw

A2rfcosnft) (15)

and the acceleration a is

a = 55 = -Au’sinet

-A(2nf)? sinQnfr). (16)

The peak values of displacement, velocity and ac-
celeration are

Xmax = A (17)
Vinax = 27fA (18)
Apa = 27N)A (19)

and the maximum value of velocity is #/2 out of
phase with the maximum values of displacement
and acceleration.

Recalling the shock equations, outlined previ-




ously in connection with air blast (Part 1), it can be
seen that there is a relation between particle veloc-
ity and overpressure. Thus, in principle, measure-
ments of peak velocity can give corresponding
values of peak pressure. However, to make this
conversion, the relation between pressure and den-
sity for the ground material must be known. This
relation is the Rankine-Hugoniot characteristic.

Close to the source of an explosion, the radiat-
ing stress wave is certainly not sinusoidal—for the
positive phase, the rise of pressure with time is
very abrupt, while the decay with time is quite
gradual and approximately exponential. As the
wave propagates outward, the front becomes less
steep, the positive phase duration may increase,
and a plot of displacement against time for the
positive phase may take on the approximate shape
of half a sine wave. Thus the sinusoidal approxi-
mation is not too bad for the elastic range of be-
havior beyond the hydrodynamic zone.

Ground motion from deep explosions is scaled
on the assumption of spherical symmetry, which is
fully justified for uniform isotropic material. As
usual, radius r is scaled with respect to the charge
radius R, or to the cube root of charge weight
W . Particle velocity v is not scaled, just as peak
overpressure is not scaled in attenuation relations.
Becausc time intervals for explosion effects scale
in proportion to charge radius or the cube root of
charge weight (see Part I), the accelerations and
displacements, being time derivatives and integrals
of velocity respectively, have to be scaled with re-
spect to R, or W', Anticipating a linear trend of
data on log-log plots, the general form of the at-
tenuation relations for spherically symmetric
ground motion would be

ry-n AR
\‘ma‘ = K; (E_) = K‘ (W) (20)
Xinax Xmax roa-n
- K, = K/ ._)
R W (Rc
:K;’( r )” Q1)
u' 1
ama\RC = K‘anun H - k‘l(RL) "
C
r n
= K'f—— (22)
()

where K is a coefficient and »n iy an exponent in
each relation.

(q‘—kqh‘) (q~lb/5)

Scaled Particle Acceleration

Figure (7. Attenuation of particle acceleration for spheri-
cal propagation in granite. (Data from Nicholls and
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Data for approximate <pherical propagation
have been published by Nicholls and Hooker
(1965), who fired high explosives in granite. The
original data have been re-scaled with respect to
charge weight and plotted in Figures 17-19. These
results refer to a range of scaled distance that is
further from the source than the range for the
stress and strain plots. Plots by the original auth-
ors omitted some data points and fitted trend lines
of shallower slope. The acceleration data (Fig. 17)
show a trend that is close to inverse cube decay,
i.e. n, in eq 22 is approximately 3. The data for
velocity and displacement (Fig. 18 and 19) appear
to attenuate less rapidly, with n, and n, in eq 20
and 21 approximately 2.5.

Henrych (1979) considers that internal dissipa-
tion in soils is negligible, so that velocity attenu-
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Figure 18. Arenuation of particle velocity for spherical
propagation in granite. {Data from Nicholls and Hooker
1963.)

ates with n, = 2. He illustrates test data that show
n. = 2 for both soils and hard rocks, which is
rather surprising (range was 1.5 to 150 m/kg"").

Attenuation of ground motion is dealt with
again in a later section, where the concern is the
more common one of ground motion near the sur-
face.

STEMMING OF SHOTHOLES

Traditionai sicmming materials include sand,
fine gravel, crushed stone, or mixtures of fine-
grained soil (silt, clay) with coarse granular mater-
ial (sand, gravel). The particle size should not ex-
ceed 10% of the hole diameter. Layers of different
material are sometimes placed in the column, e.g.
clay above the charge, followed by sandy gravel,
followed in turn by coarse gravel. Special stem-
ming material packaged in bags or cartridges can
be purchased, and special bags are available for
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Figure 19. Attenuation of particle displacement for
spherical propagation in granite. (Data from Nicholls
and Hooker 1965.)

packaging standard material on site. Drill cuttings
are also used to backfill shotholes, especially when
the holes are of relatively large diameter and the
cuttings are coarse. In underground mining, car-
tridges of non-combustible foams, pastes or gels
are sometimes used. In recent years, it has been ac-
cepted that water alone is often as good as, or bet-
ter than, traditional solid stemming in both verti-
cal and horizontal shotholes (Anon. 1970, Gilles-
pie 1972, Knudson et al. 1972, Rooke et al. 1974).
Water has appreciable practical advantages over
solid materials, which have to be procured, deliv-
ered to the job site, and loaded into the hole rela-
tively slowly. Provided the hole is reasonably
watertight and has a downward inclination, then
direct filling with water is cheap and easy. Apart
from the fact that some holes are not watertight,
the only major disadvantage with this procedure is
incompatibility with explosives that have poor
water resistance (e.g. unpackaged ANFQ). These
objections to water stemming can be overcome by




pachaging the water in speaial self-sealing plastic
tubes, ampoules or bags, which can also be placed
in horizontal holes, Water stemming has become
important, or dominant, tor shot-firing in West
I uropean coal mines in recent decades (Anon.
1970, Special warer-Nlled ampoules are packed
tiehtly in the shothole with positive restraint; the
advantages include suppression ot dust, tumes, ig-
niton and ciected tragments. In trozen ground or
massive e where the temperature is well below
0 CLa ~ohid plug of steriming can be formed by
freczing water, water tee surry, or wet soils,

The fenpth ot stemming needed o contain a
cratering explosion does not seem to have been in-
vestigated systematically - Practcal guidelines tor
crater blasting may recommend backtilling to one-
third or to one-halt of the hole depth, which is not
completely rattonal. A more reasonable expecta-
ton tor this situwavion 1s thay the required length
would be o function ot the hole diameter, the
properties of the stemming material, and the
charge depth. For well-placed granular material
that tends to fock under pressure, an absolute
lower himit tor the required length of stemming
might be about 10 hole diameters, but 1t is proba-
bly prudent to fill to at least 20 hole diameters. In
bench blasting, where stemming extends trom the
top of the charge to the surface, the required
lengih of stemming (collar distance™") is typically
taken as proportional to the burden, which itselt is
a multiple of the hole diameter. These recommen-
Jdations translate to 14 1o 28 times the hole diam.
cter, Fourney et al, (1985) tound that a ratio of at
least 26 was needed for complete **hridging’ and
sealing. When using water for stemming, the best
practical guidance is to till the hole completely.

Small “*blocking charges™ are sometimes placed
between sections ot inert stemming. These fire at
the same time as the main charge, pressurizing the
column of stemming <o as to resist blowout,
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SHALLOW SUBSURFACE EXPLOSIONS

The foregoing is concerned mainly with deep ex-
plosions, where the effects are fully contained and
the disturbance spreads in a symmetrical pattern
that is cither spherical or cylindrical, depending on
the charge geometry. A different situation prevails
when the charge is at shallow depth: the ground
surface then breaks out and releases detonation
products, forming a crater (Fig. 20), a trench, or a
planar surface, depending on the geometry and
favout of the charge or charges. Even when the
charge is below the critical depth, where breakout
ceases, the ground disturbance (stress, strain, dis-
ptacement, acceleration) is affected by proximity
to the surface and by the lack of three-dimensional
symmetry in the field of propagation.

CRATER FORMATION

For purposes of discussion and analysis, a
cratering charge is assumed to be a concentrated
charge of high explosive, ideally spherical but usu-
ally cylindrical. A cylindrical charge with length:.
diameter ratio less than four produces results that
are indistinguishable from those of a spherical
charge. and length/diameter ratios up to six are
usually considered to give a ‘‘concentrated’’
charge. When cratering data are given. it is also
assumed that the charge lies at the base of a nar-
row drill hole, with 100% geometric coupling, and
the hole is assumed to be adequately stemmed.
The ground surface is assumed to be horizontal,
so that gravity body forces in the ground and grav-
ity forces on displaced fragments act in a radially
symmetric pattern.

Crater geometry varies considerably, depending
mainly on the scaled charge depth and the proper-
ties of the ground material. However. Figure 20
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serves to illustrate the general teatures ot a tvpical
crater. Charge depth is measured trom the original
surface to the center of gravity ot the charge.
Atter detonation, some material, mainly in a coni-
cal zone above the charge. is completely tractured
and subjected to large displacements. Fragments
are thrown upward and outward; in general, some
of this material is ejected and some falls back into
the crater. The ground slightly more distant from
the charge is tractured or otherwise strongly dis-
turbed, but it is not detached trom the parent
mass. At still greater distance the explosion may
produce permanent strain in the ground material,
but there is no obvious damage. Bevond this zone,
the ground experiences transient stress, strain and
displacement, but there are no permanent changes.

A typical crater in rock (Fig. 20) is seen as a
howl-shaped depression with a rim ot debris. This
open hole iy called the apparent crater, and its
sides and base are formed mainly by shattered de-
bris. It all the loose debris is dug out and cleared
away, the frue crater appears. It is bounded by
material that has been damaged, but not grossly
displaced. The true crater has a slightly raised rim
were the original ground surface has been heaved
or peeled back. Further excavation or core drilling
reveals a transition zone in which the damage or
permanent strain becomes progressively less severe
with increasing distance from the surface of the
true crater. Some military texts use very elaborate
schemes for defining zones of disturbance beyond
the boundary of the true crater, and they also em-
ploy a highly detailed set of characteristic crater
dimensions. For most practical purposes other
than research, these intricacies can be ignored;
there are no sharply defined boundaries between
zones that experience different degrees of strain.
Figure 20 gives a representation that is adequate
tor most purposes.

The process of crater formation starts with
transmission of a shock wave from the charge to
the surrounding material, as in a deep under-
ground explosion. The efficiency of shock trans-
mission from the charge to the ground depends on
the geometric coupling and the impedance match,
as described earlier for deep explosions. With effi-
cient shock transmission, the ground material im-
mediately adjacent to the charge undergoes in-
tense compression and it is completely pulverized.
This material is also displaced radially, forming a
cavity that is considerably bigger than the original
charge. This cavity is pressurized by expanding gas
trom the explosion. Around the crushed zone,
cracks radiate outward, some of them reaching the

ground surface, or coming close to it. As the
shock radiates outward it reaches the surface and
reflects.

The shock is the first disturbance to reach and
displace the ground surface. The reflection of the
shock as a tensile pulse causes small particles and
larger spall fragments to break loose and jump in-
to the air. The vertical ejection velocity decreases
with the horizontal radius from surface zero, as
described previously for the surface effects of
underwater explosions (Part 11). If the explosion is
fairly deep (by cratering standards), this surface
spalling only affects a relatively thin surface layer.

