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The durability of prestressed concrete structures built between the 1950s and 1980s is becoming a growing
problem. One reason is the sensitivity to stress corrosion cracking of the prestressing steel. Failure of prestressing
wires can result in collapse of the entire structure without premature indication by transverse bending cracks or
considerable deformation. The response of a structure to significant number of prestressing wire breaks was
studied on a bridge in Brandenburg, Germany. Two thirds of the prestressing wires in concentrated tendons of
two girders were cut before the bridge was demolished. Acoustic Emission Analysis was used to detect the wire
breaks. Thus, the number of wire breaks was correlated with results of other measurement techniques, in
particular strain measurements on the girders. In preparation of the measurements, the acoustic properties of the

bridge were determined and the suitability of Schmidt hammer impacts as an acoustic reference source was

validated.

1. Introduction

The development of prestressed concrete structures started in the
early 20th century (Sanabra-Loewe and Capella-Llovera, 2014). A
milestone in this development was set by Eugene Freyssinet, a French
engineer who applied for a patent to produce precast elements and a
process of applying compression by pre-tension and bonded wires in
1928. The first prestressed concrete bridge with bonded tendons was
builtin 1936 in Oued-Fodda, Algeria. The first European bridge based on
this system was built in 1938 in Oelde, Germany. It was in use until 2012
and is now a protected monument, relocated on a parking place near
Beckum. The new technology became popular worldwide and different
designs like slab bridges, slab and girder bridges or box girder bridges,
construction processes like incremental launching or cantilever con-
struction and prestressing methods like the Baur-Leonhardt method
were developed, patented, and realized in the following decades. The
Armet Bridge (1946) across the Marne River, France, was the first major
bridge built in precast prestressed segmental construction (Billington,
1976). In India, as an example for Asia, the first prestressed concrete
bridges, the Assam railway link bridges, were built in 1948 (Heggade,
2015). Built in 1950, the Walnut Lane Bridge in Philadelphia was the
first prestressed concrete bridge in the United States (Billington, 1976).

* Corresponding author.

In 2021 nearly 69% of the bridge deck areas in the German federal
road network is made of prestressed concrete (Federal Highway
Research Institute Germany (bast), 2021). As a consequence of de-
structions during World War II and the expansion of the road network in
the post-war era economic boom, around 30% of the today’s bridge area
have been built in the 1950s-1970s (Federal Highway Research Institute
Germany (bast), 2021). This era is characterized by slender, elegant, and
sometimes courageous constructions. Even if most of the bridges are still
in good condition, lack of experience of the engineers at the time con-
fronts us with severe problems today, like corrosion of the tendons, fa-
tigue of the tendons and wide cracks in the concrete. Causes of the
different problems are insufficient prestresses, insufficient grouting,
incomplete load assumptions (temperature differences ignored), un-
foreseen traffic loads, not enough unstressed reinforcement, inadequate
design of coupling joints and stress corrosion cracking (SCC). Especially
SCC can result in rupture of the prestressing wires and hence in a sudden
failure of the structure without prior indication by concrete cracking,
remarkable deformations, or visible corrosion products (fib Bulletin No.
26, 2003). Failure of prestressing steel can mainly be attributed to
hydrogen induced SCC. Chapter 1 of the fib Bulletin 15 (fib Bulletin No.
15, 2001) reports on the status of the durability of post tensioned ten-
dons in the United Kingdom, Germany, France, the United States,
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Canada and Japan. Corrosion due to inadequate grouting, sealing and
chloride ingress is cited as one of the main problems. SCC is reported
from France and Germany. fib Bulletin 26 (fib Bulletin No. 26, 2003)
reports on failures of concrete structures due to SCC. Most of these cases
originate from Germany. Prestressing steel sensitive to SCC has been
produced in West Germany until 1964 (Felten & Guillaume Carlswerke
AG, Trademark “Neptun”) and 1978 (Hiitten-und Bergwerke Rhein-
hausen AG, Trade Mark “Sigma”) and in East Germany until 1993
(Stahlwerke Hennigsdorf) (Lingemann, 2010).

