
Blekinge Institute of Technology
Doctoral Dissertation Series No. 2008:11

School of Engineering

acoustical measurements of 
material nonlinearity and 
nonequilibrium recovery

Kristian Haller

ISSN 1653-2090

ISBN 978-91-7295-145-7

A damaged material or a material with non perfect 
atomic geometry, dislocations or cracks, exhibits 
two types of characteristic responses to acoustic 
excitations. First is the fast nonlinear dynamics 
response that is present as long as the material 
is excited. As soon as the excitation stops the re-
sponse disappear. Second is the Slow Dynamics, 
which detects alterations of the material proper-
ties. The properties are affected by, for example, a 
mechanical pulse, changes in temperature, pressu-
re or humidity. When the cause of alteration stops 
the material is recovering towards its equilibrium 
state. This recovering can exist over a long period 
of time, much longer than the vibration from a 
mechanical pulse. 
  
The techniques used here, both the fast and Slow 
Dynamics, have been used for NonDestructive 
Testing to detect damage in objects. All of them 
are suitable for this purpose, but for different ma-
terial and geometry different techniques can be 
advantageous. 
They offer the possibility to use relatively low 
frequencies which is advantageous because atte-

nuation and diffraction effects are smaller for low 
frequencies. Therefore large and multi-layered 
complete objects can be investigated. 
Sometimes the position of the damage is required, 
but it is in general difficult to limit the geometrical 
extent of low-frequency acoustic waves. A techni-
que is presented that constrains the wave field to 
a localized trapped mode so that damage can be 
located. The existence of trapped modes is shown 
using an open resonator concept and the localiza-
tion is shown to be successful. 
  
The problem with intermittent and changing amp-
litudes, even when very small, is that the material 
is really never at equilibrium, or even at steady 
state. The measurement signal influences the out-
come. The material is affected by its strain history 
and its constantly changing state, the fast and Slow 
Dynamics are hard to separate. A measurement 
technique keeping the internal strain constant has 
been used to minimize the influence of Slow Dy-
namics allowing observations of only nonlinearity. 
The influence of temperature is also studied with 
this technique. 
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Abstract

A damaged material or a material with non perfect atomic geometry, dislo-
cations or cracks, exhibits two types of characteristic responses to acoustic
excitations. First is the fast nonlinear dynamics response that is present as
long as the material is excited. As soon as the excitation stops the response
disappear. Second is the Slow Dynamics, which detects alterations of the ma-
terial properties. The properties are affected by, for example, a mechanical
pulse, changes in temperature, pressure or humidity. When the cause of al-
teration stops the material is recovering towards its equilibrium state. This
recovering can exist over a long period of time, much longer than the vibration
from a mechanical pulse.

The techniques used here, both the fast and Slow Dynamics, have been used for
NonDestructive Testing to detect damage in objects. All of them are suitable
for this purpose, but for different material and geometry different techniques
can be advantageous. They offer the possibility to use relatively low frequencies
which is advantageous because attenuation and diffraction effects are smaller
for low frequencies. Therefore large and multi-layered complete objects can
be investigated. Sometimes the position of the damage is required, but it is
in general difficult to limit the geometrical extent of low-frequency acoustic
waves. A technique is presented that constrains the wave field to a localized
trapped mode so that damage can be located. The existence of trapped modes
is shown using an open resonator concept and the localization is shown to be
successful.

The problem with intermittent and changing amplitudes, even when very small,
is that the material is really never at equilibrium, or even at steady state. The
measurement signal influences the outcome. The material is affected by its
strain history and its constantly changing state, the fast and Slow Dynamics
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are hard to separate. A measurement technique keeping the internal strain
constant has been used to minimize the influence of Slow Dynamics allowing
observations of only nonlinearity. The influence of temperature is also studied
with this technique.

Keywords: nonlinear acoustics, nondestructive testing, activation density,
slow dynamics, nonequilibrium recovery , resonance frequency, nonlinear wave
modulation spectroscopy, harmonic generation, trapped modes, open resonator,
sweep rate, constant strain sweep.
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Chapter 1

Introduction and motivation

Material with dislocations or cracks, which do not have a perfect atomic geom-
etry, can exhibit slow changes of the material properties. Nonlinear acoustic
techniques can follow these changes, based on the strong nonlinearity of the
micro-dislocations. An acoustic signal traveling through such a material is
strongly distorted.

Cracks of different sizes are unambiguously connected to a strong nonlinear
response and an atomically perfect material shows no change when disturbed
[1]. One can imagine a vibrating crack, it will open and close. Let this opening
and closing be governed by a low frequency vibration. A high frequency wave
of smaller amplitude is simultaneously sent through the material. When the
crack is open the high frequency wave can not easily be transmitted through
the cracked area and the measured high frequency amplitude is low. While
the crack is closed the high frequency wave is transmitted more easily and
consequentially has higher amplitude. This can be measured as an amplitude
modulated response yielding sidebands around the high frequency in the fre-
quency domain.

Two fundamentally different phenomena that appear together are of special
interest, the nonlinear wave distortion, which is "fast" nonlinear dynamics,
and the Slow Dynamics [2-4]. The wave distortion is the same as which takes
place in a broken sound system when there is a crack in the loudspeaker. It
can only be detected while there is a wave in the material. The nonlinear
dynamic response may manifest itself as appearance of sum and difference
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frequencies (among them higher harmonics), nonlinear attenuation (an increase
in damping of the wave exceeding the linear attenuation), resonance frequency
shift (which means that the sound speed of a specific object changes with the
amplitude of the signal) and Slow Dynamics. The nonlinear wave modulation
takes place between acoustic signals, while any thermodynamic disturbance
such as temperature, pressure and humidity leads to a recovery towards the
equilibrium, often on the order of hours. This is a slow nonequilibrium dynamic
process. The fast nonlinear and the slow nonequilibrium dynamics are related
and take place simultaneously in the regular experiments.

Both the fast and slow nonlinear dynamics in solids are detected using sensitive
nonlinear acoustic techniques. The problem with intermittent and changing
amplitudes, even when very small, is that the material is really never at equilib-
rium, or even at steady state. The measurement signal influences the outcome.
Affected by its history and its constantly changing state, the fast and Slow Dy-
namics are difficult to separate [2]. "It is difficult, but essential, to disentangle
conditioning/nonequilibrium and nonlinear effects. New experimental strate-
gies have to be developed for this endeavor. At the same time a theoretical
framework which encompasses and explains all known physical effects needs
to be developed" [5]. In normal frequency sweep measurements the acoustic
probing signal amplitude and strain change the material state, which is why
subsequent frequency sweeps give different curves due to the memory and path
effect of the Slow Dynamics behavior. Thus the measurements are not made
on the same material state. Tendencies in earlier measurements point towards
that the strain can be the factor that is to be kept constant in order to keep
the material at the same state.

One of the features of these techniques is that high amplitudes are not needed
to find the nonlinear behavior. It has been shown to appear at low strain, "the
resonance peak may begin shifting immediately, even at the lowest possible
applied drive levels and at strain levels that are extremely small (< 10−8)"
[6]. This means that the waves being used to measure the Slow Dynamics
response affect the object themselves. Since they occur simultaneously it can
be hypothesized that, despite that nonlinear active fast dynamics (e.g. wave
mixing) is a quite different phenomenon from the Slow Dynamics (which is a
passive recovery), they have the same origin on the micro- or nano-scale.

Recent studies confirm that for several materials the Slow Dynamics is accom-
panied by the fast nonlinear dynamics [7]. At the same time, our own test
on rubber showed large Slow Dynamics, while the change in fast dynamics
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1 Introduction and motivation

were not clearly present [8]. This is one of the fundamental questions: Can
slow nonequilibrium dynamics exist apart from the fast nonlinearity? Careful
normal experiments have shown that the non-perfect solids have different re-
gions depending on strain levels which there is a threshold below where the
behavior can be described by regular nonlinearity, while above the threshold
the nonequilibrium dynamics occurs [5, 9].

The small-scale dynamic behavior of cracked and fatigued materials is not yet
satisfactorily explained. Therefore, tests on the fundamental material dynam-
ics are necessary for the basic understanding and for the further development
of techniques for non-destructive testing. Even if the understanding of the
underlying mechanism is not clear, the effect can be successfully used for Non-
Destructive Testing (NDT) purposes, determining if defects are present or not.
The detection of defects like cracks or delaminations located in solids are crit-
ical in many situations. Acoustical measurements are well suited for NDT.
In many production lines defect-free parts are required in order to maintain
quality and also often for safety reasons. In maintenance, continuous or in-
termittent monitoring is helpful in discovering and controlling the structural
state and the planning which optimizes production or operations. In material
science material property changes can be investigated with a high degree of
accuracy.

Most of the acoustical measurement techniques are nondestructive. If the
amplitude is too high, the structure can be destroyed, like in kidney stone
lithotripsy [10] or melted such as in ultrasonic welding [11]. All techniques used
in this thesis are of nondestructive character, meaning the amplitude is too low
to permanently change properties of the object investigated. NonDestructive
Testing is defined by The American Society for Nondestructive Testing (ASNT)
as "Comprising those test techniques to examine an object, material or system
without impairing its future usefulness" [12]. This is also sometimes called
NonDestructive Evaluation (NDE) or NonDestructive Inspection (NDI). Other
NDT techniques are described elsewhere, for example [13-15]. Regarding linear
ultrasonic testing the book [16] is recommended.

The nonlinear acoustic techniques make significant contributions to the area
of NDT [17]. They detect the nonlinear distortion of an acoustic wave which
takes place in a damaged object. The wave is distorted due to the presence of
defects and can be viewed as a measure of the material’s quality. The distortion
takes place even when the wavelength is much larger than the damage size.
This allows the use of low acoustic frequencies, much lower than for linear
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ultrasound. With lower frequencies, the wave propagation range increases and
larger objects may be investigated. The wave is not diffracted as easily by holes
and layers of different materials, and is usually bound to be present everywhere
in the object. Therefore the input and receiving positions of the sound waves
can be almost arbitrary. The applicability of nonlinear acoustic techniques
is high and allows fast investigation of complete objects, often performed in
one single test. Regarding the position of the damage, which is sometimes
desirable, the extension into a localization technique must be introduced. A
novel technique to do this is described later in this thesis.

The measurement speed and evaluation time are crucial in many measurement
situations. The time to complete a measurement and evaluation cycle for
the nonlinear acoustic measurement used in this thesis is the time it takes
to introduce and build up acoustical waves in the object and to record and
analyze it. The recorded result can be analyzed in the frequency domain
where it is easily masked to a pass or fault measurement. If the result is a
pass, no further analysis is needed. If the result is fault, the object can be
discarded or subjected to further investigations such as scanning to localize
the damaged region. An approach like this can be used in a production line
where every object is tested, or for the selected objects in a statistical selection.
The nonlinear response indicating the damage will then have to be compared
to an acceptance limit determined by the manufacturer through a number of
reference objects. In maintenance, nonlinear acoustic measurement can be used
while the product is in operation to determine if further investigation is needed.
Service and repair would be carried out only when damage is indicated.

4



Chapter 2

Experimental techniques

In this chapter the experimental techniques and concepts of Higher Harmon-
ics, Nonlinear Wave Modulation Spectroscopy, Slow Dynamics Resonance Fre-
quency Shift, Slow Dynamics Amplitude Shift, Open Resonators, Activation
Density and Constant Strain are presented and briefly explained.

2.1 Higher Harmonics

The Higher Harmonics (HH) technique will be presented first. A schematic
figure of a typical setup is seen in Figure 2.1. A signal generator produces
an electrical signal feeding a transducer to transform the electrical signal to a
mechanical motion producing the acoustical wave. The transducer can be a
piezoelectric transducer made by a lead-zirconate-titanate (PZT) for example.
The wave is received by another PZT and recorded on a device where the time
and frequency content can be presented, e.g. an oscilloscope.

SAMPLE

Transducer
 PZT

Receiver
PZT Oscilloscope

79346.4 Hz

Signal generator

Figure 2.1. Schematic setup of a higher harmonic measurement.
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Figure 2.2. a) Schematic figure of a propagating wave being distorted in a
nonlinear medium. b) Frequency content of response from an undamaged

material. c) Frequency content of response from a damaged material.

A pure sinusoidal wave is sent into a material with uniformly distributed non-
linearity at x = 0, Figure 2.2 a). At discrete distances the shape of the wave
is investigated. At distance x = a the wave has become mildly distorted. This
distorted wave is now the input from distance x = a to x = b. At distance
x = b the wave has become even more distorted. Analyzing the frequency
contents of these waves, the amplitude of the frequencies 2ω, 3ω, . . ., n · ω,
have increased and this can now be used as an indicator of nonlinearity and
for damage detection, see the difference between Figure 3.2 b) and c). This
method has been in use for a long time [18-22].

2.2 Nonlinear Wave Modulation Spectroscopy

The Nonlinear Wave Modulation Spectroscopy (NWMS) technique was con-
ceptually introduced in the 1960’s by Zarembo and Krasilnikov [23, 24]. It was
further developed towards NDT in the 1980’s by Zarembo, Krasilnikov and
Shkolnik, [25, 26], brought into use in the building industry by V.A. Robsman
during 1990’s [27-29] and was later investigated by several scientists including
Johnson, Sutin, Donskoy, Van Den Abeele, Kazakov and Zaitsev [30-33]. This
method uses a single frequency wave introduced in a sample through a PZT as
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2 Experimental techniques

in the HH technique. Simultaneously the object’s resonance structural modes
are excited and the response signal is picked up by a PZT and recorded on
an oscilloscope. The single frequency is chosen to be well above the resonant
modes’ low frequencies, which are excited by tapping or another mechanical
influence. A picture of the set-up and the expected frequencies for an intact
and damaged sample are shown in Figure 2.3 a), b) and c) respectively.

SAMPLE

Transducer
 PZT

Receiver
PZT Oscilloscope

231086.7Hz

Signal generator

Hammer
a)

ω
Ω

Ω

Frequency (Hz)

A
m

pl
itu

de
 (A

rb
)

ωΩ

Ω ω+Ω
ω+Ω

ω−Ω
ω−Ω

Frequency (Hz)

A
m

pl
itu

de
 (A

rb
)

Damaged sampleUndamaged sample c)b)

1

2
1 1

22
2

1

Figure 2.3. a) Schematic setup of a NWMS measurement.
b) Frequency content of response from an undamaged sample.

c) Frequency content of response from a damaged sample.

The high frequency wave is modulated at the crack zone by the low frequency
vibrations. In the frequency domain, sidebands appear around the high fre-
quency component. The number of sidebands and their amplitude act as an
indicator of damage.

2.3 Slow Dynamics

The third technique Slow Dynamics (SD) is a more recent method. It is based
on monitoring changes of the thermodynamic state of the material. The Slow
Dynamics concept for the nonlinear acoustics was presented in 1996 [6, 34].
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2.3.1 Slow Dynamics Resonance Frequency Shift

The Slow Dynamics material state may be monitored, by recording the res-
onance frequency for a specific resonance mode of an object, obtaining the
change in the sound speed.

One way to monitor SD is to probe the change of resonance frequency with
a low amplitude acoustical wave before and after some disturbance of the
thermodynamic equilibrium state. A schematic setup of a Slow Dynamics
resonance frequency measurement is shown in Figure 2.4.

SAMPLE

Transducer
 PZT

Receiver
PZT Oscilloscope

153353 Hz

Signal generator

Hammer
a)

Time (log minutes)

Re
so

na
nc

e
fr

eq
ue

nc
y 

(H
z)

Damaged sampleUndamaged sample c)b)

Time (log minutes)

Re
so

na
nc

e
fr

eq
ue

nc
y 

(H
z)

Equilibrium
disturbance

Equilibrium
disturbance

Figure 2.4. a) Schematic setup of a resonance frequency measurement showing
the Slow Dynamics. b) An undamaged material does not change its resonance

frequency after impact by a hammer. c) A damaged material change its
resonance frequency after impact by a hammer.