Radial cracks probably reach the vicinity of the
ground surface later than the shock; if thev form
by extension from the pressurized blast cavity,
their propagation speed is much lower than the
shock velocity (about 20% of the acoustic P-wave
velocity). These cracks, and their radial limits rela-
tive to the ground surface, help to define the limits
for the final conical breakout of fragmented ma-
terial.

While the shock produces only transient stress
waves of limited thickness, the pressurized blast
cavity establishes behind the intial shock an over-
all stress field that is more akin to a static elastic
stress field. This stress field is influenced by prox-
imity to the surface; there is yielding towards the
surface, and the blast cavity expands preferential-
ly in the direction of the surface.

Growth of the gas bubble displaces and sepa-
rates the cracked material; the surface rises in a
mound and accelerates, with velocities greatest
near the center, thus producing progressive steep-
ening of the mound. As the ground domes up-
ward, the large tensile strains in the convex area
tend to form two orthogonal crack systems, ancin
the radial (meridional) direction and the othe- in
the circumferential (latitudinal) direction. These
cracks increase in width progressively as the sur-
face layer pushes up and stretches. The ga< then
vents through the fissures of the rising mound,
tvpically forming a fountain of faster ejection
plumes that shoot out of the top of the dome.
Small fragments carried in these plumes may be
fired to great height or over long horizontal dis-
tance. The bulk of the material usually drops back
into the crater and onto the area immediately sur-
rounding the crater.

A charge Iving on the ground surtace does not
make a big crater, but it can tire debris along way.
Burial of the charge at shallow depth produces a
large increase in crater size. By increasing the
charge depth, the surface radius of the crater even-




tally reaches a maximum. This is i tvpe ol crater
Bikely 1o be advantageous in military engineering.
\esomew hae greater charge depth, the volume of
the true crater reaches a masimum, without much
reduction of the surface radius, This gives masi-
mum efficieney when broken material is excavated
by i secondary mechanical process. Sulf further
increase of charge depth subdues the eruption o
the point where fragmented material heaves up in-
to the air and then flops back into the crater, feav-
ing a4 mound ot bulked material on top. This type
of crater is likely to be advantageous in civil con-
struction, sinee it is deep and steep, and there is
very littdle tlvrock. At slightly  greater charge
depth, crater formation ceases. Thisis termed crit-
ical charge depih. The charge forms a subsurface
cavity, as deseribed earlier, and in competent ma-
terial there may be slight heave and cracking at the
surface. In some matedials (e.g. soils or weak
rocks), the cavity can collapse and cause minor
subsidence at the ground surtace, ¢ven when the
absotute values of charge depth and charge size
are small. Most rocks collapse to torm these veru-
cal chimneys™ when nuclear explosions occur at
great depth.
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Craters are usually thought ot as conical or bowl-
shaped, and as a general idea this is not far from
the truth, for the true crater and often for the ap-
parent crater. However, apparent craters can vary
greatly, from pits to surface mounds, depending
on charge depth, variations in ground material,
and difterences in the behavior of the failback de-
bris. Figure 21 gives some examples of cross-section
shapes for apparent craters.

Soviet writers use a *‘crater shape characteristic’
n that is the ratio of crater radius, r, to charge
depth, d.; i.e. n = r/d. (see Henrych 1979). The
value n = 1 (i.e. r = d) gives the so-called *‘stan-
dard crater.”’ As can be seen from the data com-
pilations that are given later in this section, n = ]
is hardly ‘‘standard’ in rocks and other compe-
tent materials. If this value is reached at all, it oc-
curs with charges that are just a bit shallower than
critical depth.

»

CRATER SCALING

Crater dimensions, and also the trajectories of
flyrock, are scaled in order to remove the effect of
charge size, thereby facilitating comparisons of
test data. As for other explosion phenomena that
involve concentrated charges and three-dimen-
sional effects, an obvious first approximation for
adjusting crater dimensions is cube root scaling,
which implies geometric similarity. In other
words, linear dimensions are scaled with respect to
charge radius (giving a dimensionless variable), or
with respect to the cube root of charge weight or
energy (giving physical dimensions that are ugly
but convenient). However, both theoretical rea-
soning and experimental results suggest that there
are other possibilities fr scaling relations.

To simplify the considerations, we first assume
that the ground material is isotropic, and that
there is no overall variation of bulk properties
tsuch as density, strength, and modulus) with
depth or with radius from the shot point. We also
ignore variation of explosive type, assuming that
the mass and energy of the charge are proportion-
al with a constant ratio.

If crater size is controlled by the inherent strength
and density of the material, the effects of constant
gravity can be neglected. Dimensional analysis
then shows crater volume to be proportional to
either charge mass or charge energy (see, for ex-
ample, Holsapple and Schmidt 1980). For geomet-
rically similar craters, corresponding linear dimen-
sions are proportional to the cube root of charge




mass, or the cube root ot charge energy. Use of
cube root scaling in rock blasting goes back to the
nineteenth century, when presumably it was de-
duced empirically.

By contrast, if gravitational effects are consid-
ered significant, the component of material
strength that derives from gravity body forces in-
creases with depth, and a significant amount of
energy is needed to lift debris from the crater
against gravity. If gravitational forces become
dominant in controlling the crater formation, and
it the gravitational acceleration remains constant,
dimensional analysis shows crater volume to be
proportional to charge energy raised to the power
‘4. Thus, for geometrically similar craters, corre-
sponding linear dimensions would be proportional
to energy, or charge mass, raised to the power 4.
This is called fourth root scaling, or gravity scal-
ing (White 1973, Holsapple and Schmidt 1980).
Fourth root scaling also applies to underwater ex-
plosions when gravitational effects dominate over
hvdrodynamic effects (see Part II). Referring to
Part I, this can be appreciated from eq 8, eq 18
and Figure 20 when conditions are such that the
charge depth is proportional to the maximum bub-
ble radius and is also much greater than the atmos-
pheric head. Comparison with underwater explo-
sions brings out the point that, for cratering in im-
permeable solids, the effective static pressure is
the overburden pressure plus the atmospheric
pressure.

In general, it would be reasonable to expect
cuberoot scaling to apply where: 1) the scale of the
problem is small, so that depths in the ground (or
gravity body forces) are also small; and 2) the
ground material has high inherent cohesive
strength (not depending much on the overburden
pressure), Fourth-root, or gravity, scaling might
look like a better bet where: 1) very big charges are
being used, so that depths and overburden pres-
sures are relatively large; and 2) the ground mater-
ial has little inherent cohesion, deriving its
strength mainly from overburden pressure (like
dry sand).

Most materials have finite shear strength, even
under zero gravity, and in all terrestrial situations
there are finite gravity body forces. Thus, in the
real world, it might be expected that the scaling ex-
ponent for linear dimensions would vary between
i and Y. However, there are other complica-
tions, both theoretical and practical. Among the
latter are: 1) variation of effective rock strength
with the stressed volume (flaw probability), 2) var-
iation of rock strength with strain rate (see Gatft-
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neyv 1984a,b), and 3) the incvitability of rock va-
riation with depth.

Direct experimental determination of crater
scaling is quite difficult. Charge weight, or energy,
has to vary by several orders of magnitude to get
reliable results. At the same time, scaled charge
depth has to be maintained constant, even though
the scaling relation for charge depth is not known
with certainty. Ideally, the ground material should
be completely uniform, so that all tests are made
in the same material. Finally, the same explosive
should be used for all tests (equal energy for HE
and nuclear explosions does not necessarily pro-
duce the same mechanical effects). The experi-
mental scatter in field data is considerable, and
replicate tests are needed to establish representa-
tive values for the crater dimensions. However, it
is simply not feasible to have replications of very
large experimental cratering explostons, especially
nuclear ones.

Because of these complications, test results do
not always define clear rclations when crater di-
mensions are plotted against charge weight on log-
arithmic scales. Some specialists take limited
available data for particular ground materials and
particular moisture conditions and then derive
scaling exponents by power law regression. This
procedure results in exponents between, or even
outside, the limits of 2 and "4, and exponents are
often given to three significant figures. Such a
procedure does not commend itself to this writer;
there is no strong reason to doubt that cube root
scaling is applicable to most small explosions,

1

10} e g

10 bomv"
Dry Clay
Scated Charge Deptr Z.51f1/1b )
TNT
|OCL_A_-,A,A“_.M,ﬂ B LAAA,._J‘
1G 10 10 '

Equivaient TNT Crarge Weght 't

Figure 22. Radius of the apparent crater ploteed againsg
charge weight. Data are for TNT explosions i dry clay

at a scaled depth of 0.51 ft (b

(.2 m ke

duata compiled by Rooke et al. 1974.)

). (From




0% R T e Bt
! . :
E i Moteria! Scaled Lharge Nenth I i
: ! 1 {esert Alluvium «l.0 - i
é 10 L Basan B Gronte t2-15 N-Nuclear |
o H T Ly or Morst Sand Q.4
g j
® !
[ 1
(&) 0 - . Siope : X
e t - 3 @ w°> Below 4 x10" 1b,w*?® Above 4x10° b
5 : P @) w"> Betaw 10> 1b; WO above 10°1b
4 o - @ W2 o W'’ Beiow 26x10°:WO?® Above 26x10% 1
|O - - Ce e e e A il . . PUTE Y DRSS J
10 10 o 103 10% 10° 108 107 108 i0?