It usually takes several years until a bridge under suspect for SCC and
without sufficient and early indication of failure can be replaced. Clos-
ing of bridges often causes long detours and doesn’t protect the traffic
below the bridge. Emergency scaffolding may only be an addition or last
resort, which is not always feasible due to e.g., constructive limitations
or underpassing connections. For safety reasons a monitoring of these
bridges regarding breaks of prestressing wires becomes necessary. Until
now the only reliable monitoring technique for detection of wire rupture
in prestressed concrete structures is Acoustic Emission (AE) Testing.
First field tests were carried out in the beginning of the 2000s in the UK
(Cullington et al., 1999), (Cullington et al., 2001) and Japan (Yuyama
et al., 2007). Starting in 2004, the prestressed concrete bridge Ponte
Moesa in Roveredo/Canton Graubiinden (Switzerland) was monitored
with a total of 16 AE sensors. The project was supervised by ETH Zurich.
A following scientific project laid the foundation for the today’s methods
used for detection of prestressed wire rupture by AE (Fricker and Vogel,
2006), (Fricker, 2009).

At time AE has become an established method for structural health
monitoring (SHM) for detection of wire breaks in prestressed concrete
structures (Schmidt and Salg, 2020), (Sodeikat et al., 2019). It is esti-
mated that 10 to 20 structures in Germany are equipped with AE sys-
tems. The number of AE sensors varies between 12 sensors for small
structures and reaches up to 248 AE channels for large structures. Since
AE can detect active wire breaks only during the operation of the
monitoring, it is essential to evaluate the condition of the structure in
advance. Electrochemical techniques as described in (RILEM TC
154-EMC, 2003) and remanent magnetism method (Scheel and Hill-
emeier, 1997) for detecting of broken wires can assist in determining the
current condition of the structure. Other inspection methods are sum-
marized and evaluated in (Matt and Taerwe, 2001).

A part of the energy released during wire rupture propagates as
elastic wave through the structure. The dynamic deformations of the
surface caused by these so-called AE waves can be detected by piezo-
electric AE sensors. An AE system detects an AE signal (output of the AE
sensor) as a “Hit” if the signal amplitude crosses a predefined threshold,
and AE signal features like Arrival Time (time of first threshold
crossing), Rise Time, (peak) Amplitude, and Energy are extracted and

6000

Developments in the Built Environment 14 (2023) 100151

stored. The signal feature (peak) amplitude is usually quoted in dBxg. It
is defined by dBag = 20 log (U/U,); where U is the signal voltage referred
to the preamplifier input and U, = 1 pV is the reference voltage. For
Energy calculation the AE signal voltage is squared and integrated
within the signal duration. Further terms used specifically in AE testing
are listed and defined in (EN 1330-9, 2009). Fig. 1 shows an AE signal of
a wire break recorded on the bridge “Altstadtbriicke Brandenburg”
during the destructive tests. An analysis of signal features allows to
identify wire breaks and to separate such signals from noise. Sources of
AE noise on bridges can be traffic, strong electromagnetic interference
(e.g., from a pantograph of a train) or active cracks in concrete. Since
wire breaks stimulate acoustic emissions of high energies and ampli-
tudes, these signal features usually are the most important features for
the identification of wire breaks. The analysis of arrival times is also a
powerful tool for filtering of noise signals. Based on the arrival times of
an AE waves from one source at different sensors, the location of the
source can be calculated. Although AEs from concrete cracking near a
sensor can result in high amplitude AE signals, they cannot be detected
by distant sensors. Traffic can generate locatable signals that occur in
the same place repeatedly. This is often caused by large joints or (loose)
gully covers and must be considered when evaluating the data. Traffic
also can generate noise that moves across the structure. This type of
noise can usually be localized by arrival sequence zone location (EN
1330-9, 2009) and makes it possible to estimate the speed of the causing
vehicle. Electromagnetic interference can be filtered out by too short
arrival time differences at different sensors and by extraordinary high
frequencies.

Detailed information about AE testing in different research fields and
examples for technical applications are given for instance in (Miller
et al., 2005) and (Grosse et al., 2022).

2. Experiments on the bridge
2.1. The bridge ,,Altstadtbriicke“ in Brandenburg an der Havel

The ,,Altstadtbriicke“ Brandenburg/Havel was a part of the federal
road network in Germany. With a length of 180 m and a width of 37 m
the bridge crossed a road and railway tracks of a steel works and of a
regional train. It was designed to carry a four-lane road, two bicycle
paths, two sideways, and two tramway tracks including tram stations. A
distributer road on the north side connected the federal road B1 to the
bridge. Fig. 2 shows an aerial photo of the bridge before it was blasted.

