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Abstract: Recently developed new transducers for ultrasonic transmission, which can be
embedded right into concrete, are now used for non-destructive permanent monitoring of
concrete. They can be installed during construction or thereafter. Large volumes of
concrete can be monitored for changes of material properties by a limited number of
transducers. The transducer design, the main properties as well as installation procedures
are presented. It is shown that compressional waves with a central frequency of 62 kHz are
mainly generated around the transducer’s axis. The transducer can be used as a transmitter
or receiver. Application examples demonstrate that the transducers can be used to monitor
concrete conditions parameters (stress, temperature, ...) as well as damages in an early
state or the detection of acoustic events (e.g., crack opening). Besides application in civil
engineering our setups can also be used for model studies in geosciences.
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1. Introduction

Concrete is a complex, multi-phase material. It is made of hydraulic cement, water and aggregates
in lots of variations. The first two ingredients start to hydrate and crystallize when in contact with each
other. This process is fast in the first hours and days, but can continue for months or years. The
aggregates, gravel or crushed stone of various types and sizes (um-cm range), are used as a filler to
save cost and energy. Concrete contains pores, either filled with unbound water or air.

Concrete is the material most produced by mankind. It is considered to be strong, resistive and
durable. Some early concrete structures as the cupola of the Roman Pantheon are standing tall after
almost 2000 years. However, under certain conditions (hostile environments, adverse load conditions)
concrete constructions require attention. For example the apparently ever increasing traffic load
(number and individual load of trucks) on bridges may lead to deterioration much earlier than expected
at the time of design. Currently, inspections are still mainly based on visual methods, but sophisticated
non-destructive methods are used more and more often. The use of bridge instrumentation increases
rapidly [1]. However, monitoring is so far limited to local sensors (e.g., strain gauges), which are
probing just their close vicinity, or global methods as modal analysis, which looks to the structure as a
whole. There is a gap in between. A method which would look at a certain critical volume of concrete
with a very limited number of sensors would be of great value.

Ultrasonic transducers with frequencies from 25 kHz to 400 kHz have been used for concrete since
decades. They are used in the lab on samples (and sometimes on site) in transmission mode to measure
elastic properties and to assess degradation. New point contact transducers have revolutionized the use
of echo techniques for thickness measurements and structural imaging. Even the detection of voids in
tendon ducts seems to be possible [2]. All transducers used in practice today are for surface mounting.
For monitoring this approach shows three strong disadvantages. First, the need for constant coupling,
which is hard to realize on the surface in practice. Second, the high influence of surface and external
effects (temperature and others) leads to unwanted effects on the measurements. Third, in practical
field applications the transducers are prone for accidents or vandalism. Therefore we started to develop
a novel transducer, which can be permanently embedded in concrete.

This is not the first or only attempt to embed ultrasonic transducers in concrete. Similar ideas have
been proposed e.g., by [3,4], but only in experimental setups for lab applications. For practical
applications a much more robust approach would be required. An experiment conducted more than
35 years ago to monitor the hardening of concrete at a massive water dam in Saxony, Germany, by
embedded ultrasonic transmitters and receivers recently gave us the opportunity to prove that this kind
of sensors might survive in concrete for decades [5].

2. A novel Ultrasonic Transducer to Be Embedded in Concrete
2.1. Transducer Design and Description

New ultrasonic transducers (“SO807) have been designed by Acoustic Control Systems, Ltd.
(ACS, Moscow, Russia) in cooperation with and exclusively for BAM (Figure 1). The main part is a
hollow piezoceramic cylinder of 20 mm diameter and 35 mm length. The electric connections are on
the inside. On both ends metallic pieces are clamped to the piezoceramic part. The outer diameter of
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15 mm allows stacking of several transducers along a line using standard PVC tubes. Having all cables
inside ensures good coupling of the piezo to the concrete and protects the electrical connections during
installation. The total length of the transducer is 75 mm.

75 mm

Figure 1. Photograph of the novel ultrasonic transducer for embedment in concrete
(Manufacturer: Acsys Ltd., Moscow, Russia. Photo: BAM).