The method uses a swept frequency wave that monitors the frequency of a res-
onant mode. A disturbance of the thermodynamic equilibrium state is intro-
duced by mechanical influences like tapping, or by changes in the surrounding
temperature or in the ambient pressure. If damage is present, the resonance
frequency is decreased. The return time of the resonance frequency to its equi-
librium value can be observed for several minutes or even hours, depending on
material, amount of damage, and the sensitivity of the measurement. This is
long after the vibration from the tapping has stopped, and is the reason for
the name Slow Dynamics.
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2.3.2 Slow Dynamics Amplitude Shift

Instead of measuring and monitoring the resonance peak, the amplitude of the
wave at a specific band-passed filtered frequency near a resonance peak can
be studied. Close to the peak the amplitude is high. A small change in the
resonance frequency will cause the studied amplitude to drop - and then slowly
increase as the resonance frequency returns to its origin. This is visualized in
Figure 2.5

Output strain

Time

Schematic test protocol
x

x

x

x

x

x

x

x

x

x

1st

0th & 5th

2nd

4th
3rd

Measurement order

Frequency
Figure 2.5. Schematic result of an amplitude shift measurement showing the

Slow Dynamics.

As a tool for NDT the speed of evaluation can be much faster. For example, at
the beginning of the measurement the equilibrium values can be obtained (ini-
tial 0th curve) and then immediately after a disturbance has been introduced
in the form of a mechanical pulse the change can be measured (1st curve). If
damage is present, this would give a relatively large change of the strain am-
plitude of a specific frequency, if the chosen example was to be at a resonance
peak.

2.4 Open Resonator

A resonator can be used to increase the wave amplitude inside the resonator,
making it possible to reach high amplitudes by taking advantage of standing
waves. Different conceptual designs are closed and open resonators, where the
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closed resonator is a confined volume and the open resonator has openings,
for example the side walls are removed. A resonator can be designed where
the two reflecting surfaces are in parallel with a medium between the surfaces.
One of the surfaces is vibrating to create a wave while the other is held passive
to reflect the wave, see Figure 2.6. For example the active plate can be a
PZT. Different designs give different spatial pressure distributions inside the
resonator and on the passive plate.

Air
PZT

Air
PZT

FIGURE 2.6. Open resonator concept.
Top: concave vibrating and reflecting plates. Bottom: flat vibrating and

reflecting plates

A pressure sensor can be positioned axially and radially between the active and
passive plate and the pressure distribution can be evaluated. Instead of having
a passive plate in the resonator, a flat surface of a test object can be used. This
allows the wave to pass into the object with high amplitude, enabling the use
of acoustic NDT techniques to investigate the object. The wave field can be
made to exist locally in the object under the open resonator and the damage
localization is possible.

This is based on the idea of having different boundaries outside the area where
the wave in the air affects the surface of the object. This leads to a dynamic
change of the boundary condition, and the resonance frequency beneath the
transducer is not the same as the rest of the plate. The wave field is local in
the plate, and thus it is a dynamically trapped mode. This makes it possible to
have a device transmitting ultrasound which can be moved above the surface.

10



2 Experimental techniques

In general, trapped modes are normally treated from geometric variations [35,
36]. Numerical investigations and simulations of open resonator systems have
been carried out [37, 38].

By letting the open resonator act as the PZT and thereby producing the high
frequency wave in the NWMS technique, scanning can be performed. While the
open resonator is moved over the surface different responses can be recorded
depending on if there is a damaged region under the open resonator or not.
This schematic setup is found in Figure 2.7. There are open resonance wave
fields in the air between the transducer and the object and inside the object
between its upper and lower surfaces.

B

x

Damage

PZT SENSOR

SHAKER

low frequency 
signal in

high frequency 
signal inTRANSDUCER

to DAQ system

FIGURE 2.7. The damage localization test with the non-contact high
frequency source, the low frequency shaker, and the PZT sensor.

The essential differences of the regular NWMS technique are the non-contact
excitation and the ability to locate damage.

2.5 Activation Density

Activation density is a simple variation in the presentation of a frequency sweep
investigation. It highlights the material response regions, resulting in different
types of behavior as functions of excitation amplitudes. The differentiation
can sort the damage into three levels. Resonance frequency shifts can be
detected with frequency sweeps varying the excitation force for each sweep.
The experimental setup is the same as for higher harmonics with one PZT as
transducer and another one as sensor, Figure 2.1. The response is measured for
several discrete frequencies in a predefined range where each frequency is held
for a specific time. The input amplitude is held constant for each sweep. The
hold time for each frequency can be varied to change the sweep rate. The rate
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at which the frequency sweep is performed alters the result. Different rates can
be investigated for different sweep amplitudes showing the saturation effect in
materials.

The shift can now be related to the change of excitation amplitude, Ad = ∆fres

∆ExA
.

Ad is called activation density. From this the type of dominating nonlinearity
can be extracted as a function of the strain amplitude. The type changes with
the level of damage.

2.6 Constant Strain Sweep

During a normal frequency sweep which causes perpetual Slow Dynamics mate-
rial changes the internal strain is constantly changing. In Figure 2.8 the normal
internal strain for a Constant Force Sweep (CFS) is the non-rectangular curve
for several frequency sweeps at increasing amplitudes. To remove the Slow
Dynamics influence during each sweep the material should be at a dynamic
steady-state with the internal strain kept constant (Figure 2.8 square curve).
It is effectuated by varying the excitation strain.

Output strain

Frequency

Constant Strain Frequency Sweep
Constant Input Frequency Sweep

Strain History

Figure. 2.8. The strain history for a normal sweep (CFS, dashed), and for a
the constant strain sweep (CSS, solid).

The internal strain is set to a value which is slightly lower then the current
aim in every change of frequency in the sweeps. The excitation strain (the
input force) is thereafter adjusted until the internal strain is achieved. This is

12



2 Experimental techniques

repeated for every frequency in the frequency range of interest. After the sweep
is completed, the resonance frequency is found at the minimum of the input
force, Figure 2.9. Then the next amplitude level can be measured. Between
the frequency sweeps of increasing amplitudes, constant low level sweeps are
made as control tests.

FresO
Frequency

Output strain
Frequency

Input force

Output strain

FrequencyFresI

Frequency

Input force

a) Constant Force Sweep b) Constant Strain Sweep

Figure. 2.9. In a): the input force, and the output strain for a normal
frequency sweep. In b): the input force, and the output strain for a constant

strain frequency sweep.

This process of measuring is time consuming, but the internal amplitude level
is never exceeded. While the change to a higher level is almost immediate
the relaxation to a lower level is much slower than the excitation. By using
this method the nonlinearity of materials at steady states can be investigated.
The object being investigated must be placed inside a climate chamber where
both temperature and relative humidity can be set and controlled because
changes in these parameters also influence the material thermodynamic state
will usually alter the internal strain. A two week period in the climate chamber
lets the material adapt to the test conditions before the start of the acoustic
measurement.
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Chapter 3

Results and discussion

This chapter gives an overview of results which are presented in the appended
Papers A-F of this thesis. The results were obtained by using the methods
described in chapter 2.

3.1 Damage investigation of complete objects

In the investigation of complete objects the three nonlinear acoustic tech-
niques of Higher Harmonics (HH), Nonlinear Wave Modulation Spectroscopy
(NWMS) and Slow Dynamics (SD) were used and the results are taken from
Paper A.

3.1.1 Higher Harmonics results

The Higher Harmonics technique was applied to ceramic semiconductors sol-
dered onto circuit boards. The size of the ceramic semiconductors was 5x2x1mm
and the circuit board was 40x85x1.6 mm.

The semiconductors were damaged by bending. since they are brittle and
are easily torn into pieces. Letting them be attached to the circuit board
while bending allowed introduction of damage. The small size of this sample
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makes it difficult to tap directly on the semiconductor. When the ceramic
semiconductor is mounted on the circuit board an indirect tapping is achieved
through the circuit board.

The difference in amplitude of the higher harmonics is clear as shown in Figure
3.1. The damaged circuit board shows a higher response.
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Figure 3.1. Differences in amplitude in higher harmonics for undamaged (left)
and damaged (right) ceramic semiconductors.

3.1.2 Nonlinear Wave Modulation Spectroscopy results

The Nonlinear Wave Modulation Spectroscopy (NWMS) technique was applied
to a part of a large cutting tool made of cast iron, with size 200x150x100 mm.
The top edge was machined to be sharp, the bottom was flat with holes for
bolt attachments, while the rest of the piece was unmachined. Damage was
introduced in the cutting tool by first quenching one end of the tool and then
hitting it with a sledge hammer.
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Figure 3.2. Differences in sideband amplitude in the between damaged (left)
and undamaged (right) cutting tool cast iron.
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3 Results and discussion

All three methods were applicable to the cast iron tool. The amplitude of the
higher harmonics as well as the presence of Slow Dynamics increased when
damage was introduced. The NWMS method worked well with a 30% dif-
ference in the sideband level, see Figure 3.2. For objects made by cast iron,
nonlinear effects appear without added damage. The material shows consider-
able natural nonlinearity because the internal structure contains micro-cracks
from the cooling resulting from the manufacturing process.

3.1.3 Slow Dynamics Amplitude Shift results

The Slow Dynamics Amplitude Shift (SDAS) technique was applied to 120x120x60
mm blocks made of rubber. These are raw material for cable transmission seals.
The rubber blocks were collected from different manufacturing batches where
one had passed a destructive quality test and the other batch had failed.

All of the HH, the NWMS and the SDAS techniques were applied to the
rubber blocks, showing the unusual result that the Slow Dynamics shift was
present while neither the NWMS nor HH gave any indication. The reason could
be that the defects in the rubber blocks are not normal cracks, but instead
inhomogeneities such as enclosures of unmixed rubber, or voids. Shown in
Figure 3.3, shows the bandpass filtered Slow Dynamic time domain results.

Figure 3.3. Bandpass filtered time signal for a) Left: intact sample and
b) Right: damaged sample.
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3.2 The open resonator concepts

The open resonators are used for two main reasons. The amplitude of the
signal increases and the wave field is limited in space, which means that it can
be a tool in damage positioning techniques.

3.2.1 Properties of and requirements for an open resonator
wave field

Paper B shows that an air coupled acoustic open resonator provides flexibility
and the ability to transmit high amplitude sound into an object through air.

From the NDT viewpoint, the passive plate in the resonator is considered as
the object that is to be investigated. When the two plates in the resonator
both are flat, a shock wave will be developed because of the nonlinearity in
the air. This limits the highest possible amplitude of the wave in the resonator
due to the energy loss in the shock wave, where energy moves to the higher
harmonics where the attenuation is stronger. The higher harmonics n · ω0

(n = 2, 3, 4 . . .) are obtain energy from the fundamental ω0. Changing one
of the flat plates to a concave shape creates a different system. The curved
surface makes the higher modes have frequencies which are not multiples of
the fundamental mode. No shocks are formed and the amplitude of the wave
increases. In this case, the pressure was four times higher.

Paper B explained that it is possible to maintain a maximum pressure in the
air gap in the open resonator by having a double resonance, where the active
plate and the air gap are simultaneously in resonance. In order to maintain
the maximum energy transfer into the passive plate a triple resonance is used -
the transducer, the air gap and the passive plate are in resonance at the same
time. For NDT purposes, the triple resonance is most appropriate.

3.2.2 Application of the open resonator for damage localiza-
tion

In Paper C a method for localizing damage using an acoustic open resonator
for Nonlinear NonDestructive Testing is developed and investigated.
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3 Results and discussion

In Figure 3.4 the wave field in a plate is created by a non-contact device. The
amplitudes directly under the transducer and at a radius of 30 cm were mea-
sured. the results showed that there are modes with high amplitude response
at r = 0 but not at r = 30. The inverse result is also present for other fre-
quencies, where a low amplitude response is found at r = 0 and a high at
r = 30.
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FIGURE 3.4. Frequency sweeps of a laminate excited by an 115 mm
non-contact transducer. The measurements were made directly under the

transducer ("r=0 cm"), and at a distance of 30 cm .

To identify the influence of standing waves with different boundary conditions,
both contact and non-contact measurements were carried out. They showed
that a contact transducer can act as both partially hard and partially soft
thereby allowing more resonance modes than with a passive structure. This
has been observed in earlier experiments, see for example [39]. These par-
tially hard and partially soft states exist using non-contact transducers. The
mapping of the defects can be achieved by moving the open resonator along a
specified path, transmitting a high frequency wave, while recording a nonlinear
parameter. The nonlinear response is higher and higher closer to the defect.
The NWMS, HH or SDAS techniques may be used for this.

The object investigated in Paper C is a 71.6 mm thick composite laminate
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plate made of carbonite-divinyl-carbonite layers. The resonator diameter is
115mm. The pressure distribution from the resonator is measured, Figure 3.5
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FIGURE 3.5. Wave amplitude in laminate plate (thickness 71.6 mm),
measured at the opposite side of the transducer, as function of radial distance
from center of the 115 mm diameter non-contact transducer (air-gap = 9.5

mm) for the frequency 242.5 kHz. Horisontal axis: distance from center in mm.

An artificial defect located at x = 0 was made in a 10 by 10 cm square to
act like a delamination. A shaker was used to vibrate the laminate structure,
introducing the low frequency part in the NWMS technique. The transducer
was moved in a straight line in steps of 1 cm. The sideband amplitudes were
recorded, see Figure 3.6.
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FIGURE 3.6. Non-contact transducer scanning of plate with damage around
x=0.

The sideband amplitude increased when the transducer was moved near and
then over the defect. The resolution is narrow due to the narrow pressure field
of the high amplitude in the center of the transducer.
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3.3 Behavior of damaged materials during different
conditions

3.3.1 Normal resonance frequency sweeps

The Constant Force Sweep (CFS) is the traditional method performing fre-
quency sweeps. A sinusoidal wave is moved over a certain frequency region
with discrete steps and with constant excitation amplitude. The resonance
frequency is found at the peak amplitude value and the phase’s zero crossing.
The dependence on the excitation amplitude has been investigated in earlier
works [3, 40]. As the amplitude is increased the resonance frequency changes
for objects containing cracks while staying constant for objects with no cracks.

A typical frequency sweep on a nonlinear object using increasing amplitude
is shown in Figure 3.7. Two sweeps were made for every amplitude, first up
and then down in frequency. It is clear that the curves are not on top of each
other, not even at the lowest amplitude. This is due to the SD alteration of the
material state by the testwaves themselves, as discussed in the introduction.
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Figure 3.7. Frequency sweep with increasing amplitude.
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The test object in Paper E is a granite rock bar, which was first kept in a climate
chamber with constant temperature and humidity so that these conditions
would not alter the thermodynamic equilibrium. Frequency sweep curves using
the normal Constant Force Sweep (CFS) technique are found in Figure 3.8
where the resonance frequencies shift with increase in excitation amplitude -
peak bending is observed. The curves in Figure 3.8(a) show an increasing input
amplitude (’high’). Figure 3.8(b) shows all the low strain sweeps, almost on top
of each other. As the frequency of the peak decreases so does the amplitude.
The material state has a lower sound velocity and higher damping after being
affected by a higher amplitude wave.

The peaks are plotted in Figure 3.9 with respect to the maximum high strain.
The high amplitude peaks are plotted in Figure 3.9(a) and the low control
amplitude peaks are plotted in Figure 3.9(b).

a) High

b) Low

Response strain

Frequency relative 5346 Hz  (Hz)

10
-6

-9
10x

x

Figure. 3.8. Dual normal frequency sweeps. They alternate between: a) high
(increasing after every sweep) amplitude frequency sweeps; and b) low
(constant) amplitude normal sweeps. The strain response amplitude is

recorded. The low strain initial frequency at shift 0 is at 5346 Hz.
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Figure. 3.9. The resonance frequencies from Figure. 3.8. In a): the high
(increasing after every sweep) amplitude resonance frequency. In b): the low

(constant) amplitude resonance frequency.