The bridge was built in 1969 as a bonded post-tensioned concrete
construction. Ten continuous box girders were sectioned into five fields
and supported by four rows of pillars with span lengths between 16 m
and 40 m. The height of the box girders was about 1.5 m and did not vary
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Fig. 1. AE signal of a wire break recorded on the “Altstadtbriicke Brandenburg”.
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Fig. 2. Aerial photo of the “Altstadtbriicke Brandenburg” shortly before it was blasted. Viewer looks south.

over the length and width of the bridge (see Fig. 3).

A characteristic of this bridge was the prestressing system. The pre-
stressing wires in each girder were concentrated in one sheath with
rectangular cross section. In the former German Democratic Republic
(GDR) this method was known as “Spannblockverfahren” (TGL 173-33,
1967). It is comparable to the “Baur-Leonhardt”-technique, developed
1949 by F. Leonhardt and W. Baur in Stuttgart, West-Germany
(Spannverfahren Baur Leonhardt, 1961), (Steinmann, 1954).

In the metal-sheet sheaths of the Altstadtbriicke the overall 392 wires
per girder were arranged in 28 layers with 14 wires per layer. The oval
ripped wires had a nominal cross section of 35 mm? and were spaced by
sparer sheets. After mounting of the formwork and the reinforcement of
the lower plate and the girder the full-length wires were laid one after
the other into the sheaths. The sheaths than were sealed by welding a
metal-sheet cover. After casting and hardening of the concrete in the
whole structure the wire blocks were tensioned, and the sheaths were
grouted. With this method it can’t be avoided that the wires, which were
made of Hennigsdorfer steel and therefore susceptible for SCC, were
exposed to environmental moisture. In addition, the small wedges be-
tween the oval wires and the sparer sheets can form cavities, even if the
quality of the grouting was good. Under these conditions the probability
for an initial corrosion damage and incipient cracks is high.

A routine inspection in December 2019 revealed serious and fast-
growing cracking in combination with separation of the concrete on

the side of some girders following the location of the concentrated
tendons. Based on experience from bridges with similar construction it
was assumed that the crack pattern can be attributed to breakage of
prestressing wires. Re-bonding of broken wires causes splitting-tensile
forces in the tendon. The subsequent destructive tests confirmed that
resulting cracks become visible at the concrete surface if around thirty
percent of the wires in a tendon are broken (Steinbock et al., 2022). The
expected crack pattern is sketched in Fig. 4.

The bridge was closed to traffic immediately and a detailed inspec-
tion of the whole construction was started. Taken samples of the pre-
stressing wires showed a tensile strength reduced by one third compared
to the nominal strength of the steel and the steel was embrittled
considerably. Therefore, the bridge was kept closed and a monitoring
system was installed to ensure the safety of the traffic below the bridge.
The monitoring system included temperature, deformation, and incli-
nation measurements as well as an AE system for detection of wire
breaks. Even if there was no traffic load on the bridge, between June
2020 and May 2021 111 spontaneous wire breaks were detected and
localized by AE measurements. The wire breaks were concentrated in
certain parts of some girders whereas in other parts of the bridge nearly
no wire breaks were localized. Breaking of wires was clearly related to
the temperature gradient. Especially the deformations of the bridge
during cold nights followed by sunny days triggered wire breaks.

Due to the massive and irreparable damage it was decided to
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Fig. 3. Cross section of the “Altstadtbriicke Brandenburg”. The test field is marked grey. Dimensions in m.
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Fig. 4. Crack pattern expected around a concentrated tendon. Starting on the
edges of the tendon cracks growth outwards in diagonal direction.
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2.2. Experimental setup

To study the consequences of a substantial loss of prestress due to
wire breaks the tendons of two girders were cut partially with a wire
saw. The girders No. 4 and No. 8 were cut in Field 3 of the bridge which
is marked grey in Fig. 3. The positions of the cuts are given in Fig. 5.
Girder 4 was categorized as less damaged. During the period the AE
monitoring was actively collecting data, only a few wire breaks were
detected in Girder 4, Field 3 and the girder showed no significant con-
crete cracks in this area. In contrast, on Girder 8 the AE monitoring
system detected a significant number of wire breaks, which resulted in
severe cracks (regarding length and width) on the concrete surface of the
girder. Girder 8 therefore was categorized as already severely damaged
before it was cut in the destructive test.

