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AIIItract-ln this paper the quasi-stalk: and dynamic: behaviour of two skew-paI8Ilel and llJIequal edge
cracks in a brittle material. namely PMMA. was investipted. The study was undertaken by usiDa the
optical method of caustics in combination with a hip-speed Cranz-Schardin camera for recordilll the
various steps of the statically or the dynamically propqated cracks. From the whole study it was deduced
that. for the case of the quasi-static 10IIdina and for all pometrical~ of cracks, only the IoDpr
Cl'BCk was propapted, while the shorter crack remained stationary. The JIl'OIIIPIion path of the ~r
crack curved towards the opposite edge crack. Both edge cracks propapted simultaneously only UIIder the
dynamic loIdilll mode and under certain favourable combinations of the pometricaI COIIfiaurations of the
cracked specimen. Both • cracks curved, uDder quasi-stati<: Ioadiaa and Strol!l teDdellcy for crack arrest
phenomena was observed. The values of the crack JH'OIlIIItion velocity and the stress intensity fac:1ors for
both cracks were determined and were found to be IarJer for the dynamic tban for the quasi-static loading
case.

INTRODUCTION
The significance in engineering applications of crack propaption phenomena in brittle materials
has led many researchers to the investigation of these phenomena. A areat number of
papers [I, 2] has appeared in the literature, studying the fracture process in brittle materials
under dynamic loading, either theoreticalJy or experimentally. High crack propaption velocities
of the order of 60% of the velocity of the respective Rayleigh wave, which is an upper limit in
crack propaption velocities [3], have ·a1so been obserVed.

Existing theoretical solutions of crack propaptioo, phenomena are based either on energy
methods or on dynamic elasticity. Some of them express the crack velocity as a function of
material properties, wbDe others investigate the dynamic stress 'field surroundina the running
crack. Experimentally, the problem has· been usually attacked with the method of hiab speed
photosrapby in conjunction with the existing methods of experimental stress analysis, like
photoelasticity, moire, holosraphy and caustics. The method of high speed photography has the
advantage over the methods based on ultrasonics and velocity saups that it can provide
information not only about the crack propagation velocity, as the latter methods do, but also
about the stress field at the tip of the running crack, when combined with some other method of
experimental stress analysis. A concise sUrVey on the existing literature on crack propagation
phenomena is given in Ref. [4].

Regarding the particular problem of the mechanism of crack propagation in brittle and
semi-brittle materials, Theocaris and Katsamanis have already studied in a previous paper[4]
crack propaaation phenomena under impact loading by using the optical method of caustics in
combination with a Cranz-Schardin biah speed camera. They found that the crack is pro­
papted only under the influence of the tensDe part of the loading pulse, whereas the crack
remains stationary when it is loaded by the compressive part of the pulse. Thus, when a stress
pulse is applied to a cracked specimen and it is reflected from the transverse edges of the;
specimen, the crack is propapted in a stepwise manner, o~y in time interVals when the tensile
parts of the pulse are operative. It was also 'found in Ref.[4] that the maximum crack
propaption velocity, as well as the interVals at which the crack is propagated under each pulse
depend on the amplitude of the correspondiDa pulse and the initial crack length. However, this
experimental study was concerned with the phenomenon of propaption of a sinak crack in a
brittle material which does not contain any other discontinUity and it was devoted to evaluating
the crack propaption velocity under various loading conditions and as a function of the
material' properties, as wen as the instantaneous crack tip stress intensity factors.
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In practice, the case when existing <:racks in a plate interact with other discontinuities is
very common. Many attempts have been made to study the crack propaption characteristics in
brittle materials in which there exist other discontinuities also. Thus, Kobayashi et ala [5]
studied the interactioll of a central hole and a prop""", ClaCk in HOIP.IIite by usilll dynamic
photoelasticity in combination with a hiP-speed camera. Thoy observed crack arrest
phenomena and COIQP8I'fMI the olaato-dynuraic state of slress wida the corresponding elastostatic
state of the same problem, which was determiaed by a finite-element analysis.

