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AN INVESTIGATION OF CAVERN DEVELOPMENT
IN THE CAMOUFLET EXPLOSION

V.N. Rodionov, I.A. Sizov, and V.M. Tsvetkov

Formation of a blast cavern is particularly distinctive among the
various effects of an explosion in a solid medium.

Although tie forma-
tion of the cavern integrates into itself all of the

developmental de<
talls of the blast process, 1ts volume is most sensitive to the

strength of the medium. While the ratio of cavern volume to charge

welght (ejection index) amounts to 102-103 liters/kg of TNT for weak
clays and loams

hard rock.

» thils ratio comes to only a few liters/kg of TNT for

The schematization of the blast-development process in a dense

solid medium described in [1] can be used to derive an expression for

determination of cavern volume as a function of the medium's proper-

ties. It considers the explosion of a concentrated charge set deep

enough so that the free surfase of the meédium 1s not broken.

sion of this type is called a camouflet-charge explosion.
Detcnation of the charge converts the chemical energy of the ex-

plosive (BB) into the potential energy of compressed gases. A shock

wave forms in the medium surrounding the charge under the action of gas
pressure and sets the medium in motion.
fracture in the shock

An'explo-

The medium undergoes brittle
-wave front around the center of the blast., The
granular medium formed as a result resists shearing deformations in

accordance with the Coulomb law of dry friction. Experimental studies

of explosions in sand have shown that expenditure of energy to perform
work against forces of internal friction 13 the basic mechanism by
which the energy of the blast is dissipated, while energy dissipation
at tle shock-wave front is of secondary importance [6]. Subsequent

amplitude decrease on the shock-wave front has as a consequence that
FTD-"1C-23-87-70 . '
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the wave nc longer causes any ncteworthy destruction.

The zone of broken rock contlnues to expand even after tne ccm-
pression-wave front has begun to move out ahead of the rubble boundary.
Tnis is because the annular stresses in the medium become tensile be-
hind the compression-wave front, with the result that a brcadening
zone of radlai cracks-forms.

In the final develnpmental stage of the blast process, when the
houndary of the rubbled zone is moving at low velocity, the distribu-
tion of stresses and strains in an undisturbed elastic medium can be
taken from the static solution [1]. In the zone of destruction, on the
other hand, where the medium 1s assumed incompressible bccause its
moticn is slow, its behavior is described by an equation of motion with
inertisl terms. The solution obtained can be used within certain
iimits when the destructiqn-front velocity remains below that of the
elastic waves. Tae solution of A.S. Kompaneyets. [2] is used in the
initial stage of the mdtion, when the compression-wave front is simul-
taneously the destruction front. The solutions for the initial and -
fihal'SLages are spliced at the instant when the stress in the compres-
sion-shock wave equals the ultimate compressive stress of the medium
and the wave front begins to lead the destruction front.

Finaliy, the following expression has been derived [1] fer the
maximum cavern volume in the case of brittle fracture of the medium as
a function of blast energy and the basic properties of the medium
(ultimate compressive strength o¥* and compressibility, the latter char-
acterized by the product of density p by the square of the veloclty of
scund Vp):

"RaufT) ” ( ok )-/.

A
3 E 250:°

The radius Rdr of the destruction zone is related to the maximum
cavern radius Rma as follows: . 5
Ko /5
Reu 43*

X
The expansion time »f the cavern is

2R, ( pv: )"‘
o, \250s°

faos

These expressions are valld in the following intervals of variation of
the medium's properties:
FTD-HC-23-87-70 -2~
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100 < %:-< 10%

2
1<t <10,

where Po is the initial pressure of the explosion products defined in
terms. of the blast energy E, the charge-chamber volume VO, and the
adiabatic expornent y of the blast products:
hng-;l)s_
]

The analrsié submittéd_here is an extension of earlier analyses
for the case in which the medium 1sﬁdef0rmed plastically.

CAVERN FORMATION IN PLASTIC MEDIA

In contrast to brittle rock, where the medium cc..tiguous with the
blast center undergoes substantial changes (these are the riobling and
cracking zones), media such as metals and soils, which are said to be
plastic, deform without any distinet macroscopic continuity.disturb-
ances, although microstructural changes do, of course, take'place in
them. K Usually, the cohésiveness of plastic media 15 no lower after
termination of the deformation process, and sometimes 1t 1s evén
hizher. This is the basis, for example of the work-hardening of
metals, which 1s accomplished by deforming them plasticaily. However,
to avoid complicating the scheme of the calculaticn, we shall not take
this effect into account. Let us present. the behavior of the plastic
medium outside the elastic region by the equation of ideal plasticity:

G"-—G"="t. (l)

In addition to 1, the medium 1s characterized hy a density p, a
speed of sound Yp’ and a Polsson's ratio v. We shall consistently
assume that the medium 1s not 1rreversibly compacted.

In its general features, the computation scheme is the same as
that for brittle fracture [1]. Arguments common to the two cases will
therefore be omitted.

Final stage in cavern development. At the instant when the motiocn
stops, the medium arcund the cavern has beefh divided into two zones -
plastic and elastic,

In the élastic zone, the stresses o and strains U M

g
rr' "é¢
of the medium are described by the expressions [3]

FTD-HC-23-87-70 B
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(2)

The houndary betwcen the elastic and plastic zones has a displace-
ment r = Rpl:

3(R,) = 'p"w.—_L._';l._-_R_
N ‘-L T T B

In the plastic region, the state‘of the medium at standstill is
described by the equilibrium equation

ds,y 2@"—-.')
byl ) _y,

[ 4

Tzking r = Rp1 as the plastic boundary

0, =%,
we obtain the sovlution

=)- (3)

(XY 7 §

o,=2 (—%--l-ln

The cavern volume 1s formed at the expense of the volume of dis-
placed medium at the elastic boundary and bulk deformation in the
plasticity zonzs, 1i.e.,

4 o2 Fas
- =R® = 4=R23(R,) + ! dxrtis(r)idr.

We determine the bulk deformation € from the expressi:.n

o+
§ W o

140 7
where k= f;;-%; is the coeffiz2ient of isostatic compression.

'fhus we obtaln a relation linking the cavern radius R and the
radius Rpl of the boundary between the elastic and plastic deformation

5.-L=‘/o_—z:u1ﬂ.fi.
R T () L (4)

It 1s easlly shown that, as in the case of brittle fracture, the

zenes:

largest part of the kinetic energy 1s found in the plasticity zone at
times preceding standstiil. We shall therefore describe the state of

the medium in the elastic region with the equations of static
FTD-H?-23-87-70 -4
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equilibrium [2]. In the plasticity re ion, we shall regard the medium

as incompressible and satisfying the equation of motion

201 —%9)

o 9 83,
R Rk g

The incompressibility condition takes the form
ur = U, ,R* =1{0),

wiiere A(t) is an arbitrary function of time and R and U
radius and velocity of the cavern.

pol are the

Solving the equations of motion with the plasticity condition, we

obtaln 3
R
op mBlnr 4 2 (5 o 4 oRyL) + 20k (R) +cl0

where C(t) is a constant of integration.

The boundary conditions at the -cavern and at ‘the plastic boundary

take the forms
e, =—piR)forr=R;

.".._.%‘ forr =R,,.

Substituting boundary ccnditions into Expression (6), we elimi-

nate C(t) and obtain the equation of motion for the cavern:

“3.
e 3 + o)y = -:-:- [p{R)— k-],

where

Let the pressure in the cavern change adiabatically:

p=n (3"

we then obtain the solution of (7) in the form

oG B s (ReNY B L
Uten R’+ «—¥ »(R) uok

Assuming that R = Rn and Upo = Un at a certain initial point
FTD-HC-23-87-70 -5-
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time, we exclude the integration constant Clz

Ry 1 Re (Y 2 s
Ul = (&) Ui =5 2 @) ]+
5 b (Rey B :
i 3—3y . b (l;) ape o (10)

Assuming that Upol = 0, we obtain an équation for determination of

maximum cavern volume:

e v (B
x[l— f...:—,)”q]' (11)

Thus, to determine maximum cavern volume, it is necessary to know
the velocity of the cavern's motion or the kinetic energy of the medium
at a certain initial Time

We cannot take qu-: i isics 28 2108# a8 we please to the real initial
parameters of cavern . . T oemont as the initial parameters U and R d
When the velocity of tiie elastoplastic boundary tecomes commensurate
with that of sound, the equations cf static equilibrium will no longer
be applicable, with the result that the computation scheme will also
become strongly unrealistic.

It will therefore be more advantageous to take as the initilal
parameters U and R the radius and velocity of the cavern at the time
at which the compress*on wave ceases to plasticize the medium, i.e.,
when the plasticity front begins to lag behind the compression-wave
front.

Initial stage of cavarn development. At this stage, the compres-
sion-wave front is simultaneously the front of the plastic wave. The
average compacting of the medium in the region enclosed in the compres-

sion wave can be characterized thus:

Ao [}

— N m—

] ;u:

If we exclude the zone nearest to the charge, where 0., and c¢¢ >>
>> * and the medium behaves as a llquid, it can be assumed that the

maximum stress varies in the range

T < 0-“ < lof.

FTD=HC-23-87--70 -6
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The plastic limit 1 is T = (10'2 to 10'3)pv§. Hence we obtain the
average compacting of the medium as 4p/pg = 1072,

The kinetic energy of the medium, expressed in terms of cavern

radius, takes the form
S—-..' =2~ ? R i~ —).
.E‘.sltp 9 r =2 'Um ( R.) (12)

For moderate compacting, Ap/pg = 10-2, the ratio %’(A;: )
that it is sufficient to know the position of the wave front only ap-
proximately to calculate the kinetic energy of the medium.

We shall use the solution of A.S. Kompaneyets [2] to evaluate the
kinetic energy of the medium; here it is assumed that the compacting on
the wave front is constant and independent of wave amplitude, and that
the medium behind the front ié incompressible.

The equation of motion is the same in this case as for the final
stage. We shall therefore write the first integral (6) at once, ex-
pressing A(t) in terms of the cavern parameters R and Upol’

=0215, ¢,

[ =21|nr+.l.[5.’.. %+2kul P U2 R4
“re 3 2 . 4R nox +'2— Nﬂ(‘:’)""C({).

Since p = p,(1 + €), where € = 10_2, we shall assume p = p,.
0 0

The boundary conditions at the cavern and on the wave front take

the form
9, == —p(R);

dRy 7dR¢ \1
(-] =-—M‘—=-—- e
4 dt Pt & )'

R 3 z:—"i
These conditions, together with the relationships(iﬂ =t and R
di

can be used to derive the equation of motion of the cavern:

v 3
_dl;ﬂl-*_a‘U:M:%‘p_-klt)v . (15)
where — gl 4
"=3 'l - 2 :

1—d'h ) 1—2¢'

h=%dm%;y=mk

FTR-HC-23-87-70 -7~
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By integrating (13), we obtain the expression

UL, ==__*_ h_o» Rb)” bhy
=, R
e 37 " Pe 4 u s (14)

In determining the constant of integration A, we consider that the
plastic-deformation mechanism goes into action when the stresses aM
and 9. do not greatly axceed the plastic limit t. Before thi', the
stresses in the medium are substantially greater: than the plastic
limit, and their difference is substantially smaller than. either of the
stresses. Hence we can neglect the second term in the right member of
the equation of motion. In this caée, the motion of the medium will be
described by the equation. of motion of an iueal fluid.

With stresses in the medium that are substantially larger than The
plastic limit, all of the work done by the blast products will be con-
verted into reversible bulk-deformation energy and kinetic energy of
the medium. Thus both energies can be utilized subsequently; for sim-
plicity, we shall assume that all of'the work of the blast products
goes into kinetic energy of the medium at cavern pressures much in ex-
cess of the plastic limit. The mechanism of energy loss by plastic de-
fermation will go into action at a certain cavern pressure Ppol > T.

