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Abstract

Acoustic emission (AE) techniques can be used for the investigation of local damage in materials. Compared to other observation
techniques one advantage is the recording of the damage process during the entire load history without any disturbance to the specimen.
This is somehow unique and permits for high-resolution studies of the time-dependent failure of materials including precise determina-
tions of the beginning of fractures and their consecutive progression. There are only a few other experimental techniques in fracture
mechanics allowing for similar detailed observations of materials’ time and spatial behaviour. Moreover, these techniques allow a cal-
ibration of experiment and simulation comparing for example the output of finite element modelling with AE data analysis. This paper
deals with some experimental results obtained during fracture mechanical experiments at concrete specimens demonstrating the capabil-

ities of quantitative AE techniques.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Acoustic emission techniques are usually disposed
among the non-destructive testing methods since they
allow passively the observation of crack growth or internal
defects. However, there are fundamental differences
between diverse ways to apply AE techniques due to histor-
ical developments in electronics and sensor technologies.
Quantitative or signal-based acoustic emission techniques
[1] differ generally from so-called classical or parameter-
based AE techniques, where only parameters are recorded
and not the signal itself is stored. Signal-based techniques
allow for detailed fracture mechanical evaluations of brittle
materials like concrete, if a proper setup and adequate
instruments are chosen. Since these differences between
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the traditional parameter-based and newer signal-based
techniques are described earlier [2,3] we will focus to recent
results in the following.

There are four different steps of a modern AE analysis
consisting of (1) the analysis of mechanical data and the
acoustic emission rate, (2) the localization of acoustic emis-
sions, (3) the evaluation of the topography of the fracture
plane, and (4) fracture mechanical studies based on moment
tensors. Here, advances of the techniques addressed under
(2)—(4) are described in more detail along with some exam-
ples of measurements to study different failure modes in
concrete.

2. AE techniques and localization of fractures

AE is defined as the spontaneous release of localized
strain energy in a stressed material resulting, for example,
from micro-cracking and can be recorded by transducers
(sensors) on the surface in analogue to earthquake record-
ing. One of the advantages compared to other NDE tech-
niques is the possibility to observe the time-dependent


mailto:grosse@berkeley.edu

C.U. Grosse, F. Finck | Cement & Concrete Composites 28 (2006) 330-336

ESPolarAE - Event 8 [C:4NRPO]

Program Event View Help

=10l

D&B|ea & | i
1 J’\ I.u ﬂ"wlt f ..I‘I Il‘slﬂ F I \J[‘L A .H (e T 7
WA ﬂW\,J!IrwwﬁJnn'u 3 Rt i
2 b } aa . A
| HW’WW?”WWWW /\

331

il
3 "W ) 1 v o el . " Ao

\

\ AE: (0,079;0.113;0,079)

]Event: g

Mo ervor while reading Diffs.

Fig. 1. Example of the arrival time extraction for the 3D localization of acoustic emissions using the Polar

Stuttgart [21].

damage process during the entire load history. To do so,
the application of signal-based methods requires reliable
localization, i.e. the determination of the source coordi-
nates of the events. There are several different ways to
localize AE events [3-5], whereas the algorithms, using
the arrival times of the waves recorded at multiple sensors,
are in use since many years. Picking a distinct onset time of
a signal at different sensors according to the example
shown in Fig. 1, one can calculate the minimum of the
sum of squares of the deviations and calculate the source
coordinates usually with proper accuracy [6,7]. Besides of
these basic techniques two main issues had to be handled
prior to the application of signal-based techniques — one
concerning the data evaluation and the other concerning
hardware requirements.

2.1. Automatic onset time determination

Damage and failure processes often generate several
thousand events from one damage zone within a very short
time interval, revealing a huge amount of data. With
parameter-based AE techniques a fast but only rudimentary
analysis can be performed even on-line. Concerning the
analysis of signal-based AE data usually needs the interpre-
tation by an expert manually processing the data including
a time consuming picking of the signal onsets by hand.
Although for very large data sets this is not applicable.
Therefore, the application of automatic analysis methods,
including data conversion, denoising, and localization by
the use of an automatic onset determination, moment ten-
sor inversion and other features like b-value determination

£ software developed at the University of

or the use of magnitude-squared coherence functions, is
indispensable. Regarding the onset time picking the tech-
nique presented by Kurz et al. [8] based on the Akaike
information criterion (AIC) is therefore a significant step
forward for the application of the described techniques.
It produces reliable results for signal onsets, where the
deviation compared to the manual picks varies between
2% and 4%. Usually, the localization of only the 10% of
the events results in a mislocation vector greater than
S mm.

