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Abstract

This contribution addresses size and boundary effects on wave propagation, fracture pattern development and fragmenta-
tion in small scale lab size specimen for model blasting. Small cylindrical specimens are center-line loaded by linear
explosive charges and supersonically detonated. Using elastic wave propagation theory and fracture mechanics it is shown
that the type of boundary conditions which prevail at the outer boundary of the cylinder control the extension of borehole
cracking and fragmentation within the body of the cylinder. In the case of a composite cylinder where the core is of a dif-
ferent material than the mantel, the level of fracturing and fragmentation is controlled by the separation of the interface
which in turn depends on the relative diameters of the core and the mantel. The most important parameter though is the
ratio between the length of the pulse (space-wise or time-wise) and the characteristic dimensions of the models, i.e. in this
case the diameters of the core and the mantel. The plate like specimens is either a single cylinder or consists of a possibly
dissimilar core and a mantel. The core is always a cylinder but the mantel can be either a cylindrical or square tube. In all

cases the blasthole and explosive is in the center of the specimen.

1. Introduction

Over the past several decades, testing of laboratory
scaled model specimens for research in blasting has been a
favorite approach. Important information was obtained
from the observation of the behavior of down-scaled speci-
mens during lab blasts. This information often served as a
guideline for field practice, but in many cases the gap
between the lab results and the field results cannot be easi-
ly bridged and many issues remain unresolved. It is gener-
ally agreed that an improved understanding of the underly-
ing mechanical and physical principles facilitates the inter-
pretation of the results and the transfer of the results to the
field. The present authors feel that there is a lack of a more
educational type of paper which assists blasting engineers
in their interpretation of the outcomes of their laboratory
tests.

This paper is qualitative in nature and, after some prelim-
inaries from the theory of elastic wave propagation and
fracture mechanics, the powerful Lagrange diagram tech-
nique, introduced recently to the field of blasting by the
first author”, will be used to demonstrate both, the influ-
ence of the size of the components of the specimens and

the type of the exterior boundary condition onto the devel-
opment of the fracture network upon blast initiation as
well as on fragmentation. It will be shown that, in addi-
tion, the most important and decisive control parameter is
the ratio between the length of the blast pressure pulse and
the specimen dimensions, i.e. the diameter of the cylin-
ders. When dealing with three-dimensional specimens, the
ratios between speed of detonation and the wave speeds
become important, too”*.

2. Geometry and boundary conditions

A set of four fundamental cases with appropriate bound-
ary and interface conditions will be treated in this analysis:

Model A Cylindrical specimen of thickness H and

diameter D with stress free outer boundary
r=D/2.
Cylindrical specimen of thickness H and
diameter D where the outer surface r =
D/2 is inextensible. This is equivalent to
the case where the cylindrical specimen is
embedded in a rigid thin-walled cylindri-
cal shell.

Model B
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Fig.1 Types of specimens considered: Models A, B, C are cylindrical specimens and Model

D is a block type specimens.

Model C  Cylindrical core with diameter d and of
material #1 is embedded in a cylinder of
material #2 with stress-free outer surface
at r = D/2. The bonded brittle interface has
the interface fracture toughness Kint.

A cylindrical core with diameter d of
material #1 is embedded in a square block
specimen of material #2 and stress-free
outer surfaces. The brittle interface is
bonded.

All models contain a central hole of diameter do which
contains the fully coupled explosive charge which is initi-
ated at one end of the column, at the bottom end. A two-
dimensional treatment of the problem assumes that the line
charge detonates instantaneously along its entire length,
hence, the velocity of detonation is infinite.

Model D

3. Cylindrical wave propagation

In a linear isotropic material the wave fronts are spheres
or cylinders with a point source or infinitely long line
source detonating instantaneously. For cylindrical wave
propagation it suffices to consider a plane section normal
to the axis of the cylinder.