The high amplitude sweeps very soon show a nonlinear frequency shift behav-
ior. It is difficult to say exactly where it starts, possibly at a strain of 1×10−7.
In earlier an earlier test a threshold εL between linear and nonlinear behavior
was introduced at strains of 1×10−8 for Fontainebleau sandstone and 1×10−7

for Berea sandstone [9]. The thresholds where the conditioning effects occur
for the two materials were found to be at 5 × 10−7 for the Berea sandstone,
and 2× 10−7 for the Fontainebleau sandstone. In our normal experiments, an
upper limit of the granite threshold is at 5×10−7. It is most likely even lower,
since the low amplitude measurements take several minutes to perform after
having been exposed to the high strain. During this time the material has
moved towards a state equivalent to a lower strain, but not yet to the steady
state for the low amplitude that it is being exposed to.

This measurement technique uses constant excitation amplitude while varying
the frequency in discrete steps. The time spent on each frequency for this mea-
surement is also held constant and the sweep rate is constant. A fast sweep rate
is when spending a short time and a slow sweep rate is when spending a long
time at each frequency. Results from frequency sweeps using different amount
of times spent on each frequency are rare, but TenCate et al. have found
dependencies of resonance frequencies and sweep rates for materials showing
nonlinear behavior [3, 9, 34]. A further investigation is found in Paper D in
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this thesis.

The dependence of the resonance frequency on the amplitude and the sweep
rate was investigated for five different objects. Four were shaped as rods with
circular cross sections: Plexiglass, steel fatigued to 50% used life, steel fatigued
to 75% used life, steel tensiled to yield limit. The last object was a lime stone
rod with rectangular cross section.

The frequency sweep measurements with increasing amplitude and decreasing
sweep rate showed a dependence on both the excitation amplitude and the
sweep rate. When increasing the excitation amplitude, the resonance frequency
shift increases. When decreasing the sweep rate the resonance frequency shift
increases. The change in resonance frequency, ∆fres, per increase in excitation
amplitude ExA is called activation density (AD) and its amplitude dependence
is a measure of the nonlinear material property: AD = ∆fres

∆ExA
.

Figure 3.10 shows the development of the resonance frequency and its ampli-
tude with respect to the increasing amplitude and the decreasing of the sweep
rate for the fatigued steel with 50% used life. Figures of the results from the
other test objects can be found in Paper D.
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Figure 3.10. Fatigued steel 50 % used life. Left: Resonance frequency and
right: amplitude of the resonance frequency, for different excitation amplitudes

and sweep rates.

Figure 3.11 shows the activation density for the five different samples. The ac-
tivation density plots identify three different behaviors. The Plexiglass, which
has the lowest damage level, identifies the activation density to be a constant
function of the excitation amplitude, except for the first region where a top is
found. The frequency is a linear function of the amplitude.
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The 50% fatigued steel object and the stressed steel, which both have higher
damage levels than the plexiglass, identify the function for activation density
as of excitation amplitude as being linear, in a crude approximation. This
means that the frequency changes quadratically with amplitude.
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Figure 3.11. Activation density

The 75% fatigued steel object and the lime stone, which have the most dam-
age identify with an oscillatory behavior. Because of higher damage levels,
the behavioral regions for constant and linear frequency shifts might be found
also for the most damaged - but then at lower amplitudes. More careful in-
vestigations with smaller amplitude steps would probably give a more detailed
picture. Slow material recovery takes place that redistribute the stress over
long time.

It is very interesting that there are clearly regions where no frequency shift
takes place. This could be due to competing influences or to cascade-like
reactions between different parts of the object, like those taking place at earth
quake triggering and aftershocks [41, 42]. This can be explained when the built-
up stress in one region is released and other parts of the body are subjected
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to more stress, which can set off new releases of tensions. After this has taken
place there can be amplitude increases that will not change the material state
until the next cascade release of the built-up tensions.

3.3.2 Constant strain resonance frequency sweeps

This is a new protocol devised to minimize the influence of Slow Dynamics. The
strain protocol is shown in Figure 3.12. The results from this new technique
Constant Strain Sweep (CSS), described in chapter 2, are compared to the
results when using the more common normal sweep technique of Constant Force
Sweep (CFS). Every second sweep is made with increasing strain amplitude
and the other sweep is made with a low control strain amplitude.
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Figure. 3.12. The strain protocol. The smooth curve is the strain of the
normal sweep (CFS), and the rectangular curve is the strain for the constant

strain sweep (CSS).

Figure 3.13 shows the result for a granite rock bar, where the constant strain
sweep method was used. As before it was kept in a climate chamber with
constant temperature and humidity so that these conditions would not alter
the thermodynamic equilibrium. The curves at the bottom in the Figure 3.13
are at the low strain and the top curves are at the high strains.
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Figure. 3.13. A dual constant strain frequency sweep. It alternates between
high (increasing after every run) amplitude frequency sweeps and constant low

strain sweeps. The low strain initial frequency at shift 0 Hz is at 5265 Hz.

The minima representing the resonance frequencies are plotted in Figure 3.14.
The upper limit of the conditioning threshold is at 8 × 10−7. The CSS curves
for the granite sample begins to shift at a strain of 1.5 × 10−7 and the low
amplitude curves starts to shift at a strain of 8× 10−7. This can be compared
to the CFS results in Figure 3.9.
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Figure 3.14. The resonance frequencies from Figure 3.13. In a): the high
amplitude resonance frequency (increasing after every run). In b): the low

amplitude resonance frequency (constant).
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By introducing a constant internal strain level of the measured granite rock,
the resonance shift is delayed compared to the normal CFS sweep technique.
The SD effect has been minimized and the nonlinearity is the dominating factor
in these results.

All of the previous tests on the granite rock bar in chapter 3.3 were performed
in a climate chamber in order to reduce the influence of the external parameters
of temperature and humidity. To show how sensitive the material parameters
in steel are to temperature, three curves for the temperatures of 20o C, 25o

C, and 30o C were performed, as shown in Figure 3.15 from Paper F. The
Constant Strain frequency Sweep technique was used and the test objects were
steel bars that had been exposed to tensile stress until necking appeared. From
the CSS results, the input minimum is plotted against the strain level for each
temperature.
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FIGURE 3.15. The nonlinearity as function of strain for the three different
temperatures 20o C (�), 25o C(o), and 30o C(x). The relative humidity is

constant at 50 %.

When the temperature increases, the sound velocity decreases, the resonance
frequency decreases. It moves the material state in the same direction as an
increase in strain. The slopes remain approximately the same, while the off-
set in frequency are not equal between the sets - even though the temperature
difference is the same (5 oC).

28



Chapter 4

Summary of papers

4.1 Paper A

Three different NDT methods based upon Slow Dynamics and fast nonlinear
effects were applied to three different test objects. The methods were Non-
linear Wave Modulation Spectroscopy (NWMS), Higher Harmonics (HH) and
Slow Dynamics Amplitude Shift (SDAS). The examined objects were ceramic
semiconductors, a cutting tool made of cast iron, and rubber cubes. A different
method was more suitable for each of the objects. The semiconductors were
too small for tapping so only Higher Harmonics was used. The NWMS method
worked the best for the cast iron. Only the SD-method showed a clear response
on the rubber blocks. This was the first record of Slow Dynamics being large
while no fast nonlinearity change was detected, which was the most important
point of this paper.

4.2 Paper B

The concept of an acoustic open resonator was described. Letting the trans-
ducer as well as the air gap between transducer and the passive side be in
resonance a double resonance was obtained. The highest air pressure was ob-
tained having a double resonance, or if a high pressure was to act on the surface
under the transducer. When using a double resonance as well as letting the
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passive side be in resonance, a triple resonance was obtained. The passive side
could be the object being examined for damage. This had the highest energy
transfer into the passive object and could be used to excite a local resonance
in the passive object. To further increase the air pressure the use of a concave
transducer and a flat passive side was investigated. Using the concave trans-
ducer, the air pressure was increased by a factor of four because no shock was
formed and only a small amount of higher harmonics generation took place.
The most important point from this paper was the result of the wave field mea-
surements showing the clear difference between the shocked flat open resonator
wave and the smooth wave of the curved surface open resonator.

4.3 Paper C

This paper is a sequel to Paper B. The influences of resonant modes from a
contact transducer and a non-contact transducer were investigated. The gen-
eral theory of standing waves with reflection and transmission was found not
to be valid. Instead a contact transducer could be both hard and reflecting or
soft and absorbing. The open resonator served as a non-contact transducer and
provided an air pressure distribution under the resonator on the flat surface of
the object. The air pressure changed the boundary condition on the surface of
the investigated plate, a composite plate with delaminations. The boundary
conditions under the transducer are different than for the rest of the plate and
the local trapped modes (local wave fields) could be excited. These dynam-
ically trapped modes could be used to excite a wave field primarily limited
to the volume under the transducer. If damage was located in that volume, a
nonlinear response was be detected. An in-plane scan could then be performed
for localization of all defects in the plate. The most important issues in this
paper were: the existence of the local open resonator wave field inside a plate
and the physical explanation for the existence, which was the trapped mode
caused by the dynamic boundary condition.

4.4 Paper D

The influence of the sweep rate was investigated together with the influence
of the excitation amplitude. Several different samples were tested: plexiglass,
tensiled steel, fatigued steel 50 % of used life, fatigued steel 75 % of used life
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and sandstone. The resonance frequency shift was monitored with respect to
the sweep rate and the excitation amplitude. At the point where the extend-
ing of the sweep rate had no influence, i.e. at steady state, the activation
density was plotted against excitation amplitude. From the activation density
plots the type of dominating nonlinearity could be extracted. The nonlinear-
ity type regions as function of amplitude levels changed with the amount of
material damage. The low level of damage showed a quadratic dependence.
The medium level of damage showed a cubic dependence. Finally, the larger
amount of damage had an intermittent behavior where the frequency shift was
zero for certain regions of amplitude increase. The important points in this
paper were the identification of activation density behavior for different dam-
age levels, and the existence of zero activation density for certain regions of
amplitude reminiscing from the earthquake triggering and after shock releases.

4.5 Paper E

This paper compares the results from two different frequency sweep measure-
ments. The first sweep protocol was with constant input amplitude, Constant
Force Sweep (CFS). The other sweep protocol utilized a feedback control allow-
ing the internal strain to be close to constant, Constant Strain Sweep (CSS).
For both protocols every second sweep had increased input strain amplitude to
find the resonance frequency shift. In between was a sweep at an equal input
strain amplitude, which was a control strain to find out when Slow Dynamics
was present. A granite rock bar was investigated. This type of object is known
as having many internal cracks and imperfections and it is considered to be
strongly nonlinear. Differences were found between the two protocols. First
the resonance frequency shift was delayed as a function of strain for the CSS.
Second the Slow Dynamics was also found to be delayed for the CSS. Third the
initial resonance frequency and resonance frequency shifts were different. New
knowledge was discovered regarding the activation of the Slow Dynamics effect.
Obtaining this information is vital for understanding of material dynamics.

4.6 Paper F

A CSS was carried out on damaged steel in different surrounding tempera-
tures. It investigated the behavior of damaged steel as a function of strain and
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temperature (for a small region). The Slow Dynamics was minimized in the
results as the CSS technique was used, as in Paper E. The initial resonance
frequency was decreased at the higher the temperature, but the slopes as func-
tion of strain remained constant. The essential point of this work was that
temperature was changed while the strain history is constant in the frequency
range.
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Three Nonlinear NDE Techniques On
Three Diverse Objects

Kristian C.E Haller, and Claes M. Hedberg

Blekinge Institute of Technology, 371 79 Karlskrona, Sweden

Abstract. Non-Destructive Evaluation has been carried out on three different test objects,
with three different methods based on exhibits of slow dynamics and nonlinear effects. The
three diverse objects were cast iron, ceramic semi-conductors on circuit boards, and rubber.
The three approaches were Higher Harmonics detection (HH), Nonlinear Wave Modulation
Spectroscopy (NWMS), and Slow Dynamics (SD). For all of the objects the three approaches
were tried. The results showed that for each of the objects, a different method worked
the best. The cast iron worked best with nonlinear wave modulation, the ceramic semi-
conductors worked well with the higher harmonics detection, while the rubber showed best
results with slow dynamics.

Keywords: Nondestructive testing, nonlinear acoustics, higher harmonics, nonlinear wave
modulation spectroscopy, slow dynamics.
PACS: 43.25.Dc

INTRODUCTION

Sensitive nonlinear methods are in strong progressive development. High sen-
sitivity gives the opportunity to find defects and characterize the material
characterization in a very careful manner. The Higher Harmonic (HH) [1]
method has been used in evaluation for some time. Nonlinear Wave Modu-
lation Spectroscopy (NWMS) [2] and Slow Dynamics (SD) [3],[4] have been
introduced in later years. In this work, all three of these methods have been
applied to diverse objects to evaluate the objects damage and to determine
what method is best to use. Three diverse objects were examined and they are
from different industrial areas.

One object is a cast iron steel part of a large cutting tool. First an intact
undamaged part was tested to find out if the response was nonlinear from pre-
existing cracks and defects. A damage was introduced at the top of the cutting
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edge and then the result of the new measurement is compared to the one for
the undamaged.

Ceramic semiconductors used for capacitive loads are very common in electrical
components and are manufactured as standard components to be machine
mounted on printed circuits. These semiconductors sometimes break partially
and can give intermittent errors. The ceramic semiconductors were bent to
introduce cracks and defects but since they are brittle they tend to break
completely (instead of partly cracking). A solution was chosen where the piezo
ceramics are bonded to the printed circuit. Damage is introduced while the
ceramic semiconductors are still held in place by its soldering spots.

Rubber for cable transmission sealing through walls is manufactured in blocks
and then cut to desired size and shape. Before the cut operation one need
to determine the quality and homogeneity of the block. Two different batches
from the production were tested, one of good quality and another less good.

EXPERIMENTAL METHODOLOGY AND RESULTS

These experiments are all conducted using commercially available piezoceramic
transducers (PZT) glued with epoxy. One PZT is acting as an actuator to
generate the acoustic wave in the specimen and the other is acting as a pickup
of the acoustical wave.

For the higher harmonics measurement a single sinusoid acoustic wave is sent to
the specimen by the signal generator through one PZT. The signal is distorted
by cracks and other defects on its way to the PZT acting as a sensor. In the
recorded frequency spectrum higher harmonics are detected to indicating the
amount of cracks or defects.

For the Nonlinear Wave Modulation Spectroscopy (NWMS), a single frequency
signal is repeated as for (HH), but now with an addition of some of the spec-
imen’s own resonant frequencies, lower in frequency than the single high fre-
quency signal. This is accomplished by hitting the object with a test hammer.
In the recorded frequency spectrum sidebands appear beside the single fre-
quency if defects and cracks are present.

The Slow Dynamics time signal method (SD) is the monitoring of the resonance
frequency after a material is conditioned by a transient force. If the material is
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damaged, the resonance frequency is found to drop instantaneously and then
the resonance frequency is slowly recovering - logarithmically with time - to
its initial value.

All methods were applied on all objects for evaluation. For each object the
best suited method is presented, with results from the other methods briefly
commented.

For the cast iron cutting tool the NWMS method was best, see Figure 1. The
material itself shows nonlinear response in the undamaged state, indicated by
all three methods. This was an expected result because casting iron is a com-
plicated process and inhomogeneities and inclusions can be problematic for
this process. Calculating the sideband energy and comparing the undamaged
and damaged states showed a high difference in values. The HH showed dif-
ferences in number of harmonics and in their amplitude, but was not as clear
as NWMS. The difference in SD indicated defect, but was not large.
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FIGURE 1. Nonlinear Wave Modulation Spectroscopy results for cast iron shown as
sideband energy for undamaged in the right column, and damaged in the left column.

The ceramic-semiconductors mounted to the printed circuit board showed the
HH worked best. Higher harmonics was present even when the semiconductors
not was damaged. This indicates that either the board itself gives nonlinear
response or some component mounted was damaged, but testing a larger num-
ber of boards indicates the nonlinear response arises from the board. When
damaging the semiconductors the number of multiple harmonics increases also
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the amplitude of the harmonics increases, Figure 2. The results from NWMS
was indicating defects but not as strong as the HH. Also SD was indicating
defects but not as strong as HH.
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FIGURE 2. Higher Harmonics results of an undamaged circuit board ceramics on the
left, and a damaged one on the right.

For the rubber bricks the SD method was the only one to indicate damage
and quality differences, Figure 3. NWMS gave no measurable differences in
sideband energy. No clear differences in HH could give results to conclude
material quality differences.