To study the acoustic characteristics of wire breaks, wave propaga-
tion and attenuation, influence of sensor types and sensor positions the
existing AE monitoring system was supplemented by 24 sensors on
Girder 4 and Girder 8. The additional AE channels were synchronized to
the existing monitoring system. The positions and types of selected
sensors are listed in Table 1 and drafted in Fig. 5. Hot glue was used to
acoustically couple the sensors directly onto the concrete. The sensors
were additionally fixed with magnetic holders. For this purpose, metal
sheets with openings for the sensors were screwed onto the concrete

Table 1
Positions and types of AE sensors in Field 3 of the bridge.

Sensor-No. Type Nominal Frequency Range [kHz] Girder/Position [m]

demolish the bridge as soon as possible. Before the bridge was blasted in 24 VS30 25-80 4/1.4
May 2021, a team of researchers got the chance to carry out destructive 34 Vs30 25-80 4/20.8
. . . 77 VS30 25-80 4/34.3
tests on the bridge and to measure the reaction of the structure with 78 V$30 25-80 4/31.3
various test methods like digital image correlation (DIC), fiber optic 79 Vs12 758 4/31.3
sensing, vibration analysis and AE analysis (Pirskawetz et al., 2022), 80 VS30 25-80 4/28.6
(Bosche et al., 2021). The tests were planned by the University of 81 V845 20450 4/18.6
Applied Science Dresden (HTW) and Technische Universitat Dresden 2§ z:ggo ;gi);gso :ﬁ:‘:
(TUD), organized by the Brandenburg Road Administration (LS Bran- 85 VS30 2580 4/13.2
denburg) and financially supported by the German Federal Ministry for 90 VS30 25-80 4/7.2
Digital and Transport (BMDV). 98 VS30 25-80 8/13.4

) A L]

i H Field 3 |

/ LT T AT T I AT 5T LT IR AR N SN (0 B MY (T KR P LT K C P CDT
/ /
4 81 4

4 78 82 {7

- 77179 80 s 34 § 83 cmm 85 9¢0d24‘

7

Girder 4
Cut 1
1
= 98

Girder 8 5 ~

Z 1

Vi

L 7 LT AT O L AT SITE ST A T A 7 ISR ST, b K o AN I AT L T L3, AT

2

< 12 >

= 20 N

40

Fig. 5. Details of the test field with positions of cuts and selected sensors on the girders. Dimensions in m.
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surface (Fig. 6). The quality of the acoustic coupling was tested by
breaking pencil leads 50 mm away from the sensors (Hsu-Nielsen-Source
0.5 mm, 2H) according to ASTM E976 (ASTM E 976, 2015).

An AMSY 6 AE system with ASIP-2 signal processors and software AE
Suite by Vallen Systeme GmbH was used to process, store, and analyze
the AE signals. The bandpass filters of all channels were deactivated
(bypass) and the detection thresholds of the channels were set individ-
ually, depending on the current local noise levels and sensor types.
Compared to other applications of AE testing, wire ruptures of pre-
stressing systems release signals of high energies and amplitudes. A
signal amplification is needed for signal transmission only and the sig-
nals of the VS30 sensors therefore were amplified with 0 dB (factor 1).
The maximum signal amplitude with this setup is 134 dBag.

Fig. 7 shows details of the sawing technique. A wire saw anchored to
the bridge deck drove a diamond wire (Fig. 7 a)). The wire was guided
via pulleys in the box girders (Fig. 7 b)) through bore holes in the bridge
deck and in the girders (Fig. 7 c)). By sawing the sectional area of the
single wires was reduced until the stress in the residual cross section
reaches the tensile strength of the steel and the wire ruptured. It was
intended to cut overall 252 wires of the tendons in 9 runs. With each
sawing run around 28 wires (2 rows of 14 wires each) were cut. Breaks
between the sawing runs were needed for a preliminary evaluation of
the condition of the bridge based on the measured data. As drafted in
Fig. 7 ¢) the diamond wire saw was slightly curved inside the concrete.
Therefore, the prestressing wires were cut wire per wire starting from
the outer wires. The AE system was used to count the number of
breaking wires during sawing. This allowed to correlate wire breaks
directly with the results of other measurements, in particular strain
measurements using DIC. For DIC a high-contrast pattern of black on
white paint was applied on the side of the girder in a field of 100 cm by
150 cm at a distance of 50 cm from the cut (Bosche et al., 2021). Digital
correlation of successively acquired images of such patterns makes it
possible to calculate deformations of the surface (Pan et al., 2009).

