Ultrasound diffusion for crack depth determination in concrete
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The determination of the depth of surface-breaking cracks in concrete specimens using an
ultrasound diffusion technique is discussed. Experiments were carried out on precracked concrete
specimens of varying crack deptf@—40% of the specimen thickng¢s€ontact transducers were
placed at the specimen surface with source and receiver separated by the crack. Tone-burst
excitations over a frequency range of 400—600 kHz were used. At these frequencies, ultrasound is
scattered considerably by the heterogeneities in the concrete. In the limit of many scattering events,
the evolution of energy may be modeled as a diffusion process. The arrival of the peak diffuse
energy at the receiver is delayed due to the presence of crack. This delay is the prime indicator used
for determining crack depth. Numerical and analytical analyses were also used for comparison.
These results are in basic agreement with the experiments. In addition, these analyses are used to
study the limits of this technique. In particular, it is shown that this technique is applicable to cracks
greater than the scattering mean-free path, which is estimated at about 1 cm for these specimens.
Aspects of practical implementation are also discussed.2084 Acoustical Society of America.
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I. INTRODUCTION waves must be used. These can be difficult to generate with
) . sufficient energy without damaging the surface. Ultrasonic
Concrete structures are continually subject to effects thagyijed wavegLamb waves have also been used to detect
degrade their structural integrity. Near-surface damage i'aamage in concrete beams and to detect delaminations be-
concrete may take the form of distributed microcracks Oty een steel bars and concrételowever guided wave test-
distinct, large cracks that extend to the surface of the struci-ng is complicated by the presence o’f the many available

ture. Damage from microcracking develops at length Scaleﬁwodes and by the difficulties associated with deep slabs. It is

that ‘are smaller than the size of the majority of th?also difficult to generate a low-frequency guided wave using

aggregaté.However, large cracks can result from mechani- :
. ) . . commercial transducers.
cal overloading, freeze—thaw cycling, by drying shrinkage, .
. The response of a heterogeneous elastic body to a propa-
or from the coalescence of many microcracks. Several recentatin wave is a function of the wavelenath in comparison
research articles report efforts to determine nondestructivel 9 9 P

the depth of surface-breaking cracks in concrete using elast\ ith r’c]he Ienﬁth sgale (f)f ;he heterogenemr-,\ls. Wr:' en \;vave-
stress wave time-of-flightwave velocity technique$= In engths on the order of the microstructure length scale are

these papers, the crack depth is determined if the velocity dised. a large amount of scattering occurs. The scattering pro-
wave propagation in the intact concrete is known and a pa/c€SS causes the elastic wave energy to propagate in directions
ticular wave path and wave pulse—crack interaction are agvhich do not coincide with the incident wave. The propagat-
sumed. The frequency range for these experiments varig§d Wave is attenuated due to these scattering losses. The
from 0 to 100 kHz. A frequency of 100 kHz corresponds to aScattering process is generally energy conserving—the scat-
wavelength on the order of a few centimeters in concrete. If€red energy is not lost, but is no longer in phase with the
the impact—echo methddthe user must interpret the re- €Xciting wave. Additional attenuation is caused by true dis-
corded echo signals. Quality interpretation requires a usetiPative mechanisms. Thus, the material response becomes a
experienced in waveform recognition. Other researchers uggmbination of coherent and diffugencoherent energy. If
frequencies in the range of 0 to 70 kPI2The wave source the initial energy scatters many times during its path from
is due to the impact of a steel ball on the specimen surfaceource to receiver, it is expected to behave as a diffusion
as in the impact—echo method. Surface wave methods hawfocess. Previous one-dimensional diffusion experiments in
also been used to characterize the microstructural properti€oncrete have shown that the ultrasonic diffusivity and dis-
of concrete such as grain size, porosity, or microcracksipation may be extracted from such measurenterits.
distribution” The penetration depth of the surface waves ismany cases, the evolution of the diffuse energy occurs on a
on the order of one wavelength. Hence, methods that utilizenuch longer time scale than the time necessary for the co-
surface waves are, in general, insensitive to deep cracks. Teerent wave to propagate across the specimen.

detect deep cracks by surface wave methods, low-frequency In this article, a new technique is discussed to determine
the depth of surface cracks in concrete by exploiting the

