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Abstract: Acoustic emission monitoring (AEM) has emerged as an effective technique for detecting wire-breaks
resulting from, e.g., stress corrosion cracking, and its application on prestressed concrete bridges is increasing.
The success of this monitoring measure depends crucially on a carefully designed sensor layout. For this
the attenuation of elastic waves within the structure’s material is determined ideally in-situ through object-
related measurements with a reproducible signal source, typically a rebound-hammer. This assumes that the
attenuation coefficients derived from rebound-hammer tests are comparable to those from wire-breaks, thus
allowing their results to be directly applied to wire-break detection without further adjustments. This study
challenges this assumption by analysing attenuation behaviour through an extensive dataset. Employing time-
domain and frequency analysis, the research generates attenuation profiles from laboratory experiments and
in-situ measurements across various girders and bridge structures, extracting the slope and standard deviation of
the residuals. While generally validating this approach, the findings highlight differences in attenuation behaviour
from among wire-break signals and rebound-hammer impulses, whereby the latter potentially underestimates
the relevant attenuation of wire-breaks by approximately 20 %. Consequently, a transfer factor is proposed to
adjust object-related measurement results for wire-break scenarios, including a variance of 1.0 dB/m to cover a
95 % confidence interval for sample scattering. Moreover, the anisotropic attenuation behaviour across different
structures was studied, showing that transverse attenuation consistently exceeds the longitudinal, significantly
influenced by structural features such as voids. In prefabricated concrete bridges with in-situ-cast concrete
slabs, transverse signal transmission remains unhindered across multiple elements. Finally, the results provide a
valuable reference for the design of sensor layouts in bridge monitoring, particularly benefiting scenarios where

direct in-situ experiences are lacking.

Keywords: acoustic emission; non-destructive testing; structural health monitoring; wire-break detection; post-

tensioned concrete; bridges; attenuation analysis

1. Introduction

In its transportation infrastructure a significant portion of Germany’s bridges were constructed
using prestressed concrete. In particular bridges built in the 1950s and 1960s are now operating close
to their load-bearing limits due to increased traffic demands. Of particular concern are prestressed
concrete bridges made with prestressing steel, which is prone to stress corrosion cracking, where
sudden failure is possible under certain conditions [1-3]. To compensate for potential structural
deficiencies resulting from the gradual failure of prestressing steel, targeted monitoring is essential.
Acoustic emission monitoring (AEM) has proven to be an effective method for detecting wire-breaks
and is increasingly being applied in the construction industry [4-7]. Furthermore, this method can be
applied not only to prestressed concrete bridges, but also to monitor damage to cables in suspension
and cable-stayed bridges [8-11].

The implementation of AEM in civil engineering is mostly non-standardized, and the application
of this measurement technique requires specialized expertise. This often results in contractors having
difficulty verifying or evaluating the technical specifications or measurement data for plausibility.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Moreover, the uniqueness of each bridge in terms of its construction and its specific loading and
environmental conditions necessitates a tailored assessment approach. In combination, this aspects
contribute to considerable variability in the execution and quality of technical solutions. In this context,
the Acoustic Emission Testing Committee of the German Society for Non-Destructive Testing (DGZfP)
recently published guideline SE05, providing a detailed instruction manual for AEM implementation
in Germany. This guideline consolidates best practices, establishes fundamental aspects, and offers a
procedural guide for projects [12].

For the successful implementation of AEM, a carefully designed sensor layout for the affected
structure is essential. This layout must enable the detection of wire-breaks with sufficient reliability
and is one of the most important prerequisites for the success of the monitoring. The design is based
on three central input parameters:

e the characteristics and intensity of the source signal,
¢ the material- or structure-specific attenuation,
¢ the intensity of the background noise to define the detection threshold.

The determination of the source characteristics of a wire-break is usually based on experience, as
comprehensive studies on this topic are rare. A contribution to this topic is the database mentioned
in [13], which analyses a variety of events and serves also as a basis for this study. The determination
of attenuation and background noise is ideally carried out directly on the structure through object-
related measurements (ORM). For this several measurement series are recorded with an artificial,
reproducible signal source to obtain attenuation profiles and determine attenuation coefficients. The
rebound-hammer is often used as a reference source for this purpose [13,14], which generates a strong
impact on the concrete surface since its impulse in the structure is necessarily very energetic. This
standardised instrument enables the reliable reproduction at almost any location on the structure.

Despite the successful application of this method in determining the required input parameters
for designing a sensor layout, there are significant differences among the source mechanisms of a
wire-break and the excitation by the rebound-hammer to be considered. While a wire-break causes
signal generation longitudinally to the axis of the tendon inside the construction, the excitation by the
rebound-hammer occurs on the concrete surface and, as such, orthogonally to the axis of the tendon;
see Figure 1. This difference must be considered when transferring the measurement results to the
specific issue of wire-break detection using AEM.

Figure 1. Signal sources under investigation: (a) wire-break artificially induced on girders under

laboratory conditions, (b) rebound-hammer impulses applied longitudinally on the tendons cross-
sectional surface and (c) rebound-hammer impulses applied orthogonally on the concretes surface to
the tendons.

Measurements conducted with the rebound-hammer on bridges or other large structures are
documented in [14-18]. In some of these studies, wire-breaks were intentionally generated to compare
signal characteristics. Similarities were observed between the signals from rebound-hammer impacts
and those generated by wire-breaks. The corresponding attenuation coefficients, determined based on
the peak-amplitudes of the measured signals, ranged from 2.6 to 7.0 dB/m. These studies primarily
used sensors operating in the frequency spectrum below 200 kHz; a tabular overview of the results can



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2024 d0i:10.20944/preprints202403.1152.v1

30f23

be found in [18]. However, these studies focused mostly on one specific test object, with attenuation
not being the central focus of investigation. A comparison between the signal sources, considering a
variety of specimens and a comprehensive dataset of individual events, both from rebound-hammer
impacts and wire-breaks, has thus far not been feasible due to these limitations.

This research specifically addresses the need for detailed comparative analyses between rebound-
hammer impacts and wire-breaks. By generating both types of events on various girders and structures,
a comprehensive real-world database was created. The aim of this analysis was to identify the similari-
ties and differences in the attenuation of the two signal sources and to evaluate their transferability.
Hence, not only typical time-domain features such as peak-amplitude and signal energy were consid-
ered, but frequency domains were analysed as well to cover frequency-dependent effects. Additionally,
the propagation behaviour of the signals in both the longitudinal and transverse directions was investi-
gated. Special attention was paid to structural transitions and joints in prefabricated constructions and
their influence on wave propagation. The results were processed in a way that statistically derived and
validated design parameters for AEM. These are particularly relevant when ORM, as recommended
in [12], are not possible before implementation of the monitoring devices. This might be the case due
to lack of expertise on the contractor side or due to time constraints, e.g., in case of particular urgency
or imminent danger. In such instances the insights from this study provide a solid foundation to rely
on qualified empirical knowledge and ensure the reliability of the monitoring as well.