FIGURE 3. Slow Dynamics time signal results of good quality rubber on the left, and
bad quality rubber on the right.

42



Paper A: Three Nonlinear NDE Techniques On Three Diverse Objects

DISCUSSION

The method of Higher Harmonics (HH) was succesfully applied to circuit
boards for detection of damage of ceramic semi-conductors. For circuit boards
the method with no impacts is convenient when one would like to be careful
with the components. The Nonlinear Wave Modulation Spectroscopy (NWMS)
method worked very good with the cast iron. Rubber was an unexperienced
area for the authors before conducting these experiment. Remarkably only
Slow Dynamics (SD) could detect differences. It is known SD is a very sensi-
tive method, but the other methods gave no indication to separate between the
different samples. This is the first time we have encountered the case where
SD yields high response, while the fast dynamics methods (NWMS and HH)
would not indicate any change with damage.
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Non-contact nonlinear acoustic damage
localization in plates.

Part 1: Resonance of air between plates.

C.M. Hedberg, Kristian C.E Haller and S. Arnoldsson
School of Engineering, Blekinge Institute of Technology,

371 79 Karlskrona, Sweden

Abstract

This is the first of three articles that deals with the goal of using non-
contact nonlinear acoustic methods for the damage localization in plates.
In this first part, the resonant air gap wave field between one active and
one passive reflecting plate was investigated experimentally. Of particular
interest is the wave field amplitude strength, and its distribution on the
passive surface. The wave amplitude may be increased by choosing one
plate to be concave, overcoming the nonlinear damping taking place for
two flat plates. Applications are connected with an increased wave field
having advantages for processes taking place under open conditions and
for a non-contact transducers’ efficiency of transferring energy into an
object. A double resonance gives highest air pressure, while a triple
provides most energy in the passive object. By choosing the gap distance,
frequency and transducer width, the appearing resonant wave will have
a considerably larger amplitude at the object surface. The work through
the interface from air to object is investigated and the wave field in a
resonant air-plate system is shown.

I. INTRODUCTION

This paper deals with acoustic open resonance in air in order to increase
the wave amplitude between plates and to find the wave distribution
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on the passive plate surface. It is the first part of three dealing with
tools (necessary methods) for damage localization by non-contact non-
linear acoustic methods. The second part and third part will treat the
damage in-plane localization (in x-y), and the depth localization (in z),
respectively. A schematic picture of a the final device is found in Figure
1.
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y
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Non-contact Source

Plate

Defect (crack)

FIGURE 1. The non-contact source above a plate.

For many applications of acoustic non-destructive testing methods it is
advantegeous or required that the method is non-contact. When the
medium around the object is air, the large differences in impedance be-
tween transducers and air, and between air and object, result in low
energy transfer into the object. To ameliorate this transfer, one may uti-
lize the open resonator concept described and developed here. Another
way is to change the impedances, or use special transducers to increase
the amount of energy going from transducer to air. The energy transfer
from air to object is usually more difficult to influence. The air may
be excited to resonance and the wave contained in the standing wave
modes in the air-gap may be increased many times. So the amplitude
of the wave at the object surface would also be increased, leading to
considerably higher amplitudes inside the object.
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As additional applications, there exist processes in which an acoustic field
is needed to irradiate media which can not be contained within a closed
volume. Examples can be found in continuous processes for streaming
gases and liquids and in e.g. paper industry where the material passes
through the acoustic resonator field, or when it is useful to move objects
or material in and out of the sound field [1]-[4]. The object of interest may
be a material inserted in the air gap, or it may be the object whose surface
is the reflecting part of the resonator, or it may be the medium between
the reflecting surfaces in itself. Additionally, the wave field appearance
on the material surface is of importance for the wave field inside the
plate.

The concept of a double acoustic resonance as a means for localized non-
contact acoustic testing was introduced earlier [5]. In this presentation
the background will be treated in more detail. The existence of a triple
resonance is pointed out.

In 1964 Chester [6] did important research by theoretically describing
the shock waves around each resonant frequency. He produced them at
and near resonant frequencies through the oscillations of a piston at one
end in a closed gas-filled tube. In the experimental studies by Gaitan
and Atchley [7], Coppens and Sanders [8] and the theoretical by Spar-
row [9] and Enflo et al. [10]-[12] is displayed how the wave shape in the
closed resonator is a shock wave of the well known saw tooth type. At
large amplitudes nonlinear effects come into play and a shock front forms.
Near resonance, large amplitudes are found inside the resonator even at
moderate amplitudes of excitation. The shock wave in a resonator with
two opposite plane surfaces and a constant cross section area at resonant
frequency has a discontinuous shape, where the nonlinear energy absorp-
tion takes place at the tooth points, which limits the amount of energy
that can be stored in a standing wave for this kind of resonator. When
a shock wave appears, energy dissipates in the shock and puts a limit to
the energy content in the wave. This is a phenomena called acoustic sat-
uration [13]. However, by changing the shock wave appearance from the
saw tooth shape to a smoother shape, more energy can be stored in the
wave. This is possible to do in many ways, e.g. by changing the shape
of one or both of the plates [14] [15], by changing the transmitted wave
shape from a sinusoid [16], by removing the second-harmonic frequency
[17] or by special choice of attenuation [18].
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The kind of open resonator treated here consists of two surfaces between
which an acoustic standing wave can be formed. One of the surfaces
vibrates actively with energy supplied from an outside source, and the
other one is passive. Air is the assumed medium between the two surfaces.
A wave in the air is excited by the vibrating side, it is reflected against
the passive side, and the air begins to oscillate. There is no externally
induced flow. For some specific set of parameters the air is brought into
resonance - a standing wave arises. Energy is stored in this pressure wave
in the air.

As for other varieties of acoustic open resonators, a tube with one end
open and the other excited at subharmonic resonances, is treated ana-
lytically by Keller [19] and experimentally by Sturtevant and Keller [20].
In Hein et al. [21], numerical investigations of a hard plate above a hard
infinite plane is found, as well as of plate structures in wave guides. Nu-
merical simulations of of resonant frequencies of open cavities, wall and
plate protrusions in ducts were made by Koch [22].

In a cylindrical resonator with plane surfaces the first standing wave
mode shape is when the wavelength λ is twice the length of the res-
onator length l with the higher harmonics’ wavelength being λn = 2l/n,
n integer. Through nonlinearity the higher harmonics are created from
the fundamental, and as they will all be in phase, there will be shock
waves created.

The explanation of how a plate shape change will smoothen the wave
form is as follows. When a wave with different frequency components is
reflected against a concave surface, different frequency components get
different phase changes, so the total wave shape is changed [23]. No shock
is forming, and the wave stays smooth. For standing waves in a resonator
with varying cross section, the higher harmonics will drift in phase from
the fundamental (λn �= nλ0), so the wave will not form shocks. This
means that the limiting factor of nonlinear extra attenuation does not
take place, and there is no acoustic saturation.

In a resonator, the pressure might become orders of magnitudes higher
than amplitude of the excitation[14]. The applications of closed res-
onators with high acoustic amplitudes include acoustic heat engines and
acoustic refrigerators [24],[25].
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The work mentioned above dealt with closed resonators. In this paper
will be shown that the process of increasing the amplitude by having
non-planar reflecting surfaces can be carried out in an open condition,
within a volume between two plates. In order to limit the loss of energy
through the open sides, the surfaces of the plates must have a certain
size relative to the distance between them and to the wavelength.

In this article are presented measurements of the shock wave typical
for an open resonator with flat reflecting surfaces, then how a change
of shape of one of the surfaces from flat to concave leads to a higher
pressure in the air volume. Further, a work-energy approach through air
volume boundaries is used to obtain the conditions for maximal pressure
in the air volume, as well as for the maximal energy in the passive object.
Double resonant systems where the transmitting plate and the air gap
are in resonance will be treated, as well as a triple resonance where the
active plate, the air-gap, and the passive plate are all in resonance.

Normally a wave in a high impedance medium encountering an low
impedance medium, a soft reflection will take place - equivalent to a
pressure release boundary condition. In this paper will be noted that
when there exist a wave in the low impedance medium with a high
enough amplitude and in a special phase relative to the wave in the high
impedance medium, the reflection from the interface of the wave in the
high impedance medium can be hard - equivalent to a fixed boundary.

In Figure 2 are shown two ways of how the objects can vibrate. On top
in the figure is the case of the experiment in this article, below are two
longitudinal modes inside the thickness of the objects (which have their
back rigidly attached) at a relatively high frequency. Another case not
shown is the case of objects where all the mass might move together, for
example were the masses are attached to a spring. This would be at a
relatively low frequency.
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Air
PZT

Air
PZT

FIGURE 2. Two kinds of triple resonances.

II. AIR PRESSURE IN AN OPEN RESONATOR

The considered resonator has two reflecting plates with air in between.
The active plate (transducer side) is the one from which energy is trans-
mitted to the air volume. The energy in the air volume excites in its turn
the passive plate which absorbs part of the energy and reflects the rest.

An object being passive does not mean that it does not move, only that
it is excited by the energy in the system and not directly from an exter-
nal source. This surface or even the entire mass may move considerably
depending on its shape and properties. But the energy causing this move-
ment comes entirely from the wave field in the air volume, not externally
added as for the active plate. In this section will be shown that - as
for closed resonators - open resonator pressure can be increased by de-
signing the shape of the resonator surface. The passive object surface
will be changed from flat to concave. A concave resonator surface gives
higher acoustic levels for three reasons: first the wave field is collected
to the center. Secondly the loss of wave field to the sides is lower, also
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a geometrical cause. Thirdly the second harmonic mode is not exactly
twice the first harmonic so the transfer of energy from the first to second
harmonic is not efficient, leading to a smoother wave form which does
not cause a shock wave, so the nonlinear (“extra”) attenuation is low.

A. Test configuration

The resonator was constructed with an actively vibrating transmitting
plate and a passive, flat or concave, plate, see Figure 3. They were
circular, made of glass, and with diameter d. The glass plates’ had
dimensions of d = 165 mm, thickness 2 mm and the concave a “height”
of 20 mm (from the center of plate surface to the axial point in between
the plate edges).

Shaker

Amplifier

Active plate Pressure sensor
Passive plate

ICP-amplifier

Oscilloscope
Data acquisition
system

Accelerometers

FIGURE 3. The experimental configuration.

In order to vibrate the transmitting plate a shaker was used. To create
a good and stable construction for the resonator, the shaker was planted
in a lathe’s toolholder, and the passive plate was in the rest. This made
it easy to vary the distance between the two glass plates and get a good
description of the pressure sensor position since the accuracy of the lathe
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is about 0.01 mm. The following equipment was used - Shaker: Ling
Dynamic Systems, V406/8; ICP Pressure Sensors: Piezotronics PCB
132M15 and 132 M14; ICP-amplifier: Piezotronics, PCB 480C02; Ac-
celerometer: ICP PCB 338B35. The Digital Data Acqusition System
was a Hewlett Packard 35650, with the used sampling frequency of 262
kHz.

The open resonator pressure sensor could move between the plates and
was attached to a piano wire in the lathe’s chuck. The distance between
the plates is l, and the distance between sensor and transmitting plate
is z. The sensor could also be moved in the radial direction of the trans-
mitting plate and its distance to the central axis is r, see Figure 4.

z

r

Active part Passive part

Pressure sensor

l

Center line

FIGURE 4. The experimental set-up: two glass plates with air in between. The position
of the pressure sensor axially (z) and radially (r) in the resonator of length l.

B. Axial pressure distributions

The measurements showed that the largest pressures corresponds well
with the glass plate’s eigen-frequencies. The most curious case is when
both the glass plates eigen-frequencies are the same as the air gap eigen-
frequency, which is a triple resonance. Adjustment to the highest pressure
for the first mode at a given frequency was done by varying the distance
between the two glass plates. The accuracy on distance between plates is
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∆l = ±0.001 mm (here equivalent to frequency ±0.42 Hz). The accuracy
of the measurement points z is ∆z = ±0.01 mm. For the transmitting
frequency fq = 8960 Hz, the pressure was greatest at l = 19.60 mm.
The wave pressure along the axis between the plates can be studied at
different points in time in Figures 5a and 5b. This showed, as expected,
that certain mode shapes of the glass plate were favourable for creating
high pressure. For an analytical treatment of the time evolution towards
steady-state of an acoustic one-dimensional nonlinear resonant field, see
references [11], [12].

The second step was to change the shape of one of the surfaces from flat
to concave. The test configuration is as before with the flat glass plate
active, but here the passive plate is a concave glass plate with a curvature
radius of 180 mm. The axial time measurement in Figure 5 goes to the
center point between the edges of the concave glass plate (not all the way
to the surface in the middle).

a)
b)

       Pressure
              (Pa)

1000
                     0
              1000

Time (µs) Time (µs)

             Pressure
              (Pa)

5000
                     0
              5000

Axial position 
(mm)

0

40

80

0

40

80

0

8

16

0

10

20

Axial position 
(mm)

FIGURE 5. Pressure along axis as of distance and time for a) measurement for two flat
plates (fq = 8960 Hz, l = 19.60 mm, r = 0 mm, z = 1 : 19.60 mm b) measurement of one
flat and one concave plate (fq = 9000 Hz, l = 21.46 mm, r = 0 mm, z = 1 : 21.46 mm.

It seems that there are two wave parts that coincide on the active plate
but are diverging sligthly in front of the passive plate giving rise to the
small drop of the time wave form in front of the passive concave plate.
It should be possible to alter the shape of the passive plate if a smoother
curve more like a sinus is wanted to appear at the passive plate too.
The measurement was comprised of 20 measurement points where the
maximum pressure between the two flat plates was measured axially.
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Again the notation z is the center line coordinate from the active plate
to the measurement points. Distance between each measurement point is
about 1.1 mm, so z equals 1.1, 2.2, 3.3, ... 20.9, 21.46 mm from the rest
position of the active plate. The point z = 0 at the active plate was not
reached because the plate was moving. The transmitting frequency is
now fq = 9000 Hz, and the distance between the plates is l = 21.46 mm.
Halfway between the plates the pressure is at its lowest. The pressure is
higher close to the glass plates, but near the passive plate the pressure
has a local minimum surrounded by the two global maxima. The pressure
in Figure 5b is 4 times higher than for the resonator with two flat plates
in Figure 5a.

In order to better compare the wave shapes, two-dimensional time signal
cuts of the two plots of Figure 5 are shown in Figure 6. They were
taken close to the active surface - at approximately 5 % of the length l
(z = 1.1 mm). The small additional peak arises when the measurement
is made near, but not at, the transmitting plate. It is apparent how much
smoother the wave shape with one flat and concave plate is than with
two flat plates, and that its amplitude is four times higher.

The wave field in Figure 6a can be compared to the flat surfaced (“cylin-
drical”) closed resonator in Ilinskii et al. [26]. Similarities are found in:
i) the shock; and ii) the small additional peak on the shock. One dissim-
ilarity is that the non-shocked slope in their case has several superposed
peaks, while the mirrored time wave form shape in the present work de-
pends on the soft reflection from the moving surface. It is interesting to
note there exist a much stronger similarity between our Figure 6a and
Figure 4 in Lawrenson et al. [14] for a horn-cone resonator. The similar-
ities are: i) the sharp peaks and the smooth throughs; ii) the disruption
on the left slope; iii) the additional peak on the right slope. The only
thing that differs is that their right slope is not as steep as ours and so
their’s is not considered as a shock.

The result in Figure 6b may be compared to the Horn-Cone (Figure 7)
and Bulb (Figure 12) resonators in Ilinskii et al. 2001 [26] and with the
Conical in Figure 14 in Ilinskii et al. 1998 [27]. All of these remove the
phase coincidence for the higher harmonics and no shocks are present.
The time wave forms have similar qualitative shapes as they have more
narrow peaks and smoother throughs, even though the effect is more
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accentuated for the closed resonators - they have considerably higher
amplitudes.
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FIGURE 6. Pressure along axis close to the active plate for a) a measurement for two flat
plates (fq = 8960 Hz, l = 19.60 mm, r = 0 mm, z = 1 mm b) measurement of one flat and

one concave plate (fq = 9000 Hz, l = 21.40 mm, r = 0 mm, z = 1 mm). In plot c) is
depicted the frequency content of a). In d) is depicted the frequency content of b).