@Author to whom correspondence should be addressed. Electronic mair:m'”t_mIe scattering proper_tles of the _Concrete' In the next
jaturner@unl.edu section, the concrete specimens are discussed. In Sec. lll, the
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TABLE I. Specimen details. evolution was modeled as a two-dimensional diffusion pro-

% Crack depth cess. The analytical solution was compared with the experi-
Specimen ID  Dimensionécm)  Crack depthcm)  to slab depth ~ Mmental solution to determme the scattering properties of the
concrete. In this section, the extension of the one-

Slab 1 60.96(60.96<20.32 0 0 dimensional results to the two-dimensional diffusion prob-
Slab 2 60.96 60.96x 20.32 1.27 6.25 | | for th labs is di qi £ th
Slab 3 60.96¢ 60.96x 20.32 381 18.75 em relevant for these slabs is discussed in terms of theory,
Slab 4 60.96 60.96x 20.32 7.62 37.50 numerical modeling, and experiments.

results for the uncracked slab are presented. The on
dimensional diffusion resuftsare extended to two dimen-
sions representative of the slab geometry considered here. The diffusion of ultrasonic energy through a concrete
The ultrasonic diffusivity and dissipation were determinedslab with no crack is modeled by the two-dimensional diffu-
from experiments by comparing the experimental resultsion equation with dissipation. The equation is given by
with an analytical solution of the two-dimensional diffusion 2 5
process. These parameters. may al§o be extracted from,eﬁ<—2+—2><E(x,y,t))——(E(x,y,t))—a(E(x,y,t))
periments on cracked slabs if a location away from the major \ dxX® dy gt
crack is used. For all measurements, the diffuse energy field —f(x.yi1) 1)
was determined by low-pass filtering the square of the trans- RO
ducer response. In addition, these results were comparggith forcing condition
with the solution obtained numerically from the two-
dimensional diffusion equation. In Sec. 1V, the analysis for  f(x,y,t)=Eqd(X—Xg) 8(y—Yo) o(t—tg), (2
the slabs with a major crack is presented. The experiments
were conducted on three cracked specimens. The time shifthereE(x,y,t) is the ultrasonic spectral densitgnergy per
of the peak amplitude of the diffuse energy can be used t@rea, per frequency bandwidtD is the ultrasonic diffusiv-
determine the depth of the surface-breaking crack. Based dfy With dimension length squared per timejs the dissipa-
dimensional analysis, the time shift is expected to be proportion with dimension inverse time, arig}, is the initial energy
tional to the square of the crack depth divided by the diffu-which is deposited at timé=0. Equation(1) describes the
sivity. This scaling with crack depth has been confirmed. Thevolution of the ensemble average energy density for an in-
experimental values were in agreement with the numericdinite medium. For the case considered here, Neumann
results. The potential advantages of this technique over othd&oundary conditiongzero flux across the boundarjeare
methods include the ease of excitation at high frequenciegnforced at the specimen boundaries. The series solution of
and the sensitivity to deep cracks. Also, it is not necessary t&d. (1) for the source located &, andyy is given by
determine the wave velocity and other wave propagation pa-

m’ﬂ'yo
The limits of this technique are its insensitivity to shallow I cos( p )
cracks and possibly low signal-to-noise ratio, although suffi-

. . . ~ ~ nmwX
rametergwave path, interaction with geometry of the slab E(xy,t)= { 14 E E 4 co 3( 0
cient repetition averaging can be used to overcome the latter. Xcos{ nwx) cos( mwy) efo[(nw/|)2+<mw/p)2]t
I

% Analytical solution

n=1m=1

Il. SPECIMEN PREPARATION

Four specimens were cast with 47 BD bridge deck slab +n§1 2 COﬁ{
concrete having a compressive strength of 35 MPa with

nTerO) cos( mlrx) o Dl(n/)2t

varying notch depth(0%—40% of the thickness. The - mary, M7\ oimarp)?t
notches were created by placing a steel plate of 3-mm thick- +mz‘1 2co p |99 /€

ness in the mold before casting it with concrete. Cast oil was

applied to both sides of the steel plate to facilitate easy re- XEqe” ", ()

moval. After the initial setting time, the steel plates were ) i

removed from the mold and the specimens were coveretynerel andp are the lateral dimensions of the slab. _
with burlap. After 24 h, the specimens were demolded and ~ Figure 1 shows example energy curves calculated using
cured in a fog room for the next 28 days in order to reduceEd- (3) for different combinations of ultrasonic diffusivity

the likelihood of shrinkage cracks. Specific details of the@nd dissipation values usinig=0.6 m andp=0.2m. The
specimens are shown in Table I. vertical positions of the source and receiver are identigal (