2. Acoustic Emission and Attenuation of Elastic Waves in Concrete Constructions

Acoustic emission (AE) refers to the phenomenon whereby waves are generated and propagate
elastically within a material, such as during the formation of cracks. The dynamic deformations
appearing on a structure’s surface can be detected via piezoelectric sensors, thereby facilitating the
monitoring of material changes and structural integrity. To analyse the underlying phenomena, the
measured time-amplitude signals are typically reduced to a few characteristic features in either the
time or frequency domain. Notably, these features include the peak-amplitude Apeq and energy E,
as highlighted in [19]. The propagation of elastic waves is subject to attenuation effects, which must
be considered in the design of measurement campaigns and the evaluation of results. Geometric
attenuation, for instance, results in the decrease of the source impulse ‘s energy as the wavefront
expands with increasing distance r. For spherical waves, the sound intensity I and the sound level A
can be expressed with

I x rlZ and A « % (spherical waves) (1)

And for cylindrical waves:

I % and A « \% (cylindrical waves) (2)

Considering just the geometric part, the decrease in sound intensity or sound level decreases
by 6 dB for spherical waves and 3 dB for cylindrical waves with each doubling of distance from the
source. In contrast, plane wavefronts remain unaffected by geometric attenuation. Furthermore, along
the propagation path, both sound intensity and level are reduced due to scattering, reflection, and
absorption. For describing dispersive attenuation, the application of an exponential decay function
is appropriate

T Ipe™™" and L o Lge™*7, 3)

where « is the material- and frequency-dependent attenuation coefficient. Due to the hetero-
geneous composition, the attenuation behaviour of elastic waves in concrete is quite complex. On
the mesoscale, the material composition is important, which is why aggregates, pores, and reinforce-
ment have so often been addressed in investigations [20-25]. Experiments have predominantly been
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conducted on small-scale specimens to describe the relationship between signal amplitudes and prop-
agation distances, quantified through attenuation coefficients. A pronounced frequency-dependent
attenuation of amplitude, correlated with the concrete’s composition, has been observed consistently.
This relationship extends to other signal characteristics, such as the signal ‘s energy [26,27]. The
interplay between the wavelength and the size of the scatterer is critical; attenuation is markedly
reduced when the wavelength exceeds the dimensions of the concrete’s components or scatterers.
Consequently, it has been proposed that interpreting signals in concrete at frequencies above 200 kHz
presents significant challenges [20].

At the structural level, the propagation of elastic waves is significantly influenced by the presence
of reinforcement bars and prestressing tendons, primarily due to the superior signal transmission
capabilities of steel and the anisotropic arrangement of these elements, which serve as waveguides
within the concrete matrix [28,29]. It has been of particular note that attenuation along prestressing
wires in grouted ducts is higher compared to that of exposed wires [30,31], a phenomenon attributed
to energy dissipation through emission across the interface into the grout and surrounding concrete.
Moreover, the wave propagation characteristics are also affected by the prestressing of the concrete.
To explain, it has been observed that prestressed concrete members demonstrate lower attenuation
levels in comparison to their reinforced concrete counterparts [32], which can be attributed to the
prestressing of the concrete, which tends to close existing cracks. A comparison of damaged and
undamaged reinforced concrete structures, as shown in [33], supports the idea that damage increases
attenuation. Simply put, higher attenuation was observed in damaged structures. It is suspected that
especially in areas with disturbances, Rayleigh waves, which transport the highest energy, do not
transmit effectively [34].

These principles are relevant to the interpretation of the data and are taken into account in their
interpretation. Furthermore, the data preparation in Section 3.3 is based on this explanations.

3. Materials and Methods

3.1. Experiments on Bridge Girders under Laboratory Conditions

Wire-breaks are rarely measured under real-world conditions and are at best artificially provoked
in a limited number in investigations on operating structures. However, for this research, during the
dismantling of a total of six girders from three bridges at risk for stress corrosion cracking were sourced
and then destructively tested. These girders were predominantly in an undamaged state. Detailed
descriptions of the girders and documentation of these experiments are available in [13,18]. Briefly,
these are:

¢ Girders of a box girder bridge near Roding;:
The bridge was built in 1965 near the city of Roding. Two web segments, each with a length
of 7m, were obtained; see Figure 2a. The girders examined contained 21 tendons, each with
42 wires.

¢ Typified prefabricated post-tensioned girders (BT500) of a bridge near Stolpe:
The bridge near Stolpe supported an agricultural road over the A24 motorway and was con-
structed in 1981 from prefabricated elements of the BT500 series with BSG-50 tendons made in
the former GDR; see Figure 2b. The lengths of the girders were uniformly 11 m. Each tendon
contained 16 wires. The oval prestressing wires are known to be very susceptible to stress
corrosion cracking

® Prefabricated, prestressed girders from a bridge near Witzenhausen:
The third pair of girders was obtained during the dismantling of a side road over a railway track;
see Figure 2c. The prefabricated elements were produced in 1962, each with a length of 9m. Each
girder contained 12 ribbed, oval wires. Compared to the specimens from the other bridges, the
girders of the Witzenhausen bridge were less massive, with a profiled cross-section.
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(b) Stolpe (BT500) (c) Witzenhausen

(a) Roding)

Figure 2. Bridge girders tested under laboratory conditions: (a) in-situ cast, post-tensioned element of
the web of a hollow-box bridge near Roding, (b) prefabricated post-tensioned element (BT500) from a
bridge near Stolpe and (c) prefabricated, pre-stressed element with single wires from a bridge near
Witzenhausen.

Measurements on each girder followed a consistent methodology, as depicted in Figure 3. Initially,
the tendons or wires were exposed in specific areas, where individual wires were then cut. Sensors
were positioned along the longitudinal axis of each tendon, aligned with the site of the wire-break
location. Subsequently, depending on accessibility, either in the vicinity of this opening or at the
ends of the girders, rebound-hammer impulses were generated directly on the prestressing steel; see
also Figure 3. It was ensured that the integrity of the tendon was preserved to avoid affecting signal
propagation by having introduced separations. These measurements allowed for the direct comparison
of signals from both sources given their identical direction of action. However, the rebound-hammer
impulses were also generated on the concrete surface to ensure the measurements’ applicability and
comparability with ORM conducted on actual structures. The number of measured signals is detailed

in Table 1.
General Test Setup Cross-Sections of the Girders
Roding Stolpe (BT500) Witzenhausen
Girder under Test )ILLF
— T By 7 w N
< < <& e ceceee ‘S’E \ y 1 /l S 8
Sensor | Tendon Axis Teesee ~ - - =
_ 3 y
L1 | Wire-Break Location at Opening (Tendon) | 1.0 Hollow Bodi th
[2] Rebound-Hammer on the Tendon Surface — Fioflow Bodies ’
[3] Rebound-Hammer on Concrete Surface 078

Figure 3. General test setup for a girder and fundamental methods for wire-break emission and
rebound-hammer signals. Cross-sections of the tested girders.