Ishikawa et al. [6] studied the behaviour of a rapidly moving crack around a small hole in
PMMA and determined the variation of the stress intensity factor, as well as the crack velocity,
at various stases of crack propaption. Contrary to the results by Kobayashi ,t al.[S}, they
found that the crack velocity is taraer when the crack recedes from the viciDity of the hole than
when the crack is approaching the hole. Also they determined the time interval of the crack
arrest durinc· its· pas-.from the hole and they found that this interval increases with the
diameter of the hole wbile it dUninishes as the fracture stress of the material of the specimen is
reduced.

On the odler hand, a Peat number of papers has been devoted to the interaction of two
statioDU'Y~. nu..~(7) .ve a sumawy of """~. witb eiaatic cracks.
Smith [8] stu4iod dlc reilltive displace.... of the crack • for an array of copiaur cracks
under aACipIaM~ pIaHtrain conditions. A similarstud,of the iD&enction of various types
of cracks was presented by Yokobori ,t 41.[9]. They s~ the iallueace of the intercrack
distance, related. to the corresponding width of the neighbouring cracks, and the distance
between successive crack ~ps.

More recently, Theocaris in a series of papers{l0-12], studied by the optical method of
caustics the iDtoraetionbetqentwo.~ and sYDIgIOtric or asYlDJOearic crac.u. a.s well as
the interadion of cracksllAd ualoIded bouodaries. He dJtenDiDed the~k tip stress-ine-asity
factors andcoaapared them with· their correapoDdiq valuos for a aiqlo crack. From all these
studies it was conc~ that there .. IQ~ut~ .betwun two collinear cruts
or a crack. a stniPt boQllCflry wb.. tho insi4e d~bflweeathe tips of the collibear
cracks or the distance between the tip. of a siDIle. crack.an4 the bouD4lrY is aroatcr than the
leqth of the crack. However. as dais diataaoeis~. there is a cOnciDUOQSiJaereue ia the
iateractioo between the CJ'8eb. Aleo. 11eocarisU2i concluded that for a ~um~
between tho tips oftbet)VoeoJliutl crac-. or the tip. of a.._t.. asb:ailbt bou.....y,
equal to 0.25 theI.of the.cl'lllCk. the v'" of thec~ ..sa iDe-DSity factors are
indepeDdeDt of the type. of tho diIc", to wbidl the crack is ...._

Ollpta 88d BrdotaPU3)~ u.oor.tkaHy the pJaQ,o. eJaatoa"-c Plo"m of an infinite
strip containiDl twosy~y locatecl iatemalCJ'al;b pemD_"'''' to the boundarY· TIle
solution of the problem was obtaiaod for vuious crack~a wben the strip was subjected
to uniaxial teaJioa appijed far away frOID tbecrack relion.

From the above brief review it is CODCIuded that, al~ a areat Dumber of papers has
appeared in the literature for the study of the interaction of statioaarYcracJa. the exte. of
studies of the case of statically ord~, propaptiq~~. is rather limited. The purpose
of the present paper is to ~y the pboaolaeaa r~to the inte~n. of two over.ins
skew-parallel at u.uequal edp cracks in PlAIA, w~ arep~..t~ eik s~y or
dynamica1ly. The OptieallllOtbod of caustics in combiJl4ldonwitb a Craaz..Scbardin "-s.,.d
camera was used. InterJstiqretU1ts for the crack protIP.ioa velc»cities and the crack tip
stress-intensity factors for both overlappiq skew-pata1lel cracks are disclosed.

DETERMINATION OFK,·stJU1SS JNTENSITY FACTORS BY THE
METHOD OF CAUSTICS

The svell iDteuity fll:tOl's,~ ..tIJe stma.... the vicinity of a crack tip for a
stationary or a movina crack. were eval~ by uaiaa ~ optical IIlttbod of caustics(14].
AccorcliDa to t1U$ JDethod,. a JiPt beam is~ on .the......n iD the close viciDity of the
crack tip' and the~ rays are ~vecI 00 a·retere••pJaIe,~l to the • of the
speciJDen. These rays are scattered because of the stroaa thic~ and refractive index
variations in the relion close to the crack tip and they are concentrated aloq a stronalY
illuminated curve on the reference plane (caustic).