2.2. Installation

The transducers can easily be installed at the time of construction. To ensure that they keep their
position during casting and vibration, they have to be mounted either direct to the reinforcement or
using some kind of stabilizing construction. In our latest bridge installation we have used L-shaped
pieces of rebar welded to the reinforcement to hold the transducers at the specified position (Figure 2).
Another possibility would be to mount stacked series of transducers using PVC tube segments (similar
to the method used for installation in existing structures described below).

»5 OPEFYE,

Figure 2. Photograph of an ultrasonic transducer mounted at a bridge construction site
before casting (Photo: Neostrain S.A.).

For existing structures we have developed a method to install one or several transducers at the
required depth(s) in a drill hole and ensuring sufficient coupling to the concrete. The hole is drilled
with a slightly larger diameter than the transducers and slightly deeper than the installation depth. The
transducer(s) and the tube segments are connected with a sealing cap to the structures’ surface
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(Figure 3). The cap contains an inlet, which is connected to a (liquid) grout reservoir and to the space
between the transducers/tubes and the concrete. By connecting a suction pump via an outlet in the cap
to the inner hollow space of the transducers and the tubes the grout is sucked into the drill hole and via
the crown of the tubes into the inner space (Figure 3c). When the grout appears at the outlet we can be
sure the entire space is (at least almost) filled and the transducers are coupled to the concrete. We are
using a fast hardening, slightly expanding type of grout.
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Figure 3. (a): Two transducers connected by PVC tube segments and equipped with
sealing cap for post-concreting installation; (b): Installation into a concrete specimen;
(c): Sketch of grout flow during installation.

2.3. Characterization

The transducers have been characterized by some basic experiments. First, two transducers of the
same type have been installed back to back directly without any medium in between to evaluate the
frequency spectrum. A short impulse (t = 2 us) was used as input. The signal recorded by the
transducer is displayed in Figure 4. The signal recorded shows a wavelet with about 20 periods and a
total duration of ca. 0.3 ms. The reverberations show a lack of damping of the piezo material. As we
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don’t intend to use the transducers for imaging applications, where a sharp response (broadband in
frequency domain) would be more beneficial, this behavior is fully satisfactory.

30 1 1 1 1

—
o

amplitude {mV)
(=]

10k

-20

_ ] | | | I ] I

38.8 0.9 1 1.1 1.2 1.3 1.4 15 16
time (ms)

Figure 4. Response of the novel transducer to a short electrical impulse (2 ps), recorded by
a second, identical one mounted back to back. Time of onset due to recording

hardware settings.

The amplitude spectrum of the data of Figure 4 is shown in Figure 5. There is a prominent
frequency peak at 62 kHz and a significant second one at 65 kHz. Smaller peaks appear around 50 and
85 kHz. There is no significant energy with frequencies lower than 40 or higher than 90 kHz.
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Figure 5. Amplitude spectrum of data shown in Figure 4.

A frequency of 62 kHz relates to a wavelength in concrete (compressional wave speed of about
4000 m/s) of ca. 65 mm. This is at least double the size of most aggregates (max aggregate size 32 mm
in many types of concrete).

To evaluate the directivity pattern of the new transducer, we have conducted two experiments, the
first in a water pool, the second using transducers embedded horizontally or vertically, respectively, in
two separate cylindrical concrete blocks (Figure 6). In the first case (water pool) an identical
transducer (vertically oriented) was used as receiver. In the second experiment a laser vibrometer was
used to record the surface vibrations of the concrete. The laser vibrometer’s position was fixed while
the block was rotated in 10° intervals before each excitation. In both cases the measurements were
taken using (a) vertical and (b) horizontal orientation of the transmitting transducers.
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Figure 6. Experimental setup for measurement of directivity patterns. Transmitting
transducers are embedded in the center of the concrete block. Surface movements are
recorded by a laser vibrometer (in front).

