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Modern structures are pushed to their limits especially in high competition industries such as
aeronautics, nuclear energy, military applications. The consequence is that the safety margins are
reduced for classical materials. Also new materials are used for which fatigue behavior is less studied.
Statistical methods for structural life estimation are based on some experimental and numerical data
concerning the stress intensity at particular locations in the structure, which are more likely to fail. In
this sense is oriented this paper, emphasizing the importance of early detection of cracks by ultrasonic
means. In some cases the simple presence of cracks is not a sufficient reason to stop normal use of the
structure. Once detected and characterized, these cracks can serve as input for statistical life time
calculations for the investigated structure and only after this stage a decision can be made.

1. INTRODUCTION

The structural fatigue is an engineering
problem from the very beginning of industry. The
history of fatigue begins in 1837 [1]. Albert
published the first fatigue-test results known. For
this purpose he constructed a test machine for the
conveyor chains which had failed in service in the
Clausthal mines. He tested the actual components
and the material used for them. Since chains at the
time could only be replaced by hemp rope which
had to be imported at great cost, Albert invented
the wire rope, surely more important than those
first fatigue tests. In 1842, Rankine, whos name is
also  associated with the discovery in
thermodynamics of the "Rankine process",
discussed the fatigue strength of railway axles. He
suggested that these axles be forged with a hub of
enlarged diameter and large radii, so that the grain
flow would not be cut more than necessary by
machining. Wohler, measured the service loads of
railway axles with self-developed deflection gages,

publishing his results in 1858 and 1860 [3].
Specifically, this was accomplished for a number
of four-wheeled and six-wheeled freight and
passenger cars on trips for a total of 22 000 km.
The deflection of the axle was scratched on a zinc
plate by a scriber by means of a compound lever
system. Wohler calibrated the forces acting on the
axles by applying static forces on the axle,
producing the same displacements as in
functioning conditions. Wohler presents these
forces and discusses the largest axle deflection per
trip and the corresponding service load. He also
calculates the bending and torsion stresses of the
axle, comparing the measured bending forces with
those produced by the static axle load and obtains a
ratio of 1.33, equivalent to an impact factor of
1.33.

In 1910, Basquin represent the finite life
region of the " Wohler curve" in the form "log a,
on the ordinate, log N on the abscissa" and

describe it by the simple formula o, = CR" which
is still used even today [4].
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In 1924, Palmgren presented the formula
which is called today the “Palmgren-Miner rule”
and a four-parameter equation extending from the
tensile strength to the fatigue limit for the SN
curve[5]. Palmgren also specified the B10-1ife as a
design criterion, a numerical description of a
probability of survival for fatigue-loaded
components for ball bearings. Paris established that
fatigue-crack propagation could be described by

d
the following equationd—a =C-AK" [6]. This
n

equation is almost exclusively used even today.
However it is not including the influence of mean
stress on crack propagation, nor the static fracture
on reaching the fracture toughness Kic, nor the
"fracture mechanics fatigue limit" AK,, which
represents the stress-intensity range below which
no fatigue-crack propagation occurs. The Paris
equation therefore can be compared to an SN curve
from a stress amplitude of infinity to one of zero,
showing no influence of mean stress nor a fatigue
limit. The complex process of crack propagation is
undoubtedly described much too simply by this
equation, but this fact however did not prevent its
use all over the world to this very day. Paris also
maintained that the slope of his curve was n = 4.0
for all metallic materials. This could be compared
to all SN curves of metallic materials having the
same slope and for all mean stresses as well. It was
an enormous step forward to be able to calculate
the propagation of cracks of arbitrary shape under
arbitrary stress types (bending, axial, etc.) via AK,
thereby considerably reducing the experimental
effort. One simply had to determine one crack-
propagation curve (a number of curves for
different mean stresses) for one specimen and
crack shape to find the constants C and n. With
these, crack propagation for all other cases could
be calculated.

Example of crack propagation is presented in
Figure 1, originally published in [7]. The course of
the breakdown was as follows: The first
examination, made after a few thousand reversals
of the stress, showed slip lines on some of the
metallographic crystals. After more reversals of
stress additional slip lines appeared, and eventually
they changed into comparatively bands and fatigue
cracks.

For further historical details and names
which have not been included in the present
paragraph, we are sending the reader to the much
more extended review paper of Schiitz [8], a well
known specialist in this field, who has inspired this
introduction and also the following comments:

Figure 1. Cyclic deformation leads to the development
of slip (N=1000 (a), 2000 (b), 10000 (c), 40000 (d)[7])

“A very unfortunate role is also still being
played by trying to solve the problem of damage
accumulation and fatigue-life prediction through
the "equivalent" constant-stress amplitudes,
equivalent that is to variable-stress amplitudes of
equal number of cycles to failure. It is completely
overlooked that the basic assumption here is a
damage sum to failure of 1.0. Since this is
generally not so, any proof of the method having
worked is only proof that purely by chance Miner's
rule was correct in that particular case.

The "RMS" (Root Mean Square) approach
belongs to the same category of trying to predict
fatigue life under a stress spectrum on the basis of
constant-amplitude tests. Although it has been
shown many times [9] what is basically wrong
with this approach, this has not prevented its
widespread employment. As with the "equivalent"
stress-amplitude concept, a damage sum of 1.0 to
failure is assumed and, in addition, a slope of the
corresponding SN curves of 2.0. Since no SN
curves of such steepness are to be found in the
literature, occasional proof of the validity of the
RMS approach only means that two principal
errors, namely a damage sum of 1.0 and a SN
curve with a slope of 2.0, have compensated each
other in the individual case.

