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Abstract. The optical method of caustics for measuring the dynamic stress intensity factor in atransient process
is investigated in this study. The transient full-field solutions of a propagating crack contained in an infinite
medium subjected to step-stress wave and ramp-stress wave loadings are used to establish the exact equations
of the initial and caustic curves. The results of the stress intensity factor obtained from the caustic method are
compared with theoretical predictions and some experiments. The results demonstrate that a significant deviation
can occur in the determination of the dynamic stress intensity factor from shadow spot measurements. The factors,
such as screen distance, magnitude of loading, crack speed and rising time which can influence the accuracy of
the experimental measurements are discussed in detail. In addition, the valid region of the dynamic stress singular
field for the propagating crack isdiscussed in detail and it gives a better understanding of the appropriate region of
measurements for investigators.
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1. Introduction

In fracture mechanics, the idea of the stress intensity factor of a cracked body is well estab-
lished and the measurement of the stress intensity factor becomes the major work of relative
experiments. Several experimental methods, such as photoel asticity, interferometry and caus-
tics were developed to determine such factors. The optical method of caustics, a technique
based on geometrical optics, has been successfully applied to the study of deformation fields
in solids. It has several advantages over the other optical methods due to its simplicity. The
method of caustics requires less equipment and a simple optical set-up, and it can be applied
to the investigation of both transparent or opaque materials. Therefore, it has been widely
used in many applications of fracture mechanics, especially in the measurement of static and
dynamic stress intensity factors.

The method of caustics was initialy introduced by Schardin (1959) and Manogg (1964)
was the first person who showed that the geometrical characteristics of the caustic depend on
the intensity of the crack tip singularity and was able to measure the intensity of the near-tip
stress field. Theocaris (1971) used the method in areflection arrangement, and subsequently
Theocaris and Gdoutos (1974) applied this method to examine the deformation fields near a
stationary crack tip. Inthelate 1970s, the method of caustics has been devel opedinto astandard
and efficient technique for measurement of the static and dynamic fracture toughnesses of
elastic materials. Rosakis (1980) provided analyses to account for the effects of material
inertia in the interpretation of caustic data obtained with light reflected from specimens of
opague materials. In a paper by Rosakis et al. (1983), the method of caustics for a power-law
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hardening material in a state of plane stress was established, and a relationship between the
value of Rice's J integral and the maximum transverse diameter of the shadow spot was
derived.

The caustic method mentioned aboveis based on thefact that the val ue of the stressintensity
factor can be related to features of the optical field obtained by directing parallel light through
a transparent specimen in the crack tip region, or by reflecting light from the surface of an
opague specimen in the crack tip region. There are assumptions in deriving the method of
caustics, hence the formula of the caustic used in determining the stress intensity factor is
subjected to somerestrictions. In deriving the formula of the caustic, several assumptionsare
made

(a) the specimen isin aplane stress state;

(b) the deformation slopeis small;

(c) small scaleyielding prevails;

(d) the measurements are made within the region of dominant singular field.

Hence, the caustic method should be performed under those conditionsto get good exper-
imental results. These assumptions have been carried through in most of the subsequent
applications of caustics. It is only recently that those restrictions have been investigated and
some conclusions have been made to improve the validity and accuracy of caustic methods.
Rosakis and Ravi-Chandar (1986) analyzed the limitation of the plane stress interpretation of
caustics data on compact tension specimens. The results indicated that plane stress conditions
prevail at distances from the crack tip greater than half the specimen thickness. Plasticity at
the crack tip also limits the minimum distance from the tip where optical measurements can
be performed. Analysis by Rosakis and Freund (1981) has shown that the error introduced
through the neglect of plasticity effects in the interpretation of caustics data will be small as
long as the measurement is performed in aradius greater than twice the plastic zone size. The
implicit assumptions of the usual small angle reflection in the evaluation of stress intensity
factors by shadow spot measurements are discussed in detail by Rosakis and Zehnder (1985).
The exact equations were derived for causticsformed by the reflection of light from ageneral
surface, the results demonstrated significant deviation from the approximate analysesresulting
in errors as large as 15 percent in the determination of the stress intensity factor.