Let us equate the kinetic energy of the medium to .the work done by

the blast products 1n expansion to pressure Pp

2tp¢llnuR’(l+t)(l-¢"-)— [ ) ] (15)

We shall assume, as before, that the cavern pressure varies adia-
batically:

= (R
p=n ()"
Then, applying these relationships, we can dete:mine the constant

of integration A. A numerical check showed that as ppnl/r varles from
10 to 100, the constant A 1is independent of Ppol and equals

=511R9.
Pe

It is necessary to splice the solutions for tne final and initial
stages of cavern development at the time at which the compression wave
begins to lead the front of the plastic wave. On the wave front, both

FTD-HC-23-87-70 -8-




the radial and azimuthal stresses are compressive. There is not suf-
ficlient time for sphericity of the motlion to manifest at the front, so
that the relation between the radial and azimuthal stresses 1s deter-
mined by the same relationships as in the two-dimensional case [3]:

."-:‘""' ) (16)

Applying the plasticity condition, we find th: radial stress at
the instant of separation c¢f the compression-wave front -from the plas-
ticity front: '

i =
O — e, (17)
On the other hand, we have on the compression-wave frout

Ry L3

‘n"—m “ —-P. c )
and since

| 40k () =t
we obtain

Oy = — ol an s,

Applying the expressiors for Opps We obtain the veloclity of the
cavern at separation of the compression wave from the plasticlty front:
9 {e—v T
U- l-zv.;:.'T.. N (18)
Numerical solution of (14), applying the expressions for Un and A,
yields the following relationships for determination of the cavern
radius Rn at the time at which U

pol = Un:
P
<

)~ (0

(&) =57 (8)"" —ror= 5

)““—rmwumﬁ;
(19)

These relationships are valid with the condition that.lo2 < pC/T < 10°.
The expressions obta'! =d for Rn and Uﬁ permit numerical solution

of (11) for naximum cave. e in the final stage. With the condition

1<-5%

”:<|o; 10t< §<IO‘ this solution takes the form

FTD-HC-23-87-70 -9-
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(20)

Eliminating R from these relationships, we obtain expressions for
determination of maximum cavern volume in tzrms of the basic parameters

D, vp, and 1t of the medium:

4 =R, vﬁr”(#ym :
3.——“’;‘ 59 5 2—“': , ——forv==0,45. (21)
L *R:..n’ (":)o.ol (Pg,:)o 86 )
3 . = 45 % E —fOI‘V-—'—a-.
The blast energy E 1s determined by the formula
F o hVo
-1
TABLE 1
MAXTMUM
CAYVERN VOL.
PROPAGATION |MODULUS OF E%ﬁ?gIgF Vax?
VELOCITY OF |COMPRESSION liters/kg of
MEDIUM DENSITY3 LONGITUDINAL 2 MEDIUM TNT 3
Py g/cm WAVES, PVp E
km/s 2 Ao s
Vpe KM kfg/cm kgf/cm
CALC.  EXP.
Clay 2 1.8 6.5 * 10" 50 - 100 | 80-140 70-190
Lead 11.3 2.4 6.5 * 10° 150 37 27- 30
The adiabatic exponent y = 1.25.

The radius of the plastic-deformation zone is related to the maxi-

mum cavern. radlus oy

1—2 pv’
)/ SRS

FTD-HC-23-87-70 -10-
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Numerical integration of the cavern equations of motion in tne
final stage ylelds the caverp expansion time t

| _ p01:
s .!-’;"4 (g)! ~forye045; (22)
tam 228 (BE)" ot

For comparison, Tabtle 1 presents calculated results and test-shot
data for lead and clay [5]. Wor these materials, the plastic deforma-
tion mechanism appears to be quite realistic. =

The calculated and experimental data agree quite satisfactorily.

CERTAIN EXPERIMENTAL RESULTS FROM STUDY OF BLAST-CAVERN DEVELOPMENT IN
BRITTLE MEDIA

The e}plosion of a concentrated charge in rock forms a cavern
whose volhme, as was shown in [1, 4], 1s equal in order of magnitude to
the volume dlsplaced outside of the rubble zone, i.e., the volume in
the elastic fegion. Consequently, 1f the crushed rc-k did not prevent
unioading of the material in the elastic zone, the cavern might con-
tract after the gas pressure in it had dropped. In other words, the
potential energy accumulated in the elastic-deformation region may give
rise to reverse motion of the medium toward the center of the blast.
This effect is similar to the thoroughly investigated oscillation of
the gas bubble that forms on an explosion in water. With the obJect of
experimental detection of the difference between the maximum and re-
sijual cavern volumes under laboratory conditions, we conducted a
series of microcharge explosions in blocks of sodium thiosulfate.
Cavern pressure was measured by a specially developed technique; re-
sidual volume was also reglistered in each experiment.

Experimental method and results. The physicomechanical character-
istics of the sodlium thiosulfate Na,S, 0, - 5H20 from which the blocks

27273
were cast and, for comparison, those of a natural rock (rock salt) are

given in Table 2.

The experiments were conducted in a metal case with an internal
volume of 300 x 300 x 300 mm3 and walls 20 mm thick. Ihe sodium thio-
sulfate, which was first crushed into fragfents no larger than 20-30 mm,
was fused and the melt cast into the case, one of whose covers was re-
movable. On chilling, the melt formed a homogeneous mcnolithic block
with no internal cavities. The block dimensions were arrived at on the

FTD-HC-23-8%-70 -11-




TABLE 2

WAVE 7
i PROPAGATION, 2 g —
>4‘~0E' ~ | VELOCITY o = E_‘P‘
o0 H - =
- N 0 [ /8] B
a 0| -f o] & = Ze =
ROCK S a) B lag| 8 Co o
A a s |z & 2 . a
Z e lmTa
S |4 aln « = EHE1 N o 0
a> |e> o g2 & 2 o
=) 5] 2] = o ]
B al> a 2] Hid N e
B9 o8 5 56 ® Ho
zE <§ a P X g3
o< |m< .
Ax |Hx
Sodium ) :
Thiosulfate | 1.7 <1 b,o0} 2.2 -|0.282 200 48
Rock salt 2.15 1-10f 4. 44§ 2.4 0,305 400 800

basis of the condition that the cavern have time to reach its maximum
8ize during the time required for the wave to reach the limits of the
block. The time for development of the cavern to maximum size is
closely similar in order of magnitude to the duration of the positive
phase of the compression wave radiated on detonation. The duration of
the positive phase did nof exceed 20 us in the experiments. At a
velocity s b km/s,'the wave can cover a distance of 80 mm during
this time, or little more than half of the distance from the blast
center to the faces of the specimen.

Spharical PETN charges with a density p = 1.5 g/cm3 and weights
q from 0.2 to 2.4 g were usad in the experiments. The explosive charge
was inserted into the center of the block through a cylindrical hole,
which was then filled with the melt. A liquid-filled metal tube was
pushed in as far as the charge from the other side so that the gas
pressure in.the cavern could be transmitted to the sensing element of a
pressure transmitter. Figure 1 shows a diagram of the transmitter.
Under the pressure, the deflection of the transmitter's membrane is
converted by a bariuvm zirconate plezoelectric element into an electric
signal, which 1s registered by an electronic oscillograph. Steel mem-
branes 30 mm in diameter and 3 mm thick, working in their elastic
range, permitted measurement of pressures up to 300 atm.

FTD-HC-23-87-70 -12-
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When the pressure Py ac.s on the meribrane,
an electric charge equal to e = pos, where S is
the transmitter sensitivity, forms on the
plates of the plezoelectric crystal. If C is
the total capacitance shunting the transmitter,
a vcltage pOS/C p:pportio@al tc the prassure to
be measured will appear across the crystal's
plates. This electricai signal passes through
a cathode follower to the input of an OK-24M
oscillograph. The registration time was 34 ms
in the experiments. The signal was time-swept
on photographic film in a rotating drum-type
cassette.

The transmitter was calibrated on a
speclal machine to determine its sensitivity.
A fixed pressufe was applied to the membrane
Fig. 1. Pressure with a hydraulic press and then released. The
transmitter. 1) Lead- .transmitter signal passed through an amplifier
out to oscillograph; with a cathode follower to the oscillograph

2) barium zirconate input. A square calibration puise of the re-
crystal; 3) trans- verse polarity and known amplitude was also im-
mitter case; 4) mem- pressed upon this input. By balancing the
brane; 5) rubber signals, it was possible to determine the sen-

gasket; 6) bomb cover; sitivity of the transmitter from the known
7) liquid-filled tube; pressure drop, the amplitude of the calibration

8) explosive charge; signal, and the rating of the capacitance

9) thiosulfate. shunting the transmitter. The transmitter used
in the work has a sensitivity of 260 *1000
mV-nF/kg/cm2.

The bore of the tube and the transmitter were filled with liquid
after placing the explosive charge. At pressures p = 100 atm, the
ligquid in the tube can be regarded as practically incompressible.
Blowby of explosion products along the tube cuter wall was excluded by
pipe-threading it. The tube had no marked,effect on the experimental
results: the caverns remained spherical and did nct differ in volume
from caverns produced in control explosions in blocks without the tube.

FTD-HC-23-87-70 Y
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After an explosion, thie block was sectioned along planes passing

through the blast cavern, using an saw or an incandescent Nichrome
wire.

-

Plgure 2 presents a qualitative pic-
ture of the results of an explosion. The

v s . e

cavern 1s surrounded by a light-colored
zone in which material has been shattered
énd-crushed outward. The boundary of the
zone 1is indistinct, so that its dimensious
can be determined only abpfoximately.
Next'outward is a region of material that
has been broken up by brittle Cragkingu

g : The cracks are preferentially radial in
Fig. 2. Photograph of sec~ direction and their crossing and branching

tion through sodium thio- can be discerned. The cracks are not wide,
sulfate block after explo- and it is not evident that they are con-
sion of 1-g charge. taminated by blast products. However,

communication between cracks 1is good,

since an attempt to "develop" the shattering zone with a water-etching
specimen failed: the water flowed out rapidly along the cracks, all the
way to the faces of the block. Several dozen cracks are visibie on the
section. As charge weight increases, so does the number of cracks, and -
we cobserve a trend toward widening of the coarser cracks. A region of }
unbroken material, which probably belongs to the elastic zone, can be i
seen outslde the zone of radial cracking. i

Cavern volume wa: measured by filling the cavern with modelling
clay, and cavern radlus was determined as the radius of a sphere of the !
same volume. In addition to the cavern-volume measurements, the di- i

mensions of the lighter-colored zone were recorded as visually deter- i
mined in the experiments. Thils zone was identified with the zone of
shattering (in this case, the visual method gives a low-side estimate
of shattering-zone dimensions). Figure 3 presents the results of mea-
surement of cavern dimensions and shattering zones for vailous charges.

The experimental data presented here are in agreement with the
principle of geometrical similarity: the radil of the caverns and shat-
tering zones formed are directly proportional to charge dimensions.
Thus, Rp/R0 = 3 for the blast caverns andg Rdr/RO = 9 for the shattering

FTD-HC-22-87-70 -l4-
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20nes (Ro, Bp and Rdr are the charge,'cavern, aad. shatteringfzone
radii, respectively). "The scatter of the experimental points is +15%.
As we should expect, the cavern pressure at the instant when
maximum size is reached is independent of charge size. Figure 4 shows
the form of a typical pressure oscillogram. At first (time a), we see

-

A

Fig. 4. Oscillogram trace of pressure
over time.

the induction corresponding to delivery of
the electric pulse to detonate the charge.
The first sharp downward junp (time b) is

Fig. 3. Curves showing
radii of cavern (2) and
shattering zone (1) as

due to arrival of the compression wave

propagating through the body of  the tube
and transmitter; the pressure peak (seg-
ment bc) that follows next 1s due to the

functions of explosive-

charge radius.
actlion of the shock wave moving through the

liquid in the bore. On segment cd, we see
rapldly damped oscillations with a perlod of about 2 ms. The trace
then becomes a straight line parallel to the "zero" line, the distance
to which is proportional to the gas pressure in the cavern.

