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Summary

Fracture Initiation and Stress Wave Diffraction at Cracked Interfaces in Layered
Media — 1. Brittle/Brittle Transition. Stress wave scattering about the tips of sta-
tionary interface cracks at a brittle-brittle junction in a layered medium and the
associated stress-wave induced fracture were investigated. Dynamic photoelasticity
was employed to visualize the highly complex interaction process between stress
waves and cracks. Methods of linear elastic fracture mechanics were used to analyze
regions of high stress intensity as possible sources for crack initiation. The pheno-
menon of partial load transmission across closed crack walls and imperfect joints
and its effect on fracture initiation was also studied.

List of Symbols

¢ longitudinal wave velocity in a plate J/E/o (1 —2)
cs shear wave velocity V/u/o

b normal distance from explosion to interface

a crack length

b distance between tips of two adjacent cracks

fs dynamic photoelastic-fringe constant

N photoelastic fringe order

o1, 02 principal normal stresses

Tm maximum shear stress

Oz, Oy, Ozy  Stress components in cartesian coordinates
Or, Og, Org  Stress components in polar coordinates

% = gc1 acoustic impedance for plates
E Young’s modulus
0 density
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7 shear modulus
v Poisson’s ratio
op, Og angles of incidence of longitudinal and shear waves
Br, Bs angles of reflection of longitudinal and shear waves
Vo, Vs angles of refraction of longitudinal and shear waves

Wave Notation

P longitudinal wave

S shear wave

R Rayleigh-wave

\ von Schmidt wave (generated by grazing incidence of P-wave)
Subscripts

7 reflected wave

d diffracted wave

f refracted wave

no subscript incident wave
L 11 upper and lower half plane
superscripts indicate the cracks tips

Introduction

Wave propagation and wave induced fracture in a layered media is of
importance in the area of seismology as well as in removal of natural
resources by mining engineering and hence has been the subject of many
analytical and experimental investigations. The phenomenon of wave-crack
interaction plays a basic role in geothermal heat exploitation, oil shale retort
formation and typical bench fragmentation blasting. When this fragmentation
is done inefficiently in a quarry operation additional expense is incurred to
the mine operator. This added expense is seen as lost time in handling
oversize fragments, time required in secondary breakage, and more frequent
repairs to the primary crushers. In an oil shale application incorrect frag-
mentation could result in unsuccessful retorting. Knowledge of stress wave
interaction with layer interfaces would help one to optimize fragmentation
and consequently reduce the cost in mining operations or increase success
rate in retort formation.

Formations encountered at quarry sites and oil shale deposits form
stacks of layered rock with bedding planes and sets of joints present. The
use of chemical explosives to fragment the material for further processing or
to extend the fracture network is widespread. Upon detonation of an explo-
sive the wave pattern generated in layered media is extremely complicated
where incident and reflected wave systems not only interact with running
cracks but also with existing cracks, flaws, inclusions or other inhomogeneities
within the formation. Depending on the nature of the waves the cracks may
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accelerate or decelerate during the interaction phase, and in some situations
crack branching my be induced.

Theoretical aspects of elastic wave propagation and the interaction of
stress waves with the interface between two dissimilar solid media with the
resulting generations of reflected, refracted, and diffracted waves are well
established and have been summarized in texts by Kolsky [1], Ewing, Jar-
detsky and Press [2], Achenbach [3], Graff [4] and Miklowitz [5].
Other contributions by Cagniard [6], White [7], Muskat and Meres [8],
Heelan [9], Schmitt et al. [10], and Brekhoviskikh [11] concentrate on
geophysical aspects of the wave propagation problem. Reflection, trans-
mission, refraction and diffraction of plane and cylindrical waves about a
stationary as well as a moving crack have been studied theoretically by
Chen and Sih [12]. Diffraction of elastic waves about interface cracks in
dissimilar media was investigated in detail by Brock [13—14].

In spite of this enormous body of theoretical background literature, it
is difficult to obtain quantitative information in terms of stress magnitudes
for real wave pulses, and real layer geometries with differing acoustic im-
pedances. Experimental work has concentrated on point by point observa-
tions on the surface of the body and has consisted in measuring arrival
times and wave velocities. More recently, dynamic photoelastic methods
have been employed to study wave and crack propagation. Photoelastic
studies with direct application to seismology are covered in papers by
Dally, Riley and their coworkers [15—18]. Dynamic photoelasticity in
conjunction with fracture mechanics has been applied successfully to problem
of fragmentation and controlled blasting by the photomechanics laboratory
at the University of Maryland in cooperation with industry during the past
decade [19—22]. Current research programs at Maryland involve the study
of problems related to optimizing quarry blasting, oil shale exploitation, and
fracture initiation mechanisms in gas well stimulation [23—25].