Recently, many experimental results and investigations, such as Freund and Rosakis (1992)
and Krishnaswamy and Rosakis (1991), indicated that the assumption of K dominanceis not
always adequate to describe the deformed behavior in the vicinity of a propagating crack tip.
In order to explain the phenomena of experiments, Ma (1990) has used the exact solutions of
static crack and the transient stressfield of a stationary crack subjected to dynamic loading to
simulate the experiment of caustics. He hasfound that very accurate measurement of the stress
intensity factor by caustic methods can be obtained only if theinitial curvesarewithin onetenth
of the crack length for static loading and one tenth of the longitudinal wave front for dynamic
loading. Aoki and Kimura (1993) used two- and three-dimensional finite element methodsto
investigate the experiment of causticsfor apropagating crack. They declared that the dynamic
stress intensity factor depends on the incident wave form and also on the loading rate for a
short time-to-fracture. Based on the higher order transient expansion obtained by Freund and
Rosakis (1990), Liu et al. (1993) established an explicit relation between the instantaneous
value of the dynamic stress intensity factor and the geometrical characteristics of the caustic.
They a so used the Braberg problem as an exampl e problem to comparethe difference between
the classical analysis and the improved method proposed by them. Recalling the assumptions
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@), (b), (c) and (d) as indicated above, the points at which experimental data are taken can
not be too closeto the crack tip because of the restriction of the plane stress state, plastic zone
effect and small slope of the deformed surface. The points can not be too far away from the
crack tip either, because of the K dominance assumption. Hence, the region which is suitable
for the experimental measurement is an annular zone surrounding the crack tip. In this study,
we try to give some information on the determination of the outer boundary for satisfactory
accuracy of the stress intensity factor measurement by using the caustic method.

In this paper, the exact transient solutions of a propagating crack subjected to step-stress
and ramp-stresswavel oadings are used to establish the exact equations of the caustic envel ope.
Thevalidity of the stress singular field is also investigated to determine the appropriate region
for measurements with acceptable accuracy by the method of caustics. The experimental
results of Ravi-Chandar and K nauss (1984a,b,c,d) are used for comparisonwith the simulating
analysisfor the stationary crack. The factors that influenced the accuracy of the experimental
measurement are discussed in detail. Furthermore, the ratio of the exact full-field transient
stressto the stress singular field is computed numerically so that the valid region of the stress
singular field in the transient process can be investigated more accurately.

2. Formation of causticin reflection

Consider a highly polished planar specimen of uniform thickness A in the undeformed state
occupying a region in the z—y plane. If the plate is subjected to an externa loading, the
resulting change thickness in terms of the in-plane stress componentsis given by

Fy) = () = 2 (et ), )

2F
where o isthe Poisson’sratio, E isthe Young's elastic modulus and w is the displacement in
the thickness direction.

Consider a family of light rays travelling in the z-direction, normally incident on the
reflecting surface asillustrated in Figure 1. Upon passing through the specimen, the direction
of each ray is modified. The amount of deviation for each ray depends on local conditions, in
particular, on the local thinning of the specimen due to in-plane stress. If certain geometrical
conditions are met by the reflecting surface, then the extensions of the reflected rayswill form
an envelope of athree-dimensional surface in space. This surface, which is called the caustic
surface, is the locus of points of maximum luminosity in the reflected light field. A screenis
positioned parallel to the z—y plane so that it intersects the caustic surface at a distance zg
from the undeformed specimen. Under suitable conditions, the light field on the screen will
appear as a dark spot (the shadow spot) surrounded by a bright border (the caustic curve),
with diminishing light intensity away from the caustic curve. If the plane of the specimen is
the z—y plane, then let the X—Y plane be the plane of the screen, where the screen coordinate
axes are obtained by trandlating the specimen coordinate axis in the directional normal to
the specimen. The position of the image point on the screen will depend on the slope of the
reflecting surface and on the normal distance zo, the light ray which strikes the specimen at
point (z, y) then strikesthe screen at the point (X, Y'), and the optical mapping may bewritten
as (Rosakis et al., 1983)

of |0z
(0f [0z)? — (0f [ 0y)?’