We see from comparlison of the results from various experiments
that osclllogram segment cd 1s explained by oscillations of the liquid
column in the transmitter bore. An estimate indicates that it is suf-
ficient for an air bubble 2-3 mm in diameter to exist in the bore to
generate oscillations with a period equal to that observed in the ex-
periments. This effect i1s quite possible }n our experiments. After
damping of the oscillations, the pressure-trace curve becomes a straight
line whose distance from the "zero" line is proportional to the gas
pressure in the cavern. The values of the pressure p as obtained by
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reduction of the osclillograms are as follows:

G & _....24 24 %24 08

P, atm..... 10 % 10 1% %o fio fiE- N

pe .thﬁz As we see from the experimental data

: \ i | cited, the . cavern pressure remains the

1 same, within the limits of error, for ex-
o'} '\ ploéions of charges of various weights,

'F""_AF' averaging p = 120 aztm. The scatter of the

p \\ experimental pressure valves does not ex-
it ceed the scatter observed in cavern-volume

i \\ determination.

3 Let us compare the measured pressure
o' \\ with that corresponding to the fina; cavern
if _‘ﬁk- volume found after opening the -block. For
;7 N this purpose, we shall use the adiabatic

1 i 5 ‘ curve of the blast products. No such curve
9 2 &9 : icm3/g  1is avallable for PETN. The explosion-
product adiabatic curve of TNT, which was
Fig. 5. Adiabatic curve calculated by Jones [7], is well known, but
of'trimethylenetrinitro- may lead to substantlal errors, since the
amine explosion products. specific energy @ of TNT is 1 kcal/g, while
that of FETN is 1.34 kcal/g. Moreover, the
blast productsof TNT differ greatly in
molecular composition from those of PETN.
inhe blast-product adiabatic curve of trimethylenetrinitroamine, which
has been calculated by N.M. Kuznetsov, resembles that of PETN more
closely. PETN and trimethylenetrinitroamine yiell blast products with
a positive oxygen balance and have nearly identical specific energies
(at a tamping density p = 1.5 g/cm3, trimethylenetrinitroamine has a
specific energy of 1.36 kcal/g).
In the explosion of 1 g of PETN, the final cavern volume Vk = i
= 18 cm3/g (from the experiment, Rp/R0 = 3). A pressure of 220 kgf/cma

corresponds to this specific volume (Fig. 5). This figure is substan- ,

tially greater than that determined experimentally and cannot be ex-
plained by measvrement errors. The difference apparently results from
measurement of the final cavern volume after the pressure in it has
drepped to atmospheric.
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Consequently, the result obtained may be regarded as evidence of
contrantion of the cavern during the drop in its internal pressure.
For a charge welghing ' g, the largest cavern volume determined
. through the pressure meagurement.was Vmax = 29 cm3/g. Hence vk/vmax =
= 0,62 or Re/Rpoy = 0.85, i.e., the return motion reduces the volume
of the blast cavern by about 40%.

TABLE 3

CHARGE WEIGHTS, g

§
%
H
' ' WITHOUT IN MODELLING-CLAY

' TNGREATOR JACKETS JACKETS
: 7.2, 0.4, 0.8} 0.8 |o.t 0.2
E Ratio of modelling-clay jacket

radius (20 mm) to radius of 0 0.45 { 0.55 ] 0.74

5 shattering zone

Ratio of mcdelling-clay Jacket

volume to volume of shattering 0 0.09 | 0.17 | 0.40
E zone
f Ratio of firal cavern volume to
t charge volume 27 14 9.4 2.2
E | Cavern pressure, atm 120 120 100 70
l Ratio of maximum cavern volume to
| charge volume 45 45 51 67
E Contraction of the cavern was observed even more distinctly 1n

special experiments in which the charges were detonated in modelling-
clay jackets. The shattered rock surrounding a blast cavern exhibits
substantial internal friction and cohesion between particles. If some
of this rock is replaced by a material whose properties approach those
of a 1liquid, the resistance to the return motion will be reduced and
the final cavern volume should differ greatly from the maximum,

In our experiments, the charge was pféced at the center of a
modelling-clay sphere 40 mm in diametef. With the charge and the pres-
sure-measurenent tube, the sphere was set into a block of sodium thio-
sulfate, so that the pressure corresponding to the maximum cavern
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volume arising durlag cavern development was flxed in the tests.

AN ISP TR I

The results of measurements of the residual cavern volumes, pres-
sures, and maximum cavern volumes, the latter calculated from the meas-
ured pressure with the adiabatlc curve, appear in Tabls 3.

The table shows that when charges are detonated in jJackets, sub-
stitution of modelling clay for 9 to 40% of the rcck volume in the
shattering zone reduces the maximum cavern volume by no more than a
factor of 2 by comparison with unjacketed explosions.. However, the
volume of the cavern decreases almost to the original volume of the
charge when the pressure in it drops to atmospheric.

Strength evaluation of crushed rock. By the time the cavern
reaches maximum volume, the material in the shattering zone has been {
compressed on the cavern side by the expanding gas and at 1ts outer
boundary by the normal stress o¥% acting across the cracking zone from
the material that has been displaced into the elastic zone. The motlon
toward the center that follows 1s governed by unloading of the elastic
zone. However, it is decelerated by a certaln strength exhivited by
the broken medium and by the gas pressure in the cavern. After the
pressure has dropped, only the layer of crushed rock 1lmpedes the return

motion. This circumstance enables us to evaluate the strength of the
crushed rock.

If we disregard the cracking zone, it follows from [1] that the
cavern radius at time zero will be related to the distance to the elas-

e

ooty

tic zone as follows:
3

Ry. =flem V PU": . I:
Raax 4

where Ru is the radius of the elastic boundary and Rmax is the maximum
0
cavern radius. i

In spherical coordinates, the equations of motion and continuity
for the crushed rock take the form

u u\_d, , 20r—13g)
Po(;,'+“—;)—7,7+—"—, = (23)

dlv;=0

where o is the density of the medium (we shall regard it as constant
and equal to the densigy in the elastic zone); u is the velocity at
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which the medium i1s displaced, and 0.
muthal normal stresses, respectively.
The medium 1s stationary at time zero, and during the motion the
elastic-zone boundary is acted upon b; a compressive stress equal to
orr(a), where a 18 the displacement of the elastic-zone boundary.
Since the density of the mgdium in the shatiering zone 1is regarded as
constant, we can express a in terms of the present cavern radius. The
change in er—-ern volume as a result of displacement of the elastic-zone
bounda~ )

., and °¢¢ are the radial and azi-

AV——:-:R.’...—% =R® = 4sR%,0,

“#(R’ms- R).

]

(24)

We see from (24) that the ratio

L 3t :

i 1

throdghout the motion, 1.e., we can assume that Ru = const = Ru J
0
The relation between tae radial and azimuthal normal stresses is
written

%99 = &+ m(3,+23,,). (25)
The crushed rock 1s a granular, sandy medium in which m z -1/5.

In view of this, Expression (25) can be written

4"—20”—%-k.
The quantity k characterizes a certain effective strength of the

shattered medium.
- u u :
It follows from the equation¥= + =0 for the spherically
symnetrical case that

g
” L]

=

where A(t) 1s an arbitrary tim2 function.

e »
Substituting expressionsu"%fu %,=2Gw—€}k into (23}, we obtain
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Integéation over r ylelds

3y 8 & V@ 2
= 4~[ + 5] +c.

where C(t).1s another arbitrary time function.
Multiplying both members of this expression by r2, we obtaln

e,,.el%k_.g.,.l a0 +-J-]+r-cm — (26)

We apply the condition at the cavern boundary
%ot = 0-

At the boundary .of the elastic zone, the radizl stresses

e, =~ (0):

We express the quantities A(t) and A'(t) in terms of the motion
parameters at the cavern:

A@=UR; V(=2 ‘}%’ + 2RUL.

Sut- tuting the boundary conditions and the expressions for A (t)
and A'(t) intc (26), we can eliminate the arbitrary time function C(t).
We then obtain the equation for the velocity of cavern contraction:

% dyr | U= [—k— x_ "(a)] (27)

In deriving this equation, the quantity 1/n3 could be disregarded
because of its smallness.

Elasticity theory gives the relation orr(a):

l-2.b$

'
l—v RY-

(28)

O’,(a) =o' — ——

where v is Poisson's ratlo.
Applying Expressions (24) and (28) and introducing the new vari-
able R = R/Rwax’ we can write (27) in the final form
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k1=

After integrating it, we have

Us = B2 m A (=2 7
2|Rtul[ .;,; g (I-—w -3
F 1 —2v
—_——nt| R 2R A
: e g

The integration constant A is determined from the conditioa that
U=0 for R = 1.
As a result, we haVe

Us

ﬂkm- i
——-n‘) (F*—t)+2""(1 —& )]
(29)

The value of k for sodium thiosulfate can be determined directly
from (29). For this purpose, we use thLe experimentally determined
value ﬁk = 0.85, at whith the cavern reach»s its final volume. We then
find that k = 1.4 kgf/cmz. As we should expect, the return motion re-
sults from the low strength of the shattered medium.

If we analyze this problem with consideration of back pressure, we
find that the cavern will hold its dimensions until the pressure in it
drops to a few atmospheres.
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ON THE. NATURE OF CERTAIN GROUND WAVES
EXCITED BY AN UNDERG tOUND EXPLOSION

A.N. Romashov

The paper presents results from experimental studies of the ground-
motion wave pattern observed in a zone with a radius of several tens of
kilometers when charges welghing from 1l to 1000 tons are explodéd.' An
attempt is made to study the motion of ;the soil in the immediate vicin-
ity of the charge and the process in which seismic (elastic) waves are
shaped and radiated over long distances, which has not yet been ade~
quately investigated. A basic shortcoming of research studies‘in this
directlion is a certain formalism 1nlreduct16n and interpretation of the
waves on the seismograms. This approach 1s particularly conspicuous
when Rayleigh and Love waves, for whose excitation mechanism a clear
physical 1nterpretétion apbeared'pnly recently, are 1lsolated dn the
~ seismograms. B |

In this paper, we advance the hypothesis that waves excited in
exploslions and having certaln attributes of surface waves may originate
in a different manner. Most probably, these waves are exclted as a re-
sult of heaving of the soll in the epicentral zone. Thils heaving, a
process 1n which shearing and bulk deformations develop, 1s a secondary
wave source. The comparatively slow progress of this phenomenon1 is
responsible for the low-frequency character of the soll osclllations in
the waves radiated.

The article examines questions of the interactlon of the various
waves with the free surface, ilnvestigates the wave patterns observed in
different types cf solls, and shows that the ~xcltatlon mechanism and
nature of the principal waves are the same for all solls.

The principal objective of the study was to shed light on the wave
pattern of the underground blast. Most attention has been devoted to

TSee page 61 for footnote.
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ascertaining the nature of the individual waves and their excitation
mechanisms. Quantitative characteristics of the wave parameters are
used to the extent that they contribute to solution of the main problem.
More complete quantitative data are given in [2, 3, 4] and elsewhere.?

ATbe explosion of a charge near the free surface in a comparatively
homogeneous rock massif without overlying strata of soft soil is ex-
amined in greatest detail. Further, data on explosions in other types
of solls are also presented. Where soll types are not indicated, ref-
erence is made to an explosicn in.a homogeneous rock massif.

EXPLOSION IN' AN INFINITE MEDIUM

The explosion of a congcentrated charge in an infinite medium is
simplest to represent, since the soil-motion pattern around the charge
exhibits central symmetry. By virtue of the total symmetry of the
source, only & single longitudinal wave of the volume type with a
spherical frontal divergence 1s excited by an explosion in an infinite
medium. As we know, this divergence gives the strongest damping of the
waves with increasing distance; waves with any other divergence (cdni-
cal or cylindrical) will attenuate more slowly. The basic problem of
the investigation for an explosion in an unlimited medium is establish-
ment of the law of damping of the longitudinal wave with distance;

Infinite-massif longitudinal -compression wave parameters have now
been studied most thoroughly for blasts in loose homogeneous sands with
densities of about 1.5-1.6 g/cm3 [5] and.hombgenequs rocks of the lime-
stone, marble, and other types [6] with densities of 2.5-2.7 g/cm3.