This paper describes the application of dynamic photoelasticity in con-
junction with fracture mechanics to the study of wave propagation and deals
in particular with the interactions of stress waves with stationary and mov-
ing cracks located at the interfaces of dissimilar layers. Fracture initiation
due to the various wave types is considered and stress magnitudes and stress
intensity factor determinations were made in some instances. The effect of
partial crack closure and bond imperfections on delayed dynamic load trans-
mission across crack walls was determined and fracture network develop-
ment was studied in detail.

The present investigation consists of two parts. Part I deals with frac-
ture initiation by stress wave diffraction at cracked interfaces where similar
brittle layers are bonded together. Part I covers the dynamic aspects of the
interaction of stress waves and cracks at imperfectly bonded interfaces be-
tween dissimilar layers. The two-dimensional layered models were an attempt
at modeling rock blasting and fragmentation in jointed formations. Obser-
vation obtained from production quarry blasting and oil shale exploitation
sites seem to support the mechanisms of initiation that have been identified
with this type of model testing.



212 H.P.Rossmanith and W.L. Fourney:

Experimental Procedure

Dynamic photoelasticity was utilized to study wave interaction with
interface cracks at the junctions of similar and dissimilar layers. Photo-
elastic methods offer full-field visualization and yield overall characteristics
and numerical data during the period of the dynamic process. Information
is obtained concerning instantaneous wave front location, stress wave ampli-
tude distributions, crack tip position and the stress intensification at
crack tips.

Internal point-source loading was generated by detonating an 80 mg
charge of pentaerythritol tetranitrate (PETN) by means of a few mg’s of
lead azide (PbNsg) used as a primary explosive. PETN is a very suitable
explosive for dynamic loading of photoelastic models as it generates stress
pulses of short rise time (&1 us) and the mean pulse width is about 5 us.
The explosive was highly packed in a 6 mm diameter borehole and a
specially designed pressure containment device prevented the combustion gas
products from venting. The detonation was initiated by a 2 kV-DC voltage
pulse.

Rock joints in limestone quarries range from open mud-filled cracks to
very tightly bonded calcite joints with properties similar to the adjoining
rock masses. In the particular series of tests to be described, the bonding
agent used was a product sold under the trade name “M Bond 200”. This
product is marketed by Eastman Chemical Products, Inc., and contains
cyanoacrylate ester which sets rapidly under a slight pressure. The adhesive
was spread uniformly with a resulting bond that was a few thousands of
an inch (0.076 mm) in thickness. The joint would be classed as meduim to
strong and all models could usually be handled without separation occurring.
Tests on the bond showed the tensile strength to be about 1000 psi
(6.9 MPa) and that the shear strength exceeded that of the model material
(Homalite 100). The bond in the models would be approaching the condi-
tion encountered in a limestone calcite bond as opposed to mud filled or a
weakly bonded interface.

All models used in the study consisted of two layers where the top
layer contained the explosive at a site 75 mm from the interface (Fig. 1).
The layers were fabricated from large sheets of Homalite-100 9 mm thick.
It is manufactured by SGL Industries, Wilmington, Delaware, and is a
bitefringent polymeric material whose fracture properties have been well
characterized [5]. The fracture thoughness, Kz, is typically about 400 psi-in1/2
which means that it is more brittle than most rock types. Homalite 100 does
not exhibit slow stable crack growth as does rock [6, 7], but the two are
considered to exhibit similar response characteristics at high crack velocities.
Thus it is felt that the results obtained can be qualitatively applied to rock
like materials since fully coupled boreholes normally result in high crack
propagation velocities.

Model 1 contained a single crack of 50 mm length with its near crack
tip A directly under the explosive site whereas model 2 contained two cracks
of 50 mm length in a row separated by a bonded bridge of 25 mm in length.
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A multiple spark gap camera (Cranz-Schardin type) was employed to
record the dynamic photoelastic fringe patterns. The camera was triggered
by the detonation of the explosive and the exposure of the first negative
occurred after a sclected delay period. The camera used provides 16 frames
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Fig. 1. Geometry and dynamic loading condition of cracked layer models. Diffraction of
cylindrical P- and S-waves about the tips of a stationary double crack at a bonded interface
— Direction of wave propagation; --— direction of particle movement

Fig. 2. Dynamic photoelastic recording of wave emission during explosive point force
excitation at the free surface of a half-plane

at discrete times during the dynamic event. The sparks generate light pulses
about 500 ns in duration and thus effectively stop the motion of the fringes
during the exposure time. A framing rate of about 130,000 fps was used in
these experiments. This provided an observation period of 100 us after a
delay time of some 40 us which was well matched with the interaction
process being studied.
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A calibration test with an explosive detonating at the free boundary of
a half plane provided the wave propagation velocities for Homalite 100:
c1=2100 m/s, ¢s=1200 m/s, and cr=1000 m/s. The dynamic isochromatic
recording of the calibration test is shown in Fig. 2 where the individual
waves can be easily detected.