Equivaient TNT Charge Weight (Ib)

figure 23, Radius of the appareni crater plotted against charge weight for chemical
and nuclear explosions in various ground aterials. (From data compiled by
Rooke et al. 1974,

10" = m e Ty e frn—m‘mf—rﬁ-»V—ﬂ

b,
e wo? *'/&J:dstone
:), é ./Sculed Charge Depth 0.37 fiip
2 & / TNT
10" FA_LALAJ;%f,,L'A__LLm_A—l__A—.L‘LAJ_LLL;A sl
10" 0 e} 0o~ 0

Equivalent TNT Charge Weight (ib)

Figuwre 24. Radius of true crater plotted aguainst charge
weight for TNT explosions in sandstone at a scaled charge
depth of 0.37 ft:1b - (0.15 m-kg ). (From data compiled
by Rooke et ul. 1974.)

where gravity body forces are small, while a slow true crater are more intormative and useful. When
transition to fourth root scaling is to be expected the results of many cratering shots with widely
as explosion size increases. Figures 22-24 demon- varying charge weights and charge depths are
strate the applicability of cube root scaling in dry compiled for a single ground material, there is
clay and hard rock for the apparent crater radius usually wide scatter. The scatter tends to be great-
from large chemical explosions. However, for est for charges that are close to optimum depth,
charges in the range 1 to 100 tons, a scaling expo- probably because of the abrupt transition from
nent of 0.3 seems to give better representation of optimum depth to critical depth. In this section,
the data (Fig. 24). some test results are shown as data bands which

represent the scatter that can be expected due to
variations in ground conditions and explosive

CRATER DIMENSIONS type. Other tests results are necessarily shown as
simple curves, since that form of presentation was
Crater dimensions for a given material are usu- used by the original investigators. However, in
ally presented as plots of radius, depth and vol- reality test results do not det.ae clean curves un-
ume against charge depth. Linear dimensions may less: 1) the test site has highly uniform ground ma-
be scaled with respect to the cube root of charge terial (no variation of properties, horizontally or
weight, or with respect to equivalent charge ra- vertically), 2) a single explosive type is used, and 3)
dius. Volume is usually scaled with respect to the geometry of charge and shothole is similar tor
charge weight, or energy yield. Because of the lim- all shots.
itations of cube root scaling that were discussed For HE charges somewhere around 1 ton, John-
above, the scaling factor may be charge weight san (1971) suggested scaling with respect to charge
raised to an arbitrary power {(approximately 0.3). weight raised to the power 0.3, Figure 25 gives
Most of the available data are for the apparent scaled dimensions tor the apparent crater based on
crater, which is ecasy to measure, although for a 1-ton charge of TNT and a scaling exponent of
some engineering purposes the dimensions of the 0.3.
22
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Rooke et al. (1974) used test data and empirical
scaling to derive representative crater dimensions
for a 1-ton sphere of TNT in a wide variety of ma-
terials. The results for apparent craters are sum-
marized in Figure 26. To use these curves for pre-
diction or for blast design, it would seem reasona-
ble to use cube root scaling when scaling down
from 1 ton to significantly smaller charge sizes,
and perhaps something closer to fourth root scal-
ing when scaling up to significantly bigger HE
charges.

In Figure 27, dimensions of apparent craters
made by 256-1b (116-kg) charges of TNT in dry al-
luvium are shown in unscaled form. The data
bands give some indication of the uncertainty that
exists for a single material with identical charges
of the same explosive. Cube root scaling should
give an acceptable approximation if these results
are used to predict for charges in the range 50 to
1200 Ib (25 to 550 kg).

A set of data for apparent craters in ‘‘sandy
overburden’’ blasted by ANFO or sensitized slurry
is shown in Figure 28. The charge weights were 25
1b and 125 1b.

' ' Rock I TON TNT AN
N e e ol l l [ I S
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glO T T T T I T
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Figure 26. Dimensions of apparent craters formed in a range of ground materials by the explosion of a 1-ton
4 A ! )

charge of TNT. (After Rooke et al. 1974.)
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Figure 29 gives cratering curves for blasts in dry
Ottawa sand by tiny, pea-size charges of lead
azide. A remarkable thing about these results is
that they scale so as to give credible values for
much bigger charges (Table 3).

Some data on true crater dimensions for small

charges in a variety of rocks are given in Figures
30-33. The results for granite do not conform to
typical crater characteristics, as can be seen from
the plot of crater depth. The charges in granite did
not break out the rock immediately surrounding
the charge itself; see Duvall and Atchison (1957)
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Table 3. Approximate dimensions of apparent craters in rocks and soils (conventional explosives).

Crater radues, 11

Cruter depth, f1 b

Crater volume, ft'-th Critical charge

tm kg ) /m ke ') o . mkg)  depth for zero
Vaxemum Optirmun Mavemnm Optimum Maximum Optimum crater depth,
crater churge crater charge crater charge Jrib
Muateria! rudies depih depth ~ (!eplhw o rQ/l{({lﬁ ﬂiziﬁlitr’[‘r//li»&_ ("L&g,)i
sandy overburden 2229 1.5-1.6 1.0-1.6 1.358 S-13 1.4 2.8
109-1.1) {0.6-01.63) (0.4-0.63) (0.54) (0.3-0.8) (0.5%) (.
Dy sands soil 2.0 1.3% [ 115 2.6
0.8 (.54 (0.449) (1).46) (1.0
Sand 2.5 1.2 .8 1.3
(1.0 0.5) (0.7) (0.5)
Wetr sandy soil 2.2 1.3 1.158 1.4
{1.9) (0.5) (0.46) (0.536)
Dry alluvium 1927 1.7 0.7-1.3 t1-1.3 3.2-813 1.3-1.6 39
(0.735-1.1 (0.67) (0.28-0.52)  (0.44-0.5D) {0.2-0.5) (0.52-0.63) (1.5
Alluvium 24 1.8 i1 1.4
(1., (0.7) (0.45) (0.6)
Dry clayey soil 1.7 1.1 0.88 0.75 24
(0.67) (0.44) (0.34) 0.3 (0.95)
Moist clayey <oil 22 1.3 1.5 1.5 2.8
(0.9 (0.5) (0.6} (0.6} (.1
Dry soil 2.0 1.7 1.0 1.4 3-20 1.2-1.6
(0.8} (0.67) (0.4) (0.5%) (0.2-1.2) (0.48-0.63)
Wet soil 9-43 1.7-2.2
(0.6-2.7) (0.67-0.87)
Soft rock 2.0 .35 0.9§ 1.2
(0.8) (0.54) 0.4) (0.48)
Hard rock 1.5 1.0 0.75 0.9
0.6) (0.4) 0.3 (0.36)
Basalt 1.9 1.3 1.0 1.2
0.8) 0.5 (0.4) (0.5)
Dry rock 1.6 1.4 0.8 1.4
0.6) (0.55) 0.32) (0.55)
Dry clay <hale 2.3 1.9 1.1 0.8
0.9) 0.8) (0.4) (0.3)
Saturated clay 2.2 1.55 1.1 I.35
shale (0.9) (0.6) (0.44) (0.54)
Plava 1.9 1.0 1.0 0.8
(0.8) (0.4) {0.4) (0.3)
Dry Ottawa sand 33 1.15 1.4 1.0 19 1.1
(extremely small (1.3) (0.46) (0.57) 0.4 (1.2 (0.44)

charges)

for details. The same type of behavior was found
for very small charges in granite (D’Andrea et al.
1970), but the crater depth data did not scale well.
Figure 34 gives a general idea of crater radius and
crater volume for very small charges (< 1 ib) in
granite. On a larger scale, dimensions of true
craters produced by I-ton charges in sandstone are
indicated in Figure 35,
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Nuclear explosions differ from chemical ones—
energy density, temperature and pressure at the
source are all higher, and gas expansion is pro-
duced indirectly from the surrounding material by
vaporization. This suggests that dimensions for
nuclear craters might be different than those for
HE craters, but some of the test data show close
similarity between the two types when an appro-
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priate energy factor is applied. From considera-
tion of theoretical simulations and empirical com-
parisons, it has been accepted by some authorities
that 1 kiloton of nuclear energy gives about the
same cratering performance as 10° Ib of TNT, i.e.
for crater comparisons the ‘‘weight’” of a nuclear
device is multiplied by 0.5. However, it is not clear
to this writer whether the factor is based on direct
comparisons for equal energy, or whether the fac-
tor simply produces compatibility according to
some preconceived scaling rule.
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A set of curves for nuclear apparent craters in
soil and rock is given in Figure 36. The depth
scales on these curves imply applicability of cube
root scaling. Representative dimensions for nu-
clear apparent craters in soils and rocks are given
in scaled form in Figure 37.

Figure 38 gives dimensions of true craters from
-kt nuclear bursts in rock and desert alluvium,
For rock, cube root scaling is apparently a good
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Figure 33. Scaled dimensions of true craters in marl-
stane. (After Duvall and Atchison 1957.)

approximation. For alluvium, cube root scaling
applies for crater depth and charge depth, but the
empirical scaling for radius is apparently closer to
fourth root. Figure 39 gives another curve for the
true crater radius in hard, dry rock. The dashed
line shows the relation for true crater depth sug-
gested by the original author (Hughes 1968); this
type of relation can apply only if crater depth is
redefined as the depth below surface of the base of
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same data are given in scaled form by Hughes (1968),

using a scaling exponent of 1/3.4, i.e. 0.294. (After

Rooke et al. 1974.)

the explosion cavity, irrespective of whether it is a
crater or a camouflet chamber.

The cratering curves given in this section and
the next one represent test results from large num-
bers of explosions in a wide range of ground ma-
terials. At first sight the curves may appear con-
fusing or even contradictory, but when the data
are compared in scaled form they are very consis-
tent. Tables 3 and 4 give some characteristic di-
mensions for apparent craters and true craters in
soils and rocks when the charge size is up to 1 ton
or so. Tables 5 and 6 give comparable data for
craters formed by nuclear explosions. It turns out
that there is surprisingly little difference in the
crater dimensions for materials that have widely
different properties. For example, the maximum
scaled radius of the crater varies only by a factor
of 2 over the whole range of soils and rocks, in-
cluding frozen soils and ice (see Tables 10 and 11).
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In order to develop a practical feel for cratering,
it is useful to have some easily appreciated num-
bers for describing crater proportions. In Tables 7
and 8, the ratio of crater depth to crater radius is
listed for apparent craters and true craters, and an
equivalent sideslope angle is given. The numbers
are derived from cratering curves given in Figures
22-24, and from other sources.

For apparent craters, the equivalent sideslope
for most materials tends to be around 20° when

30

the charge depth is zero. When the charge is deep
enough to produce maximum crater radius, the
equivalent sideslope is around 26° to 30°. When
the charge depth is such that it gives maximum
crater depth, the equivalent sideslope is just a bit
steeper, say about 28° to 32°.

There is very little systematic information on
true craters in rock. For zero charge depth, the
first three entries in Table 8 suggest 20° 1o 26° for
the equivalent sideslope, while the tast four entries




Table 4. Approximate dimensions of true craters in rocks (conventional explosives).

Vaterial

Maristone

Chalk

Sandstone

Sandstone

Grranite

Granite

Crater radius, 1r b

(kg )
Vaximum Optimum
crater charye
ruadine depih
2T 2.88
[ S (.o
1.6-4.0 2.7
th.d-1.6) (LD

14 2223

(1.2-1.6) (0.87-0.91)

21 1.1
{0.83) {0.44)
2.3-39 1.2-1.8

(0.91-1.5) (0. 48-0.71)
1340 1.7
(1.371.6)7 - (0.67)

Crater depth, ft b -

Crater volume. ft* Ib

A kg ) .
Mavumum Optimum
crater charge

o depth ) Vﬁ(f/ﬂplﬁ L
21-22 23
(0.83-0.9 0.9

29-38 29-31
(L.2-1.%) (1.2)
t4-19 1.8
(0.56-0.75) (0.6)
1.6 1.7

(0.63) (0.67)
0.6-0.9 1.6

(1).24-0.36) (0.63)

L mike)
Muximum Optimum
crater charge
volume — depth
23-245 2.4
(1.4-1.5) (0.95)
§7-59 2.
(3.6-3.7) (1.2)
18-21 1.85
(1.1-1.3) (0.73)
8-11.5 1.6-1.8
(0.5-0.7) (0.63-0.71)
8.2-10.3 1.7
(0.5-0.6) (0.67) ~

Table 5. Approximate dimensions of nuclear apparent craters in soil

and rock.