For the experiments, an AMSY-6 measurement system and VS30-V sensors with a flat frequency
response ranging from 25 to 80 kHz from Vallen Systeme GmbH were used [35]. The AMSY-6 system’s
analogue, high-pass filter was set to a cutoff frequency of 0.5 kHz. No further analogue or digital
filtering was applied. Capturing wire-break and rebound-hammer signals pose a challenge due to the
high energy of the source signal. When too close to the source, the input level on the measuring device
could be surpassed, necessitating the hardware configuration of the measurement chain to attenuate
the signals purposefully for recording. To this end, special attenuators were employed, achieving
effective attenuation levels of -20 and -40 dB.
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Table 1. Overview of the data collected from tests on the girders under laboratory conditions and the
in-situ measurements on the bridges. Specification of the construction, signal sources and directions of
propagation per girder and bridge. Indication of the number of captured signals per signal source and
determined attenuation profiles.

Nb. of Signals Attenuation

Girder / Bridge Construction Signal Source Direction WB* RE* Profiles
5 Roding Web from a box girder WB, RH Long. 388 124 6 WB, 1 RH
9 Stolpe (BT500) Prefabricated girder WB, RH Long. 454 867 6 WB, 2 RH
~ Witzenhausen Prefabricated girder WB, RH Long. 250 1105 4 WB, 2 RH
Stennert Bridge Box girder RH Long. - 237 1 Long.
< Werra Bridge T-beam RH Long. - 356 2 Long.
% South Ring Bridge T-beam, multiple webs RH Long., Trans. - 1327 5Long., 1 Trans.
2 High Bridge Slab with hollow bodies RH Long., Trans. - 1031 5Long., 2 Trans.
Ruhrwald Bridge  Slab with prefab. girders RH Trans. - 2313 5 Trans.
BT500 Bridge Slab with prefab. girders RH Trans. - 915 2 Trans.

* WB: Wire-Break, RH: Rebound-Hammer.

3.2. Measurements on Bridges In-Situ

The investigations conducted on the girders were enhanced with measurements on a variety of
existing structures using the rebound-hammer. This was done to ensure the transferability of the wire
break-results from the girders to real structures and to obtain additional reference values for designing
the sensor layout. These structures differed notably in terms of their construction and geometrical
dimensions, as shown in Figure 4 and elaborated on in the following descriptions:

Stennert Bridge

i A T

13-26

i

i )k

Werra Bridge

28 | 0.9 20

High Bridge @

[ L 1L‘6L L | L

“20727 23 X
Ruhrwald Bridge

BT500 Bridge

e TR TR T AT 02;
05

D M e I

107 10 10 10 10
| l — ——

13 I - Exemplary Sensor Location
[C]

—s= Direction of Excitation (Long. and/or Transv.)

Figure 4. View and cross-section of the bridges on which the in-situ measurements were conducted.
Qualitative marking (in red) of an exemplary sensor position, as well as the direction of the series of
measurements with the rebound-hammer longitudinal and transverse to the axis of the structure.

¢ Stennert Bridge, Hagen:
The Stennert Bridge in Hagen-Hohenlimburg crosses the federal road B7 over the Lenne River
and has a total length of 102.70m. The load is supported by three hollow boxes connected
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through the roadway slab. The bridge was constructed in 1959, and the prestressing steel used is
classified as particularly susceptible to stress corrosion cracking. Despite its age the structure is
generally in good condition, free from cracks, and suitable for targeted monitoring. In 2018, an
AEM-system was installed, with sensors placed laterally on the 50 cm thick webs.

¢ Werra Bridge, Walldorf:
The Werra Bridge was built in the 1980s as a three-span, prestressed concrete structure with a total
length of 64.90 m along state road L2624. The structure exhibits damage in various areas in the
form of cracking, caused by an alkali-silica reaction (ASR) leading to expansive mineral formation.
Material investigations revealed that the superstructure was constructed using prestressing steel
susceptible to stress corrosion cracking. To ensure the ongoing operation of the structure, an
AEM-system was installed in 2021. Additionally, regular visual inspections are conducted.

¢ South Ring Bridge, Leer:
This bridge carries a local road over the railway line Rheine-Emden (track 2831). The superstruc-
ture was constructed in 1969 as a single-span beam with a span of 31.70 m. The cross-section is
a four-web T-beam with a construction height of approximately 1.45 m. The four main girders
of the superstructure are prestressed longitudinally. Due to material-specific issues with the
prestressing steel and structural shortcomings, the structure was equipped with a monitoring
system in 2020.

¢ High Bridge, Wismar:
The High Bridge, part of federal road B105, was constructed in 1970 as a multi-span reinforced
concrete slab bridge with hollow bodies. The bridge consists of 15 spans with lengths of 22.0m
and 28.0 m (total length 396.0 m). It was prestressed using BSG 25 and BSG 100 tendons made of
Hennigsdorfer prestressing steel, which is known to be susceptible to stress corrosion cracking.
Static deficits were only identified in two fields, which have been monitored since 2023.

* Ruhrwald Bridge, Dortmund:
The Ruhrwald Bridge crosses federal road B54 over a double-track railway line in the city of
Dortmund. The structure consists of several substructures of different construction years and
types. The substructure examined was built in 1957 using post-tensioned, prefabricated concrete
elements, which were connected to form a slab with a reinforced concrete topping in-situ. The
span and width are 9.15m and 19.45 m, respectively. The prestressing steel used is classified as
susceptible to stress corrosion cracking. Computational analysis revealed deficiencies, leading to
the installation of an AEM-system in 2022.

e BT500 Bridge, Coswig:
The bridge carries a state road near an urban area over a railway track and was constructed in 1985
as a prefabricated bridge. It consists of two spans, each with 11.27 m. The superstructure contains
8 post-tensioned prefabricated beams of type BT500N, supplemented with cast-in-place concrete
to form a slab. The beam elements were made with Hennigsdorfer prestressing steel. Corrosion
pits were found on the steel during material investigations, attributed to stress corrosion cracking.
Structural deficits prompted an ORM to assess the applicability of an AEM-system on the bridge.

