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Abstract. In principle acoustic emission analysis (AEA) is not based on states or
conditions but on ongoing processes, which in most cases are irreversible. That
means that the method is connected with deterioration although being nondestructive itself. It can be used to identify deterioration processes, which with respect to the released energy cover a large range from cracking of concrete to wirebreaks of a post-tensioning tendon.
For both extremes examples are described, results discussed and limits given. As an
outlook other deterioration processes are evaluated that have the potential to be
monitored by AEA.

Introduction
Acoustic Emission Analysis (AEA) makes use of the propagation of elastic energy released
by a physical process within the structure and recorded by sensors placed on its surface.
Source mechanisms are either failures in the range of mm to cm or friction in interfaces or
impacts from outside. The first case is of major interest for the condition evaluation of
structures. By its nature, however, AEA does not deal with a steady state to be measured,
recorded and interpreted but with an irreversible process.
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Non-Destructive Testing versus Monitoring

Classical non-destructive testing aims at determining two types of properties of a structure.
The first type consists of fields in the mathematical sense of the word, i.e. physical properties Ci like temperature, moisture content, conductivity, stress state etc. assigned to every
point of the (interior of the) structure, which may vary with time (Figure 1 a)).
The second type covers defects and deteriorations, i.e. unsatisfactory physical integrity or lacking strength mostly also hidden in the interior (flaws, cracks, etc.). Defects exist
from the beginning while deteriorations occur during the service life of the structure. On
the structural level defects and deteriorations can be summarized to a condition rating Cj,
which decreases monotonically unless the structure is rehabilitated or strengthened. Usually
testing is part of a planned action and involves trained staff. It may be released by a crucial
observation, an incident or an accident, changed or changing specifications for the structure
and improves the reliability of the knowledge on the actual condition Cj,act of the structure
(Figure 1 b)).
Monitoring in the common use of the word means observing a property Ci permanently or in a regular interval over a longer period of time, with a minimum of staff involved or even totally automated (Figure 1 a)). With regard to AEA, however, monitoring
rather means to observe a process, i.e. the change of a condition with time dCj/dt
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(Figure 1 c)). In case the initial condition Cj,0 is known and all those processes are detected
and recorded, the actual condition Cj,act can be determined
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Figure 1. Recording of properties over time
a) Recording of a physical property
b) Recording of a condition by non-destructive testing
c) Pursuit of the change of a condition by monitoring

As a matter of fact this leads to some preconditions with regard to the practical applicability of AEA as a monitoring system:
• The initial state should be known, for instance by installing the monitoring system in an
early stage before deterioration is likely to occur.
• The system needs a high reliability of detecting the processes searched for and discriminating them from others that are not of interest.
• The system needs a high availability, also called operating efficiency, in order not to
miss a deteriorating incident.
• Failure processes should be localized with an accuracy that allows both options: catching them with destructive probing and taking them into account in a check calculation.
In the following two examples of own experiences are described and evaluated regarding these preconditions.
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Concrete Cracking in Laboratory Tests

Concrete cracking has been provoked by loading of test specimens of different size from
double punch and pull-out tests with concrete cubes of 200 mm edge length to bending tests
of reinforced and prestressed beams with spans ranging from 1.6 to 18.7 m. Detailed results
are published in [1] to [3], condensed findings also in [4] to [6].
AEA covers a whole range of methods that shall be treated consecutively.
2.1 Qualitative analysis
Kaiser effect and Felicity ratio known from other materials can also be observed with reinforced concrete. Figure 2 shows with signals originating from a reinforcing bar pulled out
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of a concrete cube with 200 mm edge length that AE activity rises considerably when a
previously reached load level is exceeded.
a)

b)

Figure 2. Qualitative AEA for a pull-out test
a) Propagation of applied load F and signal rate R over time
b) Applied load F depending on the accumulation of AE events N, the numbers indicate the Felicity ratio
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Also for larger dimensions such observations could be made. Figure 3 shows results from a
four-point-bending test of a beam with a cross section of 440x440 mm that spanned over
2.56 m. The load F was increased in different steps but monotonically up to about the double of the nominal crack load.
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Figure 3. Qualitative AEA for a four-point-bending test