3.1 Simple models

First let us consider the two model types A and B. The
outer diameter D is the same for both models. Upon deto-
nation of a cylindrical infinite column charge the blast-
hole pressure increases rapidly and after reaching its peak
the pressure will decay and fluctuate around the associated
static pressure level”®. The blasthole responds to the ini-
tial pressurization by expanding and after a few oscilla-
tions the diameter of the pressurized blasthole will corre-
spond to a statically pressurized borehole. In reality there
is a small time period between the pressure reaching peak
amplitude and borehole breakdown because the blasthole
has to be mechanically expanded to the size where either
the circumferential stress or strain becomes equal to the
fracture stress or fracture strain.

Figures 2a and 2b show that upon detonation, a radial
stress wave front P will expand from the center. Before
reaching the outer boundary, the incident dynamic wave
fields for both cases are identical as the wave front has not
experienced the different boundary conditions. After this
time tv, the total wave fields becomes different because the
reflected wave fields are different.

Upon reflection of the outgoing (spreading) P wave at the

free boundary inextensible surface PP tensile PP compressive
free inextensible
boundary : surface : ’\
1 spallation, no spallation,
— - : extensive blasthole ~ few blasthole
P%r\(z)vstve \/; f (7' ct ) Front of reflected PP- wave oracking o

b) c)

d) e)

V)

Fig. 2 P-wave expansion (a,b) and reflection (c,d) from a free (a,c) and rigid (b,d) outer boundary showing spallation (e)

and few blasthole cracks (f).
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outer boundary, a converging reflected PP stress wave
focuses toward the center of the cylinder and reaches the
blasthole perimeter at time t = 2t» after detonation. This is
shown in Figs. 2c and 2d. From an analysis point of view
this is not an easy task because the converging wave field
itself is suffering from the (inverse) effect of geometrical
spreading and the resulting wave fields are very complicat-
ed. For the free (Fig. 2c) and the inextensible (Fig. 2d)
outer boundaries the reflected PP-waves are similar and
sign-converted convergent waves with a leading tensile
and compression pulse, respectively.

In terms of fracturing, the two different boundary condi-
tions will result in different fracture behavior of the speci-
mens. In the first case (model A) the converging leading
tensile PP pulse will create a very strong radial tensile
field in the center region around the blasthole. This will
give rise to circumferential cracking by initiation of radial-
ly emerging blasthole cracks (Fig. 2e) and the formation of
pie-shaped fragments. In the second case (model B) the
reflected converging compressive PP pulse will induce a
compressive stress field in the immediate vicinity of the
blasthole which will reduce the probability of blasthole
cracking or, if strong enough, may even completely sup-
press blasthole breakdown (Fig. 2f).

In terms of borehole breakdown this means that, if bore-
hole breakdown occurs in this interval, it is independent of
what happens at the outer boundary and is the same in
both cases. This is certainly the case for large diameter
specimens where the time for borehole breakdown tos is
shorter than 2to. However, for small diameter specimens
the reflected compressive pulse may hit the blasthole

time [ms]
A

boundary even before the state of critical expansion of the
pressurized blasthole has been reached. In this case, the
borehole breakdown scenario is fundamentally altered
from “no breakdown” and “no blasthole cracking at all” to
“borehole breakdown” characterized by very small radial
borehole cracks the expansion of which is suppressed by
the reflected PP-wave.

This shows that the type of boundary conditions at the
model surface has a primary influence on the dynamic
stress field in the specimen and, therefore, effectively con-
trols the development of the fracture network and associat-
ed fragmentation.

A suitable characterizing parameter is given by the ratio
A between the pulse length A and the characteristic dimen-
sion of the specimen which, in the present models, is the
outer radius D/2. Hence, one obtains A = 2A/D. The para-
meter A remains a constant for homogeneous plane elastic
waves and is a variable for cylindrical wave propagation
where, due to geometrical spreading, the length of the
wave progressively changes and A becomes a time-depen-
dent function. Small values of A indicate a stress wave
which is shorter than the specimen dimension and this is
the situation where the progress of the waves is easiest to
study. Wave interaction becomes more difficult when A is
large or even much larger than unity and where the wave
may be reflected several times and the various segments of
the wave will superimpose on one another.