An explosion in sand sets up a longltudinal wave in which the
deformations near the charge are inelastic in nature., As 1t propa-
gates, this wave 1is distended, and the deformations in it become elas-
toplastic: an elastic wave appears ahead of the plastic-compression-
wave front. The propagation velocity of the elastic wave is constant
and approximately equal to the speed of sound, while that c¢f the plas-
tic wave is variable. 1In a zone with a radius ranging up to about five
charge radii, the plastic-wave velocity exceeds the speed of sound;
then it drops below the speed of sound and diminishes steadily with in-
creasing distance. - ’

Figure 1 shows the typical appearance of the mass-velocity trace

;gn_a compréssion wave in sand. The motion in the compression wave is
See page 6l for footnote.
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for the most part limited tc displacement of particles away from the
blast. | S

With increasing distance, attenuation of the compression wave's
maximum mass velocityhin sand takes place, for various blast.powers,
aqgoiding to a law [5] expressed by the forﬁula

17,08

u = 340(-!7-) : = v (1D

~

where u is the maximum velocity, cem/s; q is the charge weight, kg; and
r is the distance from the center of the charge to the point ci measure-
ment, m. " , s »

] Formula (1) applies in a zone with
a raiius of 5 to 30 charge radii and
characterizes the distance-attenuation

€ law *n a plastic compression wave.
Fig. 1. Typical form of mass- The development of an explosion in
velocity trace of compressiorn an infinite rock massif differs some-
wave 1in sand. _ what from an exp;osion in sand. Figure

' 2 shows the typical form of the mass-
velocity trace of a compression wave in a rock massif. To a substan-
tial degree, the prbpagation of the longitudinal compression wave fol-
lows the laws of wave propagation in an elastic medium. Thus, the
propagation velccity of the longitudinal compression wave in rocks 1is
practically constant at a value near the speed of sound over the entire
range of distances (and z=ven in the immediate vicinity of the charge).

Fig. 2. Typical form of mass=-velocity

trace of compression wave in rock.

The length of the wave varies very insignificantly with distance.

After displacement of the medium away from the blast, we observe a re-
turn motion, with the result that particles of the medium are returncd
to certain positions near their original positions. The ejection index
of the blast (the ratio of cavern volume to charge weight) 1is small,
and 1s measured in the unitc in many strong rocks. This means that
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after the longitudinal compression wave has been radiated, a high ex-
cess pressure (about 1000 atm) persists in the blast products. In sandy,
clayey, and other types of solls, the ejection index runs into the
hundreds, and the resldual pressure in the cavern ranges from 10 to 100
atm. This pressure forms a static stress field around the charge, and
this field offsets the pressure in the blast products, but for all
practical purposes it forms no new waves of appreciable amplitude. The
high blast-product pressure in the rocks is explalned by the high co-
hesiveness of these rocks.

If the rock massif béhaved as an ideal elastic medium during the
explosion, the radiating time of the wave ﬁould, as we know, be of the
order of magnitude of ro(v (r0 is the cavern radius or the radius of
the explosive (BB) charge, and“vp is the rpeed of sound). Experience
has shown that the actual radiation time is considerably longer, indi-
cating that the mediuvw is to scme degree inelastic. This 1is also indi-
cated by the manner in which the wave damps with distance. The decay
of the maximum compression-wave velocity on an explosion in rock fol-
lows the same law as on.an explosion 1in sand. In the distance range
from 3 to 500 charge radii, this law can be expressed by Formula (1).

The proportionality of velocity to l/rl'8 indicates the presence
of some absorption of the wave's energy as it propagates even through
rock, since attenuation takes place in 1lnverse proportion to distance
in a purely elastic medium. The nature of this energy absorption has
not yet been established. The exponent 1.8 in Formula (1) character-
izes attenuation in a volume wave with spherical divergence. It 1s
valid in a very broad range of distances, extending even to the immedi-
ate vicinlty of the charge, where inclastic straining takes place,
i.e., 1t characterizes the strongest damping that is possible in the
wave. An exceptlon is the zone closest to the charge, extending to a
few charge radii, where we observe stronger damping [8]. In subsequent
analyses to determine the nature of unknown waves, therefore, 1t 1s
this exponent of nearly two that we shall use as one of the basic cri-
teria fcr determining whether a glven wave 1s to be clagssifled as one
of the volume type. .

Attention should also be drawn to the fact that the parameters c¢f
the compression wave 1n an explosion in an infinite medium vary in ac-
cordance witn a geometrical law of similarity, 1.e., compression-wave
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paramepers with the dimensions of length and time change in proportion
to charge radius on a change in the scale of the explosion.

EXPLOSICON NEAR THE FREE SURFACE

An explosion near the free surface is a much more common phenome-
non than the explosion in the infinite medium. This is because most
blasts that are of practical or scientific interest are detonated under
conditions under which the influence of the free surfacé must be taken
intc account to one degree or another. This co&ers éll industrial
blasting (excavating, rock-crushing, directional and other blastiﬁé)
and most experimental shcts. But even 1n exploslons set off at con-
siderable depth, after which no permanent disturbances of the soil at
the epicenter (cracking, heaving, etc.) are observed, and which are
still regarded in practice as camouflet explosions, decliphering of the
vave pattern still requires consideration of the free-surface effect.

The problem of the blast near a free surface is best broken down
into two parts. First, the motion of the s0ill in the central zone near
the charge, i.e., the source generating the waves, 1s examined, and
then the 1ndividual waves are described.

Motion of soil in central zone. Before the compression-wave front
reaches the free surface, the motion of the soil around the charge
follows the same laws as in an explosion in an infinite medium. The
Influence of the free surface begins to make 1tself felt only after re-
flection of the compression wave from this surface, and propagates 1in
the rock in the form of an unloading wave. The propagation veloclity of
the unloadling wave, like that of any other wave, depends on the proper-

tles of the medlum and has a quite definite value for each type of soil.

As a result, the length of vime that elapses before the blast products
"become aware" of the existence of the free surface i1s different for
different solls.

Arrival of the unloading wave at a glven point signifies relief of
the compressive stresses at that polnt and, simultaneously, intensified
motion toward the free surface [7]. Thus, by the time the unloading
wave reaches the blast cavern, 1n which a large excess pressure of the
gaseous blasc products ¢t111 prevalls, much of the soll abtove the
charge will have been unlcaded. This means that the blast products can
undergo secondary expansion in this direction. The motion of the soill
around the charge can be presented schematically as follows. A blast
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in an infinite medium 1s equivalent to enclésing the blast products at
high pressure in a spherical container with infinitely thick walls.
Bringing the blast closer to the free surface means reducing the thick-
ness of the container walls in a certain direction. Equilibrium of
forces can be arrived at in such a system if the material undeygoes
larger deformations in the direction of the weakened wall than it would
with infinitely thizk wallé. This-means that the weakened wall will be
buckled outward. The btuckling process of the wall is accompanied by
corresponding changes in the nature of the deformaticns. It 1is obvious
that at first, the container wall will deform elastically. If the
stresses that arise in it as a result of the elastic strains are in-
adequate to offset the pressure inside the container, the wall deforma-
tions will become plastic. They will increase until the stresses in the
material compensate the pressure in the cavern, If the tenslle or
gshearing strength of the materlal 1s exceeded during the deformation
process, the wall will break and the blast products will erupt through.

4 y;,cm/s
me
——
(]
b
L 1 1 1 =1
0 [} 00 150 200 t,ms
b
_ dzcm/s

Fig. 3. Mass-velccity cscillograms of ground-
surface motion at epicenter (a) and at a pdint
at charge level 75 m from it (b3 on explosidn
of a 150-ton charge at 75-m depth.
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A similar heaving process 1s observed on an explosion in soll near
the free surface. As a rule, the free surface is above the charge in
such cases. Hence the blast products in the cavern are compensated not
only by the stresses in the rock, but also by the weight of the rock
above the charge. ;

The soil motion at the epicenter can be broken down into two
phases. The first phase is associated with emergence of fhe comg res- H
sion wave at the free surface. The second phase, heaving of the ground,
corresponds to a quasistatic effect of the blast products that is mani-
fested for the most part in the motion of soil toward the free surface.
No soil motion downward or away frcm the charge is observed during this
stage of the explosion's development.

By way of 1llustration, Fig. 3 shows mass-velocity oscillograms of
the motion of the ground surface at the epicenter (a) and at a point
located at charge depth 75 m away from it (b) on the explosion of a
150-ton charge buried 75 m deep. !

The oscillograms indicate that there is practically no horizontal
motion during the second phase, in which the ground rises at the epi-
center and whose beginning is marked by the letter D.

" The time between emergence of the compression wave at the free
surface and thz beginning of the second phase is obviously related to

2 1y

" the depth at which the charge 1s set and to the propagation velocities
of the compression and unloading waves in the massif. The greater the
depth and the slower the waves, the longer will be the time separating |
the first and second heaving phases. Considering that the wave velo-
cities are different in different soils, we should also expect a sub-
stantial difference in the lags of the second phase behind the first.
Thus, for example, for an exploslon in sand, the secondary soll motion
with positive acceleration begins practically simultaneously with the
emergence of the compresslion-wave front at the fr:2e surface. Figure 4
presents a mass-veivcity osclillogram showling the motion of the epicen-
tral polnt on an explosion 11 sand. It also shows a mass-velccity
oscillogram for the hcrizontal motion away from the charge. As in an
explosion in rocky soll, no secondary acceleration of the soil in the
horizontal direction 1s observed.

The lack of time separation tetween the first and second phases
for an explosicn in sand 1is obviously due to the facts that the
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Fig. 4. Mass-velocity
oscillograms of
grodnd-surface motion
at eplcenter (s0l1id
line) and at a point
situated at charge
level 20 cm from it
on explosion of a 2i-
| g charge in sand at a
depth of 20 cm.

»

the main massif at the epicenter p.

deformation of the sand in the close-in zone is
plastic andvthe unloading prapagation velocity
nearly infinite.

.In exploéions in rocky solls, the time
segment between the first and second phases 1is
nonzero, since unloading propagates at finite
velocity from the free surface. In this con-
nection, it is interesting to make the follow-
1ng'observations.

‘ 1. Very often, the secondary acceleration
of the ground at the free surface bégins much
later than would follow from the travel time of
the wave from the surface to the charge and
back.

2. The onset of the second stage in heav-
ing of the ground at the free surface is in
most cases accompanied by a raﬁher sharp velo-

.city inflection, indicating instantaneous ap-

plication of a certain force (see Fig. 3).
These phenomena are obviously related to
separation of a certain surface soil layer fron

This becomes especially consple-

uous when the upper layer is a soft coil overlying bedrock (Fig. 5).
The inflectlion marked, by the letter D on the mass-veloclity oscillograms

0
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Fig. 5. Mass-velocity oscillogram of

ground-sur face mction at epicenter on
explosion of a charge weighing 10 tons
at a depth of 35 m 1n rocky soil. The
top layer of soft soil was 10 m thick,

’

of ground-surface motion corresponds to rejoining of the layer to the
massif, which occurs during the second stage of 'iteaving of the ground

above the charge. The slower accoleration of the free surface that
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E Fig. 6. Shapes of dome\ formed by underground
explosions. a) in dense blue ~1ays, b) in loessy
loama’; h )seuting depth of charge, Ah) rise
height or dome above’ ground surrace, r) distance
from epicenter. . o

follows ﬂor*esponds to rising of the layer together with the basic mas-
sif._‘ ol - o, . :

Figure 6 shows the shapes of the doimes observed in blasts in dense
ciay and loess. The dome is steeper for the explosion-in loess, where
the cohesion between the s0il particles 1s weaker tﬁan it is in clay.
It 1g interesting to note that the shape of the dome in sand is inter-
mediate between the dome shapes for clay and loess, although the cohe-
" siveness of sand is lower. This indicates that dome shape 1s not de-
termined'by cohesive strength alone., . Ob?iously, the:heaving of the
ground that takes pliace on peripheral areas in weakly coheslve soils
18 tc a substantial degree simply a conzequence of blast-product expan-
sion in the directlon of these areas. _

Figure 7 shows the shapes of the domes at various times during
explosions of l-ton charges in rocky soil (a) and in clay (b) [5]. We
see from rFig. 7 that the heaving of the ground in the form of a smooth
dome in the case of the claj blast lasts much longer than in the case
of tne blast 1in rocky soll. This difference obvicusly results from the
fact that clay hes a large capacity for plastic flow. As a result, the
dome retains 1its shapz in clay without breaking up even wher the
straihs in it are no longer elastic. On the other hand, rocky soil
breaks up at much smaller strains and, consequently, a dome in rocky

soll breaks up earlier. .
. At ‘the present time, ground motion in the central zone 1s basic-
ally of interest as a source from which waves are radiated. Herz, the
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‘Pig. 7. Shapes of domes at various times dﬁring underground
-éxplosions of l-ton’'charges: a) in rocky soil at 6-m depth;
b) in denae blue clays at 7-m depth. '
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greatest,1qpere§t.attaches to stuges of the motion in which the soil
lifted at the epicenterwpreserves its bonds with the surrounding massif.
It is precisely at these stages that we can expect the most intensive
transfer of energy from the central zone into the surrounding massif
and, consequently, onlv the motion in these stages is a wave-radlating
source. On the basis of this quite obvious criterion, it will not be
difficult to indicate possible différences in the parameters of the
waves radiated. Indeed, other conditions the same, the longer the
1lifted dome retains its bonds to the surrounding soll, the larger will
be the energy radlated in the form of waves and the greater will be a
certain effective period and the amplitude of the soil motion in these
waves. Anﬁicipating somewhat, we can say that the period of the soil
vibrations in blast waves in clay 1is approximately three times longer
than for similar blasts in rocky soil; qualitatively, this is fully
consistent with the heaving time of the domes in these soils.