The signal rate is shown with two different filter criteria for the maximum amplitude Amax. It depended considerably on assumed micro cracking, the formation of visible
cracks and their further opening and growth in length. The strain εl was measured at the
tensioned surface in the region of constant bending moment and shows – compared to the
load F – the softening of the beam by cracking.
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Although these results were achieved in the laboratory, a fair chance exists that
similar ones can also be gained under field conditions.
2.2 Picking
More refined methods like source localization and moment tensor inversion depend considerably on a reliable picking algorithm to get accurate arrival times of AE at the sensors. For
monitoring purposes picking must be automated. Figure 4 shows the performance of two
automatic picking procedures. The floating threshold already implemented in the applied
acquisition system was set to four times the noise level calculated as the root mean square
amplitude for the first portion of each time series before the signal onset. The AIC picker
works independently of empiric parameters and is described in more detail in [7]. Very
good picking means Δt ≤ 1.25 μs and good picking Δt ≤ 2.5 μs, respectively. Picks on the
second half wave have a Δt between 2.5 and 7.5 μs.
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Figure 4. Differences Δt between automatically and manually picked arrival times for two automatic pickers
and their performance
a) Floating threshold, b) AIC-picker

2.3 Identifying events of interest
In a quantitative analysis not all recorded signals are used but in a filtering process those
are chosen that have the potential for further results in the analysis. One common criterion
is to require that an event be recorded at several sensors. Four arrival times are necessary to
calculate event time and source coordinates. We normally used eight sensors and required
that six of them recorded a signal with a clear onset, i.e. all picked signals within a short
time period are regarded as originating from the same event.
Events once identified as interesting with automatic methods can later be analyzed
with more refined or time-consuming procedures like manual picking or non-linear localization.
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2.4 Localization
The common localization algorithms presume a homogeneous and isotropic material, i.e. a
constant wave propagation velocity for the whole structure and all directions. With more
than four arrival times the source is over-determined. That is why a localization error can
be calculated and represented by an error ellipsoid (Figure 5 a)). Localization errors may
have different origin, namely picking errors, model errors like inhomogeneities or an unfavourable sensor distribution. The accuracy of localization is optimal within the parallelepiped formed by the sensor positions (Figure 5 b)).
a)

b)

Figure 5. Accuracy of localization
a) Error ellipsoid with orientation in space
b) Size of potential error ellipsoids depending on the relation to sensor positions (squares)

According to our experience with the procedures mentioned so far, crack planes can
be identified and observed during crack propagation. Picking accuracy lies in the cm range
for sensor distances of about 0.5 m. Limits are given by opening cracks that shield the region behind almost completely.
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Figure 6. Identification of crack planes by localization of AE events
a) Loading step L1 with forming visible cracks
b) Loading step L2 with opening of existing cracks

Figure 6 shows the midfield region of the beam mentioned in section 2.1 in plan
view (above) and side view (below). In the crack formation phase (loading step L1,
Figure 6 a)) the localized events coincide well with all cracks visible on one of the surfaces.
In the crack opening phase (loading step L2, Figure 6 b) a new crack appears at the lefthand side (x ≈ 1.1 m) and an already existing one (x ≈ 1.7 m) propagates towards the neutral axis of the beam. Neither of them coincides with localized AE sources because – due to
the shielding by the already existing cracks – the emitted signals are picked at less than six
sensors and therefore not considered for localization.
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These results lead to the conclusion that AEA as a monitoring tool is less suitable
for reinforced concrete structures, where cracks are normal and no matter of concern. AEA
has more potential for fully prestressed structures, where due to prestressing almost no
cracks exist and the formation of new cracks during the service life is a key issue and may
be an indicator for bad performance and more serious problems.
The same specimen served at identifying the influence of the presence of posttensioning tendons. Empty ducts force p-waves to deviate from the direct path and as a tendency sources are localized farer away than they are. For some AE events originating close
to the ungrouted tendon, Figure 7 shows the results of a common linearized source localization and a non linearized localization method that uses an inhomogeneous model described
in [8] with a cylinder of air representing the ungrouted tendon.