The various scenarios of suppression and enhancement of
blasthole breakdown and crack arrest are shown in the
Lagrange diagram in Fig. 3. The radius of the original
blasthole is ron. Upon detonation the blasthole radius

axis of
blasthole! mechanical movement
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crack
crack
propagation
%ﬂhancemem
of borehole cracking
(freeend)
— P-wave end
____________ |
_____ —===~  P- wave front
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r
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Fig. 3 Lagrange diagram for interaction of reflected stress wave with blasthole boundary.
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expands to a maximum value rpmax dyn and rings down to
the static value rp swic Which corresponds to the deforma-
tion of a hole of original radius ren pressurized by the static
pressure pswic in the blasthole. If the blasthole is vented,
the final radius of the (non-destructed) blasthole is ron pro-
vided that the material around the blasthole is still intact.
In Fig. 3 the deformation of the blasthole is highly exag-
gerated and given by the “snake line.”

Two cases of wave reflection are shown in Fig. 3. In
order to simplify matters a very short outgoing P-wave
(labeled P-wave front and P-wave end) is assumed. The
traces of the reflected PP-waves are shown for two speci-
mens of different thickness, i.e for a medium sized
(Rmedium) and a large (Ruarge) specimen. This corresponds to
medium and small values of A, respectively. It can be
clearly seen that in a small specimen (Rmedium) the reflected
PP-wave will hit the boundary of the blasthole during the
initial expansion phase just before the circumferential
strain has reached the critical breaking strain at the radius
roh erit frac. [0 this case the converging reflected PP-wave will
be reflected at the still intact free blasthole boundary and
whatever happens depends on the type of outer boundary:
enhancement of borehole breakdown and radial borehole
fracturing for a free outer boundary or suppression of
blasthole breakdown and fracturing in the case of an inex-
tensible outer boundary.

A different scenario is obtained for larger specimens
(Riarge) Where the reflected PP-wave reaches the blasthole
boundary after borehole breakdown and radial crack emer-
gence. For a free outer boundary the reflected converging
leading tensile PP-pulse may enhance radial borehole
crack propagation and for an inextensible boundary the
compressive stress in the leading section of the PP-wave
may cause arrest of the radial cracks. This is demonstrated

borehole interface free face

spallatio

pulse length

D

Fig. 4a Lagrange diagram featuring wave dynamics due
to a short wave pulse propagating in a composite
soft core-hard ring composite specimen
with a free outer surface.

in Fig. 2 by the arrested crack.

Employing basic results from dynamic wave propagation
and dynamic fracture mechanics it is possible to derive
engineering estimates and relationships between the speci-
men size and the events within and around the fracture
zone surrounding the blasthole. Corresponding studies
may be found in recent publication by the first author”.

3.2 Cylindrical wave propagation in a composite

Next, consider Model C in Fig. 1. A composite specimen
consists of an inner core of diameter d and an outer tube of
exterior diameter D. The two materials have different
material properties but are assumed to be linear elastic.
The interface at radius r = d/2 is of the “welded” type, i.e.
there is continuity of radial stress and radial displacement.
The interface is allowed to break in two ways: a) a circum-
ferential crack may appear if the radial stress at the inter-
face exceeds the critical stress of the interface and gross
delamination of the interface may result, and b) if the cir-
cumferential stress or strain inside or outside the interface
becomes larger than the fracture stress or strain of the
respective material radial cracking will ensue. Although
the condition of rotational symmetry does impose the con-
dition that the circumferential displacement may be also
zero, nevertheless, the circumferential stress or strain may
exceed the corresponding limiting values.

Figures 4-5 show Lagrange diagrams pertaining to small
and large values of the A-parameter and where the core is
acoustically harder (softer) than the outer tube. A typical,
numerically obtained Lagrange diagram is shown in Fig.
4c for a composite soft core — hard ring composite speci-
men with a free outer surface, but in the other figures, to
simplify matters, the pulse length has been kept constant,
i.e. a plane wave model has been adopted for the construc-
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Fig. 4b Lagrange diagram featuring wave dynamics due
to a short wave pulse propagating in a composite
soft core-hard ring composite specimen
with an inextensible outer surface.
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Fig. 4c A typical, numerically generated Lagrange diagram. The circumferential stress is shown. The reflection
and transmission at the interface (r = d = D/3) can be identified. Upon approaching the blasthole,

the stress can be largely amplified.
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Fig. 4d Radial stress at the interface (r = d = D/3),
obtained by a numerical analysis.
The fine line corresponds to the radial stress
at r = D/3 when there is no interface.

tion of the Lagrange diagrams. The plane wave case dif-
fers from the cylindrical wave case in that there is no geo-
metrical spreading for plane waves. The words “c” and “t”
refer to compression and tension, respectively.