Dynamic: propaption and arrest measurements 641

The governing equations of the caustics on the reference plane were already found
previously[lo-l2] and they are expressed by:

with:

X' =Aro(cos ~ +jcos 3:)

y' =Aro(sin ~ +~sin 3:)

(I)

(2)

In these relations Zo represents the distance between the specimen and the reference plane
(Fig. 1), t is the thickness of the specimen, c, is the stress-optical coefticient for transmitted
light rays and Zj denotes the distance between the plane of the specimen and the focus of each
light beam.

From eqn (1) and by insenilll the value x' =0 (the onpn of x', y' coordinate system is at the
tip of the crack with the positive x'-direction along the crack direc:tion[lO-12]), it can be
concluded that the transverse diameter Du.(Du. .. 2y') of the caustic is related to the radius ro of
the initial curve of the caustic (that is the generatrix curve on the specimen, which creates the
caustic on the reference screen) by the fonowing simple relation (for PMMA):

Du. = 3.16Aro. (3)

By substituting into this relation the value of ro given by relations (2), it is concluded that the
stress intensity factor KJ is given by:

K "",!;ill 1 (D'J.),n
. J zotc, rm 3.16 (4)

It can finally be mentioned that the foreaoing formulas were derived by taking into account
only the singular part of the stress field near a crack tip. In this way the use of these formulas
introJuces some errors in the results obtained. Nevertheless, this error is not considerable in
most cases. This is due to the fact that the initial curves of the caustics on the specimen itself,
which creatt the caustics on the reference plane, are generally very small and lie in the very
close vicinity of the crack tip. Indeed, the maximum radii of the initial curves did not exceed in
all cases the values of ro =1 to 2 mm and this reduced considerably the critical length of. the
crack influencing the shape and size of the caustic.

On the other hand, the fact that, if the constant part of the stress field near the crack tip is
taken into account, this does not have any influence on the shape of the initial curve of the

c:or-e
reflector

specimen
I
I

Fig. I. Optic:al ,part of the experimentaillTlJllll"DCnt.



642 P. S. THEOCARIS

caustic formed near the crack tip and the caustic itself, and therefore reduces considerably the
error introduced by the influence of neighboring boundaries and the curvatures of the crack
axis.

These facts are contrary to what happens in the case of photoelastic or interferometric
determination of stress intensity factors. In this way, it is believed that in the majority of
experiments made. the results of which are given in the sequel, the vaJues of the stress intensity
factors determined by the method of caustics by using eqn (4), are good approximations of their
true vaJues.

EXPERIMENTAL ARRANGEMENT

For the experimental investiption of the behaviour of the two overlapping cracks under
quasi·static and dynamic 10adiDI in a brittle materiaJ, PMMA tension specimens of thickness
t ... 2.' nun and dimensions 300 x 100 nun2 were used. The specimens had initiaJly two skew­
parailel • ~ks of I._s a and b with a distance I between them (Fig. I). The lenath a of
the loapr ClICk w.. _11 ~tant and equal to a ... 23 mm, while the leqtb b of the shorter
crack varied between to and 2Omm. The intercrack distance I aJso v~ between to and
4Omm.

Next, the specimens were subjected eithe.. to a quasi.static or to a dynamic tensile stress
until frlIdwe.~ by means of either a static loadina tester (Fi•. 2), or a faJUns weiaht
set-up roapectively. The _ .... for the quasi·static load was equal to 'kp cm-2 sec-I, while
the stress rue for the dynaaaic load was 8Xl«rkpcm-2 sec-l

• In both cases the load was
detected by means of a ~1octric transducer con.aected with an os<:iIIojraph. FilUle 3
presents the mode of fracture of two specimens' with -the same goo_meal c'?nftlUl'ltion
(a .. 23 mm, b .. 20 DUD, I ... 30 mm). In the first of these tests (case (an the specimen was
subjected to a quasi.static loadina (c). while in the second test (b) the specime'n was subjected
to a dy.....ic:load (d). The fracture load for the quasi·static case was equal to P ... 12' kp, while
for the dynamk·load case itwas equal to P ... 1" kp.