Material

Soil or soft rock (dry)
Soil or soft rock (wet)
Hard rock (dry)

Hard rock (wet)

Rock

Desert alluvium

Moist clay

Table 6. Approximate dimensions of nuclear true craters in soil and

rock.

VMaterial
Desert alluvium
Rock

Hard. drv rock

Maximum Optimum
radius charge depth
<230 =200
(70 ( -61)

18S 140
(56) (43)
240 190
(73) (SR)
3l

Muaximum crater radius,
Srokt (mikt )

Maximum crater depth,
St/kt ' ((m/kt )

Maximum crater radius,
Sk fmke )

Maximum Optimum Maximum Optimum
- L"Lﬁ““ charge depth depth charge depth
=187 =120 100 110
( =48) (=237) (30) (38
=208 =120 110 110
(=63) (237) (34) (34)

152 110 88 110
(46) (34) 27) (34)
=170 =120 106 120
(=52) (237) (32) (37)
150 170 85 120
(46} (52) (26) 37
180 180 v3 Ly
(5%) (55) (29) (46)
235 180 110 108
(72) (55)

(34) (32)

Maxumum crater depth,
CSUkt (mcke oy

Maximum Optimum
depth charge depth
- 240 - 190
(-73) (-58)
230 <190
(-70) (- S¥)

Critical charge
depth for zero
crater depth,

g ib
(m kg ')

3.5
(1.4

2

(1.0)




‘Yable 7. Proportions of apparent craters.

Jera

Foravalent

Crarer depith

sudeslope®

Churge depith

For maumum crater radus For mavmum crater depth

Feuavalent Fquinalent

Crater depth sedestope Crater depth siddestope®

Crater racives () Crater radius ()
1.788 7.1 ().766 17.8
0.419 pAR} ().S3R 283
0.542 2%.4 0.610 314
.37 19.7 0.444 24.0
0.527 278 (J.544 286
0.510 27.0 ().549 28 X

0. SK} 0.2
().579 30.1
0.626 321
0,508 269 0.513 274
0.560 292 0).641 32.6
.613 321
().48S 284 (1.541 284
().449 24.2 ).582 Y
0.529 279
0).482 258 0.649 130
0.46% 251 (1.500 26.6
0.466 250 ). 488 26.0
0.480 25.6

Table 8. Proportions of true craters.

Zero

Muateral Faplosive Crater raduns (/
Mot clay INT (J.802 k.7
Moist clay Nuchear
Dy desert alluvium INI1 0.182 19.4
Dy desert alluvium INI 0.286 16.0
Dry desert alfuvium Nudctear 0.364 20.0
Basalt and granie INI 0.376 20.6
“Rock ™ Nuclear (0.182 19.4
“Dry hard rock’” Nuelear 0.421 228
“Wer hard roek™ Nuclear 0.467 25.0
Ty rock ™ INIT 0.240 135
Dry clay INI
Dry soil or soft rock Nucleat (1438 218
Dry sof INT 0.259 14.5
Dy to moist sand INT 0.366 201
Mot loess and INT 0511 27,4

moist sift
Wet soil or softrock Nuclear 0.373 20.5
Wet sand INT 0.347 19.1
Shafe and tutf THT -
Saturated clay shale I'NT 0.294 t6.4
Sandy averburden Slurry —
* bquivalent sideslope tan ' (depth/radins).
Crater depth
Muateral Explosive Crater rudus
Sandstone INT 0.483
Rock Nuclear 3.419
Desert allovium Nuclear Hn
Sandstone* Dynamite 0.333
Chalk* Dynamite 0.267
Markstone® Dynamite 0.100
Giranite* Dynamite ).286

* Ay not be representative results (smalt-scale

(representing  small-scale tests) show shallower
slopes. When the charge is deep enough to pro-
duce maximum radius, the equivalent sideslope of
the true crater is steep in most cases—36° to 477,
T'wo entries in Table 8 (small-scale tests in sand-
stone and granite) give very shallow angles for
deep charges, but these results are suspect.
Although the cube root scaling of linear crater
dimensions is not accepted universally, there is
general agreement that crater volume can be
scaled with respect to the charge weight, or the

tests).

Charge depth
For maximuem crater radus

Fyunvalent Fyuivalent

sidestope® Crater depth sideslope*

() Crater radius ()
25.8 0.721 sy
2.8 0.937 43.1
20.4 10X 472
18.4 0287 14.4
14.9 0.842 40.1
) 0.754 37.0
15.9 0.233 131

energy yield. This is equivalent to assuming con-
stant specific energy for the cratering process, irre-
spective of the size of the event. In fact, the recip-
rocal of volume per unit weight is a specific energy
it multiplied by the energy per unit weight of the
explosive. The scaled volume itself is the recipro-
cal of the traditional “‘powder factor’’ used in
blasting practice.

As the charge depth increases from zero, crater
volume increases up to some maximum value,
after which it falls again, reaching zero at the criti-
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Figure 39. Scaled dimensions of true craters
formed in hard rock by nuclear explosions.
(After Hughes 1968.)

Figure 40. “*Cratering efficiency’’ for high ex-
plosives in various rocks and soils. (Cooper

1976.}
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cal charge depth. Figures 27-29 give examples of
the trend for apparent crater volume; Figures 30~
34 show the trend for true crater volume.

For consideration of weapons effects, the blast-
er’s terms ‘‘powder factor” (Ib/yd?) or “‘specific
charge’ (kg/m’) have been replaced by the inap-
propriate term ‘‘cratering efficiency,”” typically
expressed in units of ft*/ton for HE craters (which
is really specific volume). Since crater volume is of
secondary concern in the context of weapons ef-
fects, test data are less readily available than are
data for the linear dimensions of craters.

High explosive test data for a variety of ground
materials have been summarized in <ome of the lit-
erature by plotting the ‘‘cratering effiency”
against a dimensionless charge depth (Fig. 40).
This dimensionless charge depth is the actual
charge depth normalized with respect to the cube
root of the apparent crater volume for that charge
depth. Such plots are not directly useful for pre-
diction and design, so Figures 41-44 give the same

information converted to conventional cube root
scaling. The range of the data is insufficient to
show the decrease in specific volume as charge
depth approaches critical depth, but the results for
negative charge depth (air bursts) illustrate how
crater volume becomes insignificant once the
charge ceases to be in contact with the ground sur-
face. A spherical charge of typical high explosive
ceases to contact the surface when its center is at a
scaled height of more than 0.15 ft/Ib"* (0.06 m/
kg").

When c-atering data for high explosives are
summarized, the standard reference explosive is
TNT. The cratering performance for a different
explosive can be accounted for by multiplying the
actual weight of that explosive by a conversion
factor in order to obtain an approximately equiva-
lent weight of TNT (Table G). These factors, espe-
cially the one for nuclear explosions, should be ap-
plied with caution,
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Table 9. Adjustment factors for cra-
tering efficiency. (Non-nuclear data
from Rooke et al. 1974,)

Multiply weight of explosive by F to obtain
equivalent TNT weight.

F, Cratering

Explosive Sfactor
TNT* 1.00
Dynamite (40%) 0.68
Ammonium nitrate 1.00
Nitromethane 1.10
C-3,C-4 1.34
Peatolite (PETN/TNT) 1.23
Amatol (AN/TNT) 0.94
Nucleart 0.5

* Heat of detonation taken as 10° cal/ton or
10" cal/kiloton.

+ Nominal kiloton or megaton ‘‘weight’’ to
be multiplied by F.
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CRATERS IN FROZEN GROUND,
ICE AND SNOW

Apparent craters in frozen materials

Test data for apparent craters in frozen soils,
massive ice, and dense snow have been compiled
and plotted in appropriate combinations (Mellor
1985). Representative data bands for these plots
are shown in Figures 45-48, permitting easy com-
parison with corresponding data for common
rocks and soils. Characteristic crater dimensions
are summarized in Table 10.

Figure 45a represents the combined data for
variation of crater radius with charge depth in fro-
zen silt. The general trend is fairly clear, with radi-
us reaching its maximum value of 1.8 to0 2.7 ft/1b"
(0.7 to 1.1 m/kg”) at a scaled charge depth
around 1.7to 2.1 ft/1b” (0.7 to 0.8 m/kg"). Criti-
cal charge depth, at which crater radius becomes
zero, appears to be around 2.7t0 3.3 ft/1b" (0.8 to
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Table 10. Dimensions of apparent craters in frozen ground, ice and snow.

Crater radius, ftth '

Crater depth, f1/lb"’

Critical charge depth, f1/1b""

(m/kg ') (mkg'’) (m'/kg) for
Muaxitmum Optimum Maximum Optimum Zero Zero
crater charge crater charge crater crater
- Muteral _radius depth depth depth radius depth
Frozen ~ilt 1.8-2.7 1.7-2.1 0.6-1.3 =1 2.7-3.3 2.7-3.3
0.7-1.1) (0.7-0.8) (0.2-0.5) (=04) (0.8-1.3) (0.8-1.3)
Frozen nll 1.7-2.2 1.3-1.§ 0.7-1.1 1.3-1.4 1.8-? 1.6-2.0
(0.7-0.9) (0.5-0.6) (0.3-0.4) (0.5-0.6) (0.7-7) (0.6-0.8)
Massive iee 2.0-2.8 1.1-1.4 0.8-1.4 0.7-1.5 (3.4-4.2) (2.5-4.0)
(0.8-1.1) (0.4-0.6) (0.3-0.6) (0.3-0.6) (1.3-1.7) (1.0-1.6)
Dense snow 2.4-43 2.5-3.5 0.4-1.5 1.0-2.0 — —
(1.0-1.7) (1.0-1.4) (0.2-0.6) (0.4-0.8) — —

1.3 m/kg '). These values are consistent with the
corresponding values for the true crater (see next
section), but the maximum radius of the true
crater is roughly 40% greater than the maximum
radius of the apparent crater. The data do not pro-
vide values for the radius of the apparent crater
that is produced by a contact burst (charge depth
zero).

Figure 45b represents the combined data for the
depth of the apparent crater in frozen silt. Over
the range of the data, there is not much systematic
variation until the critical charge depth is reached.
From the general downward trend of the data
band, the apparent crater seems deepest at the rel-
atively shallow charge depth of 1 ft/Ib* (0.4
m/kg").

Figure 46 represents the combined data for fro-
zen till. The range of values for scaled charge
depth is too limited for definition of a clear trend.
As in many blasting tests, the investigators were
interested in optimum blast design, to the exclu-
sion of data extremes. Both crater radius and
crater depth seem to reach maximum values at
charge depths around 1.3 t0 1.5 ft/1b"” (0.5 t0 0.6
m/kg”). This differs from the optimum range for
the true crater (see below), which is about 1.8 to
2.1 ft/ib” (0.71 to 0.83 m/kg”). The maximum
radius of the true crater is appreciably bigger than
that of the apparent crater—by 25% to 65%. Crit-
ical depth for the apparent crater seems to be
about 1.6 to 2.0 ft/1b" (0.6 to 0.8 m/kg"), which
is shallower than the critical depth for the true
crater.