Thus, analysis of data from 1aboratory studies? Znd of the motion
of the ground surface in the epicentral zone of the blast indlcates

that from the standpoint. of wave radiation, the explosion near the free

¥See page 61 for footnote.
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surface 1s a composite radiator that can be resolved as a convention
into two independent sources. The first source is the initial stagé in
development of the blast. In time, this source begins to act when the
explosive chargv is detonated. Until the compression-wave front e
reaches the free surface, assuming that the massif 1s fully homogenecus,
we observe & spherically symmetrical pattern of ‘motion or the meoium
around the charge. Reflection of the compression wave from the free .
surface resuits in formation of an unloading wave and'a transverse wave
that propagates through the massif right behind the compressioh wave.
It 1s the combination of these waves that forms the wave pattern ob-
tained 1n solutions of elastic problems in which the blast is-rebrei
sented only as an expansion center. However, a real explosion'neat a
free surface cannot be characterized solely by thé»longitudinal spheri-
cal compression wave., This 1s beéau§q4b1§3t products remain in the
blast cavern ac high-excesa’presauréﬁafter-the'ﬁave hes been radiated.
This pressure is compensated by the stréss field set u, in a certain
limited zone in the medium around the cavern. And even if the blast
takes place in an infinite massif, this sﬁress field persists as long
as the pressure is retained in the cavern. The latter drops compara-
tiﬁely slowly, basically as a.rgsult of'cooling of the gases zand gas
leakage through the cracks. As a result, the energy of the elastiec
stressos around the cavern 1s dissipated slowly without giving rise to
waves of appreciabie intensity. The 'situation changes, however, if
such a gas-filled cavern is near a free surface. The elastic-strain
energy in the rock massif between the cavern the free surface becomes
inadequate to offset the gas pressure. The resdlt is buckling of the
medium in the direction of the free surface and,'consequently, a com-~
paratively rapld pressure drop in the cavern. This, in turn, means
that the energy of the 2lastlic stresses in the medium around the cavern
will be liberated over a comparatively short time. The dome-shaped
heave of the medium in the epicentral zone from blast-product energy
and the energy of the elastic stresses in the medium around the cavern
is the second source of waves In an explosion near a free surface.

As we s vom the mechanism of the second source, it is axially
symmetrical a.. capable of radiating bulk- and shear-strain waves. The
preferential motion of the medium in a certaln volume around the charge
is motion toward the free surface and toward the cavern. Hence it
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Poilons that the second source‘bréatea tensile straihs. For this

~reason, the hulk-strlin wave radisted by the~second source 1s a decom-

presaion wave. # - S % -
Belol we- shall exaline the atrongest waves , “which include the

"longitudinal coupression wave radiated during the first expansion stage -
. of the blast. prvducta and the transverse and decompression waves ex-
' cited in thexsecond stage. In addition to these principal waves, other

waves nay also exist as a result, for exanple, of interaction tﬁtneen
the longitudinal compression wave and the - free surrace. Houever, eX= .

perienve ‘has shown . that, by -comparison with the strong waves cited

above, all of the others are of minor sisnificance s regards ‘their )
amplitudes and the encngy that. they carry and can:-de disregarded.

P

-

Fig. 8. Mass-velocity oscillograms of

the moticn of cone of the points in the
medium at a distance of 245 m from the
epicenter on explosion of a l-ton charge

in granite at a depth of 12 m: a) h, = 0 m;
b) hp = 6 m; ¢) hp = 11.4 m; Q) hp = 20 m,
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Longitudinal compression wave. This wave 1s of the same nature as
the analogous wavb'in”hn‘explosion in an'infiqite medlum. A property
of the 1ongitudinal compression wave in a real explosion near a free

- surfa e -is that, as a rule, 1t propagates througb an‘inhomogenecus

medium. In uost cases ‘the' upper layers of soil present stratified -

. structures. But even, 1n the absence of distinect stratification there

is always a*posi#ive~gradient of velocity with.depth (gradient medium)
near the Ireeqaugrace, Hb‘an&}laexamine the sinplest ciae of a blast

1 a ool pargtraely hoaoggneans*nndium (without distinci layers near the
surf@ceyf The interaction of the longitudinal compressicn wave with.
the free surface, and the changes in the character and intensity of
this ﬁavé'at'vaiioué charg. and record;ngfinstrument,depths,:are most
conventently traced in thie example. ; :

‘A typlcal mass-velocity oscillogram of the motion of the ground in
an explosion near a rree aurface appears in Mg. 3. The first peak on
this oscillogram corresponds to the longitudinal compression wave. The
low-frequency oscillations observed a ter passage of the compression
wave are caused by other waves and will be considersd in detail below.

The propagation velocity of the lorgitudinal compression wave de-
pegds,on,the-properties of the medium. Longitudinal-wave velocity
values for certain rocks in which blasts were detonated are given in

" Table 1.
TABLE -1
: _ " VELOCITY, m/s
ROCK LONGITUDINAL | DECOMPRESSION | TRANSVERSE
WAVE WAVE WAVE
Loose sand with natural
moilsture content 150 - 200 - =
Loessy loam 503 - 600 300 - 330 330
Plastic blue clays 1800 - 2000 750 - 1200 500 - 900
Marbled limestone 6006 - 6200 — 2500 ~ 2800
Granite 5200 - 5400 4200 - 4500 2000 - 2500

The motion of the medium in the longitudinal compression wave near

the free surface 1is similar in nature to the motion in the compression
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wave of an explosion in an infinite massif (see Fig. 2). " The maximum
velocity of particle motion 1n the wave is observed a certain time
A .arter ar‘rival of the. rront, 1 e., ‘the velo- -

TABLE 2 .
> ! : ity change-in the ‘wave is smooth and not

the maximum has been reached, the velocity -
decreases ‘more slowly to zero, ﬁith the pos-
itive phase of the compression wave general-“

bl
g-.'
L8
v."
i Ty

o | 14 |14 ] 0 |
AR BRI 1R 1y several times the velotity rise time to
. 2o | 09 le3|w| u 3 S,

. the maximum. After the soil has been dis-
S y ¥ Bek ~ placed away5fr0m the expl&Sion, ﬁe obééfve -

£ Ty a return notion = the decompression phase.'
The return motion :ln the conpression wave. 13 about equal in duration to
the forward motion and, as a rule, does not exceed- it in ampl:ltndeh

! a al. &

-ﬁ
3

Flg. 9. Mass-velocity oscillograms of
s0il motior at a distance of 145 m from
the epicenter on explosion of a l-ton
charge at l2-meter depth. a) hp =15 m;
b)hp=0m. "
At distances considerably greater than ‘he charge-setting depth,
an explosion near the boundary of a homogeneous'half-space can be
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Fig. 10

regarded for practical purposes as a certain source on the free sur-
face that radiates a spherical wave into the half-space. At a cerfain
istance from the blast, the motion in the compression wave on the free
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Fig. 10. Os<illograms of soil displacements at
free_gufface on underground explosion ‘of a 15°-~ton
chagge in granite. a) instruments wounted on a
layer of soft soll several meters thick at a dis-
tance of 13 km from the epicenter; b) instruments
installed on bedrock at a distance of 20 km from
the epicenter; c) same, at a distance of 40 km.

surface 1s preferentially horizontal, and has practically the same amp-
litude at different depths near the surface. There 1s also a vertical
motion component on the free surface [and] in its immediate vicinity.
By way of example, Table 2 glves vaiues of *he meximum velocltles and
displacements in the compression wave at one of the points in the med-
ium for the x (1x phase) and z-components at various instrument-place-
ment depths hp. A charge welghing 1 ton was exploded at a depth of 12m.
The mass-velocity osclllograms for this point are given in Fig. 8.

While the motlion has changed insignificantly at the first emer-
gence at the x-component in the depth range covered, its amplitude in
the vertical direction has dropped sharply even at the 6-meter depth.

After the positive and negutive phases in the compression wave,
which constitute practically fhe entire mogion in an infinite massif,
we. sumetimes observe multiphase oscillations caused by the compression
wave near the free surface. Figure 9 shows x-component velocity
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oscillograms at the 0- and 15-m depths.” The motion is for all practicai
purposes iimited to the positive and negative phases at the 15-meter
depth, while tailing oscillations are evident on the free surface. We
should note that the ground-vibration intensities measured at Aifferent
registration poiﬁts may differ even for the same explosion (Fige. 10
and 11). - o e R o 'O

According to the experimental data, the ﬁa#ipum velocity of soil
motion in the longitudinal wave propagating along the free surface di-
minishes with distance in accordance with the same law as in the case
of the unlimited massif, i.e., its decay can be expressed by Formula
(1). It is important to stress two pointe in this context.

1. The free surface has practically'no influence on ine law of"
compression-wave attenuation. The fact that ¢the-damping of the com-
pression wave does not increase as it prépagates along the free surface
means -that even when the instrument 1s not buried particularly deep,
the unloading from this surface arrives everywhere at thé point of

measurement at a time when the positive part of the compression wave
has already practically ceased to act at this point, i.e., the unload-
ing wave propagates at lower veloclity than the compression wave.

'~ The difference between the propagation veloeities of the compres-
silon and acecompression waves obviously results from natural fissuring
" and inhomogenelities of the rocks and, consequently, dissimlilar elastic
characteristics of the medium in compression and tension.. Among other
things, this 1s also indicated by the results of direct measuremeats

of the tension and compression modull of certain rocks (Table 3).

TABLE 3 2. Propegation of the waves along the
' * free surface has no substantial effect on
Rock E, _Ee the attenuation law. This means that in
Eq e determining the nature of unknown waves
Clay shales . 03—&9‘03—05 propagating near the free surface, compari-
Sandy shales . 3h-&3 m;iag son of the attenuation laws of these waves

Sandstones
is one of the basic criteria for determina-

tion of the divergence of the particular
wave front. '
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Fig. 11. Oscillograms of mass velocity (a) and
displacement (b) of s211 on free surface on explo-
sion of a 1l0-ton charge buried 35 m deep in a rock
massif with an overlying layer of soll. a) r = 0.6
km; b) r = 1.4 km.