For the study of the fracture behaviour of the cracked specimens the optiealmethod of
caustics, in combination with a biah·speed Cranz-SChardin camera, was used. This camera is
composed of 24 spark-pp lilbt sources. which can operate with 1I1y desired frequency. lower
than 10' frames per sec. Also this camera has a suitable prOlfaDlmer, by means of which the
frequency of the operation of its 24 liIht·sources can be adjusted to vary for diferent groups of
the Iipt~1 ia ICCOI'fIQce~ adypreaasiped r,ate of.sequence.of its sparks. Thus, it was
pos.....to.bave cIiItreat '.......s of, the. ItPHlII'ks at dilerent steps of the propaaatioll of
cracks and thUs to record in a complete and satisfactory marmer the whole phenomenon of
crack ...... in the plate. The appropriate synchronization of the crack propap6on
process and the optratloa of tho IUP-speed camera was achieved by means· of an electric
circuit, which was~ as the crack started to propapte. A block diqram of the
experimeatal set-up is shown in FiB. 2.

The optical part of the experimental arranaement is shown in Fig. 1. A lipt beam was

I,.,. circuil

Fia. 2. Block diqnm of the experimental set-up.
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(0)
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Fig. 3. Photographs of specimens showing the crack propagation paths for a static (a) and a dylll.lllic (b)
loading with their corresponding oscillograms of the load variation (c. d).

emitted from each spark and reflected from a spherical mirror of diameter equal to 50 cm and of
a focal distance equal to 350 em.~ mirror could rotate about its horizontal and vertical axes
by means of micrometer screws so that the reflected light beam, after passing through the
specimen, could be focussed on each of the twenty-four lenses of the high-speed camera. Thus,
by a suitable adjustment of the frequency of the high-speed camera twenty-four subsequent
pictures can be obtained during the period of each test. A TRI-X-PAN sensitive film was used
for recording the pulse patterns on each specimen during the crack propagation.

EXPERIMENTAL RESULTS

Two series of cracked specimens with two overlapping cracks, the length of one of which
was cotlstant and equal to a = 23 mm, the length of the other varied between 10 and 20 mm and
the normal distance I between the cracks was variable, (Fig. 1) were made. The first series was
loaded quasi-statically, while the second series was loaded dynamically by the respective stress
rates already mentioned. Figure 4 shows a sequence of twelve photographs corresponding to a
quasi-static loading of the specimen with a =23 mm, b =20 mm and I =10 mm. At the tips of
both cracks caustics are formed, which can be used for the accurate estimation of the current
crack length at each time instant. Moreover, the caustics, by their size, enable the determination
of the stress intensity factors. From Fig. 4 it can be observed that only the longer crack is
propagated, while the shorter crack remains stationary. It can also be remarked that the
propagating crack is changing direction, diverting toward the stationary crack as it is approach­
ing this crack and overlapping it.

From a whole series of similar experiments it was concluded that for the quasi-static loading
mode only the crack with the larger length was propagated. Also. at the end of the propagating
crack a large amount of inelastic deformation was observed (see the last photograph of Fig. 4),
which remained for a long time after the complete fracture of the specimen.
55 Vol. 14. No. lI-l



644 P. S. THEOCARIS

o

48

80

112

140

192

208

240

304

F"II. 4. Series of photopaphs obllIincd witIl a hiIIHPeed camera in a plexilias specimen cOiltaiDiDl two
skew·puallel edIc cracks with II .. 23 nun, b .. 20 mm, I .. 10 mm and subjected to a quasi·static: loading up

to frac:ture (time in I'se<:).