X::v—Z(zo—f)l_ 2
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Figure 1. Schematic diagram of the optical reflection process and the formation of a caustic envelope.

of /9y
(0f [0z)% — (0f |0y)*

If it is now assumed that | f| < zo and that (0 /9z)? + (0f /0y)? < 1, whichisusualy the
casein most practical applications, then the optical mapping simplifiesto

Y =y 20~ f)7— ©)

X =z — 220f 0z, 4)
Y =y — 2200f/0y. ®)
If the screenintersects a caustic surfacein thereflected light field, then the resulting caustic

curve on the screen is alocus of points for which the mapping described by (4) and (5) is not
invertible and the determinant of the Jacobian matrix of the mapping must vanish, i.e.

2
9(X,Y) f  Pf 2| [ 9f 0°f 0*f
—1-25 (2L L9 g _319
d(z,y) “0 (8:}52 + 0y? “0 0zdy 02 Oy?

—0. (6)

The points on the plane of the undeformed reflecting surface for which the Jacobian
determinant vani shesarethe pointsfrom which theraysforming the caustic curve arereflected.
The locus of these points on the reflecting surfaceisthe so-called initial curve. In other words,
the curve on the specimen which maps into the caustic curve according to (4) and (5) is
the initial curve. The light rays which strike the specimen both inside and outside of the
initial curve map into points on the screen which are outside of the caustic curve. Since
the interpretation of the stress field at the crack tip in terms of the stress intensity factor is
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appropriate only in avery small region around the crack tip, the reliability of the method of
caustics dependson the size of theinitial curve. This property givestheinitial curveits special
importance. The equation of the initial curve given by Equation (6) depends parameterically
on zp, the distance from the specimen surface to the screen. If zg issmall, thentheinitial curve
will be close to the crack tip. If zp islarge, then the initial curve will be located far from the
crack tip. The size of the initia curve has to be small in order that the interpretation of the
caustic sizein terms of the stressintensity factor is adequate. Since zp isavariable determined
by the experimental set up, the position of the initial curve can be varied at will.

In linear elastic dynamic fracture mechanics, the principal application of the method of
caustic is to measure the stress intensity factor. An expression relating the dynamic stress
intensity factor K¢(t) to the maximum transverse diameter of the experimentally obtained
caustic curves is established based on the K-dominance field. When a planar Mode-I crack
extends in an elastic body with a constant velocity v, the expression of stressfield 7, + 7,
in the vicinity of the propagating crack tip can be expressed by (Freund, 1990)

4FEcq

71
" cos(6;/2), @)

r“gg)(T” + Tyy) =

where
_ hoK{(t)(1 + ad)(af — of)
- 2V2rE[doyas — (1+ a2)?)
a =12/ = (1-v?[)?

= (E+afy?)M? o =tan Y ay/E), €=z,

inwhich ¢; and ¢, are the longitudinal and shear wave speeds, respectively.

Substituting Equation (7) into Equation (1), we can aobtain the equation of the deformed
specimen surface f(x,y). Then substituting f(z,y) into Equation (6), the equation for the
initial curve based on the stress singular field can be found as follows

20Cd {3(1 — a?) cos (%L) + \/[3(1 — a?) cos (5—gL)]2 + 360412}

rl? = 5 . (®)

By substituting the deformed curve f(x, y) into (4) and (5), the mapping egquations become
X = rycost; + 2zocqr; 3/2 cos(36,/2), 9)
Y = (r;Sin6)) /oy + 20y20c4r, 2 SiN(36,/2). (10)
The equations of the caustic curve for the near tip field are then obtained by substituting

(8) into optical mapping Equations (9) and (10). The dynamic stress intensity factor can be

related to the maximum transverse diameter Dhax Of the caustic curve as follows

2V2rE[dayas — (1 + a?)?]
zoho (14 a2)(a? — a?)