The results of the directivity measurements are shown in Figure 7. To produce these plots, the
amplitude of the direct arrivals (maximum of the first cycle) have been taken in 10° steps and
normalized to the maximum value of all of them. For a vertical transmitter (right in Figure 7) we have
recorded an almost perfect circle in water. This had to be expected as the transmitter is rotational
symmetric round its vertical axis. In concrete the circular radiation pattern is still recognizable, but far
from being perfect, probably due to the inherent inhomogeneities in concrete.
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Figure 7. Directivity patterns for the new transducer, measured in water (blue crosses) and
concrete bodies (green dots). (Left) vertical orientation; (Right) horizontal orientation.
Axis from center to perimeter: relative amplitude. Seen from above.

For horizontal transmitter orientation (left in Figure 7) the directivity pattern in water resembles
something close to a number eight. Apparently (and not unexpectedly as applying a voltage to the
cylindrical piezoceramic leads mainly to changes in diameter, not in length) the amplitudes emitted in
the direction of the transducer’s rotational axis are much smaller than in the perpendicular direction.
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The experiment with the same configuration in concrete showed that the amplitude is similar in all
directions (but has significant variation). Our interpretation is that due to scattering at the concrete’s
aggregates, pores and cracks, the directivity pattern is somewhat equalized.

Additional experiments have been performed to get an idea on the range of our new transducers.
This was done to assess the maximum possible distance between transmitters and receivers in future
sensor networks in massive concrete structures. For this purpose a set of transducers was installed in
two concrete blocks partly with, partly without reinforcement. Some transducers were installed before
casting, some afterwards (see Section 2.2). One block had a maximum aggregate size of 16 mm, the
other 32 mm. For all scenarios (aggregate size, reinforcement, and installation type) we have used the
same measurement setup. One of the transducers, excited with a 100 V square pulse, was used as
transmitter. At two others (distance » = 0.25 and 0.75 m, respectively, from the transmitter) the
amplitudes A (maximum of first cycle) of the first arrivals were recorded. The amplitude ratios are
shown in Figure 8. It shows, that the attenuation is mainly dependent on the installation type, but not
on aggregate size or reinforcement (the latter not shown here). The applicable range of our transducers
was estimated from these data to be around three meters [6,7]. For this we calculated the material and
frequency specific damping constant a from the amplitudes (A1, Az) of the first arrival after r; = 0.25 m

and r2 = 0.75 m using:
4, n (”2_’”1)

As an estimate for the maximum applicable range re we have replaced r2, A2 in this equation by r&,
Ak and resolved for re .Under the assumption for the amplitude Ak at r: to be at least twice the noise
level, which might be different for every measurement environment, we have calculated values
between 3 m and 5.5 m for our experimental setups [6,7]. The amplitudes for transducers installed after
concreting are larger, probably because the special expanding grout used guarantees perfect coupling.
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Figure 8. Amplitude ratios between near and far receivers in the attenuation experiment
for the two specimens (16 and 32 mm max. aggregate size). The * marks values for
transducers installed after concreting.
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3. Short Notes on Ultrasonic Transmission Experiments
3.1. Wave Propagation in Concrete

Piezotransducers induce elastic waves into a concrete body. The propagation of these wave fields
depends on the transducer, signal type and frequency as well as the body’s material, and geometry. In
general, three types of waves are generated: Surface (Rayleigh) waves, which are slightly less
important in our case, as we are using embedded transducers, and two types of body waves:
compressional and shear. In a homogeneous linear elastic material the velocities of these waves (cp, ¢s)
depend just on a few parameters: Young’s modulus E, shear modulus G, Poisson’s ratio v, and density p:

cp=\/ E(l-v) )

p(1+v)(1-2v)

and:

€)

respectively.

In reality concrete is neither homogeneous nor fully linear elastic. In addition, ultrasonic waves are
subject to reflections at internal boundaries or scattering at small (similar or smaller than the
wavelength used) objects as aggregates, small cracks or reinforcement rebars. At the same time the
amplitudes of the ultrasonic waves are affected by geometrical and intrinsical (material related)
attenuation. From literature it is known that the following factors (and potentially also other) have an
influence on ultrasonic velocities and the amplitudes:

e Concrete type and compressive strength ([8—10]);
e Stress ([11-15]);

e Temperature ([7,9,10,16,17]);

e Moisture ([18-20]);

e Degradation (microcracking) ([13,21-23]).