440

Figure 7. Influence of an empty duct on the accuracy of source localization.
Linear localization (depicted by error ellipsoid) and
non-linear localization (depicted by probability density function)

Grouted tendons still form an inhomogeneity as the two-dimensional simulations of
wave fronts in Figure 8 show. This effect is greater, when the duct consists of a weaker
material with a smaller wave propagation velocity like polyethylene. With the same method
it could be shown that events within a tendon, for instance cracking of grout, have a bad
chance to be detected outside, because the released energy is kept within the duct.
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Figure 8. Two-dimensional simulation of wave fronts in a cross section of a prestressed concrete beam originating from a source in the concrete
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Wire-Breaks in a Field Application

The Ponte Moesa in Roveredo in the Southern part of Switzerland was built in 1952
and is therefore one of the oldest prestressed bridges of the country (Figure 9 a)). The superstructure consists of a continuous beam with two spans of 30 m each. The deck has a
width of 6 m carrying two lanes for traffic and sidewalks on each side. The cross-section
shows a hollow-core slab with a depth of 0.70 m at mid span and 1.30 m at the middle support (Figure 9 b)-d)).
a)

b)

c)

d)

Figure 9. Ponte Moesa in Roveredo, Canton of Grisons, Switzerland
a) Photograph, b) Plan view, c) Cross-section in midfield, d) Side view
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In the longitudinal direction, the bridge is prestressed with 84 tendons of the
Freyssinet P50 system. Each tendon contains 12 wires of 7 mm diameter. Together with
21 additional tendons above the pier, so called “chapeau cables”, a full prestress is reached,
i.e. no tensile stresses should occur in the serviceability limit state. In total the midspan
sections contain 756 prestressing wires and the section above the pier 1008 wires, respectively.
The bridge suffers from corrosion of prestressing steel due to exposure to chlorides
and impropriate grouting of the post-tensioning tendons. Due to a by-pass of the trunk road
the bridge will loose its function in about a decade but should remain in function so far.
The owner commissioned the company Advitam to install its AEA system SoundPrint to monitor eventual occurring wire breaks. Since it was the first application in Switzerland, our institute was mandated with the scientific evaluation of the system. The task
was to find out with blind test, whether the system could identify provoked wire breaks and
discriminate them from other events that occurred occasionally or were produced on purpose. Preliminary results are published in [9] and [10] and the final report [11] is in preparation.
In total 16 sensors were attached along the vertical surfaces of the superstructure
(Figure 9 c) with a spacing of 8.30 m and connected by coaxial cables to the acquisition
unit in a nearby building with access to the Internet. The sensors cover a range from 20 Hz
to 200 kHz. Signals are filtered in the acquisition unit and those indicating events of further
interest are transmitted to the analysis center in Vélizy/Paris for classification and localization of the incidents. The system was installed in April 2004 and after a calibration phase of
one month started regular operation in June 2004. Up to April 2006 15 spontaneous wire
breaks have been indicated with 5 of them declared as "possible wire breaks". After the first
ones, which were not expected to occur so promptly, an invasive inspection was initiated
that showed a highly deteriorated zone not known before and confirmed at least one wire
break (Figure 10). Regarding the characteristics of the recorded signals and the findings of
invasive inspections, the tendons were wire breaks occurred were badly grouted or not
grouted at all.
a)

b)

c)

Figure 10. Spontaneous wire break of July 7, 2004
a) Recess opened after the incident, b) Close-up of the broken wire, c) Fractured surface