Ki(t) = (Dma)®2Cra(cv), (12)
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where
Crn(cy) = 0.006763 + 0.0144380; — 0.0025270/% (12

is determined numerically by using the least squares method (Rosakis, 1980). Howevey, it is
found in this study that Equation (10) has two stationary points located at 6, = +2x/5 at
which Yimax and Ymin occur. Consequently, C, («;) can be obtained exactly and is represented
in an explicit form asfollows

1 . (2w 4 . /3r\] %2 1/2
Cm(Oél) = § |:2$|n <€> + §S|n <€>:| Q. (13)

Finally, the relation between K§(t) and Dma derived earlier in Equation (11) can be
simplified and rewritten as

1/2 o 2\2
Kf(t)— Eoy" Aoy — (14 af)?]

- D 5/2. 14
10.708z0ha (1 + a2)(a? — a2) (Dmax) 1

If v = 0, which isthe stationary case, the relation of stress intensity factor and the transverse
diameter can be reduced as

s E 5/2

K4 = 10 70820n0 (D). (13)

The derivation of Equation (14) and (15) is based on the singular stress field shown in
Equation (7). If the stressfield near the crack tip is completely characterized by the prevailing
stress intensity factor, and if theinitial curve is well within crack tip, then the features of the
optical field as observed on the screen are also known up to the value of the stress intensity
factor. But the stress intensity factor is determined by caustic methods from measurements
covering afinite region around the crack tip and the singular field may not exist within this
region. Whether or not the data obtained from the experimental observations are within the
singular field is important in the determination of the correct stress intensity factor.

3. Simulation of caustic method of a propagating crack subjected to dynamic
step-stresswave loading

Consider a stationary stress-free semi-infinite crack contained in alinear elastic homogeneous
isotropic infinite medium. This crack lies along the negative z axis and will be referred to as
the original crack. An incident step-stress wave of magnitude my parallel to the crack faces
arrives at the semi-infinite crack faces at time¢ = 0. At adelay timet = ¢, the crack begins
to propagate along the positive z axis with aconstant vel ocity v lessthan the shear wave speed
cs. The coordinate systems and the pattern of wavefronts for ¢ > ¢, are shown in Figure 2.
The transient solution can be analyzed by integral transforms together with the superposition
scheme (Tsai and Ma, 1992) and the Cagniard-de Hoop method of Laplace inversion. The
result of the transient solution of 7, + 7, after crack propagation is presented as follows

Tzz(fv Y, t) + Tyy (57 Y, t)

 2r0aY2(12 — a?) /t - {[bZ(l—AVV—ZAZJ%—?
tr

mrd2c" S (0) o (@ — NS (WA }tT dr —oH(t —ay), (16)
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Figure 2. Configuration and coordinate system of a propagating crack subjected to a step-stress wave loading.
where

[ p 1 o 1
a = = b: - = —,
A+2p a B Cs

k= 41— a?A)Y2(1 - 222 — (2 - bv2A)Y2, d=1/v,

o*(A) = (Nt (N) = Va+ A1 —av)ya— A1+ av),

i} 1 vy 1 d77
&AM—@@{—iﬁ ten niA}

T "
ad=a/(l+av), b =b/(1+bv), d=c/(1+ w),

42% o (n)||B* (n))
(02(L £ vn)? — 29?)?

a"=a/(1-av), b =b/(1—bv), d"=c¢/(1-cv),

afavg + €2 + (1 — d®A)y4Y?
1— a2 ’

(et + aPuy?) + iy [2 — a?[y? + (€ + v)?]
5 (1= B ’

€:x_]/(t_tf)7

in which p and p are the shear modulus and the mass density of the material, A is the Lame
elastic constant, a and b are the slownesses of longitudinal and shear waves, respectively,
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Figure 3. Theratiosof 7. + 7, for the transient solution and the stress singular field.