The in-situ measurements on the bridges were executed either through distinct campaigns or
during the installation of a permanent monitoring system. Contrary to the girder measurements, where
the signal emission originated from a stationary point, the in-situ measurements featured variable
signal emission locations. The structure was gradually "tapped" at predetermined intervals. The source
of the signal was the rebound-hammer, identical to the one employed in the destructive tests detailed
in Section 3.1. To achieve adequate statistical reliability, multiple impacts from the rebound-hammer
were applied at each signal emission location.

Figure 4 depicts one exemplary sensor position and the directions of investigation for each
structure, which information was subsequently utilized to generate the attenuation profiles. For some
structures the measurements were conducted throughout the entire structure, involving multiple
sensor positions. While multiple sensors were analysed, not all are depicted in Figure 4 to maintain



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2024 d0i:10.20944/preprints202403.1152.v1

8 0f23

clarity within the figure. Nonetheless, the quantity of measured signals and attenuation profiles is
documented in Table 1.

In every instance, the AMSY-6 measurement system from Vallen Systeme GmbH, paired with VS30-
V sensors, was employed. The setup required no hardware configuration beyond a pre-amplification
setting of zero dB. The measurement system’s analogue, high-pass filter was adjusted to a cutoff
frequency of 0.5kHz, with no further analogue or digital filtering applied. This consistent use of
measurement technology components and sensors across different tests ensures the reliability and
comparability of the measurements conducted on both bridges and beams.

3.3. Data Processing

The analysis of the measurement data was conducted using two distinct processes, each comprised
of multiple steps. First, the time-domain features peak-amplitude Ape,k and energy E were derived.
To achieve this, signals were standardized at a preamplification level of zero dB, and a consistent
threshold of 90 dB was established. Following this, both features were calculated directly from the
raw data of the time-amplitude signal. The peak-amplitude is typically measured in decibels (dB Af),
whereas energy is calculated over the signal’s duration and is expressed in V2 -s. For enhanced
comparability, the energy was also converted to decibels in this study using the formula

E(dB) =10- 10810(5(V2~s))- (4)

The features were then represented in decibels against the distance between the source and sensor,
as illustrated in Figures 7, 9 and 12. To account for the variance of individual measurements, a 90 %
confidence interval was depicted as an envelope curve for each feature. In processing the data, the
two types of attenuation —geometric and dispersive— could not be distinguished in detail due to
insufficient knowledge about their specific contributions to the attenuation observed. Nevertheless,
converting the data to a logarithmic scale linearized the exponential function’s appearance, facilitating
the determination of the attenuation coefficient through linear regression across the entire range
of values, i.e., all distances on the x-axis [21]. Additionally, to enhance the empirical distribution
statistically, a bootstrapping method with 1000 iterations per attenuation profile was employed,
justified by the adequate size of the original sample set. The regression’s calculated coefficient and the
standard deviation of its residuals are documented in Tables 2, 3 and 4. Utilizing these two statistical
parameters, the characteristics of the phenomena under investigation were assessed.
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(c) (d)
Figure 5. Frequency spectra of the wire-break and rebound-hammer signals, i.e., longitudinal signal
emission into the tendons, for girder B of the Stolpe (BT500) and Witzenhausen girders. The signals

were measured at a distance of 0.3 m from the source location. The individual spectra are shown
superimposed, with the mean value highlighted in black.

In the second process, the focus was on the frequency dependence of attenuation. To this end,
signals were normalized to a preamplification level of zero dB. A threshold is not required for frequency
analysis. The signals were trimmed to a unified length with pre- and post-triggers of 200 and 1000 s,
respectively. This segmented signal was then processed, resampling at 10 MHz and applying a Hanning
window to mitigate leakage effects before being transformed into the frequency domain with Fourier
transformation. To investigate the frequency dependence of attenuation, the resulting frequency
spectrum was segmented into partial frequency bands, each 10 kHz wide, spanning from 0 to 100 kHz,
as illustrated in Figure 5a. The investigation’s upper frequency limit was set at 100 kHz. This was
based on the observation that the frequency spectra of the measured signals from both signal sources
show a significant decrease within the 70 to 100 kHz range, already evident near the source location
(approximately 0.3 m), as depicted in Figure 5. The subsequent increase between 115 and 120 kHz
remains below the amplitudes noted in the range of 10 to 60 kHz and is therefore excluded from the
evaluation, presumably resulting from a harmonic of the sensor’s resonance frequency, around 60 kHz.
For each of the delineated partial frequency bands, the mean spectral amplitude was calculated. These
calculations served as the basis for creating the attenuation profiles shown in Figures 6, 8, 10 and 11.
In these figures, a representative curve for each structure is displayed, regardless of the number of
sensors analysed. The mean amplitudes were plotted against the distance between the signal source
and sensor, similarly to the previous time-domain features. For the frequency bands extending up
to 50 kHz, the attenuation coefficients and the standard deviations of the residuals were determined
using linear regression and subsequently documented in Tables 2, 3 and 4. The analysis again utilized
bootstrapping to expand the sample size.

The resulting statistical parameters from the regressions of both processing approaches were
finally transformed into box plots to illustrate the statistical trends and variations in Figure 13.
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4. Results
4.1. Wire-Breaks on Griders

The wire-breaks were generated on the girders from Stolpe, Roding, and Witzenhausen. Figure
5 shows the amplitudes for the frequency bands depending on the distance between the signal
source and the sensor. Each girder (A and B) is depicted in a separate subplot. Figure 6 shows the
time-domain features. In general, the attenuation profiles presented demonstrate the expected trend
where amplitudes diminish as the distance from the signal source increases. This attenuation is least
noticeable at lower frequencies, where the relationship between distance and amplitude reduction can
sometimes appear nearly linear. However, with an increase in frequency the amplitudes decline more
sharply, leading to nonlinear profiles characterized by a steep decrease in amplitude over distances
up to 3 to 4m. Beyond this point, the slope of the decrease lessens, suggesting that the frequency
components have been almost entirely filtered out. This effect varies in magnitude across different
girders; for instance, it is clearly visible in the case of girder A from Stolpe, whereas it is less pronounced
in girder A from Witzenhausen.

The observation is similarly reflected in the time-domain features. In Figure 7, the plots represent
data each from one measurement campaign conducted on one tendon per girder. The nonlinear rela-
tionship between the variables is also evident to varying degrees. Despite this nonlinearity, employing
linear regression across the full range of the abscissa for calculating the attenuation coefficients is
deemed sufficiently precise for each scenario, aligning with standard practices. It is important to
acknowledge, however, that this methodology tends in absolute terms to overestimate the attenuation
coefficient at greater distances.
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Figure 6. Frequency dependent attenuation profiles of wire-break signals for the girders from Stolpe

(BT500), Roding and Witzenhausen.
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Figure 7. Attenuation profiles of the time-domain features peak-amplitude in (a) and energy in (b) for
wire-break signals for the girders from Stolpe (BT500), Roding and Witzenhausen.