On August19 and September 2, 2004 two wire breaks were provoked on grouted
tendons within 22 and 29 hours, respectively, by means of a corrosion cell. Advitam identified and localized both of them, although they knew neither time nor exact location of the
breaks. As a standard procedure after an identified wire break, the owner gets a message by
e-mail or letter and can inspect the results on a website with restricted access (Figure 11).
Localization accuracy reached 20 cm in the longitudinal and 26 cm in the transversal direction for the first break and 16 cm and 66 cm, respectively, for the second one.
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Figure 11. Provoked wire break of August 19, 2004
Signals recorded at the 16 sensors

Other incidents were provoked during the monitoring phase or happened occasionally. Bed load rocks hitting the pier shaft during a flood were clearly audible but filtered out
by the set threshold. Noise originating from moving the access platform, chipping and drilling activities etc. were detected and due to their different specific characteristics classified
accordingly. Figure 12 shows the distribution of classified events during the first 22 months
of monitoring.

Figure 12. Classification of events monitored between June 2004 and March 2006

Figure 13 shows the estimated location of all identified wire breaks. Localization
accuracy is good enough to calculate the residual bearing capacity of the bridge but still not
sufficient to verify wire breaks by invasive inspections. The decisive condition indicator Cj
for structural evaluation is the bending capacity of the respective cross sections. Compared
to the large number of total wires the decrease ΔCj is not dramatic, but the status when
monitoring started is not well known and tendons had been detected with an estimated residual capacity of about 40%. That is why the owner decided to replace the bridge already
in 2007.
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Figure 13. Location of all identified wire breaks
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Range of Released Energy

The experiments described in section 1 and 2 basically apply the same method but in completely different energy ranges. It is difficult, however, to measure or calculate the energy
associated with acoustic emissions. That is why the elastic deformation energies released
by the fracture process are compared, although it is known that only a small fraction of it is
converted into sound energy.
4.1 Basic relations
For a given volume V the elastic deformation energy U can generally be calculated
from stress σ and strain ε:
(1)
U = ∫ σ(ε ) dε dV
ε ,V

For a linear elastic material like steel or concrete due to tension, Hooke’s law can be
applied with the modulus of elasticity E:
σ(ε ) = Eε
(2)
For cylindrical bodies like prestressing tendons or concrete specimen, the combination of equation (1) and (2) leads to
εt

⎡ Eε 2 ⎤
Eε t2
ft 2
=
=
Al
(3)
U =⎢
dV
V
⎥ ∫
2
2E
⎣ 2 ⎦0 V
with cross section A, ultimate strain in tension εt and tensile strength ft.
For ungrouted tendons l denominates the whole length of the tendon. For concrete
no crack concentration is assumed, i.e. the elastic deformation energy is calculated for the
same volume where the signals are supposed to come from, for instance as a multiple of the
crack spacing. For prestressing tendons the tensile strength ft is replaced by the actual
prestress σp∞, because failure is assumed not to happen by additional stress but by reduced
cross section due to corrosion. For grouted tendons or mild steel reinforcement not considered so far, a constant bond strength τb matching the concrete tensile strength ft and depending on the cylindrical concrete compression strength fc' is assumed:
23
τ b = f ct = 0.3( f c ')
(4)
Since the force in the steel with diameter d decreases linearly to almost zero along
the length lb, the length l amounts to twice the half of the bond length lb plus an eventual
free length lf:
σ
l
l = 2 b + l f = lb + l f
lb = p∞ d
(5)
2
4 τb
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4.2 Results for special configurations
For all values defined above reasonable assumptions have been taken that are not all explained here.
The energy released by the break of a prestressing wire with a diameter d = 7 mm
amounts to 900 to 6’300 Nm, mostly depending on the assumed length of the tendon. For
grouted tendons the length l is reduced to 500 to 700 mm and the released energy reaches
45 to 90 Nm. If instead of a prestressing wire a reinforcing bar fails due to corrosion on a
stress level of 50% of ultimate, the released energy amounts – depending on the diameter –
from 2 to 15 Nm.
Cracking of concrete does not result in a single event that is recorded as acoustic
emission but thousands of them. In [3] tensile tests on prestressed beams are described with
cross sections of 440x440 mm and 320x320m, respectively. For the reach of the sensors
recording the events two extreme values were chosen that are listed in Table 1, namely six
times the measured crack spacing in the first case and four times in the second one. For the
number of events the sensor with the maximum number of signal during the whole loading
phase was considered. The released energy per event amounts to 2.23 to 9.44⋅10-4 Nm.
Although all applied values can be questioned it is obvious that the energy associated with events recorded during concrete cracking is for magnitudes smaller than what is
released during a steel failure. Figure 14 shows the whole involved energy range depending
on the source mechanism.
Table 1. Extreme values for the estimation of the energy released with concrete cracking