Traditional time of flight measurements are considering direct waves only (first arrival at the
receiver in most cases). The area of influence is limited to a narrow band (“first Fresnel zone™)
between transmitter and receiver (Figure 9 left).
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Figure 9. Sketch of ray paths (black lines)and area of influence (red) for the direct
wave (left) and the full signal including coda (right).
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Lots of other waves, which arrive much later at the receiver, have undergone reflections and
scattering, potentially even wave type conversion. It is quite often difficult to evaluate these arrivals
separately. However, they contain useful information as they are covering larger areas of the concrete
body (Figure 9 right) and are more sensible to velocity changes due to the longer travel paths.

3.2. Data Evaluation

The traditional way to interpret transmission data (“time of flight”) is described in the
corresponding standards on ultrasonic pulse velocity measurements (see e.g., [10,24]). Picking of the
first arrival travel times is often done manually. A lot of different automatic picking algorithms have
been proposed from simple threshold pickers to more sophisticated ones based on statistical criteria.
Based on our experience we prefer the Aikake Information Criterion (AIC) picker as described in [25].
This picker has been successfully used in many of our applications (e.g., [5]). Main disadvantage of
the time of flight method is that changes in the medium under investigation may result in very small
changes of the arrival times which are hard to detect. In addition, we would need a dense network of
transducers in a construction to cover the entire volume by the relatively narrow Fresnel zones.

Recently methods have been introduced to ultrasound investigations in concrete, which are using
the entire signal and not just the first arrival. Online monitoring systems can benefit from the use of
correlation calculations (of a time series measured during/after load/damage against a reference one).
Some more details and preliminary results have been published in [26]. For quantitative evaluation a
novel method called coda wave interferometry may be used, which is able to calculate velocity changes
from ultrasonic data with a sensitivity of about 2 x 107> [27]. The method can be expanded to tomographic
imaging applications. So far, only a few applications to concrete have been reported [26-29].

4. Application Examples
4.1. Monitoring of Load Changes

A 1.5 x 1.5 x 1.5 m? concrete block (“GK32”) has been cast in the BAM labs for various tests of the
embedded ultrasonic transducers (Figure 10). The lower half contains a certain amount of reinforcement,
the upper one is unreinforced. A total number of 18 ultrasonic transducers have been embedded, partly
during partly after casting the block. Just ten of those have been used for a load monitoring experiment
due to limitation of the available data acquisition equipment. The experiment has already been
described in more detail in [26]. A two channel multiplexer had connected the transducers to an
ultrasonic transmitter (rectangle, 50 kHz) or data recording system, respectively. All 90 transducer
combinations could be interrogated within seconds or minutes, depending on the number of repetitions.
In the upper half of the concrete block a hole was drilled to insert a thread bolt. Some of the
transducers have been just a few cm away from the center of the load, some almost 1 m. Nuts,
10 x 10 cm? load distributing plates and a piezo load cell provided a way to introduce localized
compressional stress in a controlled, repeatable way. Direction of the main compressional load is
perpendicular to the front surface shown in Figure 10. However, stresses parallel to the front
face are generated as well. Load steps of 5 or 10 kN were applied in various cycles up to a
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maximum load between 20 and 100 kN, more than one order of magnitude below the compressive
strength of the concrete.

Figure 10. Concrete specimen GK32 with embedded transducers and load application
system. From [26].

The applied loads, even very small ones, had a clear influence on the ultrasonic signals. A simple
but valuable tool to provide a measure for the change is calculating the correlation coefficient between
a reference measurement (here: zero load) and all consecutive measurement under various load
conditions. Figure 11 shows the development of the correlations coefficient for transmission data
between two embedded transducers close to the loading point. Both transducers have the same
embedment depth (seen from the front face). Thus, direct waves are traveling perpendicular to the
main load direction, but later parts of the signals (reflections, scattering) contain also information from
different propagation directions.
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Figure 11. Correlation coefficient of 5 ms time series (reference: measurement at zero
load) of ultrasonic signals measured by embedded transducers in a concrete block under small
local compressional load. Line represents very dense consecutive measurements. From [26].
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Even small load changes of 5 kN can clearly be seen, even in the presence of noise. Tomographic
coda wave evaluation of the entire embedded transducer data set showed that the area of significant
influence of the load is limited to about 0.3 m away from the loading point [26].