The original radius data for apparent craters in
massive ice show very wide scatter as charge depth
approaches the critical value. Taking the data
bands for crater radius and crater depth together

39

(Fig. 47), it looks as if the apparent crater reaches
maximum size when charge depth is in the range
1.0 to 1.5 ft/1b” (0.4 to 0.6 m/kg"*). By contrast,
the true crater (Fig. 51) reaches maximum size
when the charge depth is in the range 3 to 4 ft/1b"
(1.2 to 1.6 m/kg"). For the apparent crater, criti-
cal charge depth seems to be close to 3 to 4 ft/Ib"
(1.2 to 1.6 m/kg").

The data for other frozen materials are insuffi-
cient to establish trends. For practical purposes,
the results for frozen clay shale, and for ice-rich
till covered by peat, are not significantly different
from the results for frozen silt.

The limited amount of data for unfrozen
(thawed) soil provides some indication of the ef-
fect of freezing on crater size. The results for un-
frozen silt show both crater radius and crater
depth somewhat greater than corresponding val-
ues for the frozen state. The same is true when the
data for unfrozen gravel are compared with results
for frozen till. The actual data can be found else-
where; a summary is given by Melior (1985).

Data for apparent craters in deep, dense snow
are shown in Figure 48. Crater radius has maxi-
mum values in the range 2.4 to 4.3 ft/1b"* (1.0 to
1.7 m/kg"), and these values are obtained when
the charge depth is in the range 2.5 to 3.5 ft/1b"
(1.0 to 1.4 m/kg"). There is not much systematic
variation of crater depth with charge depth for
charge depths less than 3 ft/Ib” (1.2 m/kg""). The
maximum depth of the apparent crater is in the
range 0.4 to 1.5 ft/1b” (0.2 to 0.6 m/kg"") and
these maximum values occur when charge depth is
in the range 1 to 2 ft/1b" (0.4 to 0.8 m/kg""). Ex-
isting data for snow do not provide a clear indica-
tion of critical charge depth.
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Figure 48. Sculed dimensions of apparent craters in dense snow. (Data from Fuchs 1957, Livingston 1968.)
True craters in frozen materials in frozen silt. Radius reaches maximum values
Measurements on true craters are more difficult when charge depth is in the range 2.1 10 2.7 ft/lb ™
to make than are corresponding measurements on (0.8 to 1.1 m/kg”). With charge depth in this
apparent craters. Nevertheless, a considerable range, the crater radiusis between 2.4 and 4.0 [t/
body of data exists for frozen silt, frozen gravel, Ib” (1.0 to 1.6 m/kg").
massive ice, and dense snow (Fuchs 1957, Living- Figure 49b shows how the depth of the true
ston and Murphy 1979, Livingston 1960, 1968, crater varies with charge depth in frozen silt. Until
McCoy 1965, Mellor and Sellmann 1970, Mellor optimum charge depth is reached, the bottom of
1971). These results have been compiled and plot- the crater ranges from charge depth to about 0.8
ted elsewhere (Mellor 1972, 1973). For present ft/1b” (0.3 m/kg"") below the charge depth.
purposes the detailed data plots are replaced by The specific volume of the true crater in frozen
representative data bands, as shown in Figures silt (Fig. 49¢) indicates a well defined value for op-
49-52. Characteristic crater dimensions are sum- timum charge depth—about 2.2 ft/Ib” (0.9
marized in Table 11. m/kg”’). However, at this optimum charge depth
Figure 49a gives an impression of the variation the range of specific volume is wide—from 18 to
of crater radius with charge depth for true craters 54 ft*/lb (1.1 to 3.4 m*/kg).
Table 11. Dimensions of true craters in frozen ground, ice and snow.
Crater radius, ft/lh - Crater depth, fi/lb ' Critical charge depth, ft/i1b" Crater volume, Critical charge
7 fmikg ) (m/kg ) fm'/kg) for Maximum Optimum depth, zero
Maximum  Optimum  Maximum  Optimum Zero Zero crater vol. charge depth specific volume,
crater charge crater charge crater crater S /ibem' /kgy ft/lb (mrkg ) Jritb
Vaterial a radws ,,”i”’l ~_depth 77_(1‘91)7111 radius depth volume depth (mskg J
Frozen silt 2.4-4.0 2.1-2.7 2.0-3.2 2.3-3.0 2.9-7 2.8-3.2 18-54 =22 2.8-7
(1.0-1.6)  (DR-1.1)  (0R-1.3)  (0.9-1.2) (1.2-7} (1.1-1.3) (1.1-3.4) (=0.9) (1.1-7)
Frosen till 2142 1.9-2.7 1.6-3.4 2.0-2.8 22-3.2 2.2-31 13-38 2.1-23 22229
(OX1.7) MR 0613y D810 (09-1.3)  (0.9-1.2) (0.8-2.2) (0.8-0.9) (0.9-1.2)
Massive ice 11-49 31.5-4.0 — — 4.2-5.7 — 38-118 3.3-4.2 4.0-5.8
(1219 (1.4-1.6) - — (1.7-2.3) — (2.4-7.4) (1.3-1.7) (1.6-2.3)
Dense snow 2K 4.4 2.0-2.6 — — 5.0-7.6 — 45-120 1343 —
(07 (R 1.0 — - (2.0-3.0) - Q&S adam =
40
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Figure 49. Scaled dimensions of true craters in frozen silt.
(Data from McCoy 1965, Mellor and Sellmann 1970, Mellor

1971.)

Figure 50a gives the general magnitude of true
crater radius in frozen till. The data used for this
plot were obtained in frozen tills which contained
both gravel and fine-grained soil, and also in clean
ice-bonded gravels. The upper limit of crater ra-
dius in frozen till is not much different from the
upper limit in frozen silt, and optimum charge

41

depths are similar for the two materials. However,
because some tills are stronger and denser than
typical silts, the lower limit of crater radius is low-
er for tills than for silt, and critical charge depth
can be smaller in tills than in silt. Crater radius has
maximum values in the range 2.1 t0 4.2 ft/1b" (0.8
to 1.7 m/kg""), and these maximum values are ob-
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Figure 50. Scaled dimensions of true craters in frozen till or
Srozen gravel. (Data from Livingston and Murphy 1959, Mellor
and Sellmann 1970, Smith and Mellor 1975.)

tained when charge depth is in the range 1.9 to 2.7
ft/lb" (0.8 to 1.1 m/kg").

Figure SOb represents the variation of crater
depth with charge depth in frozen till. The trend is
broadly similar to that for frozen silt, but crater
depth is smaller over most of the range of charge
depths, and critical depths are somewhat shallow-
er in frozen till.

Figure 50c shows how specific volume varies
with charge depth for true craters in frozen till.
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Maximum specific volume is in the range 13 to 35
ft*/lb (0.8 to 2.2 m’/kg) when charge depth is
close to optimum, i.e. 2.1 to 2.3 ft/Ib" (0.8 t0 0.9
m/kg”).

True craters in massive ice are appreciably big-
ger than those in frozen ground. Figure Sla gives
crater radius as a function of charge depth in ice.
Maximum values of radius are in the range 3.1 to
4.9 ft/Ib™ (1.2 to 1.9 m/kg") when charge depth
is in the range 3.5 to 4 ftlb™ (1.4 to 1.6 m/kg").
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Figure 51. Scaled dimensions of true craters in massive ice. (Data from Livingston 1960.)

Figure 51b shows true crater depth in ice. The
form of presentation differs from that used for
frozen ground, in that the base of the broken ice is
plotted for charge depths that exceed critical depth
(the camouflet range). The depth of the true crater
ranges from the base of the charge to a level that is
1.5 to 0.5 ft/Ib” (0.6 to 0.2 m/kg”) below the
base of the charge.

The specific volume for true craters in ice (Fig.
51c) has maximum values in the range 38 to 118
ft’/1b (2.4 to 7.4 m’/kg) when charge depth is in
the range 3.3 to 4.2 ft/1b” (1.3 to 1.7 m/kg").

Dense snow, such as is found in the surface lay-
ers of polar ice caps and in well-settled seasonal
snow packs, is much weaker than ice, and less

43

dense by a factor of 2 to 3. Nevertheless, the di-
mensions of the true crater in snow are not very
much different from those in ice.

Figure 52a shows crater radius as a function of
charge depth for dense snow. Compared with cor-
responding plots for ice and frozen ground, the
transition from optimum depth to critical depth is
less abrupt. Maximum values of radius are in the
range 2.8 to 4.4 ft/1b" (1.1 to 1.7 m/kg"”") when
charge depth is in the range 2.0 to 2.6 ft/1b”" (0.8
to 1.0 m/kg").

The depth of the true crater in snow is consis-
tently below the base of the charge—in the range
0.35to 1.4 ft/1b" (0.14 to 0.57 m/kg"") below the
charge base.
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The specific volume in snow has maximum val-
ues in the range 45 to 120 ft*/1b (2.8 to 7.5 m'/kg).
These values are obtained when charge depth is in
the range 3.3t0 4.3 ft/Ib" (1.3 to 1.7 m/kg").

ROW CRATERS, DITCHES
AND SINKING CUTS

In military engineering, a line of overlapping
crateis may be required in order tv form an obsta-
cie. The composite crater is usually termed a row
crater. In construction, explosives may be used
either to form a ditch directly, or to fracture the
ground so that a ditch can be excavated mechanic-
ally. The operation is usually referred to as trench
blasting, or ditch blasting.

The simplest way to make a row crater or ditch
is to place a line of closely spaced cratering charg-
es at optimum depth. If the charges are widely
spaced, each produces its own indeperdent crater
of radius R,, following the relations that were
given previously. Wheu the center-to-center spac-
ing of the charges (s) is such that s = 2R,, there is
no overlap and the craters are independent, except
for possible interference of the crater lips and
some exchanges of debris. However, values of s up
to 3R, to 4R, may be adequate for creating a vehi-
cle barrier in military operations, since the crater
lips form mounds. Much closer spacing is needed
to develop a continuous row crater, or ditch, but
when s is sufficiently small, say s < 1.4R,, the
width of the resulting ditch can exceed 2R, and the
depth of the diteh can exceed the depth of a single
crater.

The width and depth of a row crater are often
discussed in terms of an ‘‘enhancement factor.”’ If

R, is the radius of the apparent crater for a single
charge, and D, is the corresponding depth, the ap-
parent width of the row crater B, and the apparent
depth of the row crater D, are such that B,/2R, > |
and D;/D, > 1 when s/2R, < 0.7 (i.e. s < 1.4R)).
The general trend given by test data is shown in
Figure $53; the enhancement factor can reach
about 1.6 when s/R, is decreased to about 0.55.
To obtain optimum enhancement in this way, the
charge depth should be increased as s/R, decreas-
es. For a given charge spacing s/R,, the optimum
charge depth d, is obtained from Figure 53 asd, =
(B;/2R)d. = (D/D\)d,, where d., is the charge
depth optimized for a single apparent crater.