In Table 2, the attenuation coefficients documented reveal that the girders from Roding exhibit the
highest values, indicating a significant increase in attenuation as the frequency rises as well, with girder
A being particularly notable. This is partly attributed to the shorter length of the Roding girders, which
limited the range of distances between the source and sensor that could be examined. For girder A,
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it was only possible to measure distances up to approximately 3 m, leading to an overestimation of
the attenuation coefficients in this case. Due to this lack of comparability, these values were excluded
from the statistical analysis presented in Section 5. Moreover, there is a considerable variation in
the cross-sectional dimensions of the girders. The girders from Witzenhausen are characterized by
their slender profile in the section of the wires, while the Stolpe girders feature hollow bodies that
locally reduce the cross-section, as detailed in [13]. In contrast, the Roding girders are significantly
more massive and contain a large number of tendons, which act as major scatterers and contribute
to increased attenuation. Nevertheless, the cross-sectional dimensions are likely the critical factor
influencing these observations. The geometric dimension of the cross-section becomes apparent once
the spherical wavefront originating from the source encounters the component’s surface. In slender
components this occurs after shorter travel distances when compared to more massive components.
Subsequently, the wavefront ceases to expand, apart from reflections, and when the curvature of the
wavefront decreases, it effectively transforms itself into a planar wave. This phenomenon mitigates
the impact of geometric attenuation in slender components. This hypothesis is supported in the
analysis of time-domain features, where, with the exception of girder A from Stolpe, the Roding girder
demonstrated higher attenuation levels.

Table 2. Attenuation coefficients and residual standard deviations for wire-break signals for the
girders from Stolpe (BT500), Roding and Witzenhausen in their respective frequency bands and for the
time-domain features.

Partial Spectra Attenuation Coefficient (dB/m) Residual Standard Deviation (dB/m)
(kHz)
Stolpe (BT500) Roding Witzenhausen  Stolpe (BT500) Roding Witzenhausen
and Feature (dB) A B A B A B A B A B A B

0-10 -4.7 -4.5 -5.8 -6.9 -4.2 -5.3 73 52 73 62 74 55
10-20 -5.2 -7 -10.2 -7.6 -4.4 -5.8 9.6 6.1 7.3 5 8.3 6.3
20-30 -4.4 -8.8 -11.7 -8.7 -5 -7.7 10.6 7.8 77 56 75 6.7
30-40 5.7 -10.1 -125  -106  -6.2 -8.8 8.8 7.7 81 49 8 6.6
40-50 -8.2 -12.3 -156  -11.8  -6.8 -9.6 7.6 6.8 81 47 83 6.9
Apeak -55 2.8 -7.1 -49 37 -4.6 4.7 6.3 25 48 29 5

E -4.9 2.2 -5.4 -3.8 -2.6 -3.3 4.5 6.5 25 49 23 42

4.2. Rebound-Hammer Impacts on Girders

In Figures 8 and 9 the experiments utilizing the rebound-hammer on the girders are illustrated.
These tests involved generating signals on the concrete surface orthogonal to the tendon axis and at
the prestressing steel at locations where the cross-sections of the tendons were accessible. The figures
provide a side-by-side comparison of these two signal input methods for the girders B of each structure.
Additionally, Table 3 aggregates the statistical parameters derived from these measurements.

Table 3. Attenuation coefficients and residual standard deviations for rebound-hammer impulses on
the tendon (longitudinal) and the concrete surface (orthogonal) for the girders B from Stolpe (BT500),
Roding, and Witzenhausen in their respective frequency bands and for the time-domain features.

Partial Spectra Attenuation Coefficient (dB/m) Residual Standard Deviation (dB/m)
(kHz)
and Feature (dB) Stolpe (BT500) Roding Witzenhausen Stolpe (BT500) Roding Witzenhausen
Tendon Concrete Tendon Concrete Tendon Concrete Tendon Concrete Tendon Concrete Tendon Concrete
0-10 -4.8 -4.6 5.5 74 -5.2 -55 64 45 35 6.1 41 37
10-20 -52 -5.6 -4.7 -9 -6 -6.1 6.1 48 4 4.3 53 5
20-30 7.7 -8.7 -5.8 -11 -8.1 -8.4 7.2 5.5 3.3 3.8 6.1 3.7
30-40 9.7 -8.8 -7.4 -124 -8.8 9.1 8.3 5.8 3.6 4.5 6 54
40-50 -11.5 -10.5 -8.4 -14 -10.4 -10.3 6.7 33 41 4.8 6.4 55
Apeak 27 22 -3.4 -53 -3.8 -3.6 27 25 25 79 45 21
E 23 -1.4 2.4 -44 -3 -2.8 35 21 16.2 75 33 23
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Figure 8. Frequency-dependent attenuation profiles of rebound-hammer impulses on the tendon

(longitudinal) in the subfigures (a), (c), and (e), as well as on the concrete surface (orthogonal) in the
subfigures (b), (e), and (f) for the girders B from Stolpe (BT500), Roding and Witzenhausen.

The signal profiles resulting from the rebound-hammer impulses share general characteristics
with those of wire-break events, demonstrating similar behaviour in terms of attenuation and signal
propagation. Despite these similarities, closer examination also reveals differences in the attenuation
coefficients between the two types of sources. Notably for the frequency bands, in some cases signals
from rebound-hammer impulses tend to exhibit slightly higher attenuation compared to those from
wire-breaks, e.g., for the Witzenhausen girder. This observation, however, is not confirmed by the
analysis of time-domain features, which suggests the opposite for Stolpe and Witzenhausen. This
discrepancy might originate from the methodological differences in data processing between the two
analyses. Specifically, for the frequency band analysis only the initial part of the signal was considered,
focusing on the signal onset for extraction and evaluation. In contrast, the time-domain feature analysis
took the entire signal into account. Moreover, the comparison between the two methodologies is
inherently constrained due to the composite nature of time-domain features, which superimpose
all frequency components without delineating their distinct contributions, notably in the context of
peak-amplitude. Given the practical importance of time-domain features in assessing attenuation, this
feature should be considered as decisive in the analysis.
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In the comparison of excitation types with the rebound-hammer, the time-domain features for
Stolpe and Witzenhausen exhibit higher attenuation coefficients when the excitation is applied to the
tendon, thus emphasizing the analogy to wire breaks. Yet the time-domain features reveal the reverse
pattern, except for the Roding girder, where the opposite can be observed, and the inversion represents
a "safer" scenario for extrapolating results. In this case, the attenuation coefficients obtained with the
rebound-hammer are higher than those for wire-breaks. However, the quality of correlations for this
case are the weakest, as illustrated in Figure 9.