4.2. Acoustic Emission

The acoustic emission (AE) technique monitors acoustic waves produced by newly developing
micro cracks, opening and closure of existing cracks, friction, etc., all of which are caused by internal
stress variations [30]. Based on techniques used in seismology the source of the acoustic emission can
be localized. Traditionally the sensors used to detect AE events are arranged on the surface of the
monitored element. The distance between them is restricted by the attenuation of the waves within the
material. The frequency spectrum of the acoustic events in concrete is below 200 kHz [31]. If a set of
embedded transducers would be able to perform passive (AE, localization of active cracks) and active
measurements (determination of changes of velocity/attenuation/material parameters) at the same time,
this would be a great step forward for structural health monitoring of concrete structures.

Laboratory tests on the use of the embedded transducers for AE were conducted using a similar
specimen as discussed in Section 4.1 (“GK16”). All twelve embedded transducers were used with an
AMSY6 recording system (Vallen Systeme GmbH, Icking, Germany) to detect acoustic emission
events within the specimen and on its surface. All following measurements have been repeated three
times. In a first step, the embedded transducers were used one at a time as artificial acoustic emission
sources by sending a voltage pulse to each transducer successively. The average velocity of the
compressional waves, measured during this automatic sensor test, was around 4500 m/s. Figure 12
shows the corresponding event localizations (green dots) calculated by the location processor option
“Planar, plane” of the software Vallen VisualAE. They are coincident with the transducer locations.

x [cm]
0 20 40 60 80 100 120 140

-100

-120

-140

Figure 12. Location of acoustic emissions monitored with embedded ultrasonic transducers.
Green marks: events localized by AE within the specimen (sources: one of the embedded
transducers). Red marks: event localized by AE on the specimen’s surface (source: pencil
breaks in black circles).
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In a second set of experiments pencil breaks on the specimen’s surface (a commonly used test for
AE systems according to ASTM E976) have been used. Again, the experiments have been repeated
three times at points marked by circles in Figure 12 and the events have been recorded and evaluated
using the AMSY6 system. The localization (red dots in Figure 12) in areas with good transducer
coverage lies on the mark +3 cm. Those events outside the transducer array were not located accurately.

The experiment shows that the joint use of the embedded transducers in active and passive
measurements is possible. The source needs to be within the sensor network to allow for an accurate
localization. Future research will focus on the appropriate distance between the receivers for detecting
and localizing acoustic emissions of different frequency and energy.

4.3. Time Reversal Experiment

This application example illustrates the use of the embedded transducers for model experiments in
geophysical research. In geophysics, the validation of new approaches for measurement techniques or
data evaluation is quite often limited to simulations as the real subsurface (especially in exploration
when talking about several kilometers depth) can never fully be explored. So full scale experiments
often lack of ground truth. Scaled model experiments might be of help.

Time reversal is a technique to backproject elastic waves, which have been generated by events
(e.g., cracks) inside a medium and registered by some sensors inside the medium as well or at the
surface, numerically or physically back to their source point. Very few sensors are required for
scattering media. In fact, the signals at the sensor, which have started as a spike at the source but then
have been reflected, scattered, attenuated and dispersed on the way, can be focused back to the source
point (as a perfect spike under ideal conditions). Recently a method to improve the results using
deconvolution was proposed [32]. The transducers described in this paper have been used to verify the
benefits of this method in case of multiple events overlapping in time [33]. For this purpose three
transducers were embedded in a small concrete body (Figure 13) and served as ultrasonic sources
(mimicking real acoustic emissions) in the first step. The data recorded at a single external receiver
were then processed by the technology proposed in [32] and re-emitted by the external transducer into
the model. Our embedded transducers now served as receivers. According to theory energy should
focus at the position of a specific transducer at the time corresponding to the original event. This
results in distinct sharp peaks in the recorded data (Figure 14). They correspond to the original events
in time and shape. It could be shown, that the processed data focused much better in time and space at
the transducers positions compared to unprocessed data. This experiment using our new transducers
has definitively helped to prove the concept of using deconvolution in time reversal experiments,
which would have been difficult under field conditions (events in some km depth) or doubted by
practitioners if just done numerically. Details of the methodology, the experiment and the implications
of the results are discussed in [33].