=Yo=0.2 m), while the horizontal positions are equidistant
from the center of the slab and separated by 6 o (
=0.27m andx=0.33m) Steeper curves correspond to

Previously, the diffusion of ultrasound in concrete cylin- higher dissipation. The peak arrival time of the diffuse en-
der specimens was modeled as a one-dimensional procesgy is an important parameter in determining the depth of
which does not apply to the slab geometry of interest fere.the surface-breaking crack. Figure 1 shows that this peak
To recover the diffusivity and dissipation, the diffuse energyarrival time decreases for higher values of dissipation.

IIl. UNCRACKED SLABS
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FIG' L Analytical solution, Eq(3), for diffusivi_ty of 12 rrf/s and dissipa- FIG. 2. Diffuse energy for slab uncrackedl by analytical and numerical
tion varying from 3000 to 27 000 1/s assuming slab dimensien8.6 m methods for a separation distance of 6 cm.

andp=0.2 m. The vertical positions of the source and receiver are identical
(y=Yyo=0.2 m), while the horizontal positions are equidistant from the cen-

ter of the slab and separated by 6 cra£0.27 m andx=0.33 m). The typical time step used in the numerical analysis
ranged from 0.2 to 2us. To check for convergence of the
code, the analysis was carried out by varying the number of
elements in the rectangular domain. It was found that the
A finite-element code was developed for solution of thenumerical solution compared well with the analytical solu-
diffusion equation given by Eq(1) with forcing condition  tion (with a relative error of a few microseconds for the peak
given by Eq.(2). The cross-sectional details of the experi- grrival time for 1200 elements. Increasing the number of
mental specimens given in Table | were used for creating @lements to 2400 increased the computation time consider-
rectangular domain for this model. The rectangular domairyply and did not significantly affect the peak arrival time.
was discretized and meshed with bilinear reCtangUlar eleSince the main measure of crack depth is the peak arrival
ments, and the boundary of the domain was modeled withme, 1200 elements was judged sufficient for resolving this
the appropriate Neumann boundary conditions. By using thgeak time. Figure 2 shows the comparison of the diffuse
divergence theorem, the weak formulation of the diﬁUSionenergy obtained by ana|ytica| and numerical method<for

B. Numerical solution

Eq. (1) is given by =12 nf/s ando= 15000 1/s. The peak arrival time depends
on the diffusion parametei3 and o as well as the source—
JE dv JE dv JE . h . . .. .
f —0E—Eg|+D——+D— —|dxdy=0, (4) receiver separation distance. This dependence is illustrated in
at gx ox. 9y dy Fig. 3. The peak arrival time, calculated numerically, is plot-

tion 7(x,y) used for calculatlng the approximate energy, “combinations oD ando The peak arrival time varies from
and EO is the initial energy deposited. The finite-elementt®ns of us to hundreds ofus. It can also be seen that the

approximation is given by

0.35 T T T
Diffusivity Dissipation
E(x,y,t)~ 2 EF (D) 47(x,y), (5 0l (nfs) (1/s) |
a) 12 26000 f)
whereE; is th_e value ofE(x,y,t_) at a point.«j ,Yj) attime T o2sf b 12 13000 .
tand z//f(x,y) is the basis function. In matrix form, the tran- g o 5 26000
sient energy equation at the elemental level is given by Z o02f 9 12 250 1
£ & 5 13000
[MCHE®}+[K HES}={f°}. ©® £ ol
5 o
Q.

A forward difference scheme was used to solve &{}. The
time stepAt for the numerical analysis was chosen such that 0.1r
the stability criterion given by

005
At<AtC,=—}\ , (7) o , 1 ‘ ‘
max 3 4 5 6 7 8
is satisfied. In Eq.7), Amax IS the largest eigenvalue of Distance from source (cm)
-1
[M 1[K], Where[M] anq [K] are the global mass and g, 3. Numerical results for peak arrival time as a function of source—
stiffness matrices, respectively. receiver separation and ultrasonic diffusion parameessd o.