These findings highlight that both wire-break and rebound-hammer excitations exhibit very simi-
lar attenuation behaviour, independent of the method of excitation. Nonetheless, it also underscores
the complexity in interpreting individual measurements. Consequently, a statistical examination of the
data will be undertaken in Section 5 to facilitate a better understanding of how results can be transferred
between the two sources based on a broader perspective. This analysis will prioritize time-domain
features, reflecting their widespread adoption in both academic and practical applications.
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Figure 9. Attenuation profiles of the time-domain features peak-amplitude in (a) and energy in (b) for
rebound-hammer impulses on the tendon (longitudinal) and the concrete surface (orthogonal) for the
girders from Stolpe (BT500), Roding and Witzenhausen.

4.3. Rebound-Hammer Impacts on Bridges

The girders discussed in Sections 4.1 and 4.2 which, due to their smaller dimensions compared
to actual bridges, may yield signal propagation influenced by effects such as reflections, potentially
skewing the assessed attenuation coefficients. To evaluate the findings from these girders further,
measurements from six bridges were included. The attenuation was evaluated in both the longitudinal
and transverse directions for each of these structures. Figure 10 depicts the frequency-dependent
attenuation profiles for the structures in the longitudinal direction, while Figure 11 shows them in
the transverse direction. Each structure is represented by a sensor’s characteristic profile, even when
multiple datasets were available; see Table 1. Figure 12 presents the time-domain features for both
directions of analysis, with coefficients and standard deviations detailed in Table 4.

Compared to the girders’ profiles, it is notable that in the bridge measurements the initial ampli-
tudes across different frequency bands resemble each other more than those observed in the girder
measurements; see Figure 8, concrete surface. This distribution pattern is somewhat mirrored in the
case of girder B from the Roding bridge; see Figure 8d. Given that the Roding bridge’s girders were
more heavily reinforced than the others, it suggests that the increased reinforcement and the proximity
of tendons to the surface contribute to the reduced attenuation of high-frequency components. Along
the bridges’ longitudinal measurements, such as on the web, reinforcement such as tendons was also
present. Similarly, the transverse profiles of the BT500 Bridge and Ruhrwald Bridge, measured in the
load-bearing areas, which are characterized by significant reinforcement due to shear loads and the
anchorage of the tendons, exhibited comparable patterns, as depicted in Figure 10.
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Figure 10. Frequency-dependent attenuation profiles of rebound-hammer impulses in longitudinal

direction of the structure for the Stennert Bridge (a), High Bridge (b), Werra Bridge (c) and South Ring

Bridge (c) for one exemplary sensor position.
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Figure 11. Frequency-dependent attenuation profiles of rebound-hammer impulses in transverse
direction of the structure for the High Bridge (a), South Ring Bridge (b), BT500 Bridge (c) and Ruhrwald

Bidge (d) for one exemplary sensor position.
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Figure 12. Attenuation profiles of the time-domain features peak-amplitude in (a) and energy in (b) for
rebound-hammer impulses on the bridges in longitudinal and transverse direction of the structure for
one exemplary sensor position.

Moreover, the attenuation profiles in Figure 10 align with prior observations, showing significant
attenuation of high-frequency components up to 50 kHz within a spread of approximately 3 m from
the source to the sensor, in contrast to a much lesser decrease observed for low frequencies. Notably, at
distances of around 5 to 6 m from the source, the amplitudes for frequencies below 30 to 40 kHz begin
to increase again in the Werra Bridge and in the High Bridge. This phenomenon may be attributed
to the structural design and variations in reinforcement configuration along the structure’s length,
both of which influence signal pathways. Additionally, it is remarkable that the pre-existing damage
to the Werra Bridge’s concrete due to ASR manifests only minor differences in the frequency range
analysis when compared to the Stennert Bridge; yet a more pronounced correlation is observed in
the time-domain features. This highlights the challenges associated with individual assessments
and underscores the necessity of performing detailed statistical analysis with particular emphasis on
time-domain features, as outlined in Section 5.

The investigation of attenuation anisotropy is examined by means of three examples, each
containing results in both the longitudinal and transverse directions. For the South Ring Bridge, the
directional difference in attenuation is surprisingly small, with the transverse attenuation being at
most 30 % greater than the longitudinal, as depicted in the time-domain features of Table 4. This may
be attributed to the sensor’s placement on the side surface of the main girder, unlike the positioning
on the underside with other bridges. At the High Bridge, transverse attenuation is roughly twice
that of the longitudinal direction. The presence of hollow bodies within the slab, contributing to
enhanced wave scattering, is likely a significant factor in such increased attenuation. Furthermore,
combining the results from the Stolpe’s BT500 girder and the BT500 Bridge —owing to their use
of identical prefabricated elements— reveals a pronounced increase in transverse attenuation over
longitudinal. Time-domain features indicate that the transverse attenuation is about four times greater
than the longitudinal. This difference is attributed to the construction. The BT500 Bridge’s slab
comprises individual prefabricated elements joined by an in-situ concrete layer, elevating the number
of construction-related transition zones and challenging the assumption of seamless acoustic coupling
between elements. Consequently, for monitoring purposes each prefabricated element might require
individual surveillance if minor transmission is possible. The Ruhrwald Bridge, constructed similarly
to the BT500 Bridge, also demonstrates evident transverse propagation, supporting the viability of
a two-dimensional sensor concept for both structures. Remarkably, both the Ruhrwald and BT500
Bridges exhibit lower attenuation than the High Bridge, underscoring the predominant influence of
hollow bodies on attenuation behaviour.
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Table 4. Attenuation coefficients and residual standard deviations for rebound-hammer impulses
on the bridges in the longitudinal and the transverse directions of the structure in their respective
frequency bands and for the time-domain features.