Theoretical Predictions

When elastic waves are generated and propagated during blasting or an
carthquake phenomenon, they interact with geometric discontinuities or
acoustical impedance mismatch zones and are reflected, refracted and dif-
fracted and often give rise to a high elevation of local stresses. These stress
concentrations become extremely severe when the discontinuity is a static
or a moving crack. The result of waves reflecting and refracting about the
crack tip may lead to unstable crack behavior and fracture initiation.

Fig. 3. Diffraction and reflection of a plane elastic longitudinal
(P) Wave about a semi-infinite static crack, a) normal incidence, b) oblique incidence

The various waves which are generated during wave diffraction are
well-established in theory. Upon detonation of the explosive a disturbance
see e. g. Fig. 1 travels from the source outward through layer 1 as a cylindrical
wave (P) at velocity ci. It reaches the epoxy-bond interface at point A

where it interacts with tip A of the crack AB, giving rise to reflected and
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diffracted waves. The energy carried by the incident P-wave is partitioned
among the reflected and diffracted waves and the amplitude distribution
along the wave fronts is very complex for both cylindrical and plane waves.

Fig. 4. Diffraction and reflection of an obliquely incident SV-wave about a stationary
semi-infinite crack with angle of incidence (a) smaller and (b) larger than the angle of
total reflection

If the stress at the crack tip is raised beyond a critical level cracks initiate
from the interface and part of the energy carried by the incident wave is
consumed by the propagating cracks. Explosive excitation of the borehole
causes extensive crushing in the immediate vicinity around the hole which
gives rise to a shear wave propagating at velocity c¢s with cylindrical
wave front.

The diffraction and reflection of a plane longitudinal (P) elastic wave
about a semi-infinite static crack is shown in Fig. 3 for obliquely (b) and
normally (c) incident wave fronts. Upon impingement of the initial P-wave
front at an angle «p (included angle between the normal to the wave front
and the normal to the crack line) two diffracted waves, a longitudinal
PgP-wave and a rotational S¢P-wave originate at the site of the crack tip
and propagate radially outward. Two reflected waves, PP and S:P result
from the reflection of the P~wave at the crack wall facing the incident wave
pulse; the reflected shear wave S,P, however, is absent for op=0° In addi-
tion, von Schmidt waves, V4P and V_P, are being generated by the grazing
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incidence of the P4P wave during its travel along the crack faces. These
waves are shear waves which subtend an angle of sin~! (cs/c;) with respect
to the crack line.

When a shear wave S interacts with a crack tip the types of waves
generated during the interaction process depend on the angle of incidence
as of the shear wave. Figs. 4a and 4b illustrate two representative cases:
(a) where as is smaller than a critical angle of incidence and, hence, two
reflected waves, P»S and S, and two diffracted waves, PgS and S¢S, are
generated; and (b) where o5 is larger than the critical angle of total reflec-
tion where no PrS-wave is generated. Similarly, the grazing incidence of the
PaS-wave gives rise to von Schmidt waves V_S. In the general case where
both, P- and S-waves impinge, V_S and V_P waves propagate along the
faces of the crack after being generated by the grazing incidence of the dif-
fracted PaS- and PgP-waves, respectively. It is to be noted that two-dimen-
sional dynamic photoelasticity deals with in-plane deformations, and high-
lights longitudinal (P) waves and the component of a shear wave which is
polarized parallel to the specimen plane which induces in-plane shear defor-
mations (SV-waves). In geophysics, where the medium often is a half-space,
SV-waves induce motion in a vertical plane, i. e. in a plane normal to the
carth’s surface and contains both vertical and horizontal components of
motion, whereas SH-waves induce motion exclusively in planes parallel to
the earth’s surface.