¢ = 1/cp is the slowness of the Rayleigh wave. The theoretical result of dynamic stress
intensity factor for the propagating crack subjected to a step-stresswave is

2V atTod

(1 — av)cSL(0)(c" + d)Si(d) ) (17)

From Equation (7), the stress singular field of 7., + 7, can be expressed as

2K1"(t) (1 +of)(of —of) -
(Twa + Tyy) = \/;_71'[40%@5 -1 45 a?)?] " Y2 cos(6;/2). (18)

lim
r—0

Initially, this stress singular field exists only in an asymptotically small domain around the
crack tip, and the region of validity of thisfield expandsto alarger domain astime progresses.
The ratio of the stress 7, + 7, evaluated from the actual stress (16) to the stress singular
field (18) has been computed numerical for Poisson’sratio o = 0.25 and theresultisshownin
Figure 3. Assumethat for aratio of 0.9, the actual stressis accurately described by the stress
singular field. Then, the region of the stress singular field will be valid only for points very
closeto the crack tip, within adistance from the stationary crack of 0.2 percent of the distance
to the cylindrical longitudinal wavefront. It isalso indicated in thisfigure that the valid region
of the stresssingular field for the propagating crack is much smaller than that for the stationary
crack. The stress singular field will be valid with a distance from the propagating crack tip
of 0.04 percent of the distance to the longitudinal wave front for » = 0.1y;. The region of
validity of the stress singular field is time-dependent in the highly transient process. Hence,
the use of the singular field to represent the actual stress field should be carefully considered,
especialy in the early stages of the dynamic transient field.
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In order to simulate the caustic experiment, one must substitute the full-field solution (16)
intotheinitial curve Equation (6) and the mapping Equations (4) and (5) by using Equation (1).
These requires the first and second derivative of (16) and they are given as follows

0.
9 _oim {[b2(1—>\y)2—2>\2]6—;\}7 (19)

o af (N (@ = X)S=()
of of (N)[PP(1 = av)2 — 2032
8_y:_®|m{ NCESNCAN, 3t}, (20)
and
0? OMNZ  _ 9P\
2 2 2
g—yé =0Im [ny (%) + Eyy%] : (22)
0? X2 0?
where
hvToa/?(b? — a?)
- Ernc'kd?S%(0) '
Qs = ! (0" (N)(d = NS (V)
B CHOY DY I PY I -
(b® — 6M% — 4b2w ) + 362°X2) — A[b?(1 — Av)? — 2)\?][0.5(1 — av)
oL (N7 = N)SE(A) — @t (W)SEN) — at(W)(d = NSE ]},
1 ! * *
Qyy = e = A)Si()\)]z{)\(c — A)SE(A)[-0.5(1 4 av)al, (N)
[02(1 — A)? — 207 + (=X + a®v?X — a®v)a’ () 0P (1 — Av)? — 207
+2(=b% + V2PN — 20" (Aot (V)] — a* (V) (N)
[2(1 — )% — 2XF[( — N)S*(A) — ASE(A) — A(d — N)SC ()]},
1 ' . (3
Qpy = o= )\)Sf(k)]z{(c —X)S* (A)[-0.5(1 + av)a* (N)t

[02(1 — )% — 2X%] 4 2(—b%v + b2PX\ — 2\)a* (A)] — a* ()

[b%(1— M) =202 [-5* (A) — (¢ = NSP(V)]},
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D2 (1 — \v)? — 2)?]