Partial Attenuation Coefficient (dB/m) Residual Standard Deviation (dB/m)
Spectra
(kHz) Longitudinal Transversal Longitudinal Transversal
and . & & = . & & u
Feature & ® Ed 2'2 & 4 P g
(dB) x H Z u 2 = = & £ H ) u 2 = = H
i ¢ ¢ 2 £ & § ¢ § ¢ I £ Z £ F ¢
g 5 ] ) - ) £ ] g b B ) E ) £ ]
& = @ £ @ £ & = & E & E 3 £ & =
0-10 -4.5 -3.8 -3.5 -1.9 -35 -89 -4.5 75 6.1 8.9 6.1 44 47 26 3 52
10-20 -4.2 -4.9 -3.7 -4.3 -4.2 9.8 72 -8.4 3.7 8.3 4.4 3 25 43 3.7 51
20-30 -5.2 -85 -4.3 -47 -5.8 -11.8 -8.8 -11.7 53 57 38 32 28 19 51 7.6
30-40 9.7 -10.9 -5.3 -7 -6.3 -11.2 -11.3 -125 55 83 4.1 53 42 51 6 8.1
40-50 -10.8 -111 -6.6 71 -6.7 -141 -10.7 -111 7 118 4.7 55 33 41 82 106
Apcak -1.7 -5.7 2.7 -4.5 -4.3 -10.5 -6.8 74 25 3.9 24 4 3.9 18 2.6 2.3
E -1.9 -6.1 2.7 -4.4 -39 -10.8 -6.7 74 1.8 3.6 21 3.6 44 27 28 34

5. Aggregation of Results and Discussion

The attenuation profiles shown in the previous sections alongside with the detailed data docu-
mentation are already outlined initial patterns. To underscore central tendencies further, a statistical
representation of the data through boxplots, as illustrated in Figure 13, is employed, focusing on the
evaluation of medians and residual standard deviations of these distributions. This approach considers
the results of wire-break and rebound-hammer impulses on the girders’ concrete surfaces in addition
to all measurements from the bridges.

The analysis is focused on the time-domain feature’s peak-amplitude and energy given their
practical importance. The medians of the rebound-hammer impulses across both girders and bridges
range between approximately -2.8 to -3.6 dB/m, with standard deviations in the range of about
2.3 to 2.5dB/m. Girders show slightly higher deviations when compared to bridges. This indicates
that the outcomes from both girders and bridges share a fundamental comparability and can be
mutually transferred. However, the boxplots reveal a tendency for rebound-hammer results from
bridges to underestimate the attenuation coefficients observed from wire-breaks on girders. Specifically,
the median attenuation coefficients from wire-breaks, considering both peak-amplitude and energy;,
are consistently lower, despite the bridge coefficient ranges” covering those from wire-breaks. This
indicates that attenuation coefficients derived from rebound-hammer tests on structures lead not
implicitly to a conservative assumption, especially since one of the sampled structures has pre-existing
damage, thus unfavourably affecting the distributions. Furthermore, wire-breaks typically show
standard deviations 1.0 to 1.5 dB/m higher than those from rebound-hammer impulses, a pattern
replicated across frequency bands. This difference is attributed to wire-breaks’ being subject to complex
conditions, leading to less reproducible signals and, quite naturally, to greater variance. These findings
confirm the rebound hammer’s suitability as a reliable test and reference source, capable of yielding
consistent outcomes for broad application. Nevertheless, they also underscore the need for an extra
safety margin when transferring rebound-hammer test results to scenarios involving wire-breaks.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2024

d0i:10.20944/preprints202403.1152.v1

18 of 23

Girder Bridge
0 0
- T & -2 %
-4 |z %—1 am -4 |17 % % .
£ . & T L ¢ = 5 [3] ] _ T
5 0.1 1 . g | 0 o] I T H
T -8 1 - s [ B &l
S C1 : S T J_ l
© -10 © -10 >
2 -I- 2 [T! :—l [l
2 -12 £-12 * J_
-14 -14
e Wire-Break e Longitudinal
16 Rebound-Hammer e Transversal
-18 -18
I I IR AV Y I R
O P §® W S ® ®$ <&®
Frequency Band (kHz) / Time-Domain Feature Frequency Band (kHz) / Time-Domain Feature
(a) (b)
Girder Bridge
16 16
14 14 :
3 £
% 12 % 12 .
> 10 Z 10
8 % g,
. 8 .
?u 6 I"T_ ? %l» & ] % 6 =
& :r@ T,E F-H = @ ;T—l I & f
= | _ —_—
S 4 = IJ S 4 — ] I J L _T_’
i i) X ) L 1
g 2 T g 2 1 = F]
o e  Wire-Break x e Longitudinal
0 Rebound-Hammer 0 Transversal
-2 -2
NI R Y B - IR N S S
Q N BN o N \\ & Q N N of WO @Q\\ &
Frequency Band (kHz) / Time-Domain Feature Frequency Band (kHz) / Time-Domain Feature
(o) (d)

Figure 13. Statistical distributions of the attenuation coefficients and residual standard deviation of the
regressions in their respective frequency bands and for the time-domain features for wire-break and
rebound-hammer signals at the girders in (a) and (c) and for rebound-hammer signals at bridges in
longitudinal and transverse direction in (b) and (d).

Based on the data at hand, a transfer factor is proposed herewith to adjust the results of ORM to
account adequately for wire-break events. For this purpose, the attenuation coefficient of ORM Xorm is
scaled by a factor F. The confidence interval limits are introduced using the standard errors associated
with the wire-break events 3z

Torm = F - Form £1.96 - 55, . ®)

The transfer factor is determined using the medians of the attenuation coefficients of the time-
domain features for the wire-breaks and the rebound-hammer measurements on the bridges and is
approximately the same for both features
4.3

=—=12.
3.6

X'Wb
Xibh

(6)

The standard error of the wire breaks ranges between 0.1 and 0.6 dB/m and is similarly distributed
for both time-domain features and frequency bands. To account for the scattering, the 95 % quantile
value of the standard error is determined at approximately 0.51 dB/m, resulting in the transfer factor

Xorm = 1.2 Xorm £ 1.0 (dB/m). (7)

In case ORM ’s are not feasible, the statistical overview obtained suggests that the attenuation
coefficient in the longitudinal direction should be chosen to be at least around 6 dB/m.
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Figure 13 underscores the observation that higher frequencies experience significantly greater
attenuation than lower frequencies. For wire-breaks and rebound-hammer impulses on the girders,
median values in the 0-10 kHz frequency band range from approximately -4.7 to -5.0 dB/m, increasing
to about -10.3 dB/m in the 40-50 kHz band. This trend is consistent across bridges in both the longitu-
dinal and transverse directions, suggesting a clear preference for focusing measurements within the
low-frequency range. Notably, on the girders, the attenuation coefficients derived from time-domain
features generally exhibit lower medians compared to those from frequency bands. For bridges there is
an overlap between these two data sets for both types of excitation sources. As discussed in Section 4.2,
this discrepancy is likely attributable to the data processing approach, wherein only the signal’s onset
was cut for frequency band analysis, and less than the entire transient was used. This could allow for
larger amplitude occurrences in the residual part of the transient, thus affecting the analysis” outcome.