J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Ramamoorthy et al.: Crack depth determination 525



Function I
Generator Diffusivity = 12 m s
Dissipation = 15000 1/s
10°
[}
©
Oscilloscope - =
Preamplifier =
£
<
. o -1
Receiver Source S0
GPIB Board P
Computer Concrete Slab
Lab View (Data Acquisition) 102 ) ) )
-0.1 0 0.1 0.2 0.3 0.4 0.5
Time (ms)
FIG. 4. Schematic layout of experimental setup. FIG. 5. Comparison of experimental data with analytical and numerical

results to recover the scattering coefficients.

separation distance is more critical, in terms of peak arrival
time, for certain combinations d ando. significant change occurs in the solution if the number of
terms is increased beyond 50. The diffusivity and the dissi-
pation in Eq.(3) were adjusted until the analytical and ex-
perimental curves were best matched. Since the initial energy

Experiments were first conducted on slatfwithout a  depositedE,, is not known, the amplitude of the analytical
crack for comparison with the analytical solution given by solution was scaled to match with the experimental data. The
Eq. (1). The schematic layout of the ultrasound diffusion scattering parameters obtained by comparing the experimen-
experiment is shown in Fig. 4. The source transducer, a@al data with the analytical solution for different separation
25.4-mm Panametrics contact transducer with a central fredistances were in agreement with the data obtained at the
quency of 500 kHz, was coupled to the top surface of theminimum separation distance between the source and re-
slab. The receiving transducer, a Valpey-Fisher point-like pirceiver. Experiments were also carried out for the other slabs
transducer(2.5-mm diametgrwas located at a separation (slab 2, slab 3, and slab) 4t a location away from the
distancer from the center of the source. Both the source andsurface-breaking crack. A comparison of the diffuse energy
receiver were coupled to the specimen with a viscous coudata for the different slabs confirms the assumption that the
plant. The diffuse energy was obtained for different separascattering properties of the concrete slab can be determined
tion distances. The transducers were placed away from thigy measuring the diffuse energy field at locations away from
edges to avoid edge effects. The source transducer was exrajor cracks and boundaries.
cited with a 5-cycle tone burst over a frequency range of
400-600 kHz using an arbitrary waveform generator. Th
output from the receiving transducer was preamplified aniv' CRACKED SLABS
then digitized by an oscilloscope. To improve the signal-to-  The cracked slabs have surface breaking cracks of vary-
noise ratio, repetition averaging was us@0 averagegs ing depth(slab 2, slab 3, and slab.4The scattering proper-
The oscilloscope was connected to a personal computefes recovered from the uncracked slab were used to deter-
through a GPIB board andlaBvIEw program was used to mine the predicted peak arrival time in the numerical
acquire the average waveform. The square of the waveforranalysis for different crack depths. The lag time, defined as
data was then filtered using a low-pass filter. The result is @he difference between the peak arrival time of the diffuse
quantity proportional to the diffuse energy. The diffusivity energy in the cracked and uncracked regions, is the measure
and dissipation of the concrete slab were obtained by comused here to infer the crack depth. Comparison between ex-
paring the energy data with the analytical and numerical reperimental and numerical lag times was used to evaluate this
sults. technique.

Figure 5 shows the comparison of the experimental dif- _ .
fuse energy with the analytical and numerical results for af™ Analytical solution
input frequency of 500 kHz at a source—receiver separation For the cracked slab case, the governing equation re-
distance of 6 cm. The experimental results behave accordingiains the same. However, in addition to the Neumann
to the proposed model only up until about 0.2 ms. After thatboundary conditions at the slab boundaries, an additional
time, the decay is no longer exponential. This type of behavboundary condition is imposed, i.e., no flux across the crack.
ior was often observed and is presumed due to the variatioBecause an analytical solution for the problem of a slab with
of dissipation within the frequency band. At these frequen-a crack is not yet available, the numerical solution was the
cies, the change of dissipation can be drantalibe analyti-  primary measure for comparison with the experiments on
cal results were computed using 50 terms in E2). No  cracked slabs.