The resulting stress field oy (x, y,#) associated with the wave-crack
interaction process is composed of the stress field of the incident wave
o5 ® (x,v,t) and scattered wave field 645 (x, y, 2):

i (%, y5 t) =0 (x, y; 1) +0u® (x, y5 1) (1)
where the scattered field must satisfy the radiation condition
o8 — 0. (2)

As a result of wave-crack interaction the following zones can be
identified for an incident P-wave (Fig. 5a):

I — undisturbed region

Il — incident pulse zone
IIT — shadow zone
IV — geometric reflection zone
V — dilatational wave scattering zone
VI — von Schmidt-wave zone
VII — shear wave scattering zone

Based on the theory of elastic wave propagation the following various
stages of wave formation are predicted for the one-crack-model (see Fig. 1):

1. P-pre-interaction phase: 0<t<h/c;=75 mm/2100 m/s = 36 ps. This is
the time delay between detonation of the explosive and arrival of the
incident P-wave front at crack tip A.
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2. Wave reflection phase: h/c;<t<{h2+a2}/c;=43 us. In this interval,
the incident cylindrical P-wave front has reached crack tip B. Two
reflected waves P»P and S;P and two diffracted waves P4P and S4P
are generated. Grazing incidence of the P4P wave along the crack walls
induces von Schmidt head waves V.P and V_P.

%

Fig. 5 a. Various regions associated with an obliquely incident P-wave scattered about a
crack tip

3. S-pre-interaction phase: 0 <z <h/cs=75 mm/1200 m/s =62.5 us. This is
the time span required for the shear wave generated due to fracturing
and crushing the borehole wall to approach crack tip A.

4. Secondary diffraction at crack tip B starts at time ¢=(h+a)/c1=60 us
after detonation; whereas secondary diffraction at crack tip A starts
at time t=[(h2+a®)":+a]/c;=67 ps.

5. Interaction of incident shear wave with scattered P-wave field:
t>{h?+a2}'2/cs=75 ps for crack tip B and ¢>67 pus for crack tip A.

During these interaction phases the transient wave stress fields super-
impose and may produce stresses above the fracture stress of the material.

In fracture mechanics the deformation of the crack walls induced by
the wave motions are classified in three modes: mode-1 — normal spacing
mode deformation, mode-2 — in-plane shearing mode deformation, and
mode-3 — anti-plane shearing mode deformation. The "2 stress singularity
is retained for crack-wave interaction problems.

Because the total wave field contains both P- and SV-wave contributions
a transient mixed-mode stress intensity factor K=K;—iKz is introduced in
the general case [25]. The angular distribution of stress around a static
crack tip during dynamic loading due to harmonic wave diffraction is the
same as in the case of static loading except for the transient amplitude.
Within the linear theory of elasticity a real pulse may be Fourier-analyzed
and, hence, the static angular stress distribution applies also for single wave
pulses which impinge upon a static crack.

15 Rock Mechanics, Vol. 14/4
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The situation is more complex for wave diffraction with moving cracks.
Here, the stress singularity is the same as that of stationary cracks while the
angular variation of the stress field around the crack tip is increasingly
distorted with increasing crack velocity. The dynamic stress intensity factors
K1 and K: for the moving-crack/wave interaction process are complicated
functions of the circular frequency, the input wave amplitudes, angles of
incidence, and crack speed [12].

Fracture Analysis

Separation of stresses based on photoelastic data is possible only under
special circumstances, such as the case of polar loading symmetry [26]. An
elastic analysis was used to separate stresses along a bond-line during the

N

Fig. 5b. State of stress in a material element located at the bondline during the passage
of a longitudinal wave

passage of a cylindrical P-wave. The cartesian stress components 6z, Oy,
and Tzy at a location P (see Fig. 5b) with coordinates

x=)rr—h?, y=0 (3)
7,0 =tan~1 (h/x)

are most easily determined from the polar stress components by theory of
elasticity

0y =(0r +05)/2+ (07 —0p)/2 -cos 20

oy = (0r+0p)/2 —(0r—0p)/2 -cos 20

Ty = (0r —0,)/2 sin 26. 4)
The polar stress components o and ¢, which represent the principal normal

stresses for a cylindrical symmetric loading must be determined from the
information contained in the isochromatic fringe pattern. A simple separa-
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tion technique which is particularly helpful in this study is based upon
Hooke’s law, the strain-displacement relations in polar coordinates, and the
stress optic law of photoelasticity:

1+ fo PN
602 - E Tj— }' P dT

and

__E
Og = T (86 +’V€r) (6)

E
Or =z (&r+v&)

where E, », f,, and D are the Young’s modulus, Poisson’s ratio, material
fringe value and model thickness, respectively, of a two-dimensional photo-
elastic specimen, N (r) is the fringe value of the outgoing P-wave at radial
position 7, and ro is any value of the radial distance r ahead of the leading
wavefront of the P-wave (reference radius). A Simpson procedure for un-
equally spaced data was used to evaluate the integral in Egs. (5). Typical
results for the separated stresses o, and g, obtained by J. Philips [27] for
a model that did not contain a bond line show that in the leading part of
the P-wave both principal stresses are compressive with the radial stress o,
about three to four times as large as the hoop stress o, On the trailing
tensile half of the P-wave o, is larger than ¢; and o may actually never
reach a tensile value.