The validity of the results presented assumes that the sensors utilized in the respective application
have similar sensitivity compared to those employed in this study. It is essential that the sensors’
response spectrum predominantly cover frequencies below 100 kHz. Moreover, when calculating
attenuation coefficients using regression analysis, the trend of amplitude changes is crucial. In cer-
tain instances, particularly at larger distances during rebound-hammer tests on bridges, non-linear
relationships were observed. Such non-linearity can lead to distortions and potential underestimation
of the attenuation coefficients, necessitating careful consideration and evaluation in specific applica-
tions. Additionally, it is important to acknowledge that the bridges were not uniformly represented
in the study. The number of attenuation profiles assessed for each structure varied, as outlined in
Table 1. Nonetheless, given the relatively low standard deviations and scattering for the more pertinent
time-domain features, the dataset is considered to be representative and reliable for the scope of this
analysis; see Figure ??2.

In this analysis the material properties of the concrete were not investigated further although
it is known that they influence wave propagation and exhibit significant fluctuations. However, the
material properties were not experimentally determined for all structures, which is why the data-
driven approach was chosen here. Furthermore, except for the Werra Bridge, the undamaged condition
of the girders and bridges is assumed. The individual condition appeared to be good, and the surfaces
were free of cracks. However, it cannot with absolute certainty be ruled out that there are internal
defects and pre-existing (internal) damage which may affect attenuation.

6. Conclusions

Acoustic emission monitoring has become a standard practice for monitoring prestressed concrete
bridges, particularly for the detection of wire-breaks caused by stress corrosion cracking. The success
of such monitoring measures crucially depends on a properly designed sensor layout tailored to the
specific structure to ensure the detection of all relevant damage signals with high probability. The
understanding of the propagation of elastic waves within the structure, especially their attenuation
characteristics, is fundamental in this context. Typically, the essential knowledge required for effec-
tive monitoring are derived from in-situ, object-specific measurements (ORM) on the bridge under
investigation using a reproducible reference source, such as the rebound-hammer. This approach
assumes that the signal characteristics generated by the rebound-hammer are analogous to those of
wire-breaks, allowing for the direct application of the findings from ORM to the issue of wire-break
detection without additional modifications. This study challenged this assumption by providing a
comprehensive analysis of the attenuation behaviour of impulsive, energetic source events within large
prestressed concrete structures, enabling a critical evaluation and comparison based on an extensive
dataset.

The research involved conducting experiments on various test objects to generate the data. First,
six girders from three different bridges were subjected to controlled destruction in a laboratory
setting. These girders underwent artificial wire-breaks followed by comparative rebound-hammer
tests. The rebound-hammer introduced impulses both longitudinally into the tendons’ cross-section
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and orthogonally onto the concrete surface, evaluating the directionality of signal propagation. To
complement these laboratory experiments, additional measurements were carried out on six in-service
bridge structures, each varying in geometric dimensions and the extent of pre-existing damage.
Notably, one of these structures exhibited signs of damage due to alkali-silica reaction, a condition
that affects the integrity of concrete due to cracks, whereas the others did not display any significant
or otherwise known damage. The combination of these experiments aimed at establishing a transfer
factor that could reliably map the rebound-hammer impulses to actual wire-break events, ensuring the
applicability of test results to real-world scenarios.

The analysis covered generating attenuation profiles from the captured signals. This process
involved evaluating both classical time-domain features —such as peak-amplitude and energy— and
conducting a frequency analysis across ten different frequency bands spanning 0 to 100 kHz. For
the time-domain features and the initial 0 to 50 kHz frequency bands, linear regression analysis was
applied to interpret the data, which was then statistically parameterized to describe the attenuation
characteristics observed. In conclusion, the following aspects can be noted:

¢ The results of the girder experiments indicate that attenuation coefficients derived from rebound-
hammer impulses on the concrete surface generally tended to underestimate those of wire-
breaks. The observed attenuation coefficients and their standard deviations for wire-breaks are
greater. This is particularly pronounced in the relevant time-domain features, suggesting that the
variations are attributable to source-specific causes. Within the frequency bands, a comparable
level of attenuation is noted.

¢ To adapt the findings from rebound-hammer measurements to address wire-break scenarios,
a transfer factor was established using the data collected from both bridges and girders. This
involves a scaling factor of 1.2 to modify the average attenuation coefficient, complemented by a
variance of +1.0dB/m to incorporate a 95 % confidence interval accounting for sample scattering.
It’s crucial to account for sensor-specific characteristics when implementing this factor.

¢ Should object-related measurements on a structure be impracticable, the results of this research
suggest assuming a minimum attenuation coefficient of 6 dB/m for the longitudinal direction of
the bridges.

¢ The observed scattering in the standard deviations of the residuals from rebound-hammer
measurements is less than that associated with wire-breaks. This suggests that the boundary
conditions inherent to wire-breaks are naturally complex and result in a higher degree of variance.
In contrast, the rebound-hammer provides reproducible results, making it an appropriate testing
or reference source for this application.

® The observed scattering in the standard deviations of the residuals from rebound-hammer
measurements is less than that associated with wire-breaks. This suggests that the boundary
conditions inherent to wire-breaks are naturally complex and result in a higher degree of variance.
In contrast, the rebound-hammer provides reproducible results, making it an appropriate testing
or reference source for this application.

¢ Attenuation behaviour exhibits pronounced frequency-dependent effects, with the attenuation
coefficient approximately doubling on average from the 0-10kHz frequency range to the 40-
50 kHz range. This pattern applies across both beams and bridges and for both types of signal
sources. Frequencies above 50 kHz experience significant attenuation within a distance of
approximately 3 to 4 m from the source to the sensor and are largely negligible beyond this range.

¢ The analysis of the directionality of attenuation across different structures reveals anisotropic
behaviour, where transverse attenuation consistently exceeds longitudinal attenuation. This
directional variance is influenced by structural specialities, such as voids and construction joints,
as well as sensor orientation, with voids exerting the most significant effect. Notably in precast
concrete bridges with in-situ-cast concrete slabs, evidence shows unrestricted signal transmission
in the transverse direction across multiple prefabricated elements.
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In practical applications, the attenuation coefficients derived from rebound-hammer tests offer
crucial input for devising sensor layouts for the monitoring of prestressed concrete bridges vulnerable
to stress corrosion cracking. The practice of stimulating the concrete surface and extending these
findings to address the issue of wire-break detection is justified. Nevertheless, it is recommended to
incorporate an additional safety margin by applying a transfer factor.

The results documented herein, in conjunction with reference [13], form an important basis for
the development of models aimed at quantifying probability of detection (PoD) for wire-breaks in
bridges. These models are to be elaborated and discussed in a forthcoming publication.
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