During the destructive tests, the AE monitoring of the whole struc-
ture was continued. It was agreed to interrupt the sawing if unexpected
accumulation of wire breaks in other parts of the bridge were detected.
The online analysis of the AEs was used additionally to count the wire
breaks on the cutting site and to control the number of cut wires per
sawing run.

3. Results and discussion
3.1. Acoustic characterization of the structure
AE analysis is a passive testing method whereby no energy is induced

to the test object by the measurement system. A reference source for
AF’s is therefore needed for an acoustic characterization of the structure,

Fig. 6. Different types of AE sensors fixed with magnetic holders inside a
box girder.
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bridge deck
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tendon with
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Fig. 7. Photo of the wire saw a), guidance of the diamond wire b) + c), and
cross section of a girder c).

in particular to measure the signal attenuation in preparation of a
monitoring, to check the function of the system and the uncertainty of
source localization. If the signal amplitude of a source of interest (e.g., a
crack or here in particular a wire break) is known, the k-value can be
estimated. The k-value describes the amplitude ratio of the reference
signal to the signal of interest. It is equal to the difference of the signal
amplitudes quoted in dBag. The k-value given in dBag is negative if the
amplitude of the reference signal is lower than the amplitude of the
signal of interest. Based on the signal attenuation and the k-value, the
maximum sensor distance for a reliable detection of all signals of interest
can be determined. The procedure is described in (EN 14584, 2013). On
steel structures like pressure vessels or large storage tanks the AE of a
breaking pencil lead with hardness 2H, diameter 0.3 mm or 0.5 mm and
length 3 mm (Hsu-Nielson-Source, according to ASTM E976 (ASTM E
976, 2015)) can serve as a reference source. In concrete the wave
attenuation is much higher and such a Hsu-Nielsen-Source can be
detected over a maximum range of one or 2 m. Additionally, the energy
released by a wire break is expected to be much higher than the energy
of a Hsu-Nielsen-Source.

Cullington et al. (1999), (Cullington et al., 2001) used the impact of a
Schmidt hammer (Swiss hammer or rebound hammer) to stimulate
artificial AE’s in concrete structures. A Schmidt hammer impact has an
energy of 2.2 Nm. It is highly reproducible and hence an appropriate
reference source even if the energy transferred to the concrete and
transmitted as an elastic wave depends on the concrete quality near the
impact point.

After installation of the sensors a series of artificial AE’s were
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stimulated by impacts from a Schmidt hammer. The impact points were
positioned approximately every 2 m on the sides at medium height of the
Girders 4 and 8. The recorded AEs allow to analyze the acoustic char-
acteristics of the structure.

The velocity of the elastic wave in a girder stimulated by the impact
can be calculated based on the arrival time of the wave at two neigh-
bored sensors. If the impact is located on the extension of the connecting
line between the sensors the ultrasonic velocity can be calculated by
dividing the sensor distance by the arrival time difference of the wave at
the sensors. Table 2 shows the ultrasonic velocities estimated on
different parts of Girder 4. The arrival times of the waves at the sensors
were determined as the first crossing of the detection thresholds of the
AE signals at the particular channels. A Schmidt hammer impact initially
stimulates longitudinal waves perpendicular to the surface of the girder.
Through mode conversion a mix of waveforms like longitudinal and
surface waves propagates through the girder. For normal strength con-
crete, the velocity of the longitudinal wave is in the range of 4500 m/s,
while the surface wave propagates at a velocity of approximately 3000
m/s. Depending on the distance between the sensor and the AE source,
the onset of the low-amplitude longitudinal wave or the onset of the
higher-amplitude surface wave is detected. The apparent AE velocities
(EN 1330-9, 2009) therefore scatter in that range. Since there was no
traffic on the bridge, the noise level was low and hence the detection
threshold could be set comparatively low. In practical applications the
detection threshold is usually set higher than 80 dBsg. The measured
(apparent) ultrasonic velocities are therefore in a range of 3500 m/s.

An important acoustic characteristic of a structure to be monitored is
the attenuation of the acoustic waves. In combination with the noise
level the attenuation limits the detection range of a sensor. Acoustic
wave attenuation in prestressed concrete depends on the geometry of
the structure, the concrete quality, and on the wavelength. Aggregates in
concrete for structures such as the bridge in Brandenburg can have a
maximum grain size of 32 mm. The aggregates are bound by a cemen-
titious matrix which has a lower acoustic impedance than the aggre-
gates. The inhomogeneous structure of concrete in the scale below
around 5 cm causes intensive scatter and therefore high attenuation of
acoustic waves with a wavelength below 10 cm-15 cm. At an ultrasonic
velocity of 4000 m/s this corresponds to frequencies higher than 40 kHz.