In Figure 6c and d the frequency content of the above time signals is seen,
and it is clear how much smaller the higher harmonics are for the concave
plate. The shocked wave form on the left leaks much more energy to the
higher harmonics than the smooth one on the right. The fundamental
of the concave plate is 5.5 times larger than the fundamental of the flat
plate.

C. Radial pressure distributions

The measurements in Figure 7 show the maximum pressure distribution
as a function of radius close to the transmitting plate, where r (radial
coordinate) is the distance to the axis . The center of the round plates
are at r = 0, while the edge of the resonator is at r = 165/2 = 82.5 mm.

In Figure 7a with two flat plates, the amplitude of the wave is more or
less constant going radially from the axis. In contrast, in Figure 7b with
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one flat and one concave plate the highest pressure is found in the middle
of the resonator and diminishes almost linearly with resonator radius. As
seen in Figure 7b the pressure varies from maximum to minimum at the
center, while it is near zero at the disk edge. The highest pressure is five
times greater in the flat-concave system (7b) compared to the flat-flat
one (7a).

In both Figures 7a and 7b can be seen how the wave amplitude along the
radius is in phase for both the flat-flat and the flat-concave reflectors.

Figure 8 displays the maximal and minimal time signal pressure as a
function of radius, obtained from the same values as in Figure 7.

Radial

70

70

a)

b)

Pressure (Pa)

Pressure (Pa)

FIGURE 7. Pressure close to the active plate as of radius and time for a) measurement
for two flat plates (fq = 8960 Hz, l = 19.60 mm, r = 1 : 70 mm, z = 1 mm) b) measurement
of one flat and one concave plate (fq = 8000 Hz, l = 29.96 mm, r = 0 : 70 mm, z = 1 mm).
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FIGURE 8. Maximum and minimum pressure close to the active plate as of radius of a)
measurement for two flat plates (fq = 8960 Hz, l = 19.60 mm, r = 1 : 70 mm, z = 1 mm)
b) measurement of one flat and one concave plate (fq = 8000 Hz, l = 29.96 mm, r = 0 : 70

mm, z = 1 mm).

It is evident that the concave resonator collects the pressure in middle.
In the flat resonator the pressure is more distributed. The excited area
is highly dependent on frequency and the excitation can be concentrated
to a small area. By using a flat reflector we get a wide wavefield on the
object surface, by using a concave we get a focused one.

The question may be posed as: is a large movement of the passive plate
increasing the air pressure as a rule ? This calls for a theoretical inves-
tigation, which follows in the next section.

III. WORK THROUGH SURFACE BOUNDARIES

A pressure wave in the air gives a force on the reflecting objectsÕ surfaces.
Work (transfer of energy) is being done by the air pressure when the
velocity of the object surface has different phase compared to the air
pressure wave. Of interest are the work from the active transducer to
the air, and from the air to the passive object. It will be seen for which
conditions the energy is maximized in the air, and for which conditions
the energy transfer to the object is maximized. Let the work be defined
as the force F from the air multiplied by the object surface displacement
dx.

dW = F · dx = pA · dx , (1)
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The work per unit area of the surface A is

dW/A = F · dx /A = (p1 − p2) · dx , (2)

where p1 is the air pressure at the interface and p2 is the pressure in
the object at the interface. Let the pressure difference have the time
dependence

(p1 − p2)(t) = p0 sin(ωt) . (3)

and the position of the surface be oscillating as

x(t) = x0 sin(ωt + φ) . (4)

Then the power transmitted from the air to the object per period of
oscillation is

W/A =
∫

p(t) · dx(t) =
∫ 2π

0
p0 sin(ωt) · x0 cos(ωt + φ) · d(ωt) . (5)

This work integral has a maximum of p0x0π at φ = 3π/2 and a minimum
of −p0x0π at φ = π/2. We have for the maximum ẋ(t) = dx/dt =
x0ω cos(ωt + 3π/2) = x0ω sin(ωt), the pressure of the air and the surface
velocity are in phase. This means that energy is transferred from the
air to the object best when the air pressure is in phase with the surface
velocity of the object.

In our measurement we are dealing with active and passive objects which
have the same resonant frequencies, so the condition of triple resonance
may take place. The group at Institute of Acoustics in Madrid have
designed large special resonators for maximal air pressure with resonant
active transducers, while the passive surface is fixed (i.e. hard) [28]. This
is in agreement with the work aspect above.

Because energy is flowing from the air to the passive object, one might
expect that the air pressure should not have a maximum for these con-
ditions. But it does, according to the measurements. There are two
explanations for this. The first is that the transmitting plate and the
passive plate have the same resonant frequencies. So the transfer of en-
ergy from the active plate to the air is greater than the removal of energy
from the air at the passive plate. Another possibility may be that the
mode shapes of both the active and passive plates is of such character
that the wave field is augmented.
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The conclusions are that the passive side in resonant systems should be
designed to be immovable if the fluid medium energy is to be maximized,
and that the passive object is to have its own resonance coinciding with
the excitation frequency and the air gap if the energy flowing into the
object is to be maximized. The resonance of the object also keeps the
energy in the object.

The active plate (the transducer) should, for maximum transfer of en-
ergy, always be designed to oscillate at the chosen resonance of the fluid
medium (the air).

The passive surface must always move more or less with the wave in order
to absorb energy. In contrast, the active side must always push the wave
so its surface moves more or less opposed to the air wave field.

In other words, to obtain a maximum of the air wave field there should
exist a double resonance with the active surface and the air having the
same resonances. For the maximum of the passive object wave field
there should be a triple resonance with the passive object having the
same resonance as the active surface and the air. (A measurement of the
triple resonance was shown in Figure 5.)

For a steady state when there is no dissipation from the object, the
pressure must be the same on both sides of the boundary. Only then is
the work at any moment the same (it is zero) through the boundary.

IV. STEADY-STATE OF A DOUBLE RESONANCE

From the calculations of work or discussions we know that at steady state
the pressure amplitude of the waves coming in to the boundary from both
sides are the same.

We must consider the waves reflecting at the interface, the one from the
air to the passive side and the one from the passive side to the air. At
the same point a steady-state is reached where energy from transducer
disappears in three ways. First the normal dissipation in air and object,
secondly the nonlinear attenuation, and thirdly the energy leaving the
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system from the back side of the passive object.

Let us visualize this in Figure 9 for the double resonance case. Let for
both media 1 and 2, the dashed lines be the right going waves and the
dotted lines the left going wave while the solid line is the total pressure
wave (left + right) in both media.

The condition for resonance in medium 2 with one ideal hard and one
ideal soft boundary is that the thickness is λ2/4 + m λ2/2, where λ2 is
the wavelength in medium 2 and m is an integer.

One can see that the wave seems to be continuous through the interface.
In reality, not much energy is moving between the media and even when
removing one of the media instantly, keeping the hard boundary condi-
tions would let the standing wave in each medium continue as before. To
keep the medium 1 wave, the interface would be replaced by a completely
hard boundary. To keep the medium 2 wave, the interface would also be
replaced by a hard boundary.

ωt = π

ωt = π/2

ωt = 3π/2

ωt = 0

Medium 1

Medium 1 Medium 1 Medium 2

Medium 1

Medium 2

Medium 2 Medium 2

PressurePressure

PressurePressure

hh

hh

h+b h+b

h+b h+b

Distance from left boundary

Distance from left boundary Distance from left boundary

Distance from left boundary
Total Rightgoing wave   ......... Leftgoing wave

FIGURE 9. Steady state of double resonance with a hard reflection from medium 2
(object) to medium 1 (air) and soft from object to right border. (When ωt = 0 and ωt = π

the left- and right-going waves coincide.)
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For simplicity of visualization, in the figure is assumed that the sound
velocity c is the same in both media1, while the impedance I = ρc is
different due to the different densities ρg in medium 1 (air), and ρs in
the second (object). Let ρs � ρg, so that Is � Ig . Then the right going
wave in the air reflects hard against the object. The right going wave
in the object reflects softly against the free surface. The left going wave
in the air reflects hard against the left boundary (the transducer), while
the left going wave in the solid reflects hard against the air because the
incoming wave in the air makes the interface hard - the interface does
not move at ideal steady state.

The wave incoming from medium 1 always reflects hard also in the tran-
sient phase because medium 2 has higher impedance that 1.

Looking at the two masses on either side of the interface, Figure 10, the
same force is acting on each of them. During one period at steady state
the total work across the interface done to each of them must be zero,
respectively. This only takes place when the phase between them are
90 degrees. The masses move towards and away the interface simultane-
ously, so the interface may be seen as a fixed line. Through the interface
itself no work is done as there is no displacement. (There could in fact
have been a mass at the point without interfering with the modes.) The
highest pressure is when the masses are closest to each other, the velocity
is then zero. The phase between velocity and pressure must therefore be
π/2, as shown above.

This analogy holds for triple resonances as well.

Note that this is at steady-state. During the transient part the pressure
(force) is not 90 degrees out of phase with velocity as there must be
energy going to the right (passive) side of the interface. The transient
phase is not analyzed in this paper.

1In most cases the sound velocities in the media would differ, and then the slope (deriva-
tive) of the wave field in space would have a discontinuity at the interface between the
media.
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FIGURE 10. Steady state movement of the particles or lumped masses on both sides of
the interface.

V. INTERFACE MOVEMENT

A hard material can be a hard reflecting surface against air if energy goes
from the surface to the air through the vibration of the surface, or if the
hard material is not moving.

A definition of an ideal passive hard reflection is when the surface that
the wave is reflected from does not move, the impedance of material 2
is very high, Z2 → ∞. The reflection coefficient R = Z2−Z1

Z2+Z1
= 1 and

the transmission coefficient T = 2Z2

Z2+Z1
= 2. There is no energy transfer

to the hard material because the velocity of the hard material surface is
zero as u = p2/Z2 = 0.

The surface can also move in opposite phase (180 degrees shift) with
respect to the incoming wave, and then we have an active hard surface.
Energy is going from the surface to the wave in the air.

The definition of ideal soft reflection is when there is no pressure fluc-
tuation at the surface. It may almost take place when wave in a fluid
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reflects at an air surface, or in open tubes (like some musical instru-
ments), or when a longitudinal wave in a solid reflects from an air in-
terface. For example the ratio between the impedances for some metal
and air: Zmetal/Zair = 25000000/3000 = 8333. A very small amount of
energy is transferred also in this case. An ideal soft surface has reflection
coefficient R = Z2−Z1

Z2+Z1
= −1 and transmission coefficient T = 2Z2

Z2+Z1
= 0.

The reflection may be partially soft even from a medium with low impe-
dance (medium 1, e.g. air) to a medium with high impedance (medium
2, e.g. solid object or transducer) if the surface in between is moving in
phase with the incoming wave. The energy is then going from medium 1
through the surface to the medium 2. This takes place when the medium
2 is activated by medium 1, as when a solid is radiated by a wave in air.

When we have the same pressure in each medium, the force on the inter-
face is the same from each side so there is no movement and all reflections
are ideally hard, with no energy passing through the surface, which is
shown in Figure 10.

As seen in the Section III, the way the interface moves in relation to the
incoming wave is important. The direction of the transfer of energy is
directly linked to the phase between the air pressure and the surface (in-
terface) velocity. First the energy goes from the active plate (transducer)
to the air, then it is going into the passive plate. Assuming we have a
certain phase between the passive plate velocity and the incoming wave
from the air, the passive plate removes (or adds) more energy the higher
its surface velocity is, in the same way as the active plate is adding (or
removing) more energy the more it moves.

VI. DISCUSSION

For closed resonators the pressure can be as high as 3-4 atmospheres [14],
with the main loss mechanism in a closed resonator being the boundary
layer losses at the resonator sides [26]. As a further investigation, it would
be interesting to see how high the pressure can be in an open resonator.

The air wave field appearance can be changed with different designs of

65



K. Haller: Acoustical Measurements of Material Nonlinearity and
Nonequilibrium Recovery

the active resonator plate. An evident way to proceed is to use stepped
transducers, as for closed high power acoustic resonators [29].

The very high pressures in the open resonators would be very useful in
acoustic Non-Destructive Testing, since existing non-contact air-coupled
transducers are lossy.

VII. CONCLUSIONS

A system consisting of an active plate and a passive plate with an air
gap in between was investigated for its resonant acoustic behavior. The
pressure in the air was experimentally studied for two flat plates, and for
a flat and a concave plate.

In a resonator with two flat parallel surfaces the nonlinear effect of a
standing wave results into a shock wave. The wave amplitude at res-
onance between two plane and rigid walls is limited by the nonlinear
attenuation taking place in the shocks. When the corresponding mea-
surements were made in the resonator with one flat and one concave sur-
face, a shockless smoother wave appeared, meaning more energy could
be stored in the wave. The pressure was higher by a factor four.

From the study of pressure in the radial direction, the concave resonator
was shown to collect the pressure in middle, while the flat resonator
distributes the pressure evenly along the radius. The conditions for max-
imizing the air pressure are fulfilled by letting the active plate (“1”) and
the air (“2”) be in a double resonance with the passive plate being still.
Then the passive plates reflecting surface is hard.

The maximizing of the energy transfer into the passive plate was found
to take place at a triple resonance of active plate (transducer) (“1”), air
(“2”), and passive plate (object) (“3”). This was measured experimentally,
and explained by the concept of work through the air-plate interfaces.

The pressure wave field appearance of an air-passive plate at steady-state
double resonance was shown, indicating equal pressure on both sides of
the interface irrespective of the impedances of the two media.
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Abstract

This work is the second part of three that presents new tools to be used for
damage localization in plates by nonlinear acoustic methods. It introduces
an important in-plane localization technique, which is based on the existence
of resonant spatially localized wave fields. The wave from the transducer is
acting as a dynamic influence on the plate surface, making the waves reflect
in a non-ideal way. The non-ideal reflections make the modes underneath
the transducer have different resonant frequencies than the modes beside the
insonified area. They appear both for contact and non-contact sources. In
the nonlinear damage localization application, the trapped mode wave field
interacts with another signal at lower frequency. This results in sidebands
around the high frequency whose amplitudes are related to the amount of
damage underneath the transducer.

I. INTRODUCTION

This work is the second part of three presenting new tools that are useful for
damage localization in plates by nonlinear acoustic methods for contact and
non-contact sources. In the first part, non-contact air wave fields in a plate-air-
plate system were investigated [1]. This paper treats the in-plane localization
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in the plate (in x-y), while the third will deal with the depth localization (in
z), see Figure 1.

The trapped local mode approach in this paper is much more important for the
nonlinear acoustic methods treated because they use lower frequencies than
the linear ultrasonic methods.

Resonant waves are used in the fields of both linear and nonlinear nonde-
structive acoustic testing [2]. Examples of the resonant methods are Resonant
Ultrasound Spectroscopy [3], Nonlinear Wave Modulations Spectroscopy [4],
Resonant Frequency Shift [5] and Slow Dynamics [6]. Most of the mentioned
methods are nonlinear. The linear ultrasound use wavelengths that are smaller
or on the same length scale as the damage. Thus the linear ultrasound waves
often are in the shape of directed beams. They are by their nature local as they
spread less and are more attenuated. On the other hand, with the nonlinear
methods, the cracks may be several orders smaller than the wave length. The
low frequencies used by the nonlinear methods are prone to spread all over the
test objects because of the long wave lengths and low attenuation. Therefore,
these waves are not local and it is difficult to obtain localization by the ordi-
nary nonlinear acoustic methods. In this work we are looking at plates with
the in-plane dimensions x and y being much larger than the thickness z, see
Figure 1. At the same time the thickness may not be too small (z0 > zmin).
Plate structures exist for example in buildings, airplanes, containers, ships,
and cars.
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FIGURE 1. The non-contact source above a plate.
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There are three reasons why a local wave can be necessary in nonlinear non-
destructive testing: 1) When the object is very large, the complete object can
not be examined all at once, examples are buildings or ships. 2) When closely
lying nonlinear regions otherwise create disturbances. 3) When an image of
the position and extent of damage is needed.