Finally the "PSD" (Power Spectral Density)
method must be mentioned. It has been shown that
only with a Gaussian distribution the PSD contains
the requisite parameters of fatigue life[10,11], but
this has not prevented its widespread employment
with other stress spectra. A simple reflection would
in the general case have shown the frequency
information of the PSD to be unimportant for
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fatigue, while other, important information is
missing in the PSD.

Unsolved remains the prediction of fatigue life
under variable amplitudes, even if the prediction of
crack propagation under variable amplitudes is
better understood, but has not been sufficiently
checked.

Corrosion fatigue is another complex and
unsolved problem. The combination of high
temperature and fatigue (creep plus fatigue) is also
unsolved. A probably unsolvable problem is the
scientifically and practically correct calculation of
fatigue life at very low probabilities of failure,
because the type of distribution would have to be
known.

2. PROBABILISTIC METHOD

By numerous experiments, of tensile
variable stress it has been proven that fatigue stress
is related to tensile stress as indicated in Figure 2
[12].
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Figure 4. Crack-tip stress for variable load

The stress concentration at a crack tip
depends on its shape and size. For a “penny-
shaped” flaw of length @ and smallest radius p,

/a
K, =1+2 |—. Accepting as common values
Yol

a~10" m and p~10"m, K1~2000, so the bulk stress
can be increased by as much as 2000 times.

For the unsolved case of corrosion fatigue, it is
also very important to determine the corrosion pit
depth and external size.

Tensile Strength, MPa

Figure 2. Fatigue strength vs. tensile stress
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Figure 3. Crack-tip stress for constant load

However at the crack tip the stresses can
reach the plasticity domain for uniform (Figure 3)
but also for alternate load (Figure 4).

Figure 5 Experimentally tested pre-corroded
specimens

From a number of 300 pre-corroded
specimens (Figure 5) a number of 246 failed to
pass fatigue tests [15]. The depth distribution of
corroded specimens is presented in Figure 6 [16].
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Figure 6. Statistical probability of pit depths

The survival rate for tested specimens can
present a wide variability for the same variable
stress (Figure 7) [17].
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Figure 7. Statistical Variability of Fatigue Life

From these briefly presented experimental
tests reported in recent papers, one conclusion
pertains to our approach: it is very important to
precisely determine the shape and size of the
various flaws, either for reliable tests or for
industrial structures under work. What we propose
is to use ultrasonic guided waves, adapted to each
case.

There is a negligible influence on the scattered
ultrasonic field, by the plastic regions around crack
tips, so accurate measurements can be made.

The guided waves sent along the regions of
concentrated  stresses can provide useful
information about the presence of flaws or
corrosion pits.

3. SPECIMEN CHARACTERIZATION
DURING FATIGUE TESTS

There is no simple matter to measure
cracks depths during a fatigue test. In fact this is
one important step in better understanding crack
propagation, certainly better than simply counting
load cycles until specimen breaks down.

In that respect we are developing a NDE
technique based on guided Lamb waves for
laminar specimens.

The model is presented in Figure 8.
Incident wave is sent towards x>0. A bilateral
crack of negligible width and depth d is assumed.
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Figure 8. Fatigue cracked laminar specimen model

Supposing a pure SO mode is incident upon
the cracked region, two basic phenomena take
place. At frequencies lower than the first cutoff
frequency of higher order modes, the incident
mode can be scattered only as SO and possibly A0
if the geometrical characteristics loose the
symmetry. In the above model, if both cracks have
same depth, only SO mode will be scattered into
reflected and transmitted waves.

In this case, the continuity of displacements
and stresses in the central part of the specimen
(|zJ<h-d) and the null stress condition applied on
the cracks boundaries, (|z|>h-d) make possible a
modal decomposition technique:

(1)
S,+2>.R,S,=>.T,S, ,

in which U and S represent displacements and
stresses functions respectively, both functions of
the through thickness variable z. R and T stand for
reflection and transmission coefficients
respectively.

Indexes q and m represent modal order of
the incident wave and the scattered modes
respectively. A bar above means a complex
conjugate. The sums are over all the possible Lamb
modes, either propagating or evanescent.

The modal coefficients are obtained by
orthogonal projection on the basis of existing
Lamb modes at each frequency [18].

For a steel sample (¢ = 5960m/s ; cr = 3235
m/s ; p=7800 Kg/m’) and a relative crack depth to
thickness d/h=0.4, the reflected energy of the
scattered modes is presented in Figure 9. The
frequency scale is in fact dimensionless
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(omega=2xnf, in which f is the frequency) and the
ordinate is presented also as ratio of reflected
energy fluxes vs. incident energy flux. Such
dimensionless pots are well adapted for samples of
any thickness.

The low frequency domain, which is before
the first cutoff frequency, the relative flux of
energy of the reflected SO mode is reaching a peak
of 0.12. This is not a negligible value if recalling
that energy flux is proportional to the square of the
modal amplitude. In this case the reflection
coefficient is 0.34, which is easily measurable.
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Figure 9. Reflected energy among scattered modes

At higher frequencies (3.5<omega.h/cr<8)
the reflected energy flux is considerably higher, so
that crack depth measurements can be easily and
accurately effectuated. In some cases of sufficient
accessible area, these measurements can be during
the fatigue tests.

4. CONCLUSION

Structural life assessment is a scientific
problem with wide technical implications. As
mentioned, simplified approaches often lead to
wrong conclusions. Probabilistic techniques can be
based on experimental data measured in
appropriate conditions, or else the confidence in
the obtained results is very low.

We developed a direct measurement
technique, during fatigue tests. The crack growth
can be thus determined. It can be applied to
laminar specimens, with or without initial notch.
Remains to be applied by the fatigue specialized
laboratories.
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