The acoustic impedance Z, i.e. the product of density p of
the material times the speed ci of the longitudinal stress
wave, will play a fundamental parameter in the following
discussion: Zi = p cii (i = 1, 2, corresponding to materials 1
and 2, respectively). For a material combination the
acoustic impedance mismatch is defined as { = Z>/Z1. In a
material pairing, material 1 will be termed hard (soft) with
respect to material 2, if the acoustic impedance mismatch {
is smaller (larger) than 1. In the following the core will be
material 1 with the tube material 2.

When the core is softer than the tube ({ > 1), the outgoing
wave travels from an acoustically soft material into an
acoustically harder material. Conditions at the outer
boundary can be either free (Figs. 4a and 5) or inextensible

(Fig. 4b).

The explosive instantaneously detonates at time t = 0 and
a fast Pi-wave emerges from the blasthole boundary do and
radiates radial symmetrically into the core region until the
wave front hits the interface at time ti = Ai. Wave reflec-
tion at the interface r = d/2 begins at time ti = A1 and
extends during the time interval 7 = Api/ci1, where Api is
the length of the impinging Pi-wave pulse. At the soft-hard
interface the impinging compressive P-wave is split into
two waves: a transmitted compressive P2Pi-wave and a
compressive reflected PiPi-wave. The compressive P2Pi-
wave is reflected after the time interval Az at the outer free
boundary r = D/2 and produces the reflected tensile
P2P.Pi-wave. This tensile wave - if strong enough - may
induce the formation of a spall at the outermost region of
the tube (region Illa). The reflected tensile P.P2Pi-wave or
part thereof (if spalling has occurred) converges back to
the interface and arrives at the interface at time t> = Ai +
2A>. The reflected tensile P-P-Pi-wave gains intensity
through convergence and may cause splitting of the inter-
face. In the meantime, the reflected compressive PiPi-
wave focuses on the possibly pressurized (free) blasthole
boundary r = do/2 where the stress field around the blast-
hole favors spallation and an increased radial fracture pat-
tern (region IIIb).

The reflected tensile PiPiPi-wave (Pi*-wave) will arrive
at the interface at time t3 = 3Au. It is easy to see in Fig. 4a
that the best chances to split the interface are given when
the arrivals t2 and t3 of the tensile PiPiPi-wave and the ten-
sile P-P-Pi-wave, respectively, are nearly equal or at least
such that their interaction periods overlap (see Figs. 4c and
4d). It is possible to design a blasting test specimen which
is prone to interface splitting and cracking. Once the inter-
face is delaminated it acts as a barrier with respect to ten-
sile pulses as a broken interface does not transmit tensile
stresses. Also, the P1PiPi-wave may cause spallation at the
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Fig. 5a Lagrange diagram featuring wave dynamics due
to a long pulse propagating in a composite
hard core-soft ring composite specimen
with a free outer surface.

freshly generated free interface boundary. In addition,
spallation may also occur at the outer boundary when the
P2P2P2Pi-wave is reflected at the free boundary (region
IIc).

The behavior in the vicinity of the interface is entirely
controlled by the conditions at the outer boundary. If the
outer boundary is inextensible (Fig. 4b), the wave dynam-
ics is identical to the free boundary case up to the point
where the P2Pi-wave hits the outer boundary, i.e. up to
time t = A1 + Az. For an in-extensible outer boundary the
reflected P-P2Pi-wave is a compression wave and splitting
of the interface is not likely to occur for the same configu-
ration because of the two superimposing tensile Pi’>-wave
and compressive P2P:Pi-wave.