Several specimens similar to those which were loaded quasi-statically were afterwards
subjected to a dynamic loading under a stress rate equal to 8 x loJ kp cm-2 sec-I. The experi.
mental results of the dYnamic loading mode can be divided into two main categories, depending
on the configuration of the cracked specimen. AU specimens in which only the longer crack is
propaaated belona to the first category. while all specimens in which the shorter crack is also
propaaated sometime dl,ll'ing the spreading of the loqer crack belong to the second category.
Figure 5 shows a sequence of twelve photographs corresponding to a dynamic loading to a
specimen similar to the one of Fig. 4. From this figure it is observed that. contrary to the
quasi-static loading mode. both cracks are propagated. An inspection of Fig. 5 shows that the
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Fia. 5. Series of ribotolnPhs obtained with hiah-speecl camera ill the specimen of Fia. 4 subjected to
dynamic \oading up to fracture (time in "sec).

longer crack is propagated first and that, as this crack approaches and overlaps the shorter
crack, a strong interaction between the cracks takes plane. At this stage the shorter crack starts
to propagate, while the propagation paths of both cracks are deviated from their transverse
paths and curved, aiming the one toward the other.

From the photographs of Figs. 4 and S the variations of the actual crack lengths La and Lb
for both edge cracks and for the quasi.static, as well as for the dynamic loading modes, were
calculated and plotted in Fig. 6 vs time t. From these plottings the crack propagation velocities
Ua and Ub were calculated as the derivatives of the curves La,b =f(t). Figure 7 presents the
variation of the crack propagation velocity Ua vs the actual crack length La for the quasi-static,
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Fig. 7. Varialion of the crack propaption velocity u. of the larger crack in a doubly-cracked specimen vs
the actual crack length L. for a quasi-static and a dynamic loadin, which do not cause a propqation of the

smaller crack.

as well as the dynamic loadiol modes. for constant lengths of both cracks a = 23 mm,
b = IS mm, and for an intercrack distance / equal to / = 10,20 and 30 mm. The configurations of
cracks in this series of specimens were such that for the dynamic loads applied to the cracked
specimens only the longer crack was propagating. From Fig. 7 it is concluded that the crack
propagation velocity Va is independent of the intercrack distance / for the quasi·static loading
mode, while for the dynamic loading mode the velocity Va is strona!y iRftuenced by this distance
l. Thus, for long cracks with lengths higher than La = 70 mm and for / > 30 mm the crack
velocity Va is highly reduced. From Fig. 7 it is also concluded that the crack propagation
velocity is larger for the dynamic loading mode than the corresponding quasi·static loading
mode.

Figures 8 and 9 present the variation of the crack propaption velocities Va and Vb for the
dynamic loading mode and for configurations of cracks for which both edge cracks can
propagate. Figure 8 shows the influence of the distance / on v.. for b = 20 mm. It is observed
from this figure that for I =10 and 20 mm the velocity of the spreading crack Va becomes, at
some step of the crack propaption, equal to zero, which means that crack~arrest phenomena
take place. In Fig. 9 the variation of the velocity of propaption of the short crack Vb vs the
actual length La of the long crack" is plotted. From this figure we conclude that Ub increases up
to a certain length of the long crack La and then it diminishes becoming equal to zero, i.e. crack
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Fig. 8. Variation of the crack propaption velocity u. of the larger crack in a double-cracked specimen vs
the actual crack length L. for a dynamic loading which causes the propagation of the smaller crack.
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Fia- 9. Variation of the crack propaption velocity Ub of the smaller crack vs the actual crack Ieqth L. of
the greater crack for the case of Fig. 8.

arrest phenomena are also observed in the short crack. The crack arrest phenomenon which
takes place on both cracks can also be observed from the six last photographs of Fi,. 5, where
it is apparent that both cracks are not propagating anymore although they are approaching
either to the longitudinal boundary of the specimen (long crack), or the already propagated and
overlapped long crack (short crack).