Two fracture mechanisms have been observed in the course of these
experiments: shear cracking initiated by the obliquely incident leading com-
pressive part of the P-pulse and mixed-mode cracking as a result of the
interaction of the trailing tensile part of the P-pulse possibly in conjunction
with the leading shear wave front,

Shear Cracking of Perfectly Bonded Layers

For an increase in stress of the nature found in the compressive biaxial
P wave one would expect the greatest values of 7,y to occur for 6=450
(see Egs. (4)). Typical mode-2 bond line cracking has been observed experi-
mentally at these locations during the early time loading of bonded layers
such as the example shown in Fig. 6a. This figure was taken from reference
[30] and shows the stress state 53 us after a detonation occurred in a
multiple layered model with no intentional bond imperfections. Note that
the fractures have initiated most heavily at the 6 = +45 degree locations and
extend only into the material not containing the charge. Notice also that the
fractures are initiated ahead of the outgoing shear wave indicating that the
P wave compressive peak is responsible for the nucleation and initiation.

15*
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Shear Cracking of Imperfectly Bonded Layers

Figs. 6b and 6c show a sequence of photographs taken in the present

series of tests with a single interface crack AB (debond section) between the
two layers. Here the situation is different than in Fig. 6a. The leading
compressive part of the obliquely impinging P-wave gives rise to crack load-

1

53 us
Fig. 6 a. Joint initiated cracks created from a perfect bond

ing by compression and shear. The state of stress in the neighborhood of
a crack loaded in compression with the crack walls partially closed or
separated by fillets is given by

K2 . ¢ é 3¢
- ¢ (24 cos £ cos 22
oz (0, $) Vine sin ( €Os - €08 — )
oy (0, 4) = V% sinfzicos%cos —321 (7)
. .3
Tay (0, ¢) = % cos%(l—sm%sm%)
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where ¢ and ¢ are coordinates of a polar system centered at the crack tip
with the crack extending along y= +z. Kz is the mode-2 stress intensity

Fig. 6 b,c. Development of layer cracking from the crack tips at the bond interfarce
Homalite 100 — Epoxy bond — Homalite 100
b) Iniriation from the tips of an interface crack — early phase; ¢) later phase

factor which for a central crack of length 2a subjected to shear loading
and exhibiting friction between the crack walls is given by

Ke=(voy—1) Vrma (8)
with the friction stress
T = |0yl 9)

where p is a modified coefficient of friction which takes into account the
shear stiffness of the bond material.

Egs. (7)—(9) hold with sufficient accuracy if the pre-existing bond-
separation length 2a is small, i. e. when the stress components of the in-
coming P-wave do not considerably vary along the crack line.
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Fracture initiation occurs when a certain critical condition is satisfied
which could be achieved either by exceeding a critical fracture stress (as
required by the maximum tensile stress criterion) or by exceeding some
other critical quantity characteristic for fracture, e. g., the strain energy
density. The principal stresses 61 and o2 are computed from the relations

Ozt - 2
01,2= Zgy il/(ayzoz) + T2 (10)

and the orientation ® of the maximum principal normal stress with respect
to the x-axis is given by

o () =3 tan-1 (22 ), (11)

Oy—0g

Fig. 7a shows the variation of the principal normal stresses o1 and o2, and
the orientation  in the range —m <¢ <z for a mode-2 crack problem.

y o;
\

Fig. 7 a. Orientation of principal normal stresses for a mode two crack problem
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Fig. 7b. Layer cracking produced by outgoing P-waves at interface crack tips

The shear stress at the bondline (tzy) is the only component of the
stress field that introduces a singular stress distribution at the tip of the
pre-existing interface crack when negative (compressive) stresses oz and oy
occur.

For a positive far-field shear stress 74y* (Fig. 7b), the shear stress asso-
ciated with the outgoing P-wave, the stress o1 attains its maximum value for
6= —m, i. e. along the lower face of the crack. For traction-free boundary
condition along the crack edges eqn. (11) yields for the orientation =0 or
7/2 as ¢ approaches +m. Because the resolved shear stress 7y along the
bondline during the initial P-wave passage is negative, the maximum tensile

stress is expected to occur at point A at the positive edge of the crack AB
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as depicted in Fig. 7b. Similarly crack initiation is expected to occur at
point B on the negative side of the crack with the branch crack emerging
normally to the interface crack into the lower layer. This is shown in
Figs. 6b and 6c. The other crack at A propagating into the lower layer was
generated as a result of the interaction of the outgoing shear wave with the
crack not the P wave. This is supported by the fact that the crack in the
lower layer at B is longer than the one at A and was more likely initiated
earlier.