3.3 Size effects

The effect of specimen size, acoustic impedance and
pulse length on wave dynamics is best illustrated in Fig. 5,
where the effect of a thin and wide tube is compared if the
core diameter is kept constant. Figure 5 shows the differ-
ent wave scenarios that exist in the specimen when a hard
core is embedded in a soft ring. A very difficult wave sys-
tem develops because of the multiple reflections of the
Pi—wave and the transmitted P-Pi-wave may cause spalla-
tion in region Illa free outer boundary conditions. The
reflected tensile P-P.Pi—wave converges back towards the
interface and will only interact with a higher order reflect-
ed compressive wave in the core, e.g. with the Pi’—wave as
shown in Fig. 5a. The core is expected to suffer from
extensive fracturing and damage around the blasthole.

The effect of changing the ratio between inner core diam-
eter to tube diameter is shown in Figs. 5a and 5b where a
thin and wide hard core is embedded by a wide and thin
soft tube layer, respectively. In the first case (Fig. 5a), a
complex wave pattern develops in the core as already dis-
cussed. Spallation at the blasthole is enhanced in region

borehole

interface

free face

hard soft

i IW““““““
il

i B D

pulse length

Fig. 5b Lagrange diagram featuring wave dynamics due
to a long pulse propagating in a composite
hard core-soft ring composite specimen
with an inextensible outer surface.

IIIb but as all reflected Pi°*-waves are compressive waves,
interface delamination is not expected to occur very easily.
Stronger wave interaction is expected in Fig. 5b. The lead-
ing tensile part of the reflected P-P.Pi-wave may interact
at the interface with the trailing part of the reflected P1P1P:
wave to induce interface delamination. Spallation at the
blasthole boundary in region IIIb is most likely to occur.

4. Block type specimens

Now, let us consider Model D where a composite square
plate of edge length ‘a’ contains a central inner core of
diameter d (Fig. 1). The core contains a central blasthole
of diameter do. The square and the core are fabricated from
two different materials with linear elastic properties. The
interface at radius r = d/2 is again of the welded type.

The general discussion shall be given with the case of a
weakly dissimilar material combination where either the
core or the jacket is slightly acoustically softer or harder
than the partner material and the pulse is rather short.
Although the technique of Lagrange diagrams could be
used it seems to be more instructive to use wave front con-
structions. The reason is that for non-rotationally symmet-
rical problems the energy flow is not confined anymore to
radial directions. The wave front patterns for the square
and the cylindrical composite specimens are shown in Fig.
6, where the latter has been added for comparison.

The main difference between the cylindrical and square
type specimen is found in the nature of waves produced.
Due to rotational symmetry no shear waves (S-waves) are
produced in the cylindrical specimen as long as the rota-
tional symmetry is not disturbed.

Upon instantaneous detonation of the explosive at time t
= 0 and subsequent expansion of the blasthole a Pi-wave
and, after blasthole breakdown, a Si-wave emerges from
the blasthole boundary do and radiate radial symmetrically
into the core region until the wave fronts hit the interface
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Fig. 6 Sequence of wave front constructions associated
with blasting of weakly dissimilar composite
square and cylindrical specimens: a) and b)
Emerging P- and S-waves in the core of the speci-
mens; c¢) and d) Interaction of outgoing P-wave
with circular interface in the specimens; e) and f)
Interaction of outgoing P-wave with external
boundary and S-wave with interface of the speci-
mens; g) and h) Interaction of S-wave with inter-
face and reflection of P2P- and S2P-wave from
external boundary; i) and j) Interaction of inter-
face-reflected PiP-wave with the damage zone
and interaction of reflected PiP.P-and SiP-P-wave
with the interface; k) and 1) Interaction of the
reflected stress waves with the damage zone and
interaction of outgoing S:Si-wave with outer
boundary including formation of reflected S2S:S:
and P>S2Si-waves.

(Figs. 6a-b). The Si-wave is produced by the set of radially
emerging blasthole cracks and, hence, in practice may not
show any symmetry at all.