We can also state that, while the cracks are stationary, their caustics are increased, which
means that an accumulation of elastic strain potential energy takes place at the crack tips,
which is required for the further crack propagation. This accumulation of elastic strain energy
for the shorter stationary crack is not sufficient to initiate again the spreading of this crack.
However, after some time interval the longer crack always starts to propagate, whereas the
smaller crack remains stationary. Figure 10 shows twelve successive photographs of the crack
propagation procedure taken with a smaller frequency of the high-speed camera so that the
whole phenomenon of crack propagation be better recorded. We can derive from this figure that
at the time instant t = 256p. sec the propagation of both cracks is stopped for a long period,
during which the caustic at the tip of the longer crack increases, while the caustic at the tip of
the smaller crack decreases. This means that a strain potential energy is accumulated at the tip
of the longer crack and it increases until it reaches the critical value for crack propaption while
the corresponding energy at the tip of the smaller crack diminishes. When the required energy
reached its critical value, the longer crack starts to propagate following a new propagation path
forming a corner point with the previous one. As the longer crack propagates, the potential
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Fia· 10. Series of photQsrapbs obtaiDed~th a biIh-specd camera in a piell.llJas speeimellc~ two
skew-parallel edp cracks. It can be derived from this fIaure that while the ftrst Iarpr step of tfIe crack
propaption lasts 256 ~sec. the second SlllIiIer step lasts .." ~sec, indic:atitll silllliftcaDt clXk arrest

phenomena.

energy of the smaller crack increases; however it does not reach the required value for the
propagation of this crack.

The intercrack distance I greatly influences the critical lensth Lac of the lonacr crack for
which the shorter crack starts to pl'opapte. For the determination of the value.of the distance I
for which both cracks propagate. a series of experiments with b = 20 mm and I variable took
place. From these experiments it was concluded that the most favourable values of the distance
I, for which both cracks are propagated, are included in the interval 30 mm < I < 35.5 mm.
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Indeed, it was found that for I =10, 20 and 2S mm the critical length Lac was respectively
Lac = 70, 73.S and 80 mm. For 1= 27.5 mm the shorter crack remained stationary while for
I =30, 325 and 3S mm an early initiation of propagation of the shorter crack happened at a
length Lac == SO mm. For I higher than 37.S mm again the crack b remained stationary. This
peculiar phenomenon, showing that the dependence of the propagation of the smaller crack on
the intercrack distance I is not continuous and it is strongly dependent on the geometrical
configuration of the cracked plate will be studied in more detail in a subsequent publication.

Also the maximum value of the propagation velocity U"ma. of the shorter crack depends on
the value of the critical length Lac. This is shown in Fig. 9(b), from which it is concluded that
the propagation velocity JI" of the shorter crack increases with the time interval for which this
crack starts to propagate. Thus, for I = 30 mm, for which the propagation of the shorter crack
takes place at an early step of the propagation of the longer crack (La =SO mm), the maximum
value of the propagation velocity U"max is 260 msec-1 whereas for 1= 20 mm, for which the
shorter crack propagates at a later step of the propagation of the longer crack (La =
735 msec-1

), we have U"max = 200 msec- I
•

Considering now the dependence of the maximum propagation velocity U"ma. of the shorter
crack for a constant value of the intercrack distance I on the value b of its length, we conclude
that U"ma. increases as b increases. This is shown in Fig. 9(a). From a series of tests it was also
concluded that for I = JO mm and b < 13.7S mm the shorter crack does not propagate. It is thus
concluded that for a given intercrack distance I there is a critical value of the length b of the
shorter crack, for which this crack propagates. As the value of length b increases beyond its
critical value, the conditions for propagation of this crack become more favourable, i.e. this
crack propagates at an early step ~f propagation of the longer crack. Thus, we derive that for
b = 13.7S, IS.oo and 20.00 mm this crack propagates when the actual length La of the longer
crack takes the values La =9O.S, 73.S and 70.0 mm respectively.

From the caustics created around the tips of both cracks the values of the corresponding
stress intensity factors were determined by using relation (4). The constants entering this
relation were evaluated experimentally for the particular batch of plates made of PMMA used
in the tests and were found c, = 0.74 m2N-I

• Furthermore, the different distances in the
elements of the experimental set-up used in these particular tests were Zo =88 cm, Zi =
276 cm, A= 0.7S8. The value of the stress optical constant c, found in these tests coincides with
the value determined in Ref. [IS] under similar experimental conditions as those in the present
work. The values of the dynamic stress intensity factors obtained by using the method of
caustics in the experiments made most probably differ from the corresponding theoretical static
values. Because of the complicated geometry as the two cracks propagate and overlap and
dynamic loading of the specimen, the true values of the dynamic stress intensity factor could
not be evaluated so that a comparison between true-dynamic and static values of the stress
intensity factors was not possible.