Fig. 8 shows the frequency spectra of a Schmidt hammer impact
detected by a VS150 AE sensor in a distance of 0.3 m, 2.1 m, and 4.5 m.
Even over the short distance of 0.3 m the eigenfrequency of the sensor
around 150 kHz was not stimulated by the hammer impact. The source
obviously doesn’t stimulate frequencies higher than 90 kHz. Due to the
described frequency dependent attenuation already from a distance of 3
m, frequencies above 50 kHz can no longer be detected.

The pronounced attenuation of acoustic waves with wavelengths
below 10 cm in concrete results in different detection ranges of different
types of AE sensors. The higher the sensitivity in the lower frequency
range, the larger is the range of detection. Fig. 9 shows a comparison of
attenuation measurements with different types of sensors. Since the

Table 2
Ultrasonic velocities estimated on different parts of the structure, Detection
Threshold: 80 dBag.

Sensor Distance Distance Amplitude Arrival Calculated
Pair Source — between first/second Time Ultrasonic
first hit Sensors hit Sensor Difference Velocity
Sensor
80-78 0.2m 271 m 134/126 0.6 ms 4500 m/s
dBag
78-77 1.2m 2.99 m 134/120 0.8 ms 3600 m/s
dBag
90-85 0.2m 5.90 m 134/101 1.9 ms 3100 m/s
dBag
85-83 0.1m 5.40 m 134/117 1.3 ms 4000 m/s
dBag
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Fig. 8. Frequency spectrum of a Schmidt hammer impact detected by Sensor 82
(VS150) sensor in different distances to the source.

geometry of the structure is similar at the sensor locations it can be
assumed that the geometric attenuation shows no significant differ-
ences. The influence of a geometric attenuation is therefore not
considered in Figs. 9 and 12. The attenuation curves are calculated by a
linear fit, excluding the overdriven measurements at short distances. As
expected, the lowest attenuation was measured with the VS12. Consid-
ering the scatter of the measured amplitudes at different positions and
sensors, the performance of VS30 and VS45 is comparable. This was not
expected because of the high peak frequency of the VS45, but this sensor
is also sensitive enough in the low frequency range. With knowledge of
the attenuation, the detection range of a sensor at a certain position on
the structure then can be estimated as the intersection with the evalu-
ation threshold. It is recommended to set the evaluation threshold 3
dBag higher than the detection threshold. Therefore, the lower the
detection threshold the longer the range of a sensor. The detection
threshold is mainly determined by noise. It is practicable to allow a
certain percentage of noise signals to cross the evaluation threshold and
to remove these signals by subsequent filters in the data analysis.
Otherwise, a detection threshold that is too low increases the filtering
effort and the risk of misinterpretation of the detected signals.

Like the attenuation also the detected noise depends on the type of
sensor. The main source of noise in bridges is the traffic on the bridge
deck. Wheels rolling over (loose) gully covers, joints or small stones for
instance stimulate low frequency AE’s which are detected as noise. Low
frequency sensors like the VS12 are therefore more sensitive to noise and
a higher detection threshold can be necessary. The higher detection
threshold reduces the detection range and thus can override the ad-
vantages of low frequency sensors.

Localization of AE events on the one hand is a powerful tool for
filtering AE data. In the first step of the localization calculation AE
signals detected at different neighbored sensors are grouped following
certain time criteria. The arrival times of signals from the same AE
source must be in the range of the time of flight of ultrasonic waves
between the sensors. For a sensor distance of 10 m and an ultrasonic
velocity of 3000 m/s for instance the timeframe is in the range of 4 ms. It
is highly improbable that noise signals from independent sources arrive
at two distant sensors in such a short timeframe. By excluding noise
signals from stationary sources like loose gully covers or transverse
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Fig. 9. Signal amplitudes of hammer impacts and attenuation curves as linear fits of the measured amplitudes for different types of sensors.
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Fig. 10. Localization results for Schmidt hammer impacts on Girder 4.

joints the source of a localized event with a high amplitude at the first hit
sensor is most likely a break of a prestressing wire.

On the other hand, localization of wire breaks is a valuable infor-
mation for the responsible structural engineer. It supports an assessment
of the damage evolution and a targeted inspection of the bridge. An
accumulation of wire breaks can give hints to particularly vulnerable
parts of the structure which than can be observed with special attention.

