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ABSTRACT

Non-destructive testing for constructed facilities has been attracting researcher’s attention in recent decades
because that our infrastructure system is deteriorating at an alarming rate. Acoustics is considered to be one
of the most promising methods. In particular, linear acoustic techniques such as pulse velocity or amplitude
attenuation are commonly used but not reliable especially at the early stage of damage. Non-linear
nondestructive testing is different from linear acoustic in that it correlates the presence and characteristics of
a defect with acoustical signals whose frequencies differ from the frequencies of the emitted probe signal.

The difference in frequencies between the probe signal and the resulting frequencies is due to a nonlinear
transformation of the probe signal as it passes through a defect. To consider nonlinear acoustic effect due to
interaction between elastic acoustic wave and the damage state (i.e. microcracks) of material, we need to first
consider such effect on a single crack. The most basic way to consider a crack-like defect is as a planar
interfface where there is no adhesion between two semi-infinite elastic materials. Under acoustic
interrogation due to longitudinal waves, as the compression phase passes the defect the two sides of the
interface are in direct contact and the contact area increases. Similarly, the tensile phase passes through the
defect, yet because there is no traction across the interface, the two sides separate and the contact area
decreases, thereby modulating the signal amplitude. In reality, these two crack planes are not smooth, neither
traction free. The contact area depends on the roughness of the surface and on the magnitude of the cohesive
forces that arise from the small crack openings. Such cohesive forces may be attributed to aggregate
interlock (in plain concrete), fiber bridging (in fiber reinforced concrete) or both. In this paper, the frequency
shifts of the probe elastic wave will be analytically related to the roughness and varying cohesive forces of
the crack-like defect.

1 INTRODUCTION

As civil infrastructure ages it is pertinent tha engineers evaduae dtructures on a regular bess.
Current non-destructive testing methods permit flaw detection, but are not senstive to the gradua
deterioration of concrete that begins soon after the structure is placed into service (Mindess [1]).
Furthermore, it is this micro-crack deterioration that eventudly interacts to become readily
detectable flaws and shortly theredfter leads to falure (Ashby [2]). Early intervention is safer and
generdly more economica. It is in this pursuit that new methods of testing concrete are essential.

Much work has been done in the field of ultrasonic testing as regards civil infragtructure.  This
encompasses such testing methods as ultrasonic pulse time-of-flight testing for strength, quality,
thickness, or reflective flaws to acoudsic emisson monitoring for lifetime hedth. This paper
discusses a new method that uses an acoudic perturbation of any crack-like flaw to modulate an
ultrasonic Sgna. Emphasisis placed on the mechanics of the testing theory.

Activdly modulated acoudto-ultrasonic  (AMA) non-destructive evauation is the subject of
interest.  The method, based on the vibro-acoustic modulation method (Donskoy [3]) or the
nonlinear wave modulation spectroscopy (Van Den Abede [4]), uses smple tone burst or very
narow band ultrasonic signd in a pitch cach arangement to interogae the maerid between
trangmitter and receiver. Where this differs from traditiona acousto-ultrasound is in the
goplication of a low frequency acoudic excitation to the specimen, thereby perturbing each flaw
through which the probe sgnd passes. The result of interaction with a crack like flaw is that



sgnd energy is modulated by the generation of harmonics (Buck [5]) of both the probe wave and
the acoudic excitaion, and by the generation of sidebands of both signds by their co-interaction
through the crack inteface.  Additiondly, non-linear effects are seen due to patid signd
transmisson reaulting from the timevarying sresses (mogtly from the excitation signd) on the
rough crack inteface (Donskoy [3], Sutin [6]). Fundamenta frequency digtortion has been
conddered to some degree (Daponte [7]).

Experimentation was peformed a Wayne State Universty’'s Advanced Infrastructure
Materids Laboratory using the activdy modulated acousto-ultrasonic (AMA) testing method as
the bass. Ddails of the testing program and results have been published (Warnemuende [8]). The
focus here is in moddling the primary source of energy dispersion in this tet method. We develop
a dmple one dimensond modd that indudes both harmonic generation and Sdeband generation
usng some idedizations. From there we invedigae numericdly generated test daa and
qualitativdly compare a computer generated AMA test signd with test data recorded during the
experimenta regime.

2 MODELING
Dilatationd (longitudind) plane waves have the following form if we assume that propagation
occurs dong the x-axis:
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The displacement u can then be solved usng any function in the differentid egn (1) resulting
in abasic solution of the form:

u=f(x+cgt)+ f,(x- ct) @
Egn (2) is made up of two functions one wave of hdf amplitude traveling in each direction
away from the source. In a red sysem, we need to have a least one free surface for the
transducer so the specimen is not redly infinite, but if sufficiently large could be consdered
smilar enough to apply these results.  With the one free surface we may apply a forcing function
and find that the forward moving half of the displacement function 1, (x- ¢ t) is the only part of

significance, because the beckward moving part f,(x+c t) is generdly absorbed by design in a
transducer assembly (Krautkrémer [9]). The particle velocity dueto the stresswaveis:
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where 1§x - ¢ t) is the prime means derivative of f,(x- c,t) with respect to (x- c,t). Then, by
equating the potential energy and the train energy we get:
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The displacement, velocity (egn 3), and pressure front (stress, egn 4) of the wave are sinusoida
and cary the sane frequency as the displacement. Condder the infinite linear-dagtic body above
in the description of the propagetion of plane dilatationa waves. Defining a planar crack a the
origin and orthogond to the axis of the dress wave propagation we can investigate the most
smplified form acoudtic interaction with a crack. Though the body behaves in a linear dadtic
manner in response to acoudtic stress wave propagation, yet under some conditions the interface
will produce a response that is not linear. In other words, though you would expect a zero-phase
lag snusoida strain response (linear response) from a sinusoidad sress input, depending on the