One common nonlinear methods in use to detect damage is the Nonlinear Wave
Modulation Spectroscopy (NWMS) [7], [8], [9], [10], [11], [12]. Like the other
nonlinear methods, it is based on the fact that material with cracks has much
greater material nonlinearity than one with no cracks. Therefore, by measuring
the material nonlinearity, an indication of the damage level is obtained. The
general approach to do this can be understood by considering propagation of
a one-dimensional wave with two frequencies inside a material

u(x = 0, τ) = u0(τ) = aL sin(Ω0τ) + aH sin(ω0τ) . (6)

The parameter τ = t − x/c0 is the retarded time, where t is time, x is dis-
tance from source, and c0 is the sound velocity. We assume that the angular
frequencies fulfill ω0 � Ω0. The nonlinear interaction between the waves (here
expressed in particle velocity u) will be obtained by investigating the solution
(7) (see e.g. [13] [14]) for a small distance x away from the source:

u = u0(τ +
ε

c2
0

ux) , (7)

where ε is a material nonlinearity parameter. The signal (6) inserted into the
solution (7) gives us an approximate solution at z = εx/c2

0:

u(z, τ) = aL sin(Ω0[τ + z(aL sin(Ω0τ) + aH sin(ω0τ))])
+aH sin(ω0[τ + z(aL sin(Ω0τ) + aH sin(ω0τ))]) (8)

With the MacLaurin expansion in z, f(z) ∼ f(0) + f ′(0) · z + . . ., we get

u(z, τ) = aL sin(Ω0τ) + aL cos(Ω0τ)Ω0 · z · aL sin(Ω0τ)︸ ︷︷ ︸
I

+ aL cos(Ω0τ)Ω0 · z · aH sin(ω0τ︸ ︷︷ ︸
II

) + aH sin(ω0τ)

+ aH cos(ω0τ)ω0 · z · aL sin(Ω0τ)︸ ︷︷ ︸
III

+ aH cos(ω0τ)ω0 · z · aH sin(ω0τ)︸ ︷︷ ︸
IV

. (9)

The first and fourth terms are the linear source frequency terms. The more
interesting ones are the nonlinear interaction terms I,II, III and IV (which are
the second, third, fifth and sixth terms respectively).
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The product with mixed frequencies in term II is

cos(Ω0τ) sin(ω0τ) = [sin((ω0 + Ω0)τ) + sin((ω0 − Ω0)τ)]/2 . (10)

The product with mixed frequencies in term III is

sin(Ω0τ) cos(ω0τ) = [sin((ω0 + Ω0)τ) − sin((ω0 − Ω0)τ)]/2 . (11)

Both terms II and III from equation (9) contribute to the sidebands at fre-
quencies ω0 + Ω0 and ω0 − Ω0

uSB = 2aLaHz{Ω0[sin((ω0 + Ω0)τ) + sin((ω0 − Ω0)τ)]/2
+ω0[sin((ω0 + Ω0)τ) − sin((ω0 − Ω0)τ)]/2}

= aLaHz{(ω0 + Ω) sin((ω0 + Ω0)τ) − (ω0 − Ω) sin((ω0 − Ω0)τ)} (12)

There is an amplitude difference between the sidebands. The sideband with
lower frequency is smaller than the upper by the factor (ω0 − Ω)/(ω0 + Ω).

No sidebands exist when there are no cracks, because high levels of material
nonlinearity is directly connected to cracks. The sideband amplitudes naturally
increase with amplitude of the low frequencies in the damage region. With a
constant low frequency amplitude, the sideband amplitudes will increase and
decrease when the transducer high frequency amplitude, or the low frequency
amplitude, increase and decrease. Experiments that show this is found in
reference [15]. The type of curve that is obtained from equation (9) is shown
in Figure 2.
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FIGURE 2. Frequency response spectrum after nonlinear propagation the distance
x = 0.1 meter of two initial frequencies ω0 = 15000 Hz and Ω0 = 2000 Hz. The nonlinearity

parameter ε = 500.
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As one is searching for the nonlinear interaction between these two signals, it
is enough to localize one of the wave fields, either aL sin(Ω0τ) or aH sin(ω0τ).
It is easier to limit the geometric extent of the high frequency (HF) than the
low frequency (LF).

For a free plate, there does not exist any localized trapped modes through the
thickness. They do not exist in the free plates and do not appear when making
eigen value finite element simulations. They exist only when an acoustic source
fulfills the open resonance conditions for the plate thickness [1]. Therefore, in
experiments they are found when the insonified surface area on the plate is
large enough, while at the same time the frequency which gives resonance
through the thickness is used. These kinds of localized vibrations, or trapped
modes, may in general appear as a result of thickness variation [16],[17], bend-
ing of the domain [18], and perturbations of the elastic modulus [19]. A local
change of the boundary conditions as a possible reason for trapped modes is
mentioned by Förster [19], but has not been thoroughly treated to our knowl-
edge. In our case it is a dynamic local change in the boundary condition. The
excitation can come from either a contact transducer or a non-contact air wave.
The local property of such an open resonator wave field was noted in another
publication [20] - while its physical explanation was not given. In the present
article the explanation for the local resonant field will be presented, as well as
measurements of both contact and non-contact localizations in plates.

II. CONCEPTS OF LOCAL ACOUSTIC OPEN RES-
ONATOR WAVE FIELD

When placing a transducer on a plate, there can exist two kinds of wave fields
which will limit the thickness resonance wave field, see Figure 3 top (Contact).
The first way (type A) has a resonant wave being reflected by the transducer’s
far side. The transducer acts as an integral part of the medium. The time
of propagation of the wave is the sum of the propagation time through the
plate and the transducer. A local wave field appears because the mode for
the system with transducer and plate has a frequency which is different from
the wave field in the plate by itself. This resonant wave (type C) has soft
reflections from both the top and bottom surfaces.
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FIGURE 3. Plate with transducers. Top: contact transducer. Bottom: non-contact air
transducer.

The second kind of wave field (type B) is where the interface between the trans-
ducer and plate acts as reflector. The wave coming in from the transducer to
the interface affects the boundary pressure values and the acoustic impedances
given by the normal material values can not be used.

The incoming wave affects the plate surface boundary condition. This mode
propagates only through the plate, so it has a propagation time close to the
propagation through the plate only, and has a higher frequency than type A.
This kind of local wave field may appear only under conditions of resonance
when the conditions for open resonator is fulfilled for the plate surface wave
field (under the transducer). In short, the diameter of the wave field (the
transducer) must be large enough, and must increase with increase in plate
thickness and in wave length λ [1].

The ideal estimated frequency of the mode A (completely through the sample
and transducer) is fAi = 1/(2a/cs +2b/ct), where a is thickness and cs is sound
velocity of sample, and b is thickness and ct is sound velocity of piezoelectric
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transducer. The "ideal" frequency of mode B, not accounting for the wave
field influence, is simply fBi = cs/a = fC , but the real frequency of mode B
contains a strong non-ideal influence. The non-ideal influence is expected to
depend strongly on frequency, like the way any other mass-spring component
shows a frequency dependent response. For practical purposes, the details
about the exact influence of any specific non-ideal properties of the transducer-
plate system are not important. It will be enough to have the knowledge that
this phenomenon exists, and therefore will create conditions for trapped mode
local wave fields.

For the non-contact case, Figure 3 bottom, the resonant modes of types B
and C still exist, but not type A. The pressure field from the air on the plate
surface under the transducer still causes the boundary condition to be non-
ideal, making the mode type B have a different frequency from type C.

III. ONE DIMENSIONAL WAVE FIELD MEASURE-
MENTS

The simultaneous existence of mode types A and B in a one-dimensional system
is evident from acoustics of layered media, see e.g. [21],[22]. The concepts are
clear from a measurement indicating the influence of the transducer. The types
A and B modes are shown for a steel bar of length a = 0.119 and diameter 15
mm where a transmitting piezoelectric transducer with diameter 30 mm and
thickness 2.5 mm was attached to one end. It was driven by an Agilent 33220A
signal generator.

The fundamental frequency responses (for a steel bar length of a ≈ λ/2) were
found at fqA = 1/TA = 21100 Hz, and at fqB = 21300 = 1/Ts Hz, see Figure
4. The peak at 21 300 Hz is from the reflection against the interface between
steel and transducer. The ideal frequency shift with an added length of b = 2.5
mm transducer material with sound velocity cT = 4030 m/s is 135 Hz. The
measured value is 200 Hz. The influence of the transducer is non-ideal, meaning
that the reflection is neither perfectly soft or perfectly hard.
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FIGURE 4. The peaks from the mode of kind A (at 21 100 Hz) and from the kind B (at
21 300 Hz) for a steel bar with a pzt attached to the end.

If we assume a perfect hard interface (ideal mode type B), making the reflec-
tions hard (immovable) on the transducer side and soft (pressure release) on
the free plate surface we can evaluate the modes. For the resonant wave with
one hard reflection and one soft, the relation between plate thickness a and
wave length λ is a = λ/4 + nλ/2, n = 0, 1, 2, . . ..

For a plate, the regions outside the transducer area with two soft reflections
the thickness resonance criterion is a = nλ/2, n = 1, 2, 3, . . . . For a given
frequency, both these criteria can not be fulfilled - when resonance exist under
the transducer it does not exist on the sides. This is the reason why the wave
field is local when open resonance exist under the transducer.

In a one-dimensional system, like slender bars, the resonance of a layer of type
B (see Figure 3) is seen as evident and exist for specific frequencies. For these
kinds of system the resonance which includes the wave passing through the
transducer (type A) also exist. What is not evident, is that resonance of type
B in a two-dimensional system must fulfill the open resonance criteria to exist.
The resonance mode type C (soft-soft) is found outside of the region with the
incoming wave field.
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IV. CONTACT LOCAL WAVE FIELD

The measurements with a 30 mm diameter transducer glued to a 5 mm thick,
800 mm wide and 1100 mm long plate of plexiglass is a good example of the
resonance localization type A. The mode includes the transducer itself which
has thickness b = 2.5 mm. The frequency estimate is n · 1

2 · 1/(0.005/2700 +
0.0025/4030) = n · 202236 Hz. This gives the following estimates of those
resonant mode frequencies: 202, 405, 607, 809, 1011 kHz.

The wave field was measured with a pressure sensor, PCB 132M14 with a
diameter of 3.3 mm, which was attached to the plate by a medium hard wax.
It was moved along lines away from the center of the transmitting transducer,
see Figure 1. In the measurement a suitable frequency was 1034 kHz (to be
compared to the theoretical value 1011 kHz), and the amplitude is shown as
function of radial position r in Figure 5. Both the same side as the transducer
(top) and the opposite side (bottom) were measured. For this frequency the
wave field is very local with most energy inside the 15 mm transducer radius.
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("Top") the 30 mm diameter contact transducer with the frequency 1034 kHz. Horisontal
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V. NON-CONTACT LOCAL WAVE FIELD

It may be easy to claim that attachment of a structure on a plate is what
makes the local wave field even of the type B, and that the interface conditions
are a result of this only. But then, the similar effect would not exist for a
non-contact transducer. That this happens will be shown in this section. The
claim that the wave field is local because it is close to the transducer will be
disproved by showing a wave field where the amplitude is near zero under the
transducer, while there exist resonance on the sides.

Non-contact measurements were made on a 71.6 mm thick carbonite-divinyl-
carbonite laminate plate. The non-contact transducer consisting of a 115 mm
diameter plexi-glass plate with seven 30 mm diameter PZT transducers glued
onto it was placed at a height of 9.5 mm above the laminate plate. The surface
of the transducer was flat because a distributed field on the plate surface was
preferred [1]. Frequency sweeps were performed where the amplitude was mea-
sured by two PZT sensors of diameter 10 mm. One attached by medium hard
wax to the plate at the center on the underside directly beneath transducer
device, and the other at 30 cm from the first one, see Figure 6.
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FIGURE 6. Frequency sweeps of a laminate excited by an non-contact 115 mm
transducer. The measurements were made directly under the transducer ("r=0 cm"), and

at 30 cm distance.
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There exist frequencies where the wave amplitude in the center (r = 0) is more
or less zero, which happens at the anti-resonances. The pressure at r =30 cm
has relatively large values, approximately 1 kPa at frequency 249 kHz, while
at the center, they are more or less zero.

The plate thickness mode type B from the contact transducer measurement is
found for the non-contact excitation case too, see the bottom picture in Figure
3. The transducer excites the air, which in turn excites the plate. The air
wave field will for the plate thickness modes act equivalently to the contact
transducer field on the plate. This non-contact mode type B has the same
origin in the non-ideal boundary conditions as the contact mode type B. Beside
the transducer the boundary condition is soft and beneath the transducer the
boundary condition is non-ideal. This means that there is a thickness resonance
under the transducer whose eigen frequency will not be the frequency for the
thickness resonance on the sides. It shows the existence of the anti-resonant
modes of the air gap-plate system, and that the resonances for the air gap-
plate system are not the same as for the plate by itself. Even though the plate
is surrounded by air, the air interface under the transducer does not act as a
perfect soft boundary. It acts as a partly hard surface.

The amplitude as a function of the radial distance from the center is shown
for frequency 242.5 kHz in Figure 7. The high amplitude wave field is being
concentrated almost fully within the radius of the non-contact transducer (57.5
mm).
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It must be the incoming wave that makes the insonified region having different
boundary condition from the rest of the plate surface, because the only differ-
ence between the resonant system conditions of the insonified region and the
rest, is the insonification itself.

VI. IN-PLANE LOCALIZATION APPLICATION

The main application in mind is Nonlinear Acoustic Non-Destructive Testing.
To see how this works, we assume a plate with a damaged region at a position
x, see Figures 1 and 8. By moving a non-contact transducer device above the
plate surface along the x-axis, the local field, seen in Figure 7, will move with
it.

B
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PZT SENSOR

SHAKER

low frequency 
signal in

high frequency 
signal inTRANSDUCER

to DAQ system

FIGURE 8. The damage localization test with the non-contact high frequency source,
the low frequency shaker, and the PZT sensor.

The plate is a composite laminate plate made by carbonite-divinyl-carbonite
layers of 71.6 mm thickness (a different one from the one in section V.). The
material and nature of the plate is not affecting the results to any significant
degree as the nonlinear methods work for more or less all types of solid ma-
terials. The transducer is moved along a straight line in steps of 1 cm. To
create the low frequency components a shaker was attached to the plate and
driven to create chirp signals with constant excitation force, exciting several
of the plate’s resonance frequencies. Simultaneously the high frequency wave
was introduced by the non-contact transducer driven at fixed frequencies by an
Agilent 33220A signal generator and a Krohn-Hite 7500 Wide-Band Amplifier.
The response was measured using a pzt sensor at a fixed position which had
the pz 26 material, 10 mm diameter, and 1 mm thickness. The fixed position
is taken at random as the method works for almost any positions. Moving
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the sensor with the transducer fixed, the response amplitude would increase
slightly, but for limited sizes of plates the nonlinear response variations from
damage will in most cases be much bigger. The frequency spectrum was pro-
duced and stored with a LeCroy Lt262. Five different high frequencies [240.5
242.5 244.5 246.5 248.5] kHz were sent separately and the amplitude of the
sidebands was averaged as described by Kazakov et al. [23]. The amplitude of
the sidebands were used to quantify the nonlinearity. In Figure 9 the resulting
sideband amplitude is plotted over the scanned x-direction. It has the same
shape as the transducer wave field.
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FIGURE 9. Noncontact transducer scanning of plate with damage around x = 0.

The artificially introduced damage has the middle located at x=0 and has a
10 cm length in the x-direction. The result shows that damage start to give
response 4 cm before and stop 5 cm after the middle point. It is from this graph
clear that using an open resonator, the nonlinear wave modulation technique
is possible to use for determination of location of defects in this laminate.
Noticeable is the fair resolution of the damage localization compared to the
physical extent of the resonator. The resolution in position x of the damage is
much finer than the transducer diameter that is 115 mm. The damage region
can in this case be mapped with an accuracy of around 1 cm. The size of small
individual cracks on millimeter-scale or smaller is not possible with this type
of set-up. This can be explained by that it is only the higher amplitudes in
Figure 7 which have high enough amplitude.
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Damage position and extent can be determined, and by doing a nonlinear
acoustic C-scan an image can be presented.