C. Experiments
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C. Experiments

The experiments on the cracked slabs were essentially
identical to those for the uncracked slab. The source trans-
ducer was placed on one side of the crack and the receiver
was placed on the other side of the crack as shown in Fig. 4.
Figure 8 shows the waveform data obtained by the receiver

0 Origin t=244ps| X for which the source and receiver were placed in an un-
0 0.2 0.4 06 cracked region. Figure 9 shows the waveform data for the
source—receiver pair placed across the crack. Comparison of
FIG. 6. Diffuse energy field for a crack depth of 30% at 11, 132, and 244 Figs. 8 and 9 shows the delay in the diffusion process clearly.
(D=12nfls, 0=15 000 1is). There is a delay in the arrival of the peak diffuse energy
when compared with the arrival of the diffuse energy ob-
tained by receiver placed at the uncracked region of the slab.
The delay in diffusion is due to the absence of flux transfer
For the cracked slabs the mesh discretization, elemerticross the crack. This delay in arrival of the energy is the
type, and number of elements were similar to those used fd?rime factor in assessing the depth of the surface opening
the uncracked slab. The crack was created at a given locatidifack-

by adding another set of nodes at the same location as exist- '€ diffuse energy was obtained from the waveform
ing nodes to the required crack depth. The element conne lata by squaring the transducer signal and filtering with a
w-pass filter. The cutoff frequency for the low-pass filter

tivity of the nodes at the crack location was changed such’
that the zero-flux condition across the crack is satisfied. Fig-
ure 6 shows the full diffuse energy field at times 11, 132, and
244 us, respectively, for a crack depth of 30% of the slab
depth @ =12 n?/s,c=15000 1/s). The diffusion process
and the delay in the arrival of the diffuse energy across the
crack is clearly depicted. The analysis was carried out for -,
different combinations of diffusivity and dissipation. The re- 2
sults clearly show the delay in the peak arrival time of theg
diffuse energy across the crack when compared with the dif§
fuse energy for the same source—receiver separation distanc -
at the uncracked region. Figure 7 shows the lag time for
different crack depths and for different source—receiver sepa:
ration distances for select values of diffusivity and dissipa-
tion. The trend is similar for all separation distances, sug-

0.2

0.1

B. Numerical solution

.80 - 4

gesting that this distance is not critical for practical -199, ) 02 0a 06 o8 ]
implementation. It is also clear that the lag time is a function Time (ms)

of separation distance between the source and transducer He. 8. Typical waveform data in an uncracked zone for an input frequency
expected. of 500 kHz and a source—receiver separation distance of 6 cm.
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FIG. 9. Typical waveform data across the crack for an input frequency of!G. 11. Comparison of experimental diffuse energy with numerical results
500 kHz and a source—receiver separation distance of 6 cm. for slab 4(37.5% crack depth

o . cutoff frequency than it was for shallow cracks. The agree-
was selected by considering the stability of the energy datg,ent phetween the experimental results and the numerical re-

with respect to cutoff frequency and by considering the fluc s is very good. The inversion of experimental results to
tuations in the energy data. The results were scaled such thgtiermine crack depth can occur if the diffusivity and dissi-

the initial rise of the experimental and numerical datapation are determined in a sample region away from bound-
matched. Figures 10 and 11 show the comparison of the eXginc and large cracks.

perimental diffuse energy with the numerical data for slabs 3 Trends observed in numerous numerical simulations

and 4, respectively, with a separation distance of 6 cm bespq,y that the lag time can always be fit by a second-order
tween the source and the receiver for a cutoff frequency of,ynomial function of crack depttf. The quadratic term is

10 kHz. By comparing the peak arrival time of the waveformjqersely proportional to diffusivity as expected, and the lin-
across the crack with the peak arrival time of the data obgg; term s inversely proportional to the dissipation. This
tained at the uncracked region, the lag time for differenty e must pass through the origin since there is no lag time
crack depths was determined. This lag time is due 1o gy, 5 zer0-depth crack. Thus, there is not a constant term in
presence of the crack. Figure 12 shows the comparison of g5 polynomial. The experimental data show that this pre-
time obtained by numerical analysis and by experiments fofjicieq dependence does indeed hold, at least for the values of

different crack depths. The error bars for the experimentapy anq  relevant for the concrete samples examined here.
lag time were determined by low-pass filtering the waveform

data for three different cutoff frequencig€d4, 10, and 25 v CONCLUSIONS

kHz). The standard deviation and average values of the three In this article. it has b h that in liaht of
peak arrival times were used to calculate the error bars. For n nis articie, 1t has been shown that in fignt of many

. . o scattering events the evolution of ultrasonic energy in a con-
deeper cracks, the peak arrival time was more sensitive to the
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FIG. 12. Lag time vs crack depth for a source—receiver separation distance
FIG. 10. Comparison of experimental diffuse energy data with numericalof 6 cm. The solid line is a quadratic curve fit to the numerical data and the
result for slab 318.75% crack depih error bars correspond to the experimental results.