pressure holding the interface together, the drain response may be non-sinusoidd across the
interface.  Following Richardson’'s approach (Richardson [10]) to the problem and incuding a
more complex cosng dress dae we begin with the smdl diglacement, dagic wave equations
discussed above resulting in a sresstrain relationship as in egn (4). The gap closing stress s |
actsin the medium to dosetheinterface.
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Here, | ¢ isanelastic constant and s | may be afunction of time and/or crack separation.

The closng dress function can be written as a function of the datic loading on the dructure
and the spring like resstance to the crack opening that is offered by the surrounding sound
materia.  For this function we turn to the simple reationships developed in linear fracture
mechanics for an dlipticd crack in an infinite materid (Broek [11]). We can use this idedization
when the crack is smdl compared to the crosssections of the member. Hee we find a
relationship for the crack opening displacement under any uniform interna pressure gpplied to the
inner surfaces of an eliptica crack (Broek [11]).

d(x)= 4—pr/ a’- x? G)

Here d(x) is the totd opening separation of the crack interface a the location x units of
distance away from the center of an dliptica crack of 2a units of digance in width. The vaue p

is the podtive internd pressure exerted on the crack. Using this relationship we can find a smple
expression for the resistance to amean crack opening displacement as.
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In this case we can smply write the tota closing stress at the crack interface as the sum of the
dress exeted by externd loading and the crack separation resstance.  Note that the externd
loading is assumed to be effectively Satic.
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However, as the crack size approaches zero the resistance to the crack opening goes to infinity
a the same rate resulting in the intermittent stress wave transmisson becoming congtant with
respect to crack size. This due to the one-dimensiond assumptions, for if we smply incuded a
cross-sectiond area term for the wave front, the area of the crack interaction with the whole wave
front would then go to zero with the crack size and the proportion of the energy modulation due to
theinfinitesmally small crack would become zero aswell.

3 DISCUSSION OF MODEL AND EXPERIMENTAL RESULTS
Using the numerica approach, with both 10kHz and 100kHz sine waves as the interrogating signal
in mortar that has Smilar properties to that of the mortar used in experimentation, we get the
frequency spectrums in Fig. 1 for increesing externd pressure normalized with respect to the pesk
stress developed by the combined interrogating signds where the sze a ® ¥. Expeimentation
suggested that the acoudtic perturbation must have dgnificantly larger amplitude than the
ultrasonic probe, soweused araio of 4to 1in Fig. 1.



Notice that for the case where the externd closing pressure is equd to the maximum sress
developed due to the interrogating signd, the crack never opens and the spectrum condsts two
spikes. This is, of course, typica of linear systems, resulting in the pure superposition of waves,
the combination of these waves in the nonliner sysem where the crack opens is not a
superposition, but is rather characterized by modulation as can be seen in dl the other cases. This
modulation condsts of two parts, multiple harmonic generation, and multiple Sideband generation.
Of course, the other specid case in Fig. 1 is when the externd clodng pressure is zero, in which
cae no harmonics, and no Sdebands are generated, in fact no signd is tranamitted across the crack

because it never closes.
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Figure 1: Frequency spectrums of model generated bi-tonal signal with increasing externa pressure
and no crack separation dependency

Let the effective crack opening siffness v ., . be defined asfollows (refer to egn 8):
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We get the following frequency spectrums (Fig. 2) for increesng effective crack opening
stiffness y ., .« (decreasing crack size) when we set the external closing pressure (s ) to zero.

Of mogt dgnificance here is the case where the crack Sze is dmilar to the expected sSze in
lightly damaged concrete mortar. Initid flaws on the order of Imm to 2mm in size (Shah [12])
(length not separation) should be conddered dgnificant defects in concrete. The following
gpectrum (Fig. 3) includes two dgnas, one generated using the modd with a=2mm ad s, =0,
and the other recorded during the experimenta regime for a lightly damaged mortar specimen with
non-interacting micro-cracking (Warnemuende [8]). This time the frequency of the probe sgnd
was sat to 86kHz (the same as the measured frequency from the experimentation). The acoudtic
perturbation in the experimenta regime was a tuned impact which covered severd kHz in the low
frequency range, this, however is rather complex to reproduce, so we use the median frequency of
the tuned impact as a5kHz tone. Notice that in both cases recognizable side-bands are generated.
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Figure 2: Frequency spectrums of model generated bi-tona signal with increasing effective crack
opening stiffness and no external closing pressure
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Figure 3: Comparison of the frequency spectrum of a bi-tonal signal generated by the discussed model
and by AMA testing

4 CONCLUSON
In the preceding discussons we invedtigated an experimentaly observed phenomenon in the
application of activdly modulated acousto-ultrasonic non-destructive testing of concrete. Signd
energy digperson was linked to multiple harmonic generation and multiple sideband generation by
the intermittent transmission of a probe sress sgnd across a smooth crack that has been excited
by an acoudic perturbation. A modd was created for the one-dimensona smplification of the

problem and used in direct comparison to experimentaly recorded sgnds and found to behave in
asmilar, if not identica, manner.
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