4.4. Other Applications

The embedded transducers have been applied in two other fields of applications so far. In several
experiments we have used them to instrument concrete lab samples (typical size 15 x 15 x 40 cm?).
These samples have been put into climate chambers or CDF test devices to evaluate the influence of
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temperature [16] and moisture on ultrasonic data. This evaluation is required in real world monitoring
application as the influence of loads or deterioration is often covered by environmental influences.
Instrumented lab samples may also be used in CDF test for freeze thaw resistance evaluations. The
measurement of ultrasonic pulse velocity is already part of these evaluations, but the samples
have to be removed from the CDF test chambers so far. Embedded transducers would make these

tests much easier.

Figure 13. Setup of the three embedded transducers on the time reversal model experiment

before concreting of the model, with permission from [33].
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Figure 14. Backpropagated signals recorded at the three embedded transducers. Note the
sharp peaks at specific times for each transducers reflecting perfectly the original time and

place of the acoustic events, with permission from [33].

We have started to use the embedded transducers in full scale monitoring applications as well. An
existing, degraded bridge in Turkey is monitored since more than two years by a set of eight
transducers. A new bridge in Poland has been equipped with eight transducers before concreting. The
hardening of the concrete could be monitored during the first 28 days. Load experiments

(a requirement in Poland) will follow.

5. Conclusions

The ultrasonic transducers developed for embedment in concrete have shown to be valuable tools
for various tasks in structural monitoring. They met our expectations in frequency (around 60 kHz),
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directivity (almost circular around the main axis) and range (at least three meters). The transducers
proved to be very robust. We have developed deployment systems for existing and newly built
structures. Early versions are now embedded and used in lab samples and real structures for a few
years and are still fully operational.

We have shown that the transducers are useful in a lot of applications. They can be used for active
transmission experiments as well as for collecting passive acoustic emission data. They proved to be
useful in lab samples, scale experiments and real world monitoring systems. Load changes can be
detected and localized as well as environmental influences (temperature, moisture) and various
degradation mechanisms. In connection with novel interpretation tools as coda wave interferometry we
have very sensible methods for the detection of changes in concrete at hand.

The embedment in concrete has various advantages: The coupling to the concrete is constant,
transducers at lab samples have not to be removed before putting them into climate chambers, chemical
baths or similar and installations are more vandal proof and less accident prone on real constructions.

Acknowledgments

The authors wish to acknowledge the help of various colleagues at BAM, the excellent cooperation
with the manufacturer of the transducers (Acsys Ltd., Moscow, Russia) as well as the fruitful
discussions on coda waves with Sens-Schonfelder (Helmholtz Geoforschungszentrum Potsdam) and
Roel Snieder (Colorado School of Mines).

Author Contributions

Ernst Niederleithinger wrote the main part of paper and worked on the load experiment as well as
the time reversal application example.

Julia Wolf performed the experiments on transducer characterization as well as the AE application
examples. She designed most of the figures and contributed in writing.

Frank Mielentz is the supervisor of Julia Wolf and contributed greatly to all ultrasonic
experiments by designing and evaluating the electronic setups and some of the experiments for
transducer characterization.

Herbert Wiggenhauser gave the original idea for the design of the transducers and worked
with the manufacturer on the implementation. He also contributed to the experimental design and to
data evaluation.

Stephan Pirskawetz performed the experiments and evaluated the data for the AE
application example.

Conflicts of Interest

The authors declare no conflict of interest.



Sensors 2015, 15 9770

References

1.

10.

11.

12.

13.

14.

Karbhari, V.M.; Ansari, M. Structural Health Monitoring of Civil Infrastructure Systems;
Woodhead Publishing: Cambridge, UK, 2009, ISBN 978-1-84569-392-3.