2.2. Fast transient recorder

The acquisition of acoustic emission data requires tran-
sient recorder hardware, which is able to make A/D-
conversion with a high resolution and simultaneously
guarantees fast storage of signals. Conventional transient
recorders have a limited performance (rate of signals per
second) due to signal storing, which causes gaps in the data
recording. Furthermore, a simple threshold trigger, which
is standard in commercial recorders, is not able to identify
acoustic emissions when the signal to noise ratio is poor.
Therefore, the gradient of the signal is a much better indi-
cator using a slew rate trigger. This motivated the develop-
ment of an own transient recorder system. The new system
enables continuous recording with up to eight channels, a
sampling frequency of 1.25 MHz (up to 5 MHz) and an
amplitude resolution of about 12 bit. One improvement is
the absolute continuous recording, i.e. all acoustic emis-
sions are recorded without any loss. Recordings are only
limited by the hard disk capacity, where the continuous
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data stream is written on. After the recording the events are
cut out using arbitrary and adjustable trigger conditions.
This post-processing is controlled by the software package
TransOcto™®, developed at the University of Stuttgart [9].
For experiments with lower acoustic emission activity this
system can be used as a conventional transient recorder
system as well.

3. Inversion methods for fracture analysis

To determine the fracture type and orientation of a
rupture as well as the seismic moment, which describes
the released energy, the waveforms of the recorded acoustic
emission events can be interpreted using inversion meth-
ods. Using such an algorithm in combination with three-
dimensional localization, the fracture process in the material
can be evaluated comprehensively.

It was shown that the inversion to the moment tensor is
an effective way to evaluate the physical parameters of fault
processes not only in seismology [10] but also in material
science [2]. In fact, there are different techniques to apply
a moment tensor inversion (MTI). Among the suggested
inversion schemes are simplified techniques [11,12], full
waveform [12], relative [13,2] and hybrid methods [14]. A
more detailed description about the differences can be
found in Finck [15].

Fundamental differences seem to exist between the
application of source models (Fig. 2, top) to the two scien-
tific disciplines Seismology and Material Science. The
classical model used to interpret earthquake data is a shear
crack without a moment along a planar rupture surface.
This fracture model is sufficient to explain most earthquake
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mechanisms. However, this simple model of a shear crack
cannot describe more complex rupture phenomena, where
opening of a crack and dilatational (or isotropic) com-
ponents are present. The experimental work described in
the following was done to study these effects more
quantitatively.

For mode 1 cracks, the incident particle motion is radial
outwards, similar to an explosion. In the ideal (explosion)
case the energy distribution is equal in all directions and
the radiation pattern is not identical to that of a cleavage
crack [16]. The collapse of a pore could be explained using
an explosion model with negative sign, which means inci-
dent particle motion towards the hypocenter.

Modes 2 and 3 both are shear cracks with a progress of
the tip of the crack parallel or perpendicular to the move-
ment of sliding blocks, respectively. For mode 2, the
rupture plane would be in the x-direction with the rear
block moving to the right, which means an outwards particle
motion on the right and inwards on the left. In material
science most cracks cannot be described using only one
of these fundamental mode types. Mixtures of the three
mentioned models and other phenomena are necessary to
explain the whole failure process.

The forward problem of the propagation of elastic
waves in a brittle medium is formulated in detail in Aki
and Richards [17]. Typically, a certain source function gen-
erates an elastic wave that propagates through a medium
and is affected by attenuation, dispersion, reflection, refrac-
tion and more. To measure these waves, different types of
sensors can be attached on the surface of the specimen.
Every sensor itself has a certain transfer function yielding
a filtered electric signal which can be recorded. To gain
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Fig. 2. Comparison of radiation patterns of an opening crack (mode 1), shear cracks (modes 2 and 3), and the compensated linear vector dipole (CLVD).
On top an illustration of the rupture zone, in the middle the distribution of the amplitudes (isotropic and deviatoric mechanisms) in a greyscale and on
bottom the incident polarities of the focal particle motion, both in a stereographic projection. For more explanations see Finck et al. [19].
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information about the source, the recorded data have to be
inverted. Solving the inverse problem with commonly used
inversion methods, the Green’s functions of the specimen,
describing the wave propagation in a medium, and the
transfer function of the recording system have to be known
or eliminated. A unique Green’s function is difficult to find
for concrete specimen because of the heterogeneity of the
medium. Consequently, a moment tensor inversion based
on P-wave amplitudes was employed in a relative way to
eliminate the influences of inhomogeneity and anisotropy
by Dahm [13]. The method was developed for the determi-
nation of the radiation pattern using cluster analysis. This
relative approach was tested for the requirements in AE
experiments [2]. It works well as long as the source func-
tions of the events in the respective cluster are not very sim-
ilar. Under several assumptions they can then be calculated
from their relative amplitude distributions. A hybrid inver-
sion method developed by Andersen [14] combines the
absolute with the relative MTI enhancing the stability of
the results significantly. The hybrid MTI method was used
to analyze the data addressed in the following.