The crack initiation angle with respect to the crack line is 90 degrees
when employing a maximum tensile stress criterion whereas it is 82.79 (for
»=0.31) according to Sih’s strain energy density criterion for pure mode-2
cracking. This shear cracking mechanism is depicted very clearly in Fig. 8b
for crack AB in the two crack model. Notice in Fig. 8b at tip A the fracture
initiates and travels upward towards the borehole with no extension into
the lower layer, while at tip B its initiation and propagation direction is
downward into the lower layer. Notice also in Fig. 8¢ taken 12 us later
that the shear wave has initiated a second crack at A which travels down-
ward into the lower layer.

As the bond thickness decreases or the modulus of the layer material
decreases the time required for partial or full crack closure decreases. With
increasing contact of the rough crack walls the effective shear stress com-
ponent in Eq. (8) is lowered by the frictional stress increase. This induces
a lower value for Kz and, hence, shear crack initiation as depicted in Figs.
6b, 6¢c and Fig. 8 may not occur. In the limit for a perfect bond the crack
initiation mechanism is such that no cracks propagate into the borehole
layer (Fig. 6a).

As was stated earlier the most extensive fracturing is to be expected
in the region around crack tip B where the resolved shear stress is maximized,
i. e. at an angle of 45° from the normal line through the borehole. This
assumes that the stress amplitude of the outgoing cylindrical P-wave (which
decays proportional to 72 with distance of travel) [27] is strong enough
at the bondline to initiate fracture. It is interesting to note that a static
analysis yields a much faster decay of a cylindrical stress field proportional
to 772, and hence the result of a static analysis would be too conservative
with respect to fracture initiation.

Mixed-mode Cracking

Oblique incident of the trailing tensile part of the P-wave gives rise to
mixed-mode crack loading. The near tip stress field associated with combined
opening and shearing mode crack deformation is given by

0x=ﬁKj:—cosi[1~sinisini¢—]~ Ke i i[24—cos¥’£—cosi¢—}

Vime <2 75 Vome T2 2 2
Oy= cosi[l +smis1nﬁ] +-X2 sin® cos & cos 3L
o 2 2 Vome T3 3

2
_l_ smicosicosﬁ+ E cosi[l—smismﬁ],
27 2 2 2 770 2 2 2



224 H.P.Rossmanith and W.L.Fourney:

Crack advancement due to mixed-mode conditions also occurs in a
direction other than along the bondline.

Double-Crack at a Bondline

Fig. 8 shows the diffraction of a cylindrical P-wave about a double
interface crack at the joint line of a Homalite 100 — Epoxy bond — Homa-
lite 100 plate where the first crack extends from A to B and the second

- ANE g

Fig. 8. Sequence of dynamic photoelastic fringe patterns showing P-wave diffraction about
a double interface crack at a point Homalite 100 — Epoxy bond — Homalite 100 (first

crack AB, second crack CD, Test LM-4)
a) Frame 3, t=48 us; b) frame 4, t=58.5 s

cracks extends from C to D. The geometry of the models is selected such
that the outgoing P-wave impinges normally onto the crack line at Point A
whereas the angle between the borehole radial passing through crack tip C
of the second crack and the crack line is 7/4.
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Fig. 8a depicts the situation where the incident P-wave is already dif-
fracted about the crack tips A and B. Theory predicts a quarter-circle shaped
diffraction region in the lower layer at crack tip A and a similarly shaped
diffraction region at crack tip B as indicated by two circular arcs in Fig. 8a.
The undisturbed P-wave front if there was no crack present is also marked
in the same figure. For an open interface crack where there is no crack face
closure, the shadow region bounded by the broken lines and a section of
the lower crack edge is stress free. Fig. 8a, however, shows that appreciable
stress wave load transmission across the temporarily closed crack gap oc-
curred. The delay time, i. e. the time necessary to bring the crack walls in
contact to permit passage of the P-wave across the interface crack varies
along the crack line. It increases with increasing angle of incidence of the
P-wave and in this test an average value of about 4 us was determined. In
general the time for crack closure is a function of the thickness of the bond
layer, the mechanical properties of the bond material as well as the layer
materials and the angle of incidence of the impinging P-wave. The effect of
the latter is shown in Fig. 8b in the vicinity of crack tip C. Apparently, the
angle of incidence of the P-wave 0,=45% is too large for the successful
build-up of a normal pressure component of the P-wave stress to bring the
two crack walls into contact. Hence no load is being transmitted across the
crack walls and the theoretically predicted shape of the diffraction region is

retained on the lower crack wall CD.