Krause, M.; Mayer, K.; Friese, M.; Milmann, B.; Mielentz, F.; Ballier, G. Progress in ultrasonic
tendon duct imaging. Eur. J. Environ. Civil Eng. 2011, 15, 461-485.

Song, G.; Gu, H.; Mo, Y.-L. Smart aggregates: Multi-functional sensors for concrete structures—A
tutorial and a review. Smart Mater. Struct. 2008, 17, doi:10.1088/0964-1726/17/3/033001.

Kee, S.H.; Zhu, J. Using piezoelectric sensors for ultrasonic pulse velocity measurements in
concrete. Smart Mater. Struct. 2013, 22, doi:10.1088/0964-1726/22/11/115016.

Niederleithinger, E.; Krompholz, R.; Miiller, S.; Lautenschliger, R.; Kittler, J. 36 Jahre Talsperre
Eibenstock—36 Jahre Uberwachung des Eibenstock—36 Years Monitoring the
concrete condition by Ultrasound, in German). In Proceedings of 38. Dresdner
Wasserbaukolloquium, Germany, 2015. Available online: http://www.researchgate.net/publication/
274708685 36 Jahre Talsperre Eibenstock 36 Jahre berwachung des Betonzustands durch
Ultraschall (accessed on 24 April 2015).

Wolf, J.; Mielentz, F.; Milmann, B.; Helmerich, R.; Kopp, C.; Wiggenhauser, H. Ultrasound
based monitoring system for concrete monolithic objects. In Procedings of the 6th International
Conference on Structural Health Monitoring of Intelligent Infrastructure (SHMII-6), Hong Kong,
China, 9 December 2013.

Wolf, J.; Niederleithinger, E.; Mielentz, F.; Grothe, S; Wiggenhauser, H. Uberwachung
von Betonkonstruktionen mit eingebetteten Ultraschallsensoren. Bautechnik 2014, 91,
doi:10.1002/bate.201400073.

Jones, R.; Facaoaru, I. Recommendations for testing concrete by the ultrasonic pulse method.
Mater. Constr. 1969, 2, 275-284.

Crawford, G.I. Guide to Nondestructive Testing of Concrete. Technical Report FHWA-SA-97-105;
Federal Highway Administration: Washington, DC, USA, 1997.

British Standards Institute (BSI). Testing Concrete in Structures. Determination of Ultrasonic
Pulse Velocity. BS EN 12504-4:2004 (equivalent German version: DIN EN 12504—4:2004).
Available online: http://shop.bsigroup.com/ProductDetail/?pid=000000000030102823 (accessed
on 24 April 2015).

Sayers, C.M. Stress-induced ultrasonic wave velocity anisotropy in fractured rock. Ultrasonics
1988, 26, 311-317.

Shokouhi, P.; Zoega, A. Surface Wave Velocity-Stress Relationship in Uniaxially Loaded
Concrete. ACI Mater. J. 2012, 109, 141-148.

Suaris, W.; Fernando, V. Ultrasonic Pulse Attenuation as a Measure of Damage Growth during
Cyclic Loading of Concrete. ACI Mater. J. 1987, 84, 185-193.

Wu, T.T. The Stress Effect on the Ultrasonic Velocity Variations of Concrete under Repeated
Loading. ACI Mater. J. 1998, 95, 519-524.



Sensors 2015, 15 9771

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Zhang, Y.; Abraham, O.; Grondin, F.; Loukili, A.; Tournat, V.; Duff, A.-L.; Lascoup, B.;
Durand, O. Study of stress-induced velocity variation in concrete under direct tensile force and
monitoring of the damage level by using thermally-compensated Coda Wave Interferometry.
Ultrasonics 2012, 52, 1038—-1045.

Niederleithinger, E.; Wunderlich, C. Influence of small temperature variations on the
ultrasonic velocity in concrete. Rev. Prog. Quant. Nondestruct. Eval. 2013, 1511, 390-397.
Zhang, Y.; Abraham, O.; Tournat, V.; Duff, A.L.; Lascoup, B.; Loukili, A.; Grondin, F.;
Durand, O. Validation of a thermal bias control technique for Coda Wave Interferometry (CWI).
Ultrasonics 2013, 53, 658-664.