ST A N@ =S

o (Nt (W) [B2(1 — Av)2 — 2)

—_ —
(=) —

Sw T A — NS\ ’

o (N)[D?(1— Av)? — 2\7]

Sey = @ — NSy

-1 ¥ 422 |o* * d
520 = {7 [ tan™? [(bz(l|_ olle éZl')z] T _"A)z} SZ(N).

We choose material 4340 steel and specimen thickness h = 5mm for numerical simulation.
Thematerial propertiesof 4340 steel arep = 7860kg/m3, E = 210GPa, 0 = 0.29and K¢ =
68.5MPa, which yield the wave speeds ¢; = 5401 m/s, ¢, = 3218 m/sand cy = 2945m/s. It
is assumed that the stationary crack starts to propagate as the dynamic stress intensity factor
reaches its critical value, i.e., the fracture toughness Kc. In view of Equation (8), it can be
seen that the size of theinitial curve depends on the screen distance zg, crack velocity v and
the stressintensity factor for a specified specimen. If the stressintensity factor keeps constant,
theinitial curve could be adjusted by changing the distance zg. However, if the stressintensity
factor or crack velocity variesin a dynamic experiment, one does not have close control over
theradius of theinitia curve other than limiting its variation through ajudicious choice of the
screen distance zg. In order to minimize the error due to the varying size of the initial curve,
it is necessary to determine the reference distance zq that would provide small initial curves
over alarge range of stressintensity factors.

Figure 4 shows the results of the simulation for different values of screen distance zo.
In this figure, K{(t) is the stress intensity factor obtained by the caustic method from the
simulating experiment, and the solid line representsthe theoretical predictionin (17) under the
assumption of a stress singular field. It is seen clearly that the errors between simulating and
theoretical resultswill grow asthe reference distance zg increases. It meansthat the size of the
initial curveincreasesgradually as zg increases and the assumption of astresssingular fieldis
not adequate. Figure 5 showsthe results for a higher magnitude of loading condition. It can be
seen that the corresponding error by using the caustic method as shown in Figure 5 becomes
larger than that shown in Figure 4. It indicates that for ahigher load level, the transient effect
is much more significant than for the lower load level. The reason is that the stress intensity
factor increases as the magnitude of applied loading increases and the size of the initial curve
will extend to alarge region in which the assumption of stress singular field isinvalid.

4. Simulation of caustic method of a propagating crack subjected to dynamic loading
with risetime

Inthe previoussection, it has been assumed in the theoretical analysisthat thetime dependence
of the stresswave loading isasimple step in time. In experiments, it is impossible to produce
a true step profile, instead, the loading pulse has a finite rise time. In order to compare the
simulating results with the results obtained from experiments, the analysisis extended to the
casethat theloading pulse has afinite rise time. Supposethat at time ¢ = O, theincident plane
wave arrives at the crack faces of the stationary crack and the crack pressureincreaseslinearly
from zero at the instant. After some finite rise time Tk, the magnitude of pressure reachesits
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Figure 4. The normalized stress intensity factors for different values of zo under low step loading.
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Figure 5. The normalized stressintensity factors for different values of zo under high step loading.
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maximum value 7o, and then maintains constant for ¢ > Tz. Attime ¢ = ¢, the crack begins
to propagate with a constant velocity . Making use of the integral transform method and
the superposition method in the Laplace transform domain (Tsai and Ma, 1992), the transient
solution of 7, + 7, can be obtained and is expressed as follows

Ta:a:(fa Y, t) + Tyy (57 Y, t)

B 210aY?(b? — a?)
~ Trmd’kd?S%(0)

tr tr

x { / "= 1) IMRO)] ey dr — / T~ ) M) dT}

- [t;:y Hu_ay%%“(t—ay—h)}a (24)
where
— [bz(l - )\V)Z — 2>\2](9>\/8t
Y= A (M) (¢ = A)SE(N)
tr, = a{aV§ + [52 + (1 — azyz)yZ]l/Z}

1— a?v?