Figure 11 shows the variation of the stress intensity factors Ka and K" at the tips of both
cracks vs the actual length La of the larger crack for the quasi-static loading mode when
b =20 mm and I = 10, 20 and 30 mm. It may be derived from this figure that the influence of the
intercrack distance I on the values of K a and K" is insignificant. In Fig. 12 the variation of Ka

and K" for a specimen with b = IS mm and 1=20 and 30 mm loaded dynamically vs the actual
length La of the larger crack is presented. For the configurations of cracks studied in this figure
only the larger crack is propagated. It is shown from this figure that the value of the stress
intensity factor K" increases continuously. However, this factor remains small enough to cause
a spreading of this crack. We can also deduce that K" becomes larger for an intercrack distance
I =30 mm than for I =20 mm, which means that the case when I =30 mm is more favourable
for the propagation of the shorter crack than the case when 1= 20 mm.

In Figs. 13 and 14 the variations of the stress intensity factors Ka and K" vs the actua'
length La of the larger crack for the dynamic loading mode when b = 20 mm and I = 10, 20 and
30 mm are presented. In all configurations of cracks corresponding to these figures both cracks
are propagated. From Fig. 14 it can be derived that the values of K" are high enough to cause
the propagation of the smaller crack.

It can be further deduced from these figures that, while the variation of K" was rather flat
presenting a weak maximum during the initiation of propagation of this crack and a weak
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Fig. 11. Variations of the stress intensity factors K. and K~ of the cracks vs the actual length L. of the
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i-:---

DyNlmie
b:1Smm

I

(A) 1:20mml
(x) 1:30mm,

____1x
--

x

--­

i

I
I

40 60 80 100
La(eraek lfllgth) - mm
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Fig. 13. Variation of the stress intensity factor K. vs the actual crack length L. for a dynamic loading
which causes the propaption of both cracks.

reduction when the two moving cracks were overlapping each other, the variation of K a for the
longer and initially propagating crack was at the beginning of the process slowly increasing,
then passing through a fiat maximum and then steadily and rapidly decreasing. This maximum
appeared when the crack was approaching the stationary and shorter crack and the decrease of
K a started when the two cracks overlap each other.

Furthermore, in Fig. 15 the value of the stress intensity factor K is presented as a function
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Fig. IS. Variation of the dynamic stress intensity factor K vs crack velocity II•.

of the crack velocity Va' The curve shown in this figure was obtained by using the previously
mentioned results for the crack velocity and the stress intensity factor at crack tips for different
crack lengths during the time interval when the cracks considered are propagated. Both cases of
quasi-static and dynamic loading of the cracks have been considered in Fia. 15. Moreover, both
types of cracks have been considered in this figure, from which it is realized that the dynamic
stress intensity factor K at a crack tip during its propagation, which is a function of the crack
length L, the applied load u on the cracked specimen and time t is dependent only on the crack
velocity V, that is

(5)

Equation (5) holds satisfactorilY, as can be seen from Fig. IS and the function KD(U) is the
dynamic fracture toughness of the material of the specimen. This function does not depend on
the crack considered, or on the way that the load u is applied, that is quasi-statically or
dynamically.

Another important result, which may be derived from the caustic patterns of each individual
test, concerns the mode of loading and the stress distn"bution at the crack tips as these cracks
propagate. It has been previously found that the orientation of the longitudinal axis of the
caustic relative to the actual axis of the crack at its tip is a measure for the evaluation of the
complex stress intensity factor K* = K1 - iKll, where K1 is the opening mode and Kll the
edge-sliding mode components of the complex value K* of the stress intensity factor [l6].
Indeed, the angle formed between the crack axis and the longitudinal axis of the caustic at each
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instant is directly related to the ratio IJ. = KillK1• Based on this fact, we have examined all series
of photographs for each individual test. As a general conclusion it may be stated that: (i) For
crack geometries where the short crack remains stationary, KIa and K Ib are operative while K llb