4. Fracture mechanical experiments and inversion

The new potential enabled by signal-based AE tech-
niques was tested during a comprehensive series of fracture
mechanical experiments. It was the intention to evaluate the
reliability of the methods during experiments designed to
cause certain failure mechanisms in concrete. In the begin-
ning it was not clear if the used models and assumptions
produce artifacts instead of giving a valid picture of the
internal failure. A splitting test according to DIN 1048-5
(Brazilian test) was carried out to study the occurrence of
tensile cracks. Pull-out experiments were supposed to cause
mainly shear cracks as well as a double edge notched com-
pression test designed to “produce” a zoo of different frac-
ture types (Fig. 2) in defined regions of the specimen.

4.1. Splitting test ( Brazilian test)

To generate controlled tensile failure, a splitting test
according to DIN 1048-5 [18] using an unreinforced con-
crete cube (edge length 200 mm) was performed. Compres-
sive load was applied using two parallel steel edges, one on
the top and the other on the bottom of the specimen
(Fig. 3, left). Applying a load to the steel edges causes ten-
sile cracks parallel to the edges. A controlled opening of the
tensile cracks is necessary to obtain as many acoustic emis-
sions during the evolution of the crack as possible and to
enhance the significance of the AE analysis. Therefore,
the crack opening was measured by two linear displace-
ment sensors (LVDT), one on each side of the cube. The
mean crack opening acted as the control parameter for
the loading device.

Acoustic emissions were registered by eight piezo-elec-
tric ultrasonic sensors and recorded by the described tran-
sient recorder. Additionally, piston displacement, load and
crack opening were recorded. Results of the mechanical
test data and the acoustic emission rate over the test period
are published in FINCK et al. [19] and Reinhardt et al.
[20]. An overview of the results of the moment tensor inver-
sion is presented in the form of the radiation patterns in
stereographic projections (Fig. 3, right) analogue to the
representation of fault mechanisms in Fig. 2, bottom.
The decomposition of the moment tensors is revealing
the percentile contributions of isotropic, double-couple
and CLVD mechanisms. Significant positive isotropic com-
ponents and a mixture of double-couple and CLVD mech-
anisms are evident. Subsequent to the experiment, the
specimen was ground in a stepwise manner, to digitize
the run of the crack through the various sections. Thereby,
the topography of the crack could be evaluated. The results
of the localization of the acoustic emissions (black dots)
and the inner crack surface (reticule) are plotted in
Fig. 3, right. As a result, the radiation pattern of both
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Fig. 3. Left: Setup of the splitting test. Right: The topography of the crack surface and the radiation patterns of selected events from the two clusters. Both
radiation patterns reveal positive (dark) amplitudes parallel to the mean tensile stress and some negative (light grey) amplitudes parallel to the z-axis due to

compressive stress [19].
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events is plotted as concentric spheres around the epicenter.
Tension (dark) is dominant in the source representation
being more or less parallel to the y-axis and therefore
parallel to the mean tensile stress and perpendicular to
the load direction. A small compressive component almost
parallel to the z-axis is indicated by negative amplitudes
(light colored).

The results corroborate the assumption of mode 1 failure
with a major tensile crack parallel to the steel edges from
which load was applied. The mean tensile stress axis is
parallel to the y-axis, which is also the preferred direction
of positive amplitudes. The investigations reveal tensile
fracturing as the dominant cause of failure. However, vari-
ations of the tension axes and deviations from pure tensile
failure are observed. Inhomogenities, such as aggregates,
generate undulations of the crack surface and can be
responsible for an enhanced complexity of micro-cracking.
Corresponding shear stresses would explain the significant
double-couple components.

4.2. Pull-out test

The role of the bond between steel reinforcement and
concrete matrix was investigated with signal-based AE
techniques in a pull-out test. A steel bar (J15.6 mm) with
five ribs (Fig. 4, left) was pulled out of a concrete cube
(edge length 200 mm). It was expected that double-couple
mechanisms are dominant due to the shear stress between
matrix and reinforcement. Earlier experiments showed [2]
that AE events close to the steel-concrete interface have
fault planes parallel to the bar while several events occur
some distance away from the bar with fault planes up to
30° shifted but still parallel to the stress field in this region.