528  J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Ramamoorthy et al.: Crack depth determination



crete slab can be modeled as a two-dimensional diffusioBridge Research OrganizatigNaBRO) at the University of
process. The ultrasonic diffusivity and dissipation were deNebraska-Lincoln is gratefully acknowledged by the authors.
termined by comparing the experimental results with the
analytical solution for a concrete slab without a crack. The
results also compared well with the experimental results ob-
tained in regions of the specimens that are not near bound-
aries or large cracks. The lag time was obtained by comparis. popovics and J. S. Popovics, “Ultrasonic testing to determine water—
ing the peak arrival time of the diffuse energy obtained at cement ratio for freshly mixed concrete,” Am. Stand. Test. Mags,
two locations, one in an uncracked region and the other 262-268(1998.
; ; 2M. Sansalone, J. M. Lin, and W. B. Streett, “Determining the depth of
across the crack. The experimental and numerical results cor- ; = o g e i .
related well for deeper cracks. The lag time increases con- >UIace-opening cracks using impact-generated stress waves and time-of-
. . . flight techniques,” ACI Mater. J95, 168—177(1998.
siderably Wlth_ 'ncrease_ n c_rack depth. The depth of the3Z. P. Baant and J. Plana&racture and Size Effect in Concrete and Other
surface-breaking crack in a given concrete slab can be deterquasibrittle Materials(CRC Press, Boca Raton, 1998
mined in two steps. In the first step, the scattering properties'G. Hevin, O. Abraham, H. Pedersen, and M. Campillo, “Characterisation
are determined from measurements in the uncracked regionof surface cracks with Rayleigh waves: A numerical model,” NDT & E
of the sample. In the second step, using the recovered scag-;m-;l;:289‘_297(\,1\/9%&8 . Ghandenart. K. V. Sub D
tering properties, the relation between the lag time and crack>" > FoPOVIcs: ¥ . 5ong, M. handeharl, &, V. subramaniam, J. 2.
d h is obtained b ical VSi h lati . Achenbach, and S. P. Shah, “Application of surface wave transmission
ept _'S obtained by numerical analysis. Or_we the re_at'on IS measurements for crack depth determination in concrete,” ACI Mater. J.
established, the depth of the surface-breaking crack is detergz, 127-135(2000.
mined by using the experimental lag time. It should be noted®w.-J. Song, J. S. Popovics, J. C. Aldrin, and S. P. Shah, “Measurement of
that the results presented here are for notches, for which thesurface wave transmission coefficient across surface-breaking cracks and
two surfaces were not in contact. Results for real cracks with73°tghe; in CO”CV;“E’" JJ JACOUEL ?ZC- AfL3 717-7252003.
surfaces in contact are the focus of future research. The po->: ©: ©Wino and L. J. Jacobs, “Attenuation measurements in cement-
. .. . e based materials using laser ultrasonics,” J. Eng. M&@b, 637-647
tential for characterizing nonstraight cracks and fluid-filled (1999.

cracks is also under investigation. 8Y.-C. Jung, W.-B. Na, T. Kundu, and M. Ehsani, “Damage detection in
concrete using Lamb wavesProceedings of SPIE—The International
ACKNOWLEDGMENTS Society for Optical Engineerin995 pp. 448—458, 2000.

. . °P. Anugonda, J. S. Wiehn, and J. A. Turner, “Diffusion of ultrasound in
The support of the National Science Foundati@rant concrete,” Ultrasonic89, 429—435(2001).

Nos. CMS-9978707 and INT-008954&nd the National ©Y. Kane, Master’s thesis, University of Nebraska-Lincoln, 2003.

J. Acoust. Soc. Am., Vol. 115, No. 2, February 2004 Ramamoorthy et al.: Crack depth determination 529