Fracture Network Development from Multiple Bondline Cracks

The sequence of six dynamic photoelastic recording shown in Fig. 9
covers the wave interaction with bondline cracks and show bondline crack
initiation and propagation. The enlargements show the section of the bond-
line where the double-interface-crack is located.

The first photograph, frame 6, shown in Fig. 9a, was taken 79.5 us
after the detonation of the borehole charge. The P-wave front has already
passed the site of crack tip D whereas the peak of the leading compressive
P-wave pulse showing a visible fringe order Nmax=8 is in full interaction
with crack tip D. The local irregularity in the wave front reveals a minor
bond imperfection to the left of crack tip D and it shows that no load was
transmitted across the second crack. Layer cracking starts from crack tips
‘A, B, and also C. It is convenient to define a unit normal to a crack tip in
the direction of the crack line as sketched schematically in Fig. 10. Then,
frames 6 to 9 (Figs. 9a to 9c) reveal that layer cracking starts from a bond-
line crack in a direction which makes an angle of slightly less than 900
clockwise with respect to the crack tip unit normal. This follows from the
analysis in the preceding sections. Local P,P- and S,P-waves generated by
reflection of the incident P-wave along the upper crack wall extending be-
tween crack tips C and D and moving towards the upper left corner are
clearly distinguishable in Figs. 9a to 9c. Although not clearly distinguish-
able these wave fronts merge with diffracted waves PSP and S$P, and
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P2P and SDP radiating from the crack tips C and D, respectively. Incipient
layer fracturing is visible at point D in frame 7, Fig. 9b.

The radial outwardly propagating borehole fractures are outdistanced
by the high-intensity shear wave, a portion of which is clearly visible in
Fig. 9b between points B and C. The structure of the shear wave is ex-
tremely complicated. Upon detonation of the explosive a system of radial
cracks which originate at arbitrary locations around the rough borehole wall
propagate radially outward. This destroys the initially existing cylindrical
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Fig. 9. Dynamic photoelastic recording of cylindrical stress wave (P, S) interaction with
cracks situated at an imperfectly epoxy-resin bonded interface between two half-planes of
Homalite 100 (Test LM-4)
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symmetry of the wave problem and generates a shear wave with an un-
predictable randomly circumferential amplitude distribution. Hence, the

frame 10 g

o : u\\“‘ifw

Fig. 10. Sketch showing the orientation of unit normals to the crack tips
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centerline marked Cr in the photographs does not imply zero-amplitude
conditions for the shear wave as would be the case if the explosive had
been detonated at a free boundary parallel to the interface line. As men-
tioned earlier, the interaction of the shear wave with crack tip A gives rise
to a layer-crack which propagates from tip A downward away from the
borehole layer (clearly visible in Fig. 9¢).

The continuous flow of fringes across the bond sections BC bridging
the two cracks in Fig. 9¢ indicates that this part of the interface has not
been broken during the passage of the low amplitude trailing tensile part
of the P-wave. Fig. 9c shows also the S-wave interaction with the P-wave
generated layer branch cracks especially in the vicinity of crack tips B and
C. Shear stress wave loading of static and/or moving cracks induces rapid
changes of the instantaneous mixed-mode stress intensity factor resulting in
crack path instability and promotes or delays crack branching in situations
where the value of the nominal stress intensity factor is close to its critical
value for crack branching [23]. Fig. 9d, frame 10, shows the fully developed
branching pattern for the layer cracks emerging from tips A and C. Fig. 9¢
exhibits one more important feature. The continuous flow of isochromatic
fringes of the leading compressive P-wave pulse across the bondline on the
left of crack tip D, indicates perfect bonding with no additional imperfec-
tions present.

P-wave interaction with the free boundaries of the specimen gives rise
to reflected PP and S;P-waves which can clearly be distinguished in Fig. 9¢
by the isochromatics linking up the tips of the layer cracks from A and B.
The reflected P;P-wave has started to interact with cracks emerging from
interface crack tips, A and B and is causing branching to occur. Because
of its reflections at a free boundary of the model the leading part of the
reflected P-wave causes a state of biaxial tension. Reorientation of the
propagating cracks occurs due to the changing direction of principal tensile
stress. Part of the energy carried by the reflected P-wave is transferred into
crack driving energy. The cracks, however, are already propagating at ter-
minal velocity and the cracks respond to any further supply of energy by
branching. This is clearly visible from frames 11 and 12 in Figs. 9e and 9f.
The high amplitude wave front in the lower part of Figs. 9e and 9f is the
SyP shear wave generated by P-wave reflection and its interaction with the
already multiple-branched cracks causes more severe branching to occur.