(et + @) + iy 12— a?ly? + (€ + )7
N T '

Substituting (24) into (1), we can obtain the deformation curve and the first and second
derivativesof f are given asfollows

g_g —m { / MRy dr — [ T IMAR()i=r df} , (25)
L { [ mia O d = [ imlat (ROl dT} , (26
‘3%’; = RUMNRON)] H(E — £1) — IMAZRA)] i1, H(t — t1, — Tr)}, (27)
0L = mmla (PROIHG ~ 1)

—Im[a* (A\)?R(N))i=t 1 H(t — tr, — Tr)}, (28)
o .
90y = N{IMmAa”™ (N)R(N)]H(t —t1)

—ImA (NRN) ety H(E — tp — TR) 1, (29)
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where

B hvroa?(b? — a?)
~ TrEmdkd?S%(0)

The analytical result of dynamic stress intensity factor for this problem has been solved by
Maand Freund (1986). For T < ty, thesolutionis

( 47'0w0 3/2
— O<t<T
37TTR ? < < R7
Ki"(t) Arowo 372 3/2
= toc —(t =T, , Tr<t<ty, 30
T =\ aer -t TWT Th<t<ty (30)
4rowook (d) 3/2 3/2
— ¥ (t—T
3nTh [t (t—Tgr)7"], ty<t<oo,
where
2a(b? — a?)
wo = bz )
d
k(d) =

(1—a/d)Y2(¢" + d)Si(d)

Fort; < TR, thesolutionis

( 47_0w0 3/2
—1 O<t<t
37TTR ’ Sts P
K{h(t) 47'0w0k(d) 3/2
= t7e, Tr <t <ty 31
o 3 Th R f (31)
4rowok(d) 372 3/2
— =t =T t t .
3, 1= (= TR,y <t <o

We choose material 4340 steel and specimen thickness » = 5mm for numerical simulation
of caustic. Figures 6 and 7 show comparative results between simulation and theoretical
prediction for different values of zg under lower load level and higher load level, respectively.
For alow magnitude of loading, the simulating results are very close to the theoretical results
(solid line), which means that the initial curves for these cases are within the K field and
the difference from the theoretical valuesis very small. While for a high magnitude of load
as shown in Figure 7, large errors will occur and errors increase as zp becomes large. These
figures also show the fact that at a specific time ¢ for fixed v and zp, a higher load level
will imply larger initial curve radii. The comparative results for different values of 7o/ E are
shownin Figure 8. It can be seen very clearly that ahigher load level will induce larger errors.
Figure 9 showsthe simulating results for different valuesof risetime T;. Thisfigureindicates
that the loading pulse with different rise time does not have great influence on the simulating
results.
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Figure 6. The normalized stress intensity factors for different values of zo under low ramp loading.
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Figure 8. The normalized stress intensity factors for different magnitudes of ramp loading.
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In the work reported by Ravi-Chandar and Knauss (1984), along edge crack was cut into
a large rectangular sheet of Homalite-100 along a symmetry line. The specimen was then
subjected to asmall tensile load in the direction perpendicular to the line of the crack, mainly
to hold the specimen in space. A continuous copper ribbon of the same lateral dimension as
the thickness of the plate was then doubled over and placed in the slightly open crack. Thefold
in the ribbon was as close to the crack tip as possible, and one side of the doubled ribbon was
adjacent to each crack face. A large capacitor bank was then discharged through the ribbon.
The mechanical forces induced by the electrical current flowing through the copper ribbon
caused the opposite sides of the ribbon to repel each other and, in so doing, applied essentially
uniform normal pressure on the crack faces. Thetime variation of thispressuredistribution was
approximated very well by alinear increasein magnitude up until sometime after application
(the elapsed time is called the rise time T';), and then by a constant magnitude thereafter. It
was observed in the experiment that the onset of crack growth, which is denoted by ¢, here,
might be greater or less than rise time 7';. The dimensions of the specimen were such that the
waves generated by the loading devicewould not be reflected back onto the crack tip for about
150 s after application of the pressure. Therefore, for all practical purposes, the situation is
that of semi-infinite crack in an unbounded body subjected to spatially uniform pressure over
the initial crack faces during the early part of the experiment. In addition, for time ¢ > ¢y, it
was observed in the experiments that the crack tip moved with constant speed until the first
reflected waves arrived from the remote boundaries. The properties of Homalite-100 given by
Ravi-Chandar and Knauss are p = 1230kg/m3, E = 4550MPa, and o = 0.31, which yield
the wave speeds ¢; = 2057m/s, ¢, = 1176 m/sand cg = 1081 m/s.