VII. CONCLUSIONS

This paper presents measurements of localized resonant wave fields caused by
dynamically trapped modes in plates. These are of applied interest for nonlin-
ear acoustic non-destructive testing. The influence of the incoming wave field
on the reflections from the insonified plate surface makes the modes under
the transducer and the modes beside the transducer have different resonant
frequencies. The wave field modes under the transducers are non-ideal, hav-
ing different resonant frequencies from the plate regions beside the exciting
wave field on the plate surface. The local wave field under the transducer is
useful for the damage localization in nonlinear acoustics, where the relatively
low frequencies that are used generelly spread throughout the object. The
explanation is the dynamic change of boundary impedance through the active
wave field influence. The same behavior is found both for the contact and
the non-contact measurements. In order to get the local resonant wave field,
the insonified region on the plate surface must fulfill the criteria for an open
resonator.

The anti-local wave field was indicated, where the wave field under the trans-
ducer had negligible amplitude due to a local anti-resonance condition, while
there existed large amplitude resonant waves beside the transducer region.
This proves that the local wave field does not exist only because of proximity
to the transducer. The trapped mode wave field was used as the high frequency
in a Nonlinear Wave Modulation Spectroscopy measurement examplifying the
localization ability for the nonlinear acoustic techniques.
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FREQUENCY SWEEP RATE AND AMPLITUDE
INFLUENCE ON NONLINEAR ACOUSTIC

MEASUREMENTS

Kristian HALLER, Claes HEDBERG
Blekinge Tekniska Högskola

Gräsvik, 371 79 Karlskrona, Sweden
Email: kristian.haller@bth.se

ABSTRACT

When subjecting a solid material to acoustic excitation with varying amplitude
and sweep rate, the frequency shift response is not always behaving linear with
amplitude. This phenomenon is connected to intricate nonlinear mechanics ap-
pearing in naturally imperfect materials and in damaged non-atomic solids. It
is being investigated for different excitation amplitudes and for varying fre-
quency sweep rates. This onset distribution can be mapped as an activation
density.
KEYWORDS: Nonlinear elasticity, sweep rate dependency, nonlinear acous-
tic evaluation, acoustic resonance, activation density

INTRODUCTION

By measuring a solid material’s resonance frequencies different elastic prop-
erties of objects may be determined. Recently developed sensitive nonlinear
acoustic resonance techniques can be used to determine the amplitude depen-
dent elastic modulus and the associated nonlinearity of a material [1-4] This can
be used for sensing defects in materials since micro- and macro-cracks behave
strongly nonlinear. Nonlinearity can be detected by sweeping the frequency,
measuring the output frequency spectrum as a transfer function (for example
[5]). The nonlinearity may be quantified in frequency sweeps as response shifts
in the frequency peaks, so called resonance frequency peak bending. Multival-
ued response curves can be obtained by performing one frequency sweep upon
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increasing frequency and one upon decreasing frequency. Performing these
kinds of frequency sweep means practically that the response is measured at
discrete frequency steps with a certain time spent at each of these discrete
frequencies. At its limit the frequency sweep can be continuously varying in
time, never staying at a particular frequency. Then the response obtained is
naturally depending on the frequency speed as the system has not enough time
to reach steady-state. So, in these kinds of measurements it is more common
to stay at discrete frequencies for a certain predefined time.

The evident way in which a sweep rate is affecting the response is that the
resonant wave must have time to develop to a steady-state. That is true for
any frequency sweep, also for the ones made on linear materials. But for the
nonlinear materials, there is also the effect of the so-called Slow Dynamics,
which is the alteration of a material state by any change in the equilibrium
conditions. For example a change in the elastic modulus results in turn in
change in sound speed, and thus in the resonance frequency of the objects.
This effect is called Slow Dynamics, because the changes may be measured
over hours with sensitive acoustic methods [1,2] Still, the main part of the
recovery is usually taking place within the first second, and it has therefore a
considerable influence on the fast nonlinear dynamic behavior. It is known that
a difference in result is obtained if the rate of change of frequency is changed
[1,6] This difference takes place while the steady state material state is not
reached for that specific excitation.

Even though there is a general awareness of the sweep rate influence it has not
generally been the primary investigation variable, as the amplitude variations
has bigger impact. From past works also in non-acoustic fields [7,8], sweep rate
has showed its role in response measurements. In this work both the sweep
rate and amplitude are varied.

EXPERIMENTS

The material specimens are prepared to have its fundamental longitudinal res-
onant frequency fR = c/λ, where c=sound speed and λ=2·L, with L being
the length of the specimen. Each specimen is supported in rubberbands in a
stiff frame that is placed on foam to simulate a free-free boundary condition.
The specimen are made of: 1) Plexiglass serving as a non-damaged reference
material; 2) fatigued steel 50% life remaining (by Palmgren-Miner rule); 3)
fatigued steel 25% life remaining; 4) stressed steel tensiled to 400MPa once; 5)
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Lime stone.

Piezoceramic disks are used for both the input signal and for receiving the
response. They are not calibrated, meaning that the absolute amplitude values
presented here are not exactly comparable between different samples. The
relative values and results from the same specimen where the same piezo disks
were used are comparable.

Each frequency sweep uses fixed drive voltage amplitudes A= 0.05, 0.1, 0.5, 1,
2, 5 and 10 volts. Each excitation amplitude used is combined with different
sweep rates defined by the time spent at each frequency d = 0.5, 1, 2, 5, 10, and
30 seconds - a larger d is a slower sweep rate. Each set of measurement is per-
formed three times with increasing frequency and three times with decreasing
frequency.

RESULTS

Each set of amplitude and delay parameters [A,d] gives the resonance frequency
and its corresponding amplitude. All the resonance frequency shifts and am-
plitude shifts have considerably lower values for the fastest sweep rate, d =0.5
s, and also have larger variations which is due to the fact that the steady-state
has not been reached.

The resonance frequency of a plexiglas rod dependence on sweep rate and
excitation amplitude is shown in Figure 1. The dependency on excitation
amplitude is small except for the fast sweep rate of d = 0.5 s. This can be
explained by the fact that the acoustic wave does not have enough time to
develop into a standing wave, as it has for the slower sweep rates. The plot
on the right shows that the response amplitudes reach stable values already
at the delay d=1 second. Due to the large difference in response amplitude,
it is difficult to examine the behavior of the lower levels in the plots. The
amplitude of the resonance frequency at each drive show clear dependency only
for the fastest sweep rate. From a comparison of the excitation and response
amplitudes, one see that the ratios [Response amplitude at d=30 s.]/[Excitation
amplitude] are almost constant: 0.35/10 ≈ 0.18/5 ≈ 0.075/2 ≈ . . .. The
response amplitude increase linearly with the excitation amplitude.
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FIGURE 1. Plexiglas. The left graph shows the resonance frequency as function of
decreasing sweep rate for several excitation amplitudes. The right graph show the response

amplitude.

Figure 2 shows the sweep rate and excitation amplitude dependence of the res-
onance frequency (Figure 2a) and the resonant response amplitude (Figure 2b)
for the 50% fatigued steel sample. We observe a clear sweep rate dependence
in both properties. Both the resonance frequency shift and response amplitude
shift have considerably lower values for the fastest sweep rate, d =0.5 s.

For comparative visualization each resonance frequency amplitude is plotted
normalized (Figure 2: Bottom plot) to its level for the slowest sweep rate (d =
30 s) to highlight its sweep dependency. It is seen that all the curves, with
different response amplitudes, have the same dependency on the sweep rate. To
make this comparison, and to get better resolution in the plots, the amplitude
curves will be presented normalized by their value for the slowest sweep rate.
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FIGURE 2. Steel fatigued to 50%. The left upper graph shows the resonance frequency as
function of decreasing sweep rate for several excitation amplitudes. The right upper graph
show the resonance response amplitude. The lower graph shows the normalized response

amplitude.

Figure 3 shows the sweep rate and excitation amplitude dependence of the
resonance frequency (Figure 3a) and the normalized resonant response ampli-
tude (Figure 3b) for the 75 % fatigued steel sample. Again, we observe a clear
sweep rate dependence in both properties, and the normalized results confirm
that the sweep rate curves for the response amplitudes are independent of the
effective drive amplitude.
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FIGURE 3. Steel fatigued to 75%. The left graph shows the resonance frequency as
function of decreasing sweep rate for several excitation amplitudes. The right graph show

the normalized response amplitude.
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The resonance frequency of a stressed steel rod as function of sweep rate and
excitation amplitude is found in Figure 4. The response amplitudes show
almost no dependence on sweep rate, irrespective of drive and delay level.
Except for the fastest (d = 0.5 s) because the time is too small to reach resonant
steady-state, and the one with lowest amplitudes (A = 0.05 V), because of
signal errors.
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FIGURE 4. Stressed steel. The left graph shows the resonance frequency as function of
decreasing sweep rate for several excitation amplitudes. The right graph shows the

normalized response amplitude for the fastest sweep rate (d =30s).

Limestone rod measurements are found in Figure 5. The equipment did not
allow measuring the highets drive amplitude (10 V). A dependency on all sweep
rates is found for both frequency shift and amplitude.

The amplitudes of the resonance frequency at each drive level and delay show a
dependency on sweep rates. The amplitude of the resonance frequency increase
as the drive level is increased, but the increase is not linear with excitation
amplitude.
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FIGURE 5. Limestone. The left graph shows the resonance frequency as function of
decreasing sweep rate for several excitation amplitudes. The right graph show the

normalized response amplitude.

DISCUSSION

The measurements show the same tendency with respect to sweep rate response
amplitude. The largest effect on the resonance frequency shift is due to an
increased effective response level, which shifts the frequency down. The sweep
rate show dependence for the fastest rates and then seem to tend to limiting
values. The normalized amplitude-sweep rate curves all show that the response
amplitude has a very weak sweep rate dependence - the normalized curves are
more or less the same (the amplitude gain is 100 times from 0.05 V to 5 V).

The resonant frequency shifts as a function of amplitude are not linear. There
are certain amplitude regions where the resonance frequency shifts are almost
zero, with other regions where it has shifted quite a lot. The resonant frequency
is based on the wave speed which in turn depends on the elastic modulus. This
means that the added amplitude between two identical values of the resonance
shift will not change the elastic material state, while an amplitude change
leading to a frequency shift does change the material state. This may be
seen as activation of the mechanism that induce the change, which has to do
with the mechanical properties at the interstices between the grains in the
material. (Which of the different possible physical mechanisms existing at
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specific situations are at this point not completely determined and will not be
treated here.) We can for each sweep rate plot an average activation density
for the frequency shift response and thus for the mechanisms inducing this as
a function of amplitude (for each sweep rate). The activation density plots
in this article are obtained from the d=30 results in the frequency shift plots
in Figures 1-5. As initial resonance frequency is used the lowest amplitude
(A =0.05) with the highest sweep rate (d = 0.5 s). Then, for all the amplitudes
are used the values of the slowest sweep rate (d=30 s), which are closest to the
steady-state values.

The non-continuous amplitude dependence behavior may tell something of the
nonlinear distribution, which in turn depends on the "damage" of the material.
The plexiglass in Figure 6 shows a top in the low amplitude region 0.1-0.5 volts.
Then the frequency shift response seem to be activated with almost the same
density. That is, the frequency shift response is a linear function of amplitude.
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FIGURE 6. Activation Density, Plexiglass. The frequency shift activation density.

For the 50% fatigued steel in Figure 7 the activation density increases linearly,
while the frequency shift response itself is clearly not a linear function of am-
plitude. The 75% fatigued steel in Figure 7 has a third kind of behavior, where
there is a very low activation between 2 and 5 volts. The frequency shift is
approximatley the same for 2 and 5 volts. For higher drive levels it increases
again.
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FIGURE 7. Activation Density. Left: Steel 50% and Right: Steel 75%. The frequency shift
activation density.

The tensiled stressed steel behavior in Figure 8 is a mix of the 50% and 25%
steel behaviors. The lime stone in Figure 8 is the only of the tested material
which has very low activation density between 5 and 10 volts. On the other
hand it is very large between 0.05 and 0.1 volts, and high between 2 and 5
volts.
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FIGURE 8. Activation Density. Left: Stressed steel and Right: Limestone. The frequency
shift activation density.

We have used the lowest sweep rate (d=30 s) for the activation density plots.
For higher sweep rates some of the same information can be derived. The
curves are in the same order, while the values might differ from the more
stable higher amplitude curves.

One may consider these amplitude level curves giving information on the non-
linear activation distribution in the amplitude plane. The strain is linear with
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wave amplitude as we are almost still in frequency (the frequency shift over
frequency ratio is small).
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Constant Strain Frequency Sweep Measurements
on Granite Rock

Kristian C.E Haller, and Claes M. Hedberg
Blekinge Institute of Technology

371 79 Karlskrona, Sweden

Like many materials, granite exhibits both nonlinear acoustic distortion and
slow nonequilibrium dynamics. Measurements to date have shown a response
from both phenomena simultaneously,thus cross- contaminating the results. In
this Letter, constant strain frequency sweep measurements eliminates the slow
dynamics and, for the first time, permit evaluation of nonlinearity by itself
characterized by lower resonance frequencies and a steeper slope. Measure-
ments like these are necessary for the fundamental understanding of material
dynamics, and for creation and validation of descriptive models.

PACS: 62.65.+k, 91.60.Lj 62.40.+i, 43.25 Dc.

The acoustic resonance frequency in granite rock decreases with increase in
strain due to a change in sound velocity, it exhibits resonance frequency peak
bending. This is a display of a strong nonlinearity which is connected to
material imperfections [1]. Measurements on rocks so far has been explained
by nonlinear effects for strains below certain values, for example 5 · 10−7 for
Berea and 2 · 10−7 for Fontainbleau sandstones [2]. At higher strains the
nonlinearity has been accompanied by a conditioning, assumed to be related to
Slow Dynamics (SD) [3-5]. The concept of Slow Dynamics [6] is the decrease
in sound velocity to a thermodynamic disturbance, and the following slow
recovery towards the equilibrium. The nonlinear distortion and the slow non-
equilibrium dynamics are related and normally takes place simultaneously [7].
The only exception is a test on rubber which showed a large Slow Dynamics
effect, while the nonlinear distortion was very low [8]. In comparison, an
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undamaged steel bar give a comparatively negligable nonlinear response and
no discernible slow dynamic effect.

A normal frequency sweep measurement has constant input force, and the re-
sponse amplitude in the object changes with frequency, see Figs. 1 and 2(a). It
spans over different strain levels which influences the thermodynamic state. In
Fig. 1(a) the increasing frequency sweeps (solid lines) follow a different path
than the subsequent decreasing frequency sweeps (dashed lines) even when hav-
ing the same input amplitudes. Different sweep rates give different responses,
the measurements are sweep rate dependent [6,9,10]. Resonance frequency
peak bending is observed. In Fig. 1(b) the decreasing ratio between the out-
put amplitude and the drive amplitude is showing the amplitude dependent
attenuation.

The true mechanisms behind this are not fully understood. Advancement
of this area benefit the fundamental material physics, as well as the more
application related material characterization within geology and industry.

The nonlinear distortion and the slow non-equilibrium dynamics are inter-
connected phenomena. Pasqualini et al. described in a recent article the
consequences of this as: "It is difficult, but essential, to disentangle condition-
ing/nonequilibrium and nonlinear effects. New experimental strategies have to
be developed for this endeavor" [2]. By keeping the internal strain constant
throughout the sweep, as presented in this paper, the thermodynamic state is
steady and effects of fast and slow dynamics can be separated, providing an
improved base for the advancement of material dynamics theory.
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FIG. 1. In a): Normal frequency sweep, which measures the output response amplitude
for a constant input force. The resonance frequency shift, and the resonance frequency
shift bending are present. In b): The ratio between the output amplitude and the input
amplitude indicates an amplitude dependent attenuation - increasing with amplitude.
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The parameter of interest in a normal Constant input Force Sweep (CFS) is
the wave field in the object which varies depending on its resonant properties.
The resonance frequency is when the wave field has a maximum, see Fig. 2(a).