’

The decompression wave is formed in the epicentral zone during the
second stage of the blast (second source). Obviously, shaping cv: this
wave begins at the time when the compression wave emerges at the free

FTD-HC-23-87-70 S




: During this time, -the soll rising above the- surface_drgws the contigu-

‘times at which the decompression wave arrives at specific points is of-

Y

surface at the blast epiceuter, The time to form the decompression .
wave is determined by the vime during which the soil ‘in the epicentral j
zone heaves without losing 1.5 bond to the entire surrounding massif.

ous zone of the medium along with it. Oacillogran placement of the

ten made difficult by the fact that ‘his arrival ogeurs: against a back-
ground of soll motion following the compression wave. The most dis-
tinct phase of the decompression wave 1s the velocity- or so*l-dis-
placement maximum in the direction of the explosion.- This maximum is
marked 2x on the velocity oscillograms. After the soll has shifted
towaid the explosion, we observe a return motion. Phase 2x' on the
ogcillograms corresponds to'the_velocity maximum of the return motion. -
On the wiole, the motion of the soll in %he decompression wave 1is of
low frequency_by comparison with the motlion in the longithdinal com-
pression'wave, and 1is oscilléﬁorﬁ in nature. The initial motion of the
soil toward the explosion and the subsequent return totthe origlinal
position are strongest. Subsequent oscillations in the decompression
wave are of comparatively. short duration and small amplitude.

The propagation velocities of decompression waves near the free
surface irn real soils may be lower than the propagation velocity of the
longitudinal compression waves. Table 1 lists veloci%ty values for de-
compression waves in certain rocks as measured directly on osclillograms
(the velocities of the 2x and 2x' phases). Direct decomp%ession—wave
velocity measurements showed that tensile strains propagate much slower
in real rocks than do compressive strains. This difference is especi-
ally conspicuous in solls of the clay type and in other nonrocky soils.

According to the data of Table 1, the velocity of a decompression
wave in clay 1s lower than that of the longitudinal compression wave by
a factor of about 2. A consequence of this large velouclity difference
is fhat the decompression wave separates from the longitudinal compres-

sion wave cven at comparatively short distances and is clearly manifest
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Flg. 12, Mass-veloclity osciilograms on underground
explosion of l-ton charge at a depth of 4.5 m in
clay. :

as an 1independent wave. Figure 12 shows osciilograms of mass velocity
in clay.

It 1s interesting to ncte thit the velocity of tﬁe decompression
wave varled with charge welght for explosions in clay (Table 4).

2 to 10" kg, the velocity

When charge welight was increased from 10
increased steadily, but when the power of the explosion was increased
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TABLE 4 ’ further, 1t remained -constant.
' ' In all probability, the dependence
of decompression-wa_ve' propagation veliocity 1in

e clay on charge welight is an aecident that can
Decom- | Verse be explained by inhomogeneity of the medium.
::g: pression| :‘i’:ﬁr“' The upper layers of the clays in which the
kg ::l‘l':city wave experiments were conducted were weathered and
a/s__ | “:‘;2“’ characterized by lower transverse compression
. wave velocities. Since the smaller explo-~
: g: ' Eg , ig sicns were set off at correspondingly lesser
13 . %ﬁg 33 depths, the decompression-wave velocities
: Wwere also lower in these blasts. For explo-

sions in rocky soils, no dependence of decompression-wave propagation
velocity on charge weight was detected.

In most cases, the velocity of ‘the decompression wave in real
rocks is lower than that of the ccmpression wave, because these rocks
behave differently in compression and tension. This 1s explained, on
the one hand, by the nature of the bonds between the individual rock
particles, as, for examplie, in soft solls of the clay type. In such
soils, a difference between the propagation velocities of shearing and
tensile strains will in all probability be observed even in the pre-
sence of a perfectly homogeneous medium., On the other hand, the rocks
may behave differently in compression and tension because of their
natural fissuring, as, for example, in rocky soils. Cracks are almost
always completely fillled by water or sedimentary rocks; compressive
strains are therefore transmitted well across thece cracks. Transmis-
sion of tensile strains, on the otrer hand, is difficult, since there
is no strong bond between particles.

"Thus, the decompression-wave propagation velocity measured 1n an
explosion is an-elastic characterlstic of a certain massif with con-
sideration of the natural inhomogeneitles that exist in it. Such &
characteristic 1s more objective than analogous characteristics derived
for individual specimens, since 1t pertains to a substantial volume of
rock in tne former case and considerable scatter of the guantities sub-
Ject to determination is inevitable in the lsatter case, because of
specimen inhomogeneity.
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Fig. 13. Oscillograms of displacements of rocky
soil during underground explosion. q = 150 tons;
h = 75 m; r = 1500 m; 1) motion on free surface;

z
2) motion at depth of 110 m.

As we see from Fig. 8, the soil moves horizontally in the decom-
pression wave near the free surface. Right at the surface, however,
there is also a vertical component in the decompression wave, and it is
nearly as large as the radial component. The vertical component decays
quite rapidly with depth, while the motion in the horizontal direction
undergoes practically no depthwise change. The absence of damping of
the horizontal motion in depth indicates that this motion 1is not a sur-
face motion, but involves a consideratle ‘part of the massif. On the
other hand, the rapid damping of the vertical motlon component with
depth indicates that this motion is superficial. The appearance of the
z-component of the motion 1s due, as in the case of the longitudinal
compression wave, to the presence of the free surface. It is interest-
ing to note the relation between wavelength and the thickness of the
layer in which ihe surface motion is observed. Thus, the layer thick-
ness 1s no more than 20 m for explosion of a l-ton charge, while the
decompression wave of this explosion is more than 300 m 1in length.

This means that the Influence of the free surface extepds to a very
limited depth that 1s much smaller than the wavelength. This statement
also applies when the scale of the explosion is increased. Thus, on
the explos.oen of a charge weighing 150 tons, there is practically no
vertical component in the decompression wave at a depth of 110 m, while
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the radiai component undergoes almost no change (Pig. 13). Here the
wavelength was over 1ooovm,'1.e., the influence of the free surface is
manifest at comparatively shallow depths even in this -explosion.

The maximum'velocitj.or soil motion in the decbmpression wave de-
creases with'disﬁange in accordance with the law »

.’A-(-!l:;: 17 . (2) .

The exponent in Formula (2).13 the same for different soils and is
practically equal in magnitude (o the'exponent in Pormula (1). The
similar laws of damping with distance for compression and decompression
waves indicate that the decompiession wave has a spherical front di-
vergence and transfe.s energy uniformly in all directions. This is
also indicated oy the stable form of the soil motion in the deconipres-
sion wave at various distances from the epicenter. It begins every-
where with displacement of the soil in the direction toward the explo-
sion. :

The coefficient A in Formula (2) is a constan' that depends on
soll type. Thus, it is 360 for rocky soil and 700 for clays. The dif-
ferences in the coefficlents A is obviously a consequence of the fact
that different fractions of the energy are transmitted into the decom-
. pression wave in different soll types.

Our attention is drawn to the fact that the damping of compression
and decompression waves in a given soil follows approximately the same
law, although the lengths of these waves differ substantially (see Fig.
12). The existence of a consistent decay law for two waves of ¢ ffer-
ent lengths and the same divergence lndicates that the absorption of
eniergy from these waves with distance 1s approximately the same. The
fact that no substantial increase in the attenuation of the shorter
waves 1s observed when the wavelengths differ by a factor of about 3-5
is evidence of weak frequency-dependence of energy absorption. Even
though this dependence does exist, the mechanism of energy dissipation
associated with viscous frictlion forces 1s not decisive in this case.

It appears that volume absorption of energy by dry friction between
particles (Coulomb friction), which is proportional to stress and in-
dependent of time, is the most important factor.
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The duration of the soil moticn in the decompression wave towérd
the explosion is determined by the time during which the soil that -
heaves -in the epicentral zone retains its bond to the surrounding “
massif. This means that the perind of the ground oscillations in the
decompression wave depends on the cohesiveness of the soil and its
ability to withstand tensile stiains without rupture. The dome shapes
shown in Fig. 7 for various points in time indicate that the dome 1lift

‘time without breakage is longest for explosions in soft soils of the

clay type. Thus, on the explosicn of & l-ton charge in clay, the dome
retains 1ts bonds to the surrounding massif tor 0.3-0.5 s, to judge
from its surface. Accordingly, the oscillation period of a decompres-
slon wave in clay 1s longest, at about 0.25 s, by comparison with other
801l types,

In rocky soil, detonation of charges of the same power as those

" used in the clay raises the ground in a dome for a very short time.

The dome breaks and the central zone separatés from the surrounding
massif as soon as 0.04 s arter the explosion. The rapid breakup of the
dome signifies, firstly, rapid eruption of gaseous blast products, i.e.,
r2pld unloading of the massif around the cavern, and, secondly, cessa-
tion of energy trunsfer into the surrounding massif from this most
rapidly moving central part of the dome. Both of these factors tend
to shorten the time during which the second source acts. The oscilla-
tion period in the decompression wave of an explosion in rocky soil is
thus determined only by the duration of a certain initial stage of
ground heave at the eplcenter. For the explosion of the l-ton charge
in granite, the ground oscillation period in the decompression wave is
about 0.0h s, 1.e., shorter by a factor of about 3.5 than in clay.
Thus, the amount of blast-product energy used to radiate the de-
compression wave is smaller in an explosion in rocky soil than in an
explosion in clay. On the basis of the above, we should expect the
period and amplitude of the decompression wave to change as the setting
depth of the charge i1s increased, since, on the one hand, later rupture
¢f the dome becomes possible, and, on the cther hand, the total expan-
sion time of the blast products toward the, free surfaée is shorter be-
cause of the greater welght of soil and its higher strength. This, the
period of the oscillations 1s shorter by a factor of about 1.7, and the
velocity of particle motion lower by a factor of 5-7 fcr a contact
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explosion 'than for an explosion at a depth of h /q1/3 = 1 m/kgl/3 If
'the 3011 layer above the charge 1s to0 thick, force equilibrium may
intervene at comparatively small soil strains, i.e., there may be prac-
tically no heaving of the soil toward the free surface. Aétually, ex-
periénce has shown that the decompression-wave amplitude begins to de-~
crease beyond a certain optimum depth.® o ' ’
Increasing the power of the blast increases the volume of so0il
lifted in the central -zone and lengthens the time during which the
second source acts. As a result, the time during which energy is
transferred from a certain central zone into the surrounding massif
alsouincreases, i.e., the vibration period of the soil in the radiated
waves becomes longer. Soil-oscillation period depends as follows on
charge welght:

for rocky soll
T=65¢", us

| (3)
for clay
T =60¢"", us (1)

Formulas (3) and (4) are valid for charges weighing from 1 to 1000
tons. These formulas indicate that the oscillation period in rocky
501l 1s shorter than it is in clay. The fact that the difference be-
tween the perlods decreases with increasing blast power is extremely
interesting. Thus, for the explosion of a l-ton charge, the oscilla-
tion period in clay is about 3.5 times longer chan in granite, while
the difference is only a factor of 1.67 for charges weighing 1000 tons.
As blast power is increased further, this difference will obviously be-
come smaller. The equailization of the soil oscillation periods in the
decompression wave with increasing blast power for explosions in the
various media is a consequence of the increasing influence of gravity.
Indeed, the influence of gravity in the heaving of the soil during the
motion will increase with increasing charge weigut while the influence
of the qtrength characteri%ti“s of the rock will decrease. More com-

plete data on scil oscillation period as a function of charge weight
are gjven in B.G. Rulev's paper.

*3%See page bl for footnotes.
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Transverse 5, wave. The transverse S, wave® is the wave formed
together with the decompression wave during the second stage of an ex-
plosion near a free surface‘gs a result of heaving of the soil in the
epicentral zone. We should note that the fact that this wave exists is
postulated on the basis of the motion characteristics of the medium in
the central gone, which were described above and are cited in the paper
by V.G. Lebedev et al. (see this collection). This éssumption appears
quite logical, since, like the bulk stresses, shearing stresscs arve

also inevitable in a composite deformation of the medium. It is preQ

cisely these basic possible types ol strains and, consequently, of
waves that form the basis for deciphering of the wave pattern in an ex-
plosion. At the same time, a different approach is practiced in other
quarters. Thus, for example, the oscillations that are assocliated with
the Sz wave in the present paper are ldentifled with the Rayleigh wave
in the work of B.G. Rulev and other authors. 1In such treatment, the
transverse wave is not detected at all, and, moreover, a wave whose
excitation mechanism is unclear ies introduced. This approach appears
illogical. Such ambiguity of interpretation results from the fact that,
as will be shown below, the Sz wave exhibits a number of surface-wave
attributes.