Ohdaira, E.; Masuzawa, N. Water content and its effect on ultrasound propagation in
concrete—The possibility of NDE. Ultrasonics 2000, 38, 546-552.

Hedenblad, G. Moisture Permeability of Some Porous Materials; Report TVBM (Intern
7000-Rapport); Byggnadstysik, DTH, Lyngby, September 1993. Available online: http://lup.lub.lu.se/
luur/download?func=downloadFile&recordOId=1653173&fileOld=1653174 (accessed on 24
April 2015).

Lencis, U. Moisture Effect on the Ultrasonic Pulse Velocity in Concrete Cured under Normal
Conditions and at Elevated Temperature. Constr. Sci. 2013, 14, 71-78.

Payan, C.; Quiviger, A.; Garnier, J.F. Applying diffuse ultrasound under dynamic loading to
improve closed crack characterization in concrete. J. Acoust. Soc. Am. 2013, 134,
doi:10.1121/1.4813847.

Ramamoorthy, S.K.; Kane, Y.; Turner, J.A. Ultrasound diffusion for crack depth determination in
concrete. J. Acoust. Soc. Am. 2004, 115, 523-529.

Payan, C.; Garnier, V. Determination of third order elastic constants in a complex solid applying
coda wave interferometry. Appl. Phys. Lett. 2009, 94, doi:10.1063/1.3064129.

ASTM. Standard Test Method for Pulse Velocity through Concrete. ASTM C597-09. Available
online: http://www.astm.org/Standards/C597.htm (accessed on 24 April 2015).

Tronicke, J. The Influence of High Frequency Uncorrelated Noise on First-Break Arrival Times
and Crosshole Traveltime Tomography. J. Environ. Eng. Geophys. 2007, 12, 173—184.
Niederleithinger, E.; Sens-Schonfelder, C.; Grothe, S.; Wiggenhauser, H. Coda Wave Interferometry
Used to Localize Compressional Load Effects on a Concrete Specimen. In Proceedings of the 7 th
European Workshop on Structiral Health Monitoring (EWSHM 2014), Nantes, France, 8—11
July 2014.

Larose, E.; Hall, S. Monitoring stress related velocity variation in concrete with a 2 x 107> relative
resolution using diffuse ultrasound. J. Acoust. Soc. Am. 2009, 125, 1853-1856.

Planes, T.; Larose, E.; Margerin, L.; Rossetto, L.; Sens-Schonfelder, C. Decorrelation and
phaseshift of coda waves induced by local changes: Multiple scattering approach and numerical
validation. Waves Random Complex Media 2014, 24, 99—125.

Kanu, C. Time-Lapse Monitoring of Localized Changes within Heterogeneous Media with
Scattered Waves. Ph.D. Thesis, Colorado School of Mines, Golden, CO, USA, 5 December 2014.



Sensors 2015, 15 9772

30.

31.

32.

33.

Huang, M.; Jiang, L.; Liaw, P.K.; Brooks, C.R.; Seelev, R.; Klarstrom, D.L. Using Acoustic
Emission in Fatigue and Fracture Materials Research. Memb. J. Miner. Metals Mater. Soc. 1998,
50. Available online: http://www.tms.org/pubs/journals/JOM/9811/Huang/Huang-9811.html
(accessed on 24 April 2015).

GroBBe, C.U.; Schumacher, T. Anwendungen der Schallemissionsanalyse an Betonbauwerken.
Bautechnik 2013, 90, 721-731.

Anderson, B.E.; Douma, J.; Ulrich, T.J.; Snieder, R. Improving Spatio-Temporal Focusing
and Source Reconstruction through Deconvolution. Wave Motion 2015, 52, 151-159.

Douma, J.; Niederleithinger, E.; Snieder, R. Locating Events Using Time Reversal and
Deconvolution: Experimental Application and Analysis. J. Nondestruct. Eval. 2015, in press.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