During these new experiments numerous acoustic emis-
sions were localized [21] in the zone, where the ribs
provided bond between the concrete matrix and the steel
reinforcement again (Fig. 4, right). Moment tensors were
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calculated for some selected events using the relative inver-
sion approach by DAHM [13]. The solutions of these
inversions yielded stable results with nearly 100% double-
couple mechanisms. For each event one of the nodal planes
was found to be oriented tangential to the steel bar bound-
ary. The radiation patterns of the moment tensors indicate
the downwards motion (dark grey, negative amplitudes) of
the bar relative to the concrete block (light grey, positive
amplitudes). This is in good agreement to the hypothesis.

4.3. Compression test

A double edge notched compression test (DENCT) was
suggested by Reinhardt and Xu [22] to study the critical
failure energy Kjic of brittle or quasi-brittle materials
under shear stress. The experimental setup uses a one-sided
bearing of an unreinforced cubic concrete specimen. Mode
2 fractures are supposed to occur parallel to the load
(Fig. 5, left), while the unstressed region is potentially sub-
jected to a mode 1 crack. Prior to the experimental work a
numerical simulation of material failure done by Xu
(Fig. 5, right) was used to predict the failure process [15]
showing that the final failure will be due to compression
in the loaded zone.

During the experiment the visual occurrence of cracks
was compared to the AE data showing that small cracks
initially started at the transition zone between loaded and
unloaded regions separately at the top and the bottom part
(zones A and B in Fig. 5, left). At the same time, a horizon-
tal crack developed in the tension region (zone C) traveling
into the specimen. AE data give a clear picture of the sub-
sequent convergence of the cracks in zones A and B. Dur-
ing the final stage of the experiment, damages in zone D
caused by compression load became critical and lead to
the failure of the specimen. Fig. 6 gives a comprehensive
view of the development of AE activity during this
experiment, which is in good agreement with the crack
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Fig. 4. Left: Setup of the pull-out test. Right: Localization of acoustic emissions, which occurred during the pull-out of a ribbed steel bar out of a concrete
cube. The solution of the moment tensor inversion illustrates the pull-out of the bar, with a downwards motion relative to the concrete cube [15].
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Fig. 5. Left: Setup of the DENCT experiments at an unreinforced concrete cube; damage zones A-D according to the text. Right: FE simulation of the

DENCT tests.
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Fig. 6. Distribution of AE events with concentration in zones A-D

(Fig. 5, left). Two clusters (C1, C2) are accentuated with predicted
dominant tensile or shear stress, respectively.
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distribution visually obtained during the experiment. A
remarkable agreement can also be noticed to the predicted
failure simulated numerically (Fig. 5, right). This encour-
aged inverting the data of two AE clusters (indicated in
Fig. 6 as C1 and C2) onto the moment tensor, what was
done by Finck [15].

As expected the MTI provide evidence of the tension
crack hypothesis for the cracks occurred in region CI.
Besides, a quantitative statement has to take into account
some ambiguities, because pure tension cracks are not
properly covered by the used fault models in the inversion
scheme [3,19]. As stated above, events in cluster C2 were
believed to be caused by pure shear cracks. Since the occur-
rence of shear failure in concrete is controversially dis-
cussed in the literature, AE events in this region were
investigated with special attention. However, the picture

is here not completely coherent with the shear hypothesis,
since the isotropic components of these events are still high.

5. Conclusions and outlook

The described signal-based AE methods enable tech-
niques, which are valuable tools for the analysis of fatigue
and failure in materials. Some of the advantages are the
possibility of continuous monitoring of damage growth
in non-transparent materials and the determination of frac-
ture type, size, energy and orientation. The localization of
AE events due to cracking in concrete is done automati-
cally and with appropriate accuracy due to the homogene-
ity and isotropy of the material.

Several fracture mechanical experiments were conducted
to study the failure of concrete. For the very first time, the
analysis of AE data supported by reliable moment tensor
inversions enables for high-resolution damage analysis.
Three different scenarios were investigated. A Brazilian test
caused failure due to tension and thus tensile cracks are
dominant in the MTI analysis. Experiments pulling rein-
forcement bars out of a concrete cube showed double-cou-
ple mechanisms to be the origin of the generated failure
process. This is, however, not a proof of the shear fracture
hypothesis in concrete, since most of the analyzed events
had a location next to the steel-concrete interface being
therefore located at a pre-existing fault zone. The failure
mechanisms should be addressed rather to be friction in
this case.

Finally, an experiment suggested by Reinhardt and Xu
[22] was conducted, whereby regions of “pure shear stress”
were expected to exist. The AE data are giving more evi-
dence here to the scepticism regarding the existence of
shear in concrete, because mode I components are not neg-
ligible in the data. Therefore, theories to favour stick-slip
models with more or less small tensile components to cause
an initial failure followed by en-echelon cracks [23] and
friction [24] will be evaluated in more detail using the
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experimental methods described in this paper and in Glaser
and Johnson [25].
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