The Sz wave appears on the vertical z- and radial x-components,
Let us examine the properties of this wave. If we assume that the soil
particles in the epicentral zone move along radii, i.e., if we repre-
sent the heaving of the ground as a displacement Of certain conical
surfaces relative to others, the transverse wave must have & conlcal
divergence. Experience indicates, however, that the particles deviate
from the radial direction toward the axis of symmetry in their mction,
Hence the actual divergence of the transverse wave is intermediate be-
tween those of conical and cylindrical waves.
' Thus, the shearing strains are originally excited in a certain
upper layer with a depth apprcximately equal to the dimension of the
heaving dome. The transverse wave obviously propagates through a cer-
tain layer near the free surface. The thickness of this layer may in-
crease as the wave propagates. The transverse wave pfqpagates at a
lower velocity than the waves considered above, so that its appearance -
is registered later on the oscillograms (Fig. 13). On the oscillograms,
¥See page 61 for footnote.
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the individual phazes of soll motion in the transverse wave are marked
by the numeral 3 with the appropriate suffixes.

Transverse-wave velocities measured for certaln soll types are
given in Table 1. The ratio of transverse-wave Vélocity vg to the
vrlocity vp of the longitudinal wave does not exceed 0.5 in any of the
cases studlied, and amounts to 0.25-0.3 in occasional cases.

Table 4 lists transverse-wave propagation velocities near the free
surface-for various scales of the explosion in clay. - The velocity rise
with 1ncéeasing_charge welght 1a due to the facts that the more power-
ful blasts were set off at appropriately greater depths and the medium
was a gradient medium. A digression to determine how the wave param-
eters are influenced by the thickness of the upper layer, which, as a
rule, is weaker than the basic soil, w!ll therefore be appropriate.

It 1s customary to assume that if the layer thickness 1s much
smaller than the wavelength, this layer need not be taken into account
and the massif may be regarded as homogeneous. However, this interpre-
tation is not quite correct. If the wave 1s excited and propagated in
the basic massif, i.e., 1f a blast of sufficlent power is detonated be-
low the layer, this layer cannot in fact be left out of account in
analyzing the motion of the basic massif. In this case, 1t acts as a
comparatively light load resting on top of the basic massif. But the
" influence of the layer must be taken into account if the explosion took
place directly in the layer. In this case, it is precisely in this
layer that the transverse wavc 13 first excited. The length of this
wave 1s determined by the action time of the source in the layer and
can, in principle, assume arbitrary values, including values substan-
tially greater than the layer thickness. Since the wave originally
propagates through the upper layer, it 1s the characteristics of this
layer that determine the parameters of the transverse wave irrespective
of the ratlo of wavelength to layer thickness. For example, the velo-
city differences exhibited by the transverse wave in different explo-
sions in clay result from precisely this phenomenon. The léngth of the
wave observed on detonation of a l-ton charge at a depth of about 5 m
was more than 100 m, while the upper layer of weaker soil was no more
than 10 m in depth. Explosions of 0.l-ton charges were -2t off at
depths to 3.5 m, while 10-ton charges were bufied at 9 m. The 1000-ton
charge was detonated at a depth cf 40 m in the basic clay massif, 1In
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all of these explosions, the wavelength was far greater than the thick-
ness of the upper layer, but the transverse wave still had different
propagation velocities. )

- It is also necessary to note that the low transverse-wave veloci-
ties in the upper layer, despite its small thickness, can be traced to
distances far exceeding the thickness of thils layer. This is further
evidence to the effect that the transverse wave propagates originally
in an upper layer of émall thickness and has a small ?ivergence angle.
Underlying layers, which are characterized by higher wave-propagation
velocities, are slow to become involved in the motion.. Consequently,
these layers should be observed at comparatively longer distances in
propagation of the transverse wave.

Unlike the Sz wave, the volume waves propagate in all directions,
including downward from the source, from the very outset. As a result,
the motion in the lower 1ayerslis excited much earlier and, conse-
quently, at shorterﬂdisfances. As the first preludes, we might expect
the arrival of refracted or head longitudinal waves at the surface.

Since the_Sz wave propagates in a certain layer along the free
surface, the vertical commonent 1s the preferential component of soill
motion in it. 1In the soil layer in which the transverse wave propa-
gates, the amplitude‘on the z-component undergoes practically no change
with depth. The oscilllograms (see Figs. 8 and 13) indicate that for
the explosions of the 1- and 150-ton charges, the maximum upward soll-
motion amplitudes are practically the same at depths of 20 and 110 m,
respectively, as on the free surface.

As in the case of the longltudinal and decompressicn waves, the
interaction of the transverse wave with the free surface results in the
appearance c¢f a certain secondary motion in the surface layer. Alcng
with the basic vertical directior, a radial (horizontal) component ap-
pears, with the two components nearly equal right at the free surface.
The horizontal component damps out rapidly with depth, and at a depth
much smaller than the wavelength, practically all that remalns of the
transverse wave is the verticai motion component. It is intercsting to
examine the trajectory of soll-particle motion in the transverse wave.
Near the free surface, the trajectory t;kes the form of an ellipse
along which-the particles move counterclockwise (Fig. 14).
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The low-rrequeqcy nature of the soil
motion in the transverse S, wave 1s remi-
niscent of the soil motion in the decom-
-pression wave- The parameters of the
medium's motion vary smoothly 1in the
The law of time varia-

tion of these parameters can be described
in most cases by a tfisonometric function
of the sine or cosine type. The period of
the soil sscillations in the transverse
wave 1s always equal, at short distances
from the charge, to the period of vibra-
tions in the decompression wave, and this
equality persists over a very broad range
of variation of the absolute period vslues.
. Thus, for the explosion of a l-ton charge
“1n rocky soil the period of the oscilla-
tions is about 0,07-0.08 s, while it ex-
ceeds 1 s for the explosion of a 1000-ton
charge in clay. Despite the great dif-
ference in the blasting conditions (dif-
* ferent rocks and charge'weights), the relative equality of the periods
in the transverse and decompressioh waves 1s always preserved. This
confirms that these wave types have the same excitation source. All
relationships that have been established for the osciliatlion period in
the decompression wave, except for the variation of period with dis-
tance, are also fully applicable for the oscillation period in the
transverse wave.

transverve wave.

L],

Fig. 14. Trajectory of
soll-particle motion near
the free surface at a dis-
tance of 245 m from the
epicenter. q = 1 ton; hz

= 12 m; 1-1) compression
wave; 2-2) decompression
wave; 3-3) transverseﬂ
wave,

The soll vibration in the transverse wave 1s transitory in the
zone close to the charge. The baslc motlon is exhausted, as in the
case nf the decompression wave, by the deflectlon of the points from
their equilibrium position and thelr return to their original positions,
The oscillations that follow are of low amplitude and comparatively
short duration. If, however, a layer of soft soil covers the rock mas-
s1f, the oscillations of the ground at the free surface or in the layer
become quite substantial.
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An interesting peculiarity of the transverse wave, as compared

with the decompression wave, is that it propagates near the free sur-
face in a certain layer whose thickness may increase as the wave moves
away from the source. This property of the transverse wave proceeds
from the mechanism by which 1t is excited. Datsa from the paper by .

'B.G. Rulev and D.A. Kharin’ can te cited as proof of the possibility of

localization of transverse-wave energy in a certain layer. It is shown
in this article that the distribution of the energy trane ferred by the-
transverse wave is determined basically by the nature of the source,
i.e., having been excited in a certain elliptical zone, the transverse
wave propagates for & long time with the minor axis of the ellipse as
its preferential direction. v

Propagation in a certain layer gives rise to a number of peculiar-
ities inherent exclusively t¢ transverse waves, as distinguished from
wave3d with spherical divergence. One of these peculiarities is com-
paratively slow amplitude decay of the transverse wave with distance.
If we represent the law of transverse-wave amplitude variation with
distance in the form of a power monomial of the form

iz-;,'—. , (5)

the exponent n varies from 1 to 1.5, with no substantial difference be-
ing noted in the n for different soils. The range of variation of n
is governed basically by the wide scattering of experimental values of
the transverse-wave parameters. It will be recalled that n = 1.7-1.8
in the presence of spherical divergence of the wave front, i.e., it is
larger than for a transverse wave.

The absolute values of the transverse-wave parameters depend on
soll properties. Thus, for example, the maximum mass veloclty in clay
is approximately 2.5 times that in rocky soil. An even greater dif-
ference is observed in the maximum-displacement values.

An important property of the transverse wave, and one that is
governed by 1ts layerwise propagation, is the increase in the period of
the soll oscillations in the wave with increasing distance. Thus, for
explosion of a 150-ton charge, the oscillaéion period is 0.25 s at dis-
tances of 1-2 km and has increased to 1 s at a distance of about 4o km.

7See page 61 for footnote.
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- ¢ylindrical and conical.

As in other waves, the increase in the transverse-wave oscillation
period 1s obviouéiy caused by the inhomogeneity of the upper layer.
Transverse Syﬂnave. Above, we examined the transverse S, wave,
vhich forms as a result of heaving of the ground in the epicentral zone
in the pfesenée of a horizontal free surface. The same kind of wave is
also excited when the ground surface has slopes in the reglion of the
epicenter. Here the nature of the Sz wave and its propaga;ion laws re-
main about the same as for a horjzontal free surface. However, an ex-
plosion near a free surface that is inclined at a certain angle to the
horizontal has one peculiarity: when the ground heaves in the epicen-
tral zone, the shearing-strain pattern will no longer have symmetry
about the vertical axis. Together with the shears in the vertical -
direcinn, unsymmetrical shears also appear in the horizontal direction
The geneslis of these shears might be traced in an explosion in soil in-
slde the face of a vertical wall.
strains near the charge will obviously have the same parameters as in
an explosion rear a horizontal surface, the only difference being that
the strains will propagate in a vertical rather than in a horizontal
layer, 1.e., an explosion inside the face of a vertical wall will

In such an explosion, the shear

create a transverse wave that propagates in a vertical layer of the
soll. It exhibits axial symmetry and a divergence intermediate between
Near the free surface, the intensity of the
wave will not be the same in all directions from the blast eplcenter:
it will be highest in t! 2 direction that coincides with the plane of
the vertical free wall and practically zero in the perpendicular direc-
tion, 1l.e., along the axis of symmetry. Such a transverse wave should
be registered in the direction of maximum intensity by horizontal in-
struments whose axes polnt toward the explosion.

Thus, two transverse waves may be excited simultaneously in an ex-
plosion near an inelined free surface, with one, Sz, propagating in a
horizontal layer, while the other, Sy, provagates 1in a vertical layer.
The period of oscillation of the ground in the transverse Sy wave 1s
equal, at short distances from the charge, to the oscillation period in
the decompression wave and the St wave, Thus, for example, this period
1s the same for all three wave types at a distance of about 1.5 km from
a 150-ton charge, equalling about 0.25 s. The difference between the

periods confirms the common excitation source of all three waves.
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Axlal symmetry of the Sy wave  may not: always be strictly ob~

served under real blasting conditions, since the shape of the free sur-

face in the epicentral region 1is general;y very complex. For an explo-
sicn under such conditions, there will be only the preferential propa-
gation directions of the Sy wave along the rrne surface, thoge dirﬂc-
tions in which its intensity 1is higbest. On the other hand, there ‘may
be no directions at all in which the transverse-wave amplitude is zero
for explosions taking place under real conditions.