Transmission of Waves and Cracks Across Interfaces

One of the most important aspects in dynamic fracturing is the trans-
mission of waves and cracks across interfaces. The existence and the ampli-
tude of reflected waves depends on the type and quality of the bonded area.
Fig. 11 shows two illustrative examples of the transmission of obliquely
incident longitudinal waves across bondlines in a jointed layered model.
The central part of a nonhomogeneous P-wave front passes undisturbed
across the near perfect bondline as shown in Fig. 11a. The presence of in-
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clusions, micro cracks or debonded sites in the bond interface area can
cause wave reflections and, hence, local P- and an S-wave disturbances can
be generated at these sites along the interfaces. One of these very local
reflected wave disturbances is indicated on the left hand side of Fig. 11a.

Fig. 11. Transmission of obliquely incident longitudinal waves across a (a) perfect bond
and across an (b) imperfect bond in a jointed layered model showing reflected and
transmitted waves

If the distribution of imperfections is more dense these local reflected wave
disturbances connect and generate a continuous reflected wave front as
shown in Fig. 11b. Notice that the central part of the P-wave is severely
distorted. The reflected wave visible is the S,P-wave. The amplitude of
wave is much higher than the associated P.P-wave which is not visible in
the isochromatic fringe pattern distributions of Figs. 11a and 11b.

Cracks crossing an ideal bimaterial interface will be refracted at an
angle that depends on the acoustic impedance mismatch of the two layers.
For similar layers stacked and bonded together with a strong perfect bond
of infinitesimal thickness no path deflection should occur during direct
passage of the cracks. If, however, the adhesive bond is weaker than the
adherend material secondary bond breakage ahead of the main crack can
occur. Fig. 12 shows the indirect passage of a borehole crack across an
imperfectly bonded joint. Stress concentrations developing along the bond-
line ahead of the main borehole crack (Fig. 12 a, b) cause shear fractures
extending into both layers at an angle of about 45° (Fig. 12 b, ¢) and initiate
progressive bond separation as shown in Figs. 12¢ and 12d. This is evident
from the change in fringe order across the bondline. The main crack finally
joins with the bondline separations to form a kinked crack which, although
unfavorably oriented, continues to propagate along the interface. When
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propagation along the interface becomes less favorable for the crack from
an energy dissipative point of view, their branching of the crack from the
interface into the layer material occurs in a direction forming the stretched
Z-shaped crack path shown. Employing the concept of maximum dissipa-
tion rate of [28—29] the product of crack extension force ® times crack
velocity ¢, - ¢ for incremental crack extension of the kinked crack (Fig. 12d),

frame 13 e
92.5 ps -.:_.:»"f‘

Fig. 12. Sequence of dynamic isochromatic fringe patterns showing the indirect passage of a
borehole crack across an imperfectly bonded joint (Homalite 100 — Epoxy bond — Homa-
lite 100) showing secondary bond breakage ahead of the main crack (Test LM-1, frames 11—16)

it is concluded that (¢ -C)iayer > (Ocy - cB)pona- Here, G, and ®., are the
strain energy release rates for the layer material and the bond, respectively,
whereas ¢ and ¢y are the crack velocity in the layer material and the speed
of debonding, respectively. Fig. 12f shows that the angle between the bond-
line and the two arms of the Z-crack are different.
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Conclusions

Crack initiation from imperfections in interfaces between two homog-
eneous layers is a very complicated process. It has been observed that this
initiation can occur either from the compressive peak of the outgoing P-
wave or possibly from a combination of the tensile P-wave tail and the
outgoing shear wave. Unlike initiations from joints with complete bonding,
cracks initiate into the borehole layer and also layer adjoining the borehole.
This process is further complicated by the possibility of load transmission
due to crack closure or partial crack closure.

The experimental work described here as well reported earlier [30] has
demonstrated the major role that larger flaws such as joints and bedding
planes play in the fragmentation process. The initiation of these fractures
at right angles to the joint sets helps to explain why fragmentation seen at
a quarry site is rectangular in shape and why fragment size increases as the
distance from the borehole increases.

This mechanism of fragmentation becomes even more complicated when
the two adjoining layers are of different materials. A second paper describes
experimental results obtained from tests in such models.
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