Fig. 10 shows localization results of hammer impacts on Girder 4 of
the bridge in Brandenburg in comparison to the known positions of the
sources, marked by the grey vertical lines. The width of the lines cor-
responds to approximately 50 cm. The localization error for most of the
impacts in this test with a dense sensor network is smaller than £50 cm.
It is to point out, that the positioning of sensors is very irregular between
the Sensors 80, 34 and 83 on Girder 4. This led to a higher location
uncertainty in localization results between the Sensors 80 and 34. To
avoid this effect, a variation of the sensor distance should be limited to a
smaller than the presented factor. For practical applications a

localization error of around 10% of the span with of a girder seems
acceptable. For the Altstadtbriicke Brandenburg this corresponds to a
location uncertainty of 4 m. In most applications the detection range of
the sensors requires sensor distances which result in location errors
below +1 m.

3.2. Wire breaks

An important goal of the project was to assign the damage pattern of
horizontal cracks in the concrete along the concentrated tendons to
breaking of the prestressing wires. The development of such cracks
during sawing could be visualized with DIC. Based on the DIC, the total
crack width over the height of Girder 4 along a vertical line approxi-
mately 1 m from the cut. Fig. 11 shows the correlation between the
measured deformation and the number of wire breaks detected with AE.
Since the individual measurements points of the two techniques were
not simultaneous, the respective time series were interpolated to
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Fig. 12. Signal amplitudes of wire breaks and hammer impacts and attenuation curves as linear fits of the measured amplitudes.

equidistant points in time. Before the destructive test Girder 4 showed
no significant cracks in concrete or separation of concrete along the
concentrated tendons. According to Fig. 11 cracking on the concrete
surface started after about 125 wires were cut. This is about one third of
the total numbers of wires in the tendon. After the first crack formation,
the relationship between wire breaks and crack growth is almost linear.
The decrease in total crack width after 200 wire breaks occurred during
a night break and can probably be attributed to temperature changes.
After the test, the crack pattern on the side of the girder corresponded to
the expected pattern as sketched in Fig. 4. The appearance of such cracks
depends on details of the construction, such as the number and cross
section of the wires, quality of grouting and thickness of the concrete
cover. However, such cracks are in any case an indicator of serious
damage to the tendon, so that detailed inspections should be initiated
immediately and securing measures considered.

By analyzing the signals at different sensors, the attenuation of a
wave stimulated by a wire rupture can be estimated. Fig. 12 shows the
attenuation curve measured by VS30 sensors at different positions
compared to Schmidt hammer impacts. In general, the amplitudes of the
wire rupture signals are higher than the hammer impacts and the
attenuation is lower. The lower attenuation may be explained by di-
rection of the impact. A Schmidt hammer impact stimulates a
displacement perpendicular to the surface whereas a wire break stimu-
lates a material displacement inside the tendon in direction of the girder.

The main reason for the higher amplitudes of wire rupture signals is

the higher energy released during rupture compared to a hammer
impact. The energy E,¢ released by a wire rupture can be estimated as
follows.

Eel = 62 /E* A %05 % (I + L)

For the bridge in Brandenburg the Young’s modulus E of the pre-
stressing wires is known (Bosche et al., 2021). The existing tension ¢ and
the cross-section A of the wires were measured by taking samples
(Bosche et al., 2021). The transmission lengths I,r and 1y, on the left
side and on the right side of the rupture until the wire after rupture is
fully re-bonded to the surrounding grout or concrete depends on con-
crete quality, concrete cover, geometry and surface of the wire and other
factors. It has not been measured and can only be roughly estimated
regarding (EN 1992-1-1, 1992) and the results of Kommer (2008) and
Ullner (2007). No studies describing the special situation in concen-
trated tendons have been found in literature. The extent of the trans-
mission length is the main source for the high uncertainty of the
estimated energy released by a wire break. The data for the Altstadt-
briicke Brandenburg are summarized in Table 3.

Taking into account the significant uncertainty the energy released
by a wire break should be 7 to 80 times higher than the energy of a
Schmidt hammer impact of 2.2 Nm. Fig. 13 shows a comparison of en-
ergies of AE signals of wire breaks in relation to hammer impacts in the
same distance to the sensor 90 at Girder 4 and sensor 98 at Girder 8.