remains always equal to zero. Kilo is almost zero and in any case it takes only small values.
(ii) For crack geometries where both cracks propagate, there is an interaction between the cracks
when they approach each other and a deviation of their paths from their transverse orien­
tations. However, although the angular displacements of both cracks toward the other crack are
of the order of 11'14 for the short crack and of 11'/3 for the large crack, the relative rotation of the
corresponding caustics is only insignificant. This indicates that the stress field in the ligament
between the two cracks, which is at least two-dimensional, has such orientations of the
principal-stress trajectories near the crack tips, which are parallel and normal to the tangent at
the crack tips and therefore shear is insignificant there. It is worthwhile mentioning that the
higher distortion in the stress field exists at the longer crack, where the corresponding caustics
are much more rotated than those corresponding to the tips of the short cracks. In general, the
edge sliding-mode stress intensity factor KII is very small during the propaption of the cracks.
This can be derived from the fact that the axes of caustics are always almost coincident with
the instantaneous axes of the propagating crack the angles between these two axes not
exceeding in limiting cases the order of 10°. These cases appear especially when the cracks
overlap and they are angularly displaced to become almost parallel to the direction of the
applied load. This fact indicates that the stress field in the vicinity of the overlapped cracks is
complicated. A dynamic photoelastic study of these fields is actually under progress to define
the progressive variation of the field of the principal-stress trajectories when the cracks
propagate. Nevertheless it seems probable that these very small values of KII cause the cracks
to turn to maximize K1• A detailed study concentrated at the phase of propagation of cracks will
enable us to estimate the values of KII and to evaluate the influence of this factor on the
angular displacement, decceleration and finally the arrest of the overlapping cracks. In any
case, a thorough study of the stress fields in the ligaments between cracks made by photo­
elasticity may elucidate the mechanism of rotation of the propagating skew parallel cracks
which is an important phenomenon appearing everywhere in branching of cracks.

One more interesting problem is to find the variation of the dynamic stress intensity factor
during crack arrest if any. This cannot be easily determined by the experiments already made
because of the fact that crack arrest takes 'place in a very short time interval. Nevertheless, it is
believed that this problem will be investigated and reported in a subsequent paper.

CONCLUSIONS

In the present paper the behaviour of two skew-parallel aQd unequal edse cracks overlap­
ping each other during their spreading through the plate in either a quasi-static or a dynamic
tensile stress field was investigated. From this study the following conclusions can be derived:

(i) For the case of the quasi-static loading only the longer crack was propagated. while the
short crack remained stationary.

(ii) For the case of the dynamic loading: (a) The propagation of both cracks depends on the
geometrical configuration of the cracks in the plate. (b) The dependence of the propagation of
the shorter crack on the value of the intercrack distance 1 is discontinuous. (c) The value of the
maximum velocity of propagation of the shorter crack is inversely proportional to the actual
length of the larger crack for which the propagation of the shorter crack starts. (d) The
maximum velocities of propagation of the larier crack are larier than their corresponding
values for the quasi-static loading mode. (e) The maximum crack-propaption velocities for
both the quasi-static and the dynamic-loading modes are lower than the critical crack pro­
pagation velocity and the velocities obtained under purely dynamic loading.

(iii) For the quasi-static loading mode a large amount of inelastic deformation was observed,
at the end of the initially propagated longer crack, while such phenomena were not observed for
the dynamic loading mode.

(iv) The stress intensity factors at the tips of both cracks for the quasi-static modes were
always smaller than the dynamic stress intensity factors.

(v) For the dynamic loading mode and for certain geometrical configurations of the cracked
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specimens strong crack arrest phenomena were observed, resulting in large time intervals for
the complete fracture.

(vi) Although the crack path during the crack propagation is curved, the amount of the
introduced edge sliding-mode stress intensity factor at the crack tip was insignificant. However,
this small amount of Ku caused rotations of the crack-axes for maximizing the respective K,.
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