Elastic deformation energy [[Nm]

Property
Cross section
Module of elasticity
Measured average crack spacing
Number of considered crack elements
Recorded signals during loading
Released elastic energy per event

Unit
mm x mm
kN/mm2
mm
Nm

Maximum value
440 x 440
33
339
6
57’800
9.44⋅10-4

Minimum value
320 x 320
40
320
4
41’100
2.23⋅10-4

1.E+04
1.E+03
1.E+02
1.E+01
1.E+00
1.E-01
1.E-02
1.E-03
1.E-04
1.E-05
Wire break in
ungrouted tendon

Wire break in
grouted tendon

Failure of a loaded
reinforcing bar

Figure 14. Range of released elastic energy
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Cracking due to
tensile stresses in
concrete
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Possible Next Steps towards AEA as a Comprehensive Monitoring Method

As a common rule of thumb the change of one order of magnitude means that procedures
that have worked before satisfyingly have to be adjusted or even changed. Probably this is
not true for sound energies that always cover a range of some orders of magnitudes but for
sure it is true for linear dimensions. Laboratory procedures in the decimeter range cannot be
applied directly to bridges with a length of hundreds or even thousands of meters.
Nevertheless both described applications can influence each other in a positive way.
5.1 Extension of Field Methods
On site many sources for disturbing noise exist and the spacing of sensors is always a compromise between the desirable and the affordable. The localization methods used are still
rather simple and can be approved making use of the more refined laboratory methods. This
should allow to reduce the number of sensors or to increase the covered area with the same
number without loosing too much information. In cases where the problems of a structure
can be located, sensors will be concentrated in those regions.
Regarding the energy levels involved the most successful strategy could be to go
down the energy level and try as a next step to monitor reinforcing bars subject to severe
corrosion, for instance in deck slabs.
5.2 Extension of Laboratory Methods
Laboratory methods used until now are based on man controlled procedures in a protected
environment. In the long term sensors and the other equipment have to become more robust
and should work independently for longer periods. Automation should be developed in order to reduce the time needed for interpretation of data that is still enormous. In theses respect commercial field methods show, how far automation works.
As a next step cracking by other reasons than external tension namely expansive
forces due to steel corrosion, alkali aggregate reaction or other expansive processes should
be explored.
Normally, cracking due to tension is not an issue of structural safety as long as the
tensile forces are carried by reinforcement. However, if the compressive strength of concrete is reached, either in compressive zones due to bending or in compressive struts due to
shear, structural capacity is exhausted and a failure may occur without further warning
signs. For such failures AEA may produce early warning signs, too.
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Conclusions

AEA has the potential to be applied for a large range of failure modes with regard to involved energies. At present the detection of breaks of prestressing wires as a field application has reached a reliable level for both grouted and ungrouted tendons. Localization of
identified wire breaks can be improved by applying more refined methods that are already
used in the laboratory.
In the lab, however, events with a much lower energy level can be detected. Localization allows to identify crack planes in the interior of specimen. Filtering and screening
methods should be developed to automate the recordings and identify those events where
further refined proceeding is worthwhile.
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