The lowest wire break energy was 0.8 times the energy of a hammer
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Table 3
Estimation of released energies of wire breaks based on properties of the wires
measured on samples of the bridge in Brandenburg (Matt and Taerwe, 2001).

Cross- Young’s Tension Transmission Calculated
section Modulus Length Released Energy
A[mm?*]  E[N/mm*  o[N/ Iy = lpe. [mm]  Ey [Nm]

mmz]
35 205 000 680-810 200-1000 16-170

impact. It was measured on Girder 8 and in total only 2% of the signals
had an energy lower than the hammer impacts. On Girder 4 the lowest
energy ratio wire break to hammer impact was 2.2. In general, the
portion of low energy wire breaks is higher in Girder 8 than in Girder 4.
This can possibly be attributed to the higher degree of damage of Girder
8 already before the destructive tests. The low energies here could be
explained by low tensions in wires which were cut near preexisting
ruptures.

Overall, most of the measured energies are at the lower end of the
estimated range. Assuming that Girder 4 was in a comparatively good
condition and most wires were under a tension between 680 N/mm? and
810 N/mm?, this leads to the conclusion that the transmission length in
the compact, concentrated tendons is short. Local loss of prestress in
single wires therefore leads to a stress redistribution into the sur-
rounding wires. The growing local stress than increases the risk of
additional wire breaks. This may explain the accumulation of wire
breaks detected by AE monitoring in the one-year period before the
destructive tests (Bosche et al., 2021).

The influence of the transmission length on the signal energy also
must be considered if artificial wire breaks during sampling of wire
samples are compared to hammer impacts. Depending on the sample
length needed the wires must be uncovered on a certain length. During
rupture therefore a longer part of the wire relaxes, and higher energy is
released. This can lead to an overestimation of expected signal energies
or amplitudes of spontaneous wire breaks. Nevertheless, the energies of
spontaneous wire breaks will most likely be higher than those of the
hammer impacts. On a logarithmic scale, Kading et al. (2022) found a
linear relationship between signal amplitude and signal energy of wire
breaks. By using a Schmidt hammer impact as reference source, the
k-value than most likely will be negative. A wire break therefore can
probably be detected over a greater distance than the Schmidt hammer
reference source.
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4. Summary

Before the prestressed concrete bridge “Altstadtbriicke” in Bran-
denburg/Havel, Germany, was blasted in May 2020 a consortium of
researchers got the rare opportunity for destructive tests on the struc-
ture. In the real-scale test the concentrated tendons of two girders of the
bridge were partially cut with a wire saw. The reaction of the super-
structure of the bridge was measured with various nondestructive
testing methods. The real-time AE data analysis performed during the
tests was not only able to detect each wire cut but also to monitor the
entire structure for spontaneous wire breaks and such which may have
been caused by redistributed stress due to the severe damage induced by
the wire saw. Regarding AE testing the results can be summarized as
follows.

e By correlation of crack width and length measured with DIC and wire

cuts counted by AE analysis it could be shown that cracking along

girders in parallel to concentrated tendons is directly related to wire
breaks.

Impacts of a Schmidt hammer are well suited as reference signals.

They can be used to measure the attenuation of acoustic waves in

order to estimate the detection range of sensors at certain parts of the

structure. The energy of Schmidt hammer impacts is usually lower
than the energy of prestressed wire breaks.

e Due to the coarse meso-structure of the concrete the attenuation of
acoustic waves with frequencies above 40 kHz is too high for
detection of wire breaks over ranges longer than 2 m. For an efficient
detection of wire breaks sensors with consistent sensitivity in the
frequency range of 10-60 kHz can be recommended.

e The distance of two neighbored sensors along a girder should be
lower than the detection range of the sensors. This ensures the
detection of wire breaks by at least two sensors and allows a locali-
zation of the AE source. Localization is an efficient noise filter and a
valuable information for structural engineers.

Currently AE analysis is the only reliable and economic monitoring
method for detection of wire breaks in prestressed concrete structures.
The installation and operation of a SHM system based on AE requires in-
depth knowledge of the measurement technology, including the asso-
ciated software and analysis procedures, combined with detailed
knowledge of the structure. It must be pointed out that wire breaks can
only be detected when the monitoring system is active. A detailed
analysis of the structure’s condition in advance is therefore essential for
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Fig. 13. Distribution of AE signal energies from wire breaks measured during sawing on the bridge “Altstadtbriicke Brandenbug”.
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assessing the damage evolution.
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