In this paper, the loading type of our analysisis different from that of Ravi-Chandar and
Knauss. However, the situation before the onset of crack growth is just the same as that
performed by them. Consequently, we used the experimental data reported by Ravi-Chandar
and Knaussto simulate and make a comparison of their results with the theoretical prediction.
One of the screen distances zp used by Ravi-Chandar and Knauss, 168 cm, is adopted for
numerical simulation, and the results are shown in Figures 10 and 11. In these figures, the
stressintensity factor induced by the preload reported by Ravi-Chandar and K nauss hasalready
been cancelled such that the stress intensity factor starts at the origin. The prediction of the
stressintensity factor ispresented by the solid line, the experimental dataand simulating results
aremarked by asterisk and square symbols, respectively. Figure 10 showsthe numerical results
for lower load level and lower crack tip speeds. It can be seen that the agreement between the
theoretical prediction in (30) and numerical simulation is very good. It is aso observed that
the experimental results of higher crack face pressure (7o = 1.1 MPa) in thislower speed case
induce larger errors compared with prediction. Figure 11 shows the comparative results for
higher load level and higher crack tip speeds. It isworthy to note that the simulating resultsare
gradually far away from the theoretical prediction in both stationary and propagating stages.
In addition, it can be seen that errors between experimental and theoretical resultsincrease as
the magnitude of load increases. However, the experimental results are close to the simulating
results, and it means that the initial curves for these cases are not within the K field and the
difference from the theoretical valuesis very large.

5. Conclusions

The dynamic fracture problem has been explored experimentally in increasing detail recently.
The goal of these experiments is to determine the appropriate fracture criterion. Interest in
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the dynamic stress intensity factor stems from its potential as a driving force for the fracture
process. The main technigque employed to determine the dynamic stress intensity factor is
the caustic method used in conjunction with a high speed camera. Once the dynamic stress
intensity factor is known, the crack tip stressfield is then completely determined. In analogy
with quasi-static fracture, the singular field is expected to dominate the crack tip stressfield at
least in asmall neighborhood around the crack tip. The extent of this region of K dominance,
however, is not well established particularly under transient conditions.

In this paper, the exact transient solutions of a propagating crack subjected to step-stress
and ramp-stress wave loadings are used for caustic simulations. The error induced from the
caustic method to evaluate the stress intensity factor under assumption of the singular field
dominance is analyzed in detail. It is found that the simulating results will be close to the
theoretical prediction as the size of initial curvesis within the K field. This means that one
must control the region of theinitial curvein experiments carefully through ajudicious choice
of the screen distance zp. It is aso found that the validity of the stress singular field for the
propagating crack is much smaller than that for the stationary crack. Therefore, the use of
the singular field to represent the actual stress field must be carefully considered in the early
stages of transient processes.

Some experimental results reported by Ravi-Chandar and Knauss are used for comparison
with the simulation results. Because of the difference in the loading condition, only the exper-
imental data for the stationary crack is compared with the theoretical simulation. However,
the successful interpretation of the experimental measurement of the stress intensity factor
by the caustic method might be extended to study the discrepancies of the experimental and
theoretical results in (Ma and Freund, 1986) and (Ravi-Chandar and Knauss, 1987). This
would need further study in the area.
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