When trenches are to be blasted for construc-
tion work, various methods can be used. If indi-
vidual explosive charges are intended to break the
ground material and to excavate it in a single oper-
ation, the procedure is identical to that described
above for row craters; the linear apparent crater is
accepted as the finished trench. If the ditch is for
land drainage, water flow can sometimes flush out
blast debris that is loose and fine-grained. By con-
trast, if the operation is to be more conservative,
with limits on explosive consumption, flyrock
(ejecta), ground motion, airblast, and overbreak,
then the emphasis is on production of overlapping
true craters, with optimized breakage. The design
parameters for the true crater are obtained for a
single crater that has its charge depth just iess than
critical depth, and the degree of overlap is decided
by adjustment of both charge spacing and charge
depth. The broad aim is to break up the rock with-
in the planned limits of the excavation, while
avoiding overbreak and ejection of missiles. Frag-
mented material is dug out with a backhoe or
something similar.
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Figure 53. Enhancement of dimensions for the apparent crater
when claselv spaced charges are fired in a row. (After Rooke et al.

1974, U.S. Army 1984.)




Cartridges

A single row of cratering charges is less than
ideal for excavation of a steep-sided trench in
rock. but the alternative of using multiple rows of
smaller charges is sometimes prohibitive in terms
of drilling and loading eftfort. One possibility is to
use a single row of vertically delaved deck charges
(Mellor and Sellmann 1970).

For pipeline trenching in rock, the end of the
trench may be advanced by a technique similar to
bench blasting.

Special explosives and delay detonators have
been developed for trenching; both the cartridges
and the caps resist premature detonation by prop-
agation,

Another way to make a large trench, or an anti-
tank ditch, is to lay a linear charge (sausage
charge, or pipe charge) in a narrow excavated cut,
with some backfill (stemming). In this case, the
charge is emplaced like an underground cable or
small diameter pipe, using slot-cutting equipment
instead of shothole drills. Rough estimates of the
required charge per unit length can be made from
row crater data; if W is the required weight of
each charge in a row with charge spacing s, the
equivalent charge per unit length is H'/s. Such an
estimate is only a first approximation, since shock
propagation and attenuation are two-dimensional
rather than three-dimensional, but it permits the

use of available data from single-crater tests. An
alternative approach is tc regard the buried linear
charge as a column charge of the type that would
be used in bench blasting. With burial depth B and
charge diameter D, the effective range of B/D in
hard material might be 20 to 40.

Ditches in soft ground can be blasted by using
small cartridges of ditching dynamite or a modern
AN water gel equivalent. The necessary shotholes
can be drilled easily with a simple auger cr a driv-
ing bar (punch). When cartridges of approximate-
Iy 1.25 in. (32 mm) diameter are used, each hole
has a collar distance of 6 to 12 in. (150 to 300
mm), preferably fully stemmed. Tables 12 and 13
give guidelines for soft ground ditching with either
a single row of charges or multiple rows. One of
the traditional methods for ditching in wer soils re-
lies on propagation (sympathetic detonation) be-
tween the individual charges. Cartridges of sensi-
tive explosive, usually ditching dynamite (i.e. 50%
straight dynamite). are tamped into saturated soil
at fairly close spacing, without any kind of con-
nection between the individual charges. The first
charge in the row is fired by a single cap, and the
blast then propagates from charge to charge by
shock transmission. In wet ground, with tempera-
tures above freezing, reliable propagation can be
achieved over scaled distances of approximately 2

Table 12. Ditching in soft ground with single row of charges. (After

C.1.L. 1984.)
Depth to Distance Probable Probable
Cuartridges top of between depth of top width Explosive
per hole charge holes ditch of ditci consumplion
(l'e < 8in) (in.} (in.) (ft) oft) (ib. I()()flwl
br 6-8 12 1.5 4 28
] 6-12 15 2.5 6 40
2 6-12 18 3 8 [
3 6-12 21 4 10 RS
4 6-12 24 S 13 10
N 6-12 24 6 16 125

Table 13. Ditching in soft ground with multiple rows of charges. (After C.L.L. 1984b.)

Number of rows _

per hole
(lien. « Rany

A e e b~

Hole Row Depth of o
spacing  spacing ditch 3 o
onotmy o gw_(u_db100f) G
18 30 2.5-3 [ 80 —
1% 36 3-38 11 133 14
21 42 4-4.5 13 172 17
24 48 S-5.5 17 200 21
24 48 6-6.5 20 250 24
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(x25ms)
Figure 54. Example of the lavout, connections and delays
for charges used to make a sinking cut.

ft/lb™ (0.8 m/kg™). The loads and spacings given
in Tables 12 and 13 should nrovide reliable propa-
gation with ditching dynamite in wet soil.

A sinking cutis amulti-charge blast that produc-
es a pit in a surface which is close to horizontal. In
essence, a sinking cut is an array of many cratering
charges set deep enough to avoid much throw or
flyrock. Ideally, the broken rock forms a mound
of fragments that can be excavated easily by me-
chanical equipment.
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The simplest form of sinking cut would be an
array of compact cratering charges set just shal-
lower than critical depth and fired simultaneously
to give overlapping craters. However, in typical
practice extended column charges in small-diam-
eter bore'oles are likely to be used, and delays are
employed, both to improve the breakage and to
reduce ground vibrations. This makes the sinking
cut more like a tunnel-blasting round. Figure 54
shows the general arrangement for a sinking cut
when the pit is to be roughly equidimensional in
plan. If the pit is to be long and narrow, more like
a ditch, then the delay pattern can be arranged to
displace material towards the centerline.

The powder factor for sinking cuts is fvpically
about 0.75 to 1.5 Ib/yd’ (0 .44 to 0.89 kg/m’). In
terms of specific volume, these values translate to
a typical range of 18 to 36 ft*/lb (1.1t02.2 m3/kg),
with a lower limit around 11 ft*/Ib (0.7 m*/kg).
Such values are not much different from specific
volumes for the true crater when a single charge is
fired at optimum depth in common rocks (see Fig.
30-35).

Sinking cuts are typically up to 15 to 20 ft (4.6
to 6.1 m) deep, but can be as much as 40 ft (12 m).
Shotholes are usually drilled below the required
finished grade to allow for the uneven surface that
results from craser blasting.

Repetitive crater blasts produce some enlarge-
ment of a crater. The idea is to first fire a charge at

22 T T T
L b RADIUS

T T

oL

Shat Number, N

Figure 55. Effect of repeated explosions on the dimensions of apparent craters in rock
and soil. After Rooke et al. 1974, U.S. Army {984.)

47




or near the surface, then to ftire a second charge of
equal size at the bottom of the crater, and so on.
This procedure, which is reterred to as nail driv-
ing, gives significant increase of crater depth while
producing relatively little increase of the crater ra-
dius at ground level. Figure 55 indicates the mag-
nitude of the effect for the radius and depth of
true craters in rock and soil.

UNDERWATER CRATERS
AND TRENCHES

In considering the process of cratering under-
water, it is helpful to draw a parallel with standard
crater blasting on dry land. In one case the soil or
rock is overlain with air, in the other case with
water, which is a thousand times more dense. Sys-
tematic study of underwater cratering has not
gone very far, so it is necessary to speculate on
how the various processes might be affected.

For comparison of cratering on dry land and
underwater, we assume that the water depth is suf-
ficient to prevent direct blowout through the
water/air surface. We also recognize that the
strength S of soil or rock has two components, an
inherent cohesion ¢ and an ‘‘internal friction”
that increases with the applied compressive stress
p, such that S = ¢ + ptan¢, where ¢ is an effec-
tive angle of internal friction. We also note that
some soils and rocks are impermeable, while
others are permeable, allowing pore water pres-
sure to equilibrate with the surface fluid pressure.

With these things in mind, the following effects
seem likely:

1. For impermeable underwater materials, the
“‘internal friction'’ component of strength will in-
crease with increasing water depth, since p increas-
es, but the effect is small.

2. For permeable granular soils which have low
cohesion (¢c—0), submersion will reduce the
strength below the *‘dry land"’ value, since the ef-
fective unit weight of the soil grains is decreased
by buoyancy (p is lower for a given depth in the
soil).

3. When a crater is formed, fragmented mater-
ial will settle to angles of repose smaller than cor-
responding angles in air, and loose material is like-
ly to wash back into the crater by water motion.

4. When a charge detonates at the interface be-
tween the water and the bed material, the overly-
ing water confines the explosion more than air
would do for a surface charge on dry land. In ef-
fect, the charge is mud-capped by the water, and
energy transfer to the underlying solid is likely to
be more efficient than it would be in air.

5. The breakout and heave of material from a
buried explosion will be subdued by the inertial re-
sistance of overlying water.

6. Ejected fragments meet much higher resis-
tance in water than in air, since the fluid density is
about a thousand times higher.

Taking into account all of these potential ef-
fects, certain net results can be expected. For
strong materials and relatively shallow water, a
charge set directly on the bed could break more of
the bottom material than an equivalent surface
charge in air would do, but ejected fragments will
not travel very far or very fast. A charge buried in
strong material is likely to be less effective than an

40 T T T T

Crater Dimensions (ft)
ny
o)

T S

Radiu

[ S S
te

e

1
(9]

Apparent Crater

I
Approximate Scaled Dimensions (H/)b/3)

1-Ton Charge
Fine-grained Soils
i L o}
20 24 28

iy
Scaled Water Depth {f1/1b°3)

Figure 56. Dimensions of underwater appuarent craters in fine-grained soils
us a function of scaled water depth. One-ton charge fired in direct contact
with the bed of the water bodv. (Rooke et al. 1974.;
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equivalent cratering charge on dry land, as bubble
expansion effects are subdued by overlying water.
In weak bed sediments at relatively shallow depths,
a charge set directly on the bed is likely to displace
more material than an equivalent charge in air,
but the final dimensions of the crater will be af-
fected by ‘*washback’’ and by the shallower angles
of repose that are common underwater. Buried
charges in weak underwater sediments could dis-
place more material than equivalent charges on
land, since the effective strength of the soil is low-
er underwater. However, the throw of the material
is likely to be suppressed, leaving a relatively small
apparent crater.