In contrast, in the Constant Strain Sweep (CSS), the internal strain is kept
equal (the output strain amplitude is constant) by varying the input force.
The parameter of interest is then this input force, which has a minimum at
resonance, see Fig. 2(b). The point of this paper is that this test will minimize
the Slow Dynamic interference.

FresO
Frequency

Output strain
Frequency

Input force

Output strain

FrequencyFresI

Frequency

Input force

a) Constant Force Sweep b) Constant Strain Sweep

FIG. 2. In a): the input force, and the output strain for a normal frequency sweep. In b):
the input force, and the output strain for a constant strain frequency sweep.

In a paper by Guyer et al [11], experiments were performed under a type of
constant strain - but, the time dependent conditioning effect that makes the
time history of the strain field influence the temporary state of the material
was not fully taken into account.

The test object in this paper is a granite rock bar, 420 mm long and 50 mm
in diameter. It was hanging in two fishing lines to create a free-free boundary
condition and kept in a climate chamber with constant temperature and hu-
midity so that these would not alter the thermodynamic equilibrium. The test
configuration is shown in Fig. 3.
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FIG. 3. Test configuration.

A longitudinal wave was generated at one end of the granite bar by a glued
piezo transducer of 30 mm diameter and 2.5 mm thickness with a brass back-
load. The transducer was fed an electrical signal from an Agilent 33250A signal
generator that was amplified by a Krohn-Hite 7500 amplifier and impedance
matched by a Krohn-Hite MT75R transformer. The wave was picked up at
the other end of the bar by a PCB 35C22 accelerometer and the signal was
processed by a Stanford Research SRS830 lock-in amplifier. Before the start of
measurements, the sample hung for two weeks resting in the climate chamber
at test temperature 20± 0.05oC and test relative humidity 50± 0.1%, so that
an equilibrium state was reached.

The strain can be calculated from ε = a/(ω2L), where ε is strain, a is accelera-
tion, ω is angular velocity and L is the length of the sample. When conducting
the CSS protocol it is important to not exceed the strain level. Therefore, for
every new frequency step, the excitation force is decreased to about 5% less
than the estimated target value. There after it is slowly increased to the strain
target value within an error margin of +0% and -1%. This procedure is time
consuming - a typical sweep rate is 5 minutes/Hz - but allows the object to stay
close to its thermodynamic equilibrium during the measurement. The strain
schemes as function of time are seen in Fig. 4. The frequency is increased in
steps of 1 Hz.
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FIG. 4. The strain history. The smooth curve in Figure 4 is the strain of the normal
sweep (CFS), and the rectangular curve is the strain for the constant strain sweep (CSS).

The smooth curve represents the CFS measurement and the square curve repre-
sents the CSS measurement. For the CFS, the strain at resonance (the maxima
of the smooth curves) is the same as the constant level in the constant strain
scheme (CSS - the rectangular curve). The scheme switches between a low
level which is always the same, and a higher level which increases for every
new frequency sweep which starts at frequency f0 and ends at frequency f1.
Even though the measurement are made at a slow speed - 5 sec/Hz sweep rate
for the CFS and between 0.5-6 minutes/Hz for the CSS - the low strain state
is not at equilibrium for any of the protocols because a recovery process takes
place during the measurements, in particular going from the high to the low
strain level. The CFS protocol constantly changes the strain level during the
measurement and therefore the thermodynamic state of the material is never
stable. As a contrast, the square constant strain curve in Fig. 4 allows the
material to stay close to its thermodynamic equilibrium during each interval
∆t of the high strains.

Frequency sweep curves using the normal CFS technique are found in Fig. 5
where the resonance frequencies shift with increase in excitation amplitude -
peak bending is observed. The curves in Fig. 5(a) are with increasing input
amplitude (’high’). Figure 5(b) consists of all the low strain sweeps, more
or less on top of each other. The peaks are plotted in Fig. 6 with respect
to the maximum high strain. The high amplitude peaks are plotted in Fig.
6(a) and the low control amplitude peaks are plotted in Fig. 6(b). The high
amplitude sweeps early show a nonlinear frequency shift behavior. It is hard to
say exactly where it starts, possibly at 1×10−7. In earlier work a threshold εL

between linear and nonlinear behavior was introduced at strains of 1×10−8 for
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Fontainebleau sandstone and 1× 10−7 for Berea sandstone [9]. The thresholds
where the conditioning effects occur for the same materials were proposed to be
at 5× 10−7 for Berea sandstone, and 2× 10−7 for Fontainebleau sandstone. In
our normal experiments, an upper limit of the granite threshold is at 5×10−7.
It is probably lower, as the low amplitude measurements take several minutes
to perform after having been exposed to the high strain. During this time the
material has moved towards a state equivalent to a lower strain, but not yet
to the steady state for the low amplitude it is being exposed to.

a) High

b) Low

Response strain

Frequency relative 5346 Hz  (Hz)

10
-6

-9
10x

x

FIG. 5. Dual normal frequency sweeps. They alternate between: a) high (increasing after
every sweep) amplitude frequency sweeps; and b) low (constant) amplitude normal sweeps.
The strain response amplitude is recorded. The low strain initial frequency at shift 0 is at

5346 Hz.
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FIG. 6. The resonance frequencies from Fig. 5. In a): the high (increasing after every
sweep) amplitude resonance frequency. In b): the low (constant) amplitude resonance

frequency.

These results are now compared to the curves measured with CSS technique.
The curves at the bottom in the Fig. 7 are at the low strain and the top curves
are at the high strains.

The minima representing the resonance frequencies are plotted in Fig. 8. The
upper limit of the conditioning threshold is at 8×10−7. The CSS curves for our
granite sample begins to shift at a strain of 1.5 × 10−7 and the low amplitude
curves starts to shift at a strain of 8 × 10−7.

By introducing a constant internal strain state of the measured granite rock the
resonance shift is delayed compared to the normal CFS sweep technique. The
SD effect has been minimized and the nonlinearity is the dominating factor in
these results.
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Excitation amplitude (relative)

Frequency relative 5265 Hz (Hz)

Constant Strain Sweep

Low

High

FIG. 7. A dual constant strain frequency sweep. It alternates between high (increasing
after every run) amplitude frequency sweeps and constant low strain sweeps. The low

strain initial frequency at shift 0 Hz is at 5265 Hz.
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FIG. 8. The resonance frequencies from Fig. 7. In a): the high (increasing after every run)
amplitude resonance frequency. In b): the low (constant) amplitude resonance frequency.
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In Fig. 9 the high amplitude CFS curve from Fig. 6(a) (curve A) is shown in a
linear plot together with the high amplitude constant strain curves from Fig.
8(a) (curve B). The curve A contains the simultaneous influence of the slow
dynamic conditioning and nonlinearity. Every point in curve B contains the
nonlinearity at a specific steady thermodynamic state. For every point that
state is different as the strain is different. What has been removed is the change
of the state during each sweep. The Slow Dynamics has been minimized.

In curve C the resonance frequency difference between curves A and B is plot-
ted. This is the Slow Dynamics - the influence of the conditioning taking place
during the normal sweep in A. The slow dynamics and the nonlinearity have
been separated. Out of the three parameters: 1) the nonlinearity; 2) the ther-
modynamic strain level; and 3) the change in time of the thermodynamic strain
level (the Slow Dynamics), the third has been removed. This is a considerable
improvement, but even now, the physical interpretation is not evident. From
the curves in Fig. 9 a few observations can be made. The resonance frequencies
for the normal and constant strain are differing strongly at the lowest strain.
The resonance frequency is increasing with strain between some points on the
nonlinear curve B . The Slow Dynamics influence is slowing the process down
- because curve A has higher values than curve B. The rate of slow dynamics
increases with strain, as seen in curve C.
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FIG. 9. Comparison between the resonance frequencies the normal and the constant
strain frequency sweeps as a function of strain amplitude.
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In conclusion, the measurement on the steady-state material, at constant
strain, shows a different nonlinear dependence than the normal sweeps. This
is a measurement of the true nonlinear distortion at each given strain level,
where the slow dynamics non-equilibrium dynamics is minimized. These mea-
surements will together with other existing and upcoming data form the base
for discovering the underlying causes behind the nonlinear distortion, the ther-
modynamic material state properties, and the slow non-equilibrium dynamic
processes taking place in rocks and many other materials.

This work is financed by VINNOVA, Sweden.
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371 79 Karlskrona, Sweden
emails: kristian.haller@bth.se / claes.hedberg@bth.se

Abstract. When making acoustic measurements on materials with cracks, there exist two
types of behavior that influence the sound velocity monitored through the resonance fre-
quency of the object. One is the material’s nonlinearity, and the other is a slow recovery
process of the material parameters towards equilibrium called Slow Dynamics. The former is
a wave distortion taking place in the presence of the wave while the latter is a slow recovery
process that makes the time history of the material state count. For the understanding of
the dynamics of these solids it is necessary to be able to separate the effects of nonlinear-
ity and slow dynamics. In this work, this has been accomplished by making measurements
on steel at steady-state through keeping the strain constant. Normal frequency sweeps at
different strains are compared to constant strain sweeps. As every material state parameter
can induce a slow dynamic response it is important to keep control of humidity and temper-
ature. Measurements performed at different temperatures give different results. An example
of this is the presented resonance frequency plots for the temperatures 20, 25 and 30 degrees
Celcius.

Keywords: nonlinear sound velocity dependence, amplitude dependence, temperature de-
pendence, slow dynamics, non-equilibrium dynamics of solids.
PACS: 62.65.+k, 62.40.+i, 43.25 Dc.

INTRODUCTION

In this paper, all tests were performed on a steelbar, damaged by being tensiled
to necking. By examination of frequency sweep curves, the material sound ve-
locity can be determined. A normal technique is to excite the object with a
wave with constant force and varying frequency while measuring the wave am-
plitude in the object. The resonance frequency is found at the peak amplitude
of the frequency sweep response giving a value of the sound velocity, see Figure
1a. Unfortunately, for many materials with cracks, like rocks or damaged steel,
the result is affected by nonlinear effects (Fast Nonlinear Dynamics) as well as
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the time history of the thermodynamic material parameters (Slow Dynamics),
and the exact value is hard to fix because of the varying measurement strain
and sweep rate influence on the value [1][2][3].
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FIGURE 1. a) A normal Constant Force Sweep; b) the curves in a) normalized to the
input force, showing how the attenuation increases.

The nonlinear dynamic response manifest itself as appearance of sum and
difference frequencies (among them higher harmonics), resonant frequency shift
(which means that the sound velocity in the object change with the amplitude
of the signal, see Figure 1a), nonlinear attenuation (an increase in damping of
the wave exceeding the linear attenuation, see Figure 1b), and Slow Dynamics
[4][5]. The fast nonlinear wave modulation takes place between acoustic signals,
while any thermodynamic disturbance like temperature, pressure, humidity
leads to a recovery towards the equilibrium - often on the order of hours - a slow
non-equilibrium dynamic process. An atomically perfect material shows no
change when disturbed [6]. One effect of the Slow Dynamics (SD) phenomena
is that any disturbance of the thermodynamic equilibrium state will change
the material state, evidenced by an immidiate shift of the resonance peak to a
lower value. The peak will then recover slowly towards its current equilibrium
value [7][8]. The Slow Dynamics occurs simultaneously as nonlinearity - they
are therefore hard to investigate separately [9].

The first work where the SD was removed from each measurement run was
performed on a granite rock [10]. The fast nonlinear dynamics can through
this be investigated separately which is crucial in understanding the dynamics
of solids and the influence by temperature, pressure, humidity, microcrack size,
microcrack density, etc.
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One consequence of material at equilibrium should be sweep rate independence,
as opposed to a normal sweep which results in different strain levels during dif-
ferent time periods. More importantly, staying at the constant strain would
remove the effects of conditioning and slow dynamics! With conditioning re-
moved from the frequency sweep measurements [2], the material nonlinearity
in term of frequency shift as function of strain can be investigated in itself. The
measurements were done in a climate chamber with constant ambient tempera-
ture (20o Celcius) and humidity (50 % relative) so that these parameters would
not alter the thermodynamic equilibrium of the materials. The influence from
the initiation of the measuring signal is minimized by turning it on and kept
constant well before the frequency sweep measurement is started.

CONSTANT STRAIN

By doing experiments on a material at constant strain the equilibrium state
is predicted to remain the same. The schematic of a normal Constant Force
Sweep (input) and the measured wave in the material (output) are shown in
Figure 2 top. The strain in the object varies greatly during the sweep, which
influences the material state through the Slow Dynamics. In Figure 2 bottom,
the strain in the material is the sam - a Constant Strain Sweep - where the
input is varied. The resonant frequency is obtained at the minimum of the
input amplitude curve.

FRCFS Frequency

Output strain

Frequency

Input force

Output strain

FrequencyFRCSS
Frequency

Input force

CFS

CSSCSS

FIGURE 2. The difference between a normal Constant Force Sweep (CFS, above) and a
Constant Strain Sweep (CSS, below).
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In Figure 3 the input amplitude curves for eleven Constant Strain Sweeps are
shown. From these types of curves the resonant frequencies are gotten from
the minima. These are then plotted in Figure 4 (rings). They are compared
to the normal sweep resonance frequencies (crosses), from the maxima of the
curves in Figure 1 a.
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FIGURE 3. The input curve for the Constant Strain Sweep of steel.

The curves are shown as functions of the maximum object strain for the CFS,
and for the constant strain for the CSS. Because the material is more affected
by the same maximum strain, but by a higher average strain in the CSS, the
material sound velocity is lower for the CSS (lower resonance frequency). The
CSS curve has a steeper slope, which is a measure of the nonlinearity change
between the strain levels.
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All the tests were performed in a climate chamber in order to reduce the
influence of the external parameters temperature and humidity. To show how
sensitive the material parameters in steel are to temperature, three curves for
the temperatures 20o C, 25o C, and 30o C were performed, as shown in Figure
5. The higher the temperature, the lower is the sound velocity, as the resonance
frequency decreases. The slopes remain approximately the same, while the off-
set in frequency are not equal between the sets, even though the temperature
difference is the same (5 oC).
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FIGURE 5. The nonlinearity as function of strain for the three different temperatures
20o C (�), 25o C(o), and 30o C(x). The relative humidity is constant at 50 %.
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A damaged material or a material with non perfect 
atomic geometry, dislocations or cracks, exhibits 
two types of characteristic responses to acoustic 
excitations. First is the fast nonlinear dynamics 
response that is present as long as the material 
is excited. As soon as the excitation stops the re-
sponse disappear. Second is the Slow Dynamics, 
which detects alterations of the material proper-
ties. The properties are affected by, for example, a 
mechanical pulse, changes in temperature, pressu-
re or humidity. When the cause of alteration stops 
the material is recovering towards its equilibrium 
state. This recovering can exist over a long period 
of time, much longer than the vibration from a 
mechanical pulse. 
  
The techniques used here, both the fast and Slow 
Dynamics, have been used for NonDestructive 
Testing to detect damage in objects. All of them 
are suitable for this purpose, but for different ma-
terial and geometry different techniques can be 
advantageous. 
They offer the possibility to use relatively low 
frequencies which is advantageous because atte-

nuation and diffraction effects are smaller for low 
frequencies. Therefore large and multi-layered 
complete objects can be investigated. 
Sometimes the position of the damage is required, 
but it is in general difficult to limit the geometrical 
extent of low-frequency acoustic waves. A techni-
que is presented that constrains the wave field to 
a localized trapped mode so that damage can be 
located. The existence of trapped modes is shown 
using an open resonator concept and the localiza-
tion is shown to be successful. 
  
The problem with intermittent and changing amp-
litudes, even when very small, is that the material 
is really never at equilibrium, or even at steady 
state. The measurement signal influences the out-
come. The material is affected by its strain history 
and its constantly changing state, the fast and Slow 
Dynamics are hard to separate. A measurement 
technique keeping the internal strain constant has 
been used to minimize the influence of Slow Dy-
namics allowing observations of only nonlinearity. 
The influence of temperature is also studied with 
this technique. 
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