The intensity of motion in the Sy wave changes insignifiﬂantly
with depth at a certain distance from,theexplosion. We see from the
oscillograms (Fig. 13) that the amplitudes of the soll motiod innthe
Sy wave are practically the same at the 110-m depth ana at tnhe free
surface. Here it should be noted that the motion in the wave on the
free surface is added to a comparatively high-Irequency superficial
vibration. Thus a true record of soll-motion amplitude on the free
surface in the S wave can be obtained by averaging these surface vi-
brations. \

The curious manner in which 1t propagates gives the transverse Sy
wave certain properties that distingulsh it from the S wave. Thus,
for example, the propagation velocity of the transverse S wave in-

creases more raplidly with increasing distance from the charge than does -

the velocity of the S wave. When a charge weighing 150 tons is deto-
nated at a distance of up to 2 km, the velocities of the S and S
waves are 2600 and 2400 m/s, respectively, i.e.; closely silear
These filgures pertain to velocity in the upper layers. At = distance
of about 10 km, the velocity of the Sy wave 1is 3000 m/s, while that of
S, 3 2500 m/s. This 13 because the motion in the Sy wave is trans-
mitted very rapidly (at about the same rate as in a longitudinal wave
with spherical divergence) into lower-lying, denser layers of earth,
and a refracted wave, which has a higher apparent propagation velocity

“z

along the free surface than the transverse wave in the upper layers,
makes 1ts appearanoe'at comparatively short distances from the charge.
As a result, the appearance of the S wave on the oscillograms always
cceurs somewhat earllier than that of the Sz wave, even though they zre
of the same nature,

As in the SZ wave, the average perlcd of the vibrations increases
with distance in the transverse Sy wave,
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RAYLEIGH AND LOVE WAVES - .

" The uave patterns observed in explosions can be accounted for by
the action of longitudinal and transverse waves alone, without taking
Rayleigh and Leve surfacs waves- into consideration, although waves that
exhibit the principal attributes of these surfae¢ waves (for example,

'S and S!) stand out quite ciearly on oscillograms ~In deciphering
'blast osclillograms, most investigato s take the ground vibrations that
are: caused in our opinion, by the transverse S wave. as a Rayleigh
wave, and the oseillations in ‘the Sy wave as a Love wave. The reason .

for this treatment is the fact that, by virtue of the specifie peculi- -

arities'of their exeitation, the transverse S and S_-waves have cer-
tain attributes that - -formally-justify classifying them as surface-type
‘waves. In essence, houever, the transverse . S wave has nothing in com-
mon- with the Rayleigh surfice wave, nor the transverse S. wave with the.
Love wave. To demonstrate more clearly the.incorrectness of such iden-
tification, let us consider the possibility of formation of a Rayleigh
_surface wave. : - -

"= AS We Xnow, the possibility was first suggested by Rayleigh in
188? on the basis of theoretical solution of the problem of steady-
state, stationary vibration of an elastic half-space. Analyzing these
oscillations, Rayleigh'found?that a certain motlion of su;yerficial
nature is observed near the free =urface and is governed by the pre-
sence of the surface, which is f1 e of normal stresses. He indicated
certain attributes of this motion and, by analogy with surface waves
in water, advanced the hypothesis that surface-type waves near the sur-
face of the ground might be possible.

Oscillations that have a number of the attributes indicated by
Raylelgh have indeed been detected in d=ciphering earthquake and blast
seismograms. -They were called Rayleigh surface waves. However, there
is not at the present time any clear notion as to the mechanism by
winich Rarleigh surface waves form when vibrations are excited by such a
nonstationary source as an explosiorn.

As we noted above, the data of the present study indicated that
the vibrations taken for Rayleigh waves mny be of a totally different
nature. The same data permit analysis of the free-surfuace effect and

hence evaluation of the possibility of formation of Rayleigh surface
waves.,
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It was shown with reference to three btasic wave types that, in
fall agreeaent with theory, the presence of a free surface results 1n
the appearance of a certain surface motion with features of the motion
investigated by Rayleigh. Thus, for example, this motion decays =
rapldly with depth The particle trajectory near the surface in each |

. wave 1s nearly eliiptical in shape, and in the transverse S wave the ;
particles even move counterclockwise (see Pig. ). ALl or thesc facts =

1nd1cate that the surface notion obgerved is aralogous fo that examined
by,Rsyleigh. It 18 precisely this motion that may dbe the source of -
Rayleigh surface waves. But since 1t is-observed in the passage of all
the waves, eaeh of thena nay be a source of Rayleigh surface wave exci-
ta“ion.. ]

- Thus, the Rayleigh surrace wave may be represented as a certain
1nert1q1 motion that will peraist in the surface ¢ayngarter passage
of a certain §olu;e wave and will -then be transmitﬁed in this layer
from some particles to others in the form of an 1hdependent wave.

Since the gurface motion is excited at every point on the free surface,
egch point may be a source that radiates a surface wave. Hence it fol-
lows_thatatﬁe motion at a certain poing should continue lcng after each
wave owing to the arrival of surface wéves from preceding pointc at
this point. However, this phnenomenon is not observed in the experi-
ments., If bedrock crops out onto the free surface and the recording
instruments are mounted on the basic massif, there is praétically no
motion of the ground after passage of the waves. 'The vibrations of the
surface layér also vanish almost immediately after culmination of the
motion in the main wave, which is the exciter of the free-surface vi-
brations. ' -

If we consider the relatively smail thickness of the layer in
which the surface motion 1s excited, i.e., the small storad energy of
this motion, we can readily appreciate how rapidly it will be dissi-
pated.

Comparatively intense and protracted inertial vibrations of the
ground are observed when the upper layers are broken qnd poorly bonded
to the base massif. The most favorable cagse for exclitation of these
vibrations near the free surface is that of a layer of soft soil over-
lying a rock base. In this case, rather prolonged vibration of the
upper layer is generally observed after passage of each wave, and
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independent waves may form in the layer. The long persistence of the
vibrations in the upper layer is due to the fact that the energy of
these vibrations is "locked" into the layer and is absorbed in a
limited volume of soil. o '

' Let us conslder the question of the que surface wave.

In sqpé earthquakes, intense low-frequency vibrations are alsc ob-

served on the third azimuthal conponent’or the motion in addition to _
the vibration of the ground in the vertical z and radial r directions:
These yiﬁratibns have the attributes of an independent wave and have -
come to be known as tﬁe Love wave. The propagation velocity of the
Love wave approaches that of the transverse waves [1]. in our opinion,
identification_ofﬁthe vibrations observed on the azinuthal componeént
with the Love surface wave 1s incorrect, and for the fcllowing reasons.
As -a rule, vibration of the ground on the azimuthal component is

" observed everywhere in experiments,-1nclud1ng:1n the immediate vicinity

of the charge. Thus, for example, on explosion of the 150-ton charge,
motion of the ground on the third component in the form of an indepen-

dent wave was observéd even at distances of a fen hundred neters and

beyond. But on the basis of the inherent 1nterfergnce~nature of the
Love wave, the formation of this wave would be expected at distances of
more than ten kilometers. The existénce of motion on the y-component
in the immediate vicinity of the source is evidence phat.the wave gene-
rating it is not an interference wave. Moreover, since the low-fre-
quency aspects of the ground vibrations on the y- and z-components are
the same, it 1s quite obvious that the transverse Sz wave and the wave
that appears on the y-component must have the same source.

The transverse Sy wave 1s the most realistic cause of excitation
of the azimuthal-component vibrations. The low-frequency nature cf
these vibrations 1s expiained by the motion of the ground at the source
itself, and not as a result of interference phenomena, as is assumed in
the Love wave. If we relate the y-component ground motion to the Love
wave, 1t will then be necessary to demonstrate the possibility of for-
mation of a plane transverse wave in the explosion. According to
Love's theory, it 1is precisely this wave that may lead to formation of
a surface wave with particle motion in the horizontal plane. But, as
we know, an explosion is a concentrated source, and plane transverse
waves cannot be excited'by such a source,
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TLe phenomena that Love investigated theoretically are possible
during propagaticn of the traqsvebse Sy wave,'

It has been established as a result of the studies made that an
explosion near a free surface is a cdnﬁlex wave source and cannot be
described simply in the form of a centéf'of expansion that radiates -
only a 1bngitu§1na1'compression wave.'-‘The elastic-stress field that

- arises around a spherical cavern and in the case of a camouflet explo-
" slon and offsets the cavern gas pressure after radiation of the wave

may be a secondarﬁ.radiation source in an explesion nea:. a free surface.
With the rapid pressure drop that takes place 1n the gaseous blast

. products as a result of cavern expansion toward the free surface, and
under the influence of the free surface itself, the stress fleld around

the cavern 1is reiieved quite rapidly. The energy of the elastic
stresses in the medium and that bf7the gaseous blast products cause the
medium to heave up into a dome in the epicentral zone. Volume and
shear strailns are deVeloped as a result of this heaving, which takes
place much more slowly than the compression-wave-radiating pfocess.

The volume strains are tensile in nature and give rise to a wave of
tensile stresses (decompression wave). The shearing strains that arise

- when the dome-shaped elevation of the medium appears exhibit axial

symmetry and are capable of radlating a transverse wave whose front
has a cylindrical divergence, with the result that the transverse wave
decays much more siowly with distance from the charge than does the
longitudinal wave. :

Thus, an explosion near a free surface 1s capable of radiating at
least three independent waves: a longitudinal compression wave 1n the
first stage and longitudinal and transverse waves in the second. The
latter are waves of comparatively long period because of the slower de-
velopment of the explosion in this stage. All three wave types explain
the pbasic features of the wave pattern observed in explosions detonated
under various ccnditions. Identification of the corresponding segments
of the long-period vibrations on oscillograms with the transverse wave
is ‘most questionable. Without Justificatién, many investigators regard
these vibrations as due to the action of a Rayleigh surface wave. 1In a
zone with a radius of several tens of kilometers, surface waves make no
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appreciable contridbuticn to the general wave pattern ﬁuring explosions
of charges ranging from ! ton to 1000 tons in weight. In all proba-
bility, their influence may make_itselr'felt at much greater distances.
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. ABSTRA

The formation of cavities in rock is closely related to the
processes of explosion development, but the volume of cavities is
strongly dependent on the strength of the material, For weak
clays and loams, the ratio of cevity volume to weight of charge
is 10 (superscript 2) minus 10 (superscript 3) liters/kg of TNT,
whereas for strong rocks this ratio is but a few liters per
kilogram of TNT. The effect of a concentrated charge is studied
for a charge depth sufficient to prevent shattering of rock at
the surface, Starting with equations for stresses and strains
in the medium, the authors derive a given expresuicrn to define
the maximal volume of cavities., To determine the maximum volume
of cavities, it is necessary to know the cavity velocity or the

. kinetic energy of the medium at some initial moment, It is most
suitable to select initial parameters for the instant when the
compressional wave converts the medium to the plastic state,
that is, when the plasticity front begins to lag behind the front
of the compressional wave, Computations agree well with experi-
mental data, Orig, art., has: 5 figures, 3 tables, and 29
formulas.,  [AT80%2891] : . ' .
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Tt_is—sHowr: that a near-surface exploecion is 2 complex sourca of : 4
waves and cannot be considered merely a certer of expansion,
: emitting a single longitudinal compressional wave, This complex” ]
- - motion of surface particles 1s illustrated., . The fleld of elastic G
n 2 ' stresses arising around the spherical cavity of an underground
7 E explosion tends to equalize the gas pressure after emission of the -
| wave, whereas in a near-surface explosion, the stresses may be a
secondary source of emission. When the gas pressure declines
rapidly among the gaseous products produced by expansion of the ﬁ
cavity toward the free surface (and because of the free surface
~itself), the stress field around the cavity is rapidly reduced,
Energy of the elastic stresses in the medium and energy of the v
gaseous products of the explosion cause a dome-like uplift of the \
material above the shot site, and volume and shear strains. develop. )
- Volumetric strains are tensional, giving rise to tensional (rare- 1
faction) waves, Shear strains have axial symmetry and generate 1
transverse waves wlith a front that 1s approximately cylindrical,
attenuating with distance more slowly than the longitudinal waves.
Near-surface explosions may thus generate at lease three indepen-
dent waves: compressional during the’first stage, longitudinal

and transverse during the second. Oriﬁ. art, has: 14 figures, .
4 tables, and 5 formulas. [AT8032898 ’ :
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