Actual data are sparse. Figure 56 shows the ra-
dius and depth of the apparent crater for a 1-ton
charge set directly on fine-grained underwater ma-
terial, with scaled water depth as a variable. At
very shallow water depth, the explosion vents di-
rectly to air and the crater dimensions are affected
strongly by washback (unless the water depth is
less than the minimum height of the crater lip).
When the scaled water depth exceeds 0.8 ft/1b”,
the crater dimensions are more than twice the di-
mensions that would be expected for fine-grained
dry soils on land (radius 0.9 to 1.3 ft/1b", depth
0.310 0.5 ft/Ib*). There does not appear to be any
published information on point-charge craters in
rock, or on true craters (except for situations
where the scaled water depth is very small, in
which case there is not much difference from
blasting in saturated soil or rock on land),

Guidelines for underwater trenching in coral
have been given by Hallanger (1976), although the
information provided is incomplete. Diagrams in-
dicate the trench cross sections produced by vari-
ous types and amounts of explosive (Fig. 57), and
it is assumed here that these cross sections are for
the apparent linear crater. Water depth is not
specified, but lack of geometric similarity as
charge weight increases suggests that the water is
shallow enough for venting and washback to be
significant and variable with charge size. The
charge per unit length is known for Bangalore tor-
pedoes (Fig. $7a); it is approximately 2 lb/ft for a
single tube (9 1b of main charge plus a booster for
each 5-ft length). Figure 57b refers to packs, each
containing 20 1b of explosive, but the spacing is
not given explicitly (spacing of 3-4 ft is men-
tioned, perhaps for each heap of explosive pack-
ages, or perhaps only for single 20-Ib packages).
Figure 57b refers to a non-standard hose charge
designated ‘*M8 demolition charge’’; the results
are not consistent with those for Bangalore torpe-
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Figure 57. Dimensions of underwater trenches in coral
when linear charges are fired directly on the bed:

a) Bangalore torpedoes (2 Ib/ft), b) packs of explosive
(20 Ib each) at unspecified intervals (perhaps 3-4 ft),
c) hose charges (unit weight not specified). (Hallanger
1976.)
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does, possibly because the hose charges covered
more horizontal width.

When multiple charges are used under water,
propagation is possible. This can be an advantage
in providing a simple way to initiate multiple
charges of sensitive explosive. It can also be a dis-
advantage if there is a requirement for delays be-
tween charges. To avoid propagation, it may be
necessary to usc insensitive explosives and caps.

BOMB AND SHELL CRATERS
Representative dimensions for craters formed in

soils by old-style bombs and shells are provided by
measurements made during World War II. Table




Table 14. Representative dimensions of bomb craters. (After U.S.

Army 1965.)
Dejpith of Crater Crater
Bamb burial diameter depth
L/\'gl () (ft) () Soil Remarks
50 1.0 16.5 4.7 Clay
7.1 19.3 5.2 Clay
1.4 6.0 2.5 Chalk
7 8.5 2.0 Railway embankment
16.0 9.5 1.7 Clay Deep
? 10.0 1.0 Sand and gravel camouflet
100 7.5 18.5 5.2 Clay
250 8.0 318 9.0 Clay
? 12.0 4.0 Clay
2.5 36.3 9.7 Clay
16.0 24.0 6.8 Clay
22.0 27.0 6.2 Clay Camouflet
500 16.0 42.0 9.0 Clay
1000 20.0 57.0 14.0 Clay

Table 15, Probable size of shell craters in
compact soil. (After U.S. Army 1965.) Table 16. Measured crater sizes for shells with delay fuses
penetrating sandy clay. (After U.S. Army 1965.)

Small Moderate
penelration depth penetration depth Average Maximum recorded
Diameter  Depth Diarneter  Depth Length Width Depth Length Width Depth
Shell i) (1 (e (1) Shell oy () 1] i) (1 (f1)
75 mm 4.0 1.5 5.0 3.0 75 mm 6 s 4 10 6 5
105 mm 6.5 2.5 1.5 3.75 105 mm 7 7 4 g 8 4
155 mm 10.0 4.0 12.0 5.0 155 mm 12 11 6 4 12 8
8 in. 11.5 4.0 13,5 5.0 240 mm 19 19 7 — — —
240 mm 14.0 4.0 15.5 5.5
2
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Figure 58. Dimensions of apparent craters produced by deeplv buried
bombs. (Rooke et al. 1974.)
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14 gives some values for bombs of various sizes
and for various penetration depths. Tables 15 and
16 give crater dimensions for shells of various sizes
with varying depths of penetration prior to det-
onation. Trends of more recent data were given by
Rooke et al. (1974), as shown in Figure 58. Craters
from deeply buried bombs are deeper and narrow-
er than those from equivalent cratering charges,
perhaps because the ballistic penetration prepares
a preferential venting path. Near-surface detona-
tion of shells apparently forms craters somewhat
larger than those of equivalent stationary charges,
probably because the kinetic energy at impact con-
tributes to crater formation (inert projectiles form
impact craters that are quite similar to explosion
craters).

EJECTED FRAGMENTS
(Flyrock, ejecta, missiles)

In planning blasting cperations or assessing ex-
plosion effects, it is useful to know something
about the range, size and quantity of flyrock. It
may also be useful to have information on impact
angles, maximum heights reached by projectiles,
and the thickness of debris blanketing the area
around the crater.

The characteristics of flyrock depend on the
charge weight, the charge depth, and the proper-
ties of the ground material. The range and altitude
of flyrock increase as charge size increases; the
total amount of flyrock and the thickness of the
debris layer also increase with charge size. Loose
material, such as sand, obviously dislodges more
easily than cohesive material like rock, but big
chunks of cohesive material can be thrown much

further than small grains. A charge lying directly
' on the ground surface (zero charge depth) acts
something like a punch, or an impacting projec-

1200 T
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tile, kicking flyrock up from an annular zone
around the charge at fairly steep ejection angles
(Fig. 59). When the charge is buried, flyrock ejec-
tion angles tend to increase as charge depth in-
creases, while the horizontal range of projectiles
decreases. Eventually, just before charge depth
reaches the critical depth for camouflet, most of
the fragments rise vertically and flop back down
into the crater.

Quantitative information on flyrock is sparse
and some of the published relations are puzzling.
In some discussions of fragment ejection, the
basic question of how far flyrock travels is com-
pletely ignored.

Simple tables of safe distance from ‘‘charges
placed on or in the ground’’ have been based on a
criterion of 300 ft/Ib** (119 m/kg") for military
operations, with an increase of the safe distance to
350 ft/1b” for quarrying operations (UI.S. Army
1967). For heavy surface charges (0.5-500 ton),
Johnson (1971) quotes relations developed by
Vortman (1967):

Ry = AW (23)
where R, ,, is the maximum range of ejected frag-
ments, W is charge weight, and A4 is a constant for
a particular charge shape. When R, is in feet and
W is in tons (TNT equivalent), A has the value
1470 for a spherical charge and 630 for a hemi-
spherical charge (round side up). The exponent 0.4
is not explained: Rooke et al. (1974) suggest that
the range of missiles from surface explosions
scales as W93 (which is inconsistent with their
scaling for buried explosions). For buried charges,
the maximum flyrock travel is a function of both
charge weight and charge depth. The only pub-
lished relations (Fig. 60-61; see Vortman 1967,
Johnson 1971, Rooke et al. 1974) employ a curi-
ous scaling. Charge depth is scaled in the usual

w100 ton

Ty . v B
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Figure 59. Trajectories of flyrock for 20-ton and [100-ton charges in direct contect with the ground surface.
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emploving cube root scaling for both range and depth.
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way with respect to the cube root of charge

weight, but flyrock range is scaled with W"¢, This
implies a very weak dependence on charge size. It
also conflicts with the finding that time and veloci-
ty scale as W "¢ (Cooper and Sauer 1977, Wisotski
1977), as required by dimensional analysis when
the gravitational acceleration is invariant. Since
large fragments follow almost ballistic trajector-
ies, elementary ballistics gives range proportional
to the square of velocity, time, or the product of
velocity and time, i.e. ballistic range for large
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fragments should be proportional to W, or W', - - . .y
After examining the data used by Vortman 40— * : -
(1967) and later writers, it is hard to accept the em- b . -

pirical scaling of flyrock range by a one-sixth 1 i 11t 1
. o] 04 0.8 | 2 16

power of charge weight. Only the data for zero A

charge depth (Fig. 62) can be used to test the hy- Scoted Charge Depth {f1/1b )

pothesis directly, and these results certainly do not Figure 64. Scaled flyrock range plotted against scaled

justify rejection of cube root scaling. For points charge depth in soil. There is no significant correlation

representing the same material and charge type, Sfor this set of data (see text.)

the exponent is about 0.4 (as in eq 23). Cube root

scaling of all the data for rock (Fig. 63) suggests a

plausible relation between maximum flyrock seems to refer mainly to casing fragments from

range and charge depth, with scatter similar to surface explosions, accept cube root scaling with-

that found in typical data for crater dimensions. out question. They give maximum missile range

The scaled data for soils (Fig. 64) show no signifi- Rpmax as

cant correlation between flyrock range and charge

depth, perhaps because these materials are highly Rpa = 45W"/m 29)

pulverized by the explosions, leaving few blocky

projectiles that can be thrown to extreme range. when Wis in kg of TNT equivalent. For safety dis-
Kinney and Graham (1985), in a discussion that tances in bomb disposal work, they quote R/W "
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Figure 66. Variation of the depth of deposit-
ed fragments with distance from the explo-
sion. The scaling factor is the cube root of
the volume of the apparent crater (some-
thing not likely to be known before the
event). (After Andrews 1977.)
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120 m/kg” as the desired distance and R/W"
90 m/kg" as the minimum distance (Fig. 65).
In a study of flyrock from bench blasts, Roth
(1979) gave some consideration to flyrock from
crater blasts, but did not reach firm conclusions.

Some military texts give more attention to the
depth of ejected material on the ground surround-
ing the crater than to the flyrock range. Data are
given in scaled form, using the cube root of appar-
ent crater volume as the normalizing factor. Fig-
ure 66 gives a relation between debris depth and
ground radius that is based on actual data points.
Figure 67 gives a relation extended to greater radii.
The uncertainty in debris depth is apparently very
great at the largest radii plotted—more than three
orders of magnitude.

Most of the ejected material falls close to the lip
of the crater. Figure 68 shows the distribution of
total flyrock volume with radial range from
ground zero. The range is scaled with respect to
the radius of the apparent crater, and it can be
seen that for buried explosions about 80% of the
material is deposited within about § crater radii
from ground zero. For near-surface explosions,
80% of the flyrock is deposited within about 7
crater radii from ground zero. Glasstone et al.
(1977) state that the deposit of ejected material
from a nuclear explosion is continuous out to a ra-
dius of approximately 2 to 3 crater radii, and sug-
gest that 80% to 90% of the total amount of eject-
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Depth (1)
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ed debris falls within this zone. The charge depth
is not specified.

The material that travels farthest as flyrock is
likely to originate in a near-surface zone around
ground zero. Conversely, the material that origin-
ates close to the boundary of the true crater is like-
ly to finish up as fallback. Figure 69 gives an indi-
cation of the likely travel distance for material
from the crater of a 20-ton explosion at a scaled
depth of approximately 0.8 ft/1b” (0.3 m/kg").
Figure 70 gives corresponding information for a
100-ton explosion at a scaled depth of about 0.2
ft/1b” (0.07 m/kg").