Interaction of the Pi-wave at the interface r = d/2 begins
at time tp = (d-do)/(2c11) and occurs during the time inter-
val Atr = Ari/ci1, where Api is the length of the impinging
Pi-wave pulse. While the slower traveling Si-wave is still
approaching, Pi-wave interaction with the interface gives
rise to a transmitted P2Pi- and a reflected PiPi-wave (Figs.
6¢-d). Similarly, Si-wave interaction with the interface
starts at time ts = (d-do)/(2c21) + As+ where As+ is the time
it takes to break the blasthole boundary and form the Si-
wave. Si-wave interaction occurs during the interval Ats =
Asi/c21, where Asi is the length of the Si- pulse. If the
blasthole is over-charged, a dense crush-zone around the
blasthole will be formed and the formation of an elastic Si-
wave is retarded.

The transmitted P2Pi-wave interacts with the outer
boundary sections (Figs. 6e-f) of the jacket and produces
inhomogeneously reflected P2P2Pi1- and S2P2Pi- waves
(Figs. 6g-h). The local nature of these reflected waves
depends on the type of the outer boundary conditions: ten-
sile/compressive for free/rigid boundary conditions in the
central section and possibly mode-converted waves in the
adjacent sections. For a square type specimen, these
reflected waves are not focused when traveling into the
body of the specimen. In fact, in the corner sections of the
jacket, the reflected waves will even superimpose and, if
strong enough, may induce further cracking. The relatively
simple wave pattern shown in Fig. 6h is replaced by the
more complex pattern shown in Fig. 6g. In the meantime
the compressive reflected PiPi-wave converging on the
blasthole boundary r = do/2, is reflected at the possibly
pressurized (free) blasthole boundary and the resulting ten-
sile PiPiPi-wave will again arrive at the interface at time t
= 3Ai. The stress field around the blasthole favors spalla-
tion and an increased radial fracture pattern.

The behavior of the waves and the resulting stress field in
the jacket is determined and controlled by the conditions at
the outer boundary. For a free outer surface, in the central
sections the reflected P-P2Pi-wave is a tensile wave. If the
tensile PiPiPi-wave is strong enough and overlaps with the
P:-P-Pi-wave when they reach the interface, the interface
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interface

Fig. 7 A typical sequence of wave front constructions
associated with blasting of a weakly dissimilar
composite square specimen (soft core — hard square
composite specimen with a free outer surface),
generated by a finite difference simulator®.

will break in tension and form a free boundary for the ten-
sile component of any wave (Figs. 6i-j). Once the interface
is delaminated, the PiP1Pi-wave may cause spallation at
the freshly generated free interface. If the outer boundary
is rigid, the central section of the reflected P.P-Pi-wave is
a compression wave and splitting of the interface is not
likely to occur for the same configuration.

Basically, the dynamic situation along the central sec-
tions (along the non-diagonal lines of symmetry) is very
much similar to the cases discussed in the earlier part of
this paper. In the corner sections, however, the situation is
totally different and would resemble wave propagation in a
conical section (Figs. 6k-1 and Fig. 7). The dynamic situa-
tion becomes extremely complex and complicated if the
incident P1 stress pulse produced by the explosive is rather
long as compared with the specimen dimensions.

5. Conclusions

This contribution on the effect of the size and shape of
the blast specimen and the influence of the length of the
detonation pulse on the resulting wave field, on the forma-
tion of the fracture network and fragmentation pattern
shows that the results of small scale laboratory size test
specimens for blast experiments depend basically on the
following parameters:

e The ratio between the length of the stress pulse trans-
mitted from the explosive across the borehole bound-
ary into the material to be blasted and the characteris-
tic dimension of the specimen;

e The type of boundary condition (free or rigid) at the
outer jacket surface;

e The acoustic impedance mismatch between the core
and the jacket in composite cylindrical core blast test
specimens.

Applying the method of Lagrange diagrams in wave
propagation and wave front constructions one finds that
the resulting wave dynamics is entirely controlled by the
interplay of the stress waves reflected and transmitted at
the interface and the outer as well as the blasthole bound-
ary. In contrast to cylindrically symmetric specimens
where the reflected waves converge towards the center
with increasing amplitudes, the P- and S- waves reflected
from the free or rigid square type jacket boundary do not
focus but are divergent. Their structure depends on the
angle of incidence of the incoming part of the wave front.
Stress free outer boundary conditions yield tensile stresses
in the central region whereas rigid die type jacket bound-
ary conditions inhibit fracture formation or even complete-
ly suppresses any borehole cracking.
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