For protection against bombardment by fly-
rock, it is useful to have some information on
probable angles of impact. In nuclear weapon
analyses, impact angles for ejecta are computed,
making assumptions about ejection angles and
drag coefficients, and using calculated impact vel-
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Figure 68. Distribution of debris volume with distance from the
explosion. (Rooke et al. 1974.)
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Figure 69. Travel distance of materials ori-
ginating in various parts of the crater formed
by a 20-ton explosion. Material near the top
of the shot hole can be blown more than 25
crater radii from ground zero. Material that
originates near the boundary of the true
crater is likely to finish up as fallback.
(Rooke et al. 1974.)
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Figure 70. Trave! distance of material originual-
ing in various parts of the crater formed by a

Ejection Angle {degrees)

ocities (U.S. Army 1984). Ejection angles are as-
sumed to range from 15° to 75°, with the peak of
the distribution near 45° (Fig. 71). These compu-
tations aic for Iarge surface explosions. The ob-
served trajectories for large fragments shown in
Figure 59 suggest that the impact angles near max-
imum range are about 50° to 60° from the hori-
zontal. There are no available data for buried ex-
plosions.

Impact velocities have been measured for frag-
ments from surface explosions, and it has been
concluded that velocity scales with respect to the
one-sixth power of charge weight (Seebaugh 1977,
Wisotski 1977). Velocity varies with fragment size,
but the maximum fragment velocities ¥, given
by Seebaugh (1977) can be expressed as

v 56.6 W7

max

= m/s

(25)

17.25W " ft/s

]

with W in tons. If this relation is valid, and if the
particles it describes follow approximately ballistic
trajectories, then flyrock range should scale with
W, not W’ as shown in Figures 60 and 61 or,

less seriously, with W'/2* as indicated by eq 23.
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GROUND VIBRATIONS

Elastic waves near the ground surface

An earlier discussion of deep underground ex-
plosions dealt with the propagation and attenua-
tion of elastic waves. In that discussion, the main
concern was with waves spreading spherically in-
side solid ground, and with stress, strain, displace-
ment and velocity in the ground material. How-
ever, when blasting operations or weapons effects
are being considered, the main concern is with dis-
turbance near the surface of the ground, since that
is where most structures and human activities are
located. In this section we are concerned with
near-surface regions that are far enough from the
explosion for waves to have attenuated down to
elastic waves. In other words, the ‘‘seismic
region’’ that is beyond the crater or explosion cav-
ity, and also beyond the zone where there is per-
manent deformation of the ground.

The behavior of waves near the ground surface
is very complicated, even for idealized conditions.
An underground explosion first propagates body
waves in a spherical pattern. These body waves in-
clude: 1) the compression wave (also called
P-wave, dilatational wave, longitudinal wave, or
irrotational wave), and 2) the shear wave (also




called S-wave, transverse wave, or rotational
wave). As the compression wave passes through
an element of ground material, it produces tran-
sient compression and rarefaction, with particle
motion in the radial direction of propagation. The
shear wave is the transverse, or distortional, com-
ponent of the disturbance, with particle motion
and strain that is normal to the radial propagation
direction. The shear wave is slower than the com-
pression wave, roughly by a factor of 2. Displace-
ments in a horizontally propagating S-wave are
resolved into horizontal and vertical components
labeled SH and SV waves respectively.

On reaching a horizontal ground surface, the
body waves reflect and they also transform part of
the energy into surface waves, which travel along
the surface, creating significant disturbance to a
depth of about one wavelength. The P-wave and
the vertical componcent of the S-wave coupie and
create a surface wave called the Rayleigh wave, in
which particle motion follows an elliptic path in a
vertical plane that is parallel to the radial propaga-
tion direction. The Rayleigh wave is a bit slower
than the shear wave, and its amplitude attenuates
exponentially with depth below the surface. The
other type of surface wave is a Love wave, in
which particle motion is transverse in the horizon-
tal plane, i.e. an SH wave. Love waves depend on
the existence of one or more layers parallel to the
surface. Rayleigh waves are non-dispersive in a
uniform medium (i.e. propagation velocity is inde-
pendent of frequciicy) tut both Rayleigh waves
and Love waves are dispersive in a layered system
(i.e. propagation velocity varies with frequency).

In real situations the ground surface is often ir-
regular instead of being perfectly flat, and the sub-
surface geology can give varying rock properties,
with multiple layers and interfaces that are not
necessarily parallel to the surface. Wave propaga-
tion then becomes much more complicated than it
is in a uniform medium or in a simple layered sys-
tem. Furthermore, the explosion itself is not al-
ways a fully contained underground explosion; it
can vent and create air blast, so that some ground
disturbance is excited by air blast. In commercial
blasting where delays are used, multiple explo-
sions occur in close sequence, sending out a suc-
cession of waves from different source locations.
Detailed analysis of the various waves and their
components is important in some areas of re-
search, but because of all the complications, dam-
age predictions have to be based on a simplified
description of net ground motion.

In the consideration of weapons effects, the
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problem of ground motion tends {5 5S¢ more gen-
eral. In military texts, the body-wave and shear-
wave type of disturbance that was just discussed is
called direct-induced ground shock, since it results
from direct coupling of energy to the ground. An-
other disturbance, lagging well behind the direct
shock, can be produced by the eruption effects
during crater formation. This is referred to as
crater-induced ground shock. When explosions
are near the ground surface, or above it, there is
another disturbance catled airblast-induced ground
shock. This disturbance is a complicated one,
since the airblast shock front travels over the sur-
face, giving a distributed source of varying inten-
sity, with varying times of origin. The following
notes cover only direct ground shock, with empha-
sis on the radial distances at which ground motion
is near the limit for causing structural damage.

Ground motion is usually measured by some
type of seismograph set on the ground surface, or
attached to the surface. Ideally, it should measure
three orthogonal components of acceleration
(preferably horizontal radial, horizontal trans-
verse, and vertical), and it should record the dis-
turbance as a function of time. Some simple de-
vices measure only peak values of disturbance.
The ground motion can be described in terms of
acceleration, velocity, and displacement, either
for a single directicnal component or for the re-
sultant of the three components (vector sum).
When assessing the effects of commercial blasting,
ground vibration is now usually expressed in terms
of particle velocity. For prediction of weapons ef-
fects, both acceleration and velocity are used. Fre-
quency is a significant variable, but it is not always
feasible to include it in predictive schemes. Meas-
uring devides for monitoring commercial blasting
should have a frequency range of approximately 2
to 200 Hz.

Attenuation of surface vibrations

When an explosion is buried and the point of ob-
servation is well below the surface, wave propaga-
tion is essentially spherical and it is reasonable to
scale distance with respect to the cube root of
charge weight (or energy yield), as discussed ear-
lier. By contrast, when a concentrated explosion is
underground but the point of observation is at the
ground surface, part of the energy propagates
spherically into the earth but part spreads two-
dimensionally in the surface layers. Under these
conditions, neither cube root scaling (spherical
spreading) nor square root scaling (cylindrical
spreading) is wholly appropriate. As a first guess,




one might expect cube root scaling to be the best
approximation at small scaled radii from ground
zero for a deep blast, with square root scaling giv-
ing the best approximation at large scaled radii
from a shallow blast, where the propagation path
is not far from horizontal and most of the disturb-
ance is caused by surface waves, which propagate
in two dimensions.

Prediction equations for ground motion from
large buried explosions were given by Hughes
(1968), Johnson (1971) and Mattes (1971). The at-
tenuation equations for peak particle acceleration
a and peak particle velocity v were given in the
form

a =k, Wo'r? (26)
v =k, W#o.73 p-187 Qen

where W is charge weight, r is radial range, and
the constants k, and &, depend on the ground ma-
terial at the detonation point and at the observa-
tion point. Rewriting these in terms of scaled
radius:

a = k,(r/Wwo¥)2 28

N

ky(r/ WOy 187, (29)

<
1

Thus the scaling is intermediate between cube root
(W33 and square root (W?%3), but closer to cube
root. The relations are considered valid for charge
weights from 1 to 1000 tons (TNT equivalent).
From graphical displays of the equations (John-
son 1971) it appears that the range of applicability
might be approximately 7 < 7 < 300 ft/1b*, using
cube root scaling for convenience. Values of k,
and k, for fully contained explosions are shown in
Table 17.

Table 17. Ground motion constants for large under-
ground explosions. (From Johason 1971.)

Ground material Ground material
at detonation at point of
point observation k,* k,*
High strength rock Rock 4.5x10* 20 x 10
High strength rock Soil 9.7 x10* 67 x 10
Weak rock Rock 1.8 x10¢ 8.3 <10
Weak rock Soil 4.2x10* 28 x 10
Soil Rock 0.8x10* 3.3x10°
Soil Soil 1.6 x10* 11 x10*

* Units of &, and &, are such that a and v are given in multiples of
g and in in./s respectively when ris in feet and W is in tons.
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Figure 72. Attenuation of peak particle
acceleration with scaled distance for var-
tous combinations of ground conditions.
See text for notes on applicability.
(Adapted and scaled from graphs given
by Mattes 1971.)

Figures 72 and 73 give graphical approximations
of eq 28 and 29, using cube root scaling for radial
distance. These approximations should be accept-
able for charge weights in the range 0.1 to 10 tons,
and for fairly short distances from the explosion.

Ground vibrations from commercial blasting
operations are usually described and regulated in
terms of peak particle velocity, and the main con-
cern is often vibration at considerable distance
from the blast. The U.S. Bureau of Mines accepts
square root scaling of distance as the best approxi-
mation under these circumstances (Wiss and Line-
han 1979, Siskind et al. 1980, Dick et al. 1983), as
do other agencies (e.g. Konya and Walter 1985).
The attenuation relation for peak particle velocity
v then takes the form

v = k(r/W"™" (30)

where W is the charge weight for each separate ex-
plosion (charge weight per delay). In studies for
the Bureau of Mines, scattered data from a variety
of sources were used to derive many different val-
ues of k and n, and separate values were obtained
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text for notes on applicability.
(Adapted and scaled from graphs given
by Mattes 1971.)

for radial, vertical and transverse components of
particle motion. No firm recommendations for
overall representative values of k and n were of-
fered, but n was mostly in the range 1.2 to 1.8.
The range of data for v was approximately 0.006
to 7in./s (0.15 to 180 mm/s), with (»/W ") in the
range 3.5 to 800 ft/1b":. DuPont (1980) accepts the
values n = 1.6 and k = 160 when visinin./s, ris
in ft, and W is in Ib (per delay period of 8 ms or
more). Konya and Walter (1985) accept n = 1.6
and k& = 100 for the radial component when the
same units are used. The attenuation will obvious-
ly vary with the type of ground material, but Fig-
ure 74 shows representative behavior for unspeci-
fied ground conditions.
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