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the surface of the material. One is the LOK test (pull-out) which offers a reliable estimation
of compressive strength. The developed stress field is quite complicated and researchers
have argued about the nature of the fracture mechanism. In the present paper, acoustic
emission (AE) is applied during both compression and pull-out experiments on concrete
cubes. Results show that the two damage modes emit different AE signatures, with com-
pression leading to higher frequencies and pull-out to longer signal durations, while the
finite element method (FEM) is used to analyze the stress field. Identification of the active
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Pull-out damage mode in real time, is beneficial in order to assess the condition of integrity of con-
Finite elements crete in structures by nondestructive monitoring.
Nondestructive testing © 2014 Elsevier Ltd. All rights reserved.

Structural health monitoring

1. Introduction

The issue of structural integrity assessment is of primary concern nowadays, due to the aging of existing infrastructure.
Effective monitoring and maintenance schemes are sought for in order to characterize the damage status and select the
proper repair methodology. One of the factors that can provide valuable information about the structural condition is the
dominant fracture mode. This is because in engineering structures the failure procedure follows a succession of modes start-
ing from (micro-) cracking of the matrix material and leading eventually to catastrophic shear phenomena like delamina-
tions, detachment of reinforcing bars or fiber pull-out. The dominant mode can possibly be characterized after fracture
tests when the cracked surface is investigated with Scanning Electron Microscopy (SEM) [1,2]. However, it would be of great
importance to characterize the fracture mode in real time. On this respect the acoustic emission (AE) technique has shown
the potential to provide crucial information on the damage mode in a non-invasive and real time fashion. This has been
demonstrated in many fields, ranging from metals [2-4], composites [5,6], rock [7], as well as cementitious materials
[8,9]. The present work is concerned with the comparison of AE signatures during two different widely used fracture tests
of concrete that lead to different failure modes, specifically the compression test and the “LOK” test.

The compression test is generally applied on cubes or cylindrical specimens. The maximum load over the cross section
area is termed as “compressive strength” due to the nominally compression stress field that is developed and is the most
significant engineering property of concrete [10]. However, the actual field may be more complex, influenced by the friction

* Corresponding author. Tel.: +32 2 629 3541; fax: +32 2 6292928.
E-mail address: daggelis@vub.ac.be (D.G. Aggelis).

http://dx.doi.org/10.1016/j.engfracmech.2014.07.020
0013-7944/© 2014 Elsevier Ltd. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.engfracmech.2014.07.020&domain=pdf
http://dx.doi.org/10.1016/j.engfracmech.2014.07.020
mailto:daggelis@vub.ac.be
http://dx.doi.org/10.1016/j.engfracmech.2014.07.020
http://www.sciencedirect.com/science/journal/00137944
http://www.elsevier.com/locate/engfracmech

220 A.C. Mpalaskas et al./Engineering Fracture Mechanics 128 (2014) 219-230

Nomenclature

Oyy normal stress on the loading direction
Oxy shear stress

RT Rise Time

A Amplitude

RA RA value

AF average frequency

between the rigid metal plates and the concrete specimen that tends to expand laterally. In order to be able to evaluate as
close as possible the compressive strength in-situ, different slightly destructive test have been developed. These tests cause
minor damage on the surface of concrete and therefore, they do not compromise structural performance. One of the most
widely applied tests is the pull-out test, the first reference on which can be found in 1938 [11]. It involves a metallic insert
which is cast into fresh concrete with the aim of pulling it out when the material hardens. This is mainly for checking the
compliance with concrete strength regulations, while drilled-hole methods are also applicable for estimations on an existing
structure. The advantage of such a test is that it immediately supplies a result on the “strength” of the material on the spot,
without the need to extract cores saving time and resources, while the surface disruption caused is certainly smaller than
sampling a cylindrical core. When the insert is extracted, a cone of concrete is also pulled out of the specimen or structure,
meaning that the result depends on strength properties of the material, making the test a reliable assessment of strength
[12,13]. However, the exact failure mechanism is not clear, while different researchers have worked on the subject with
sometimes contrasting studies as to the strength property that dominates failure [ 14,15]. What should be generally accepted
is that LOK results in a non-uniform three dimensional field with strong shearing components, which certainly differs from
the stress field of the standard compressive test.

In this study the compression and pull-out test (in the form of LOK) are used to study the acoustic emission signature of
different damage modes while the results are escorted by a finite element analysis on the developed stress field. To the
authors’ knowledge it is the first time AE monitoring during the LOK test is presented. Preliminary results on pullout of rein-
forcing bars out of concrete have been published [16] after the pioneering work of Ohtsu et al. in a different pull-out setup of
hook anchors [17]. Concerning compression on sampled cores, the AE activity has been used to evaluate the status of the bulk
material and damage development [18,19]. Among others, the AE behavior is related to compressive strength, cracking
development during bending as well as fracture energy [18-20] while recently AE events have been correlated to the creep
behavior of concrete [21]. This is a part of a series of ongoing studies concerned with the identification of the dominant frac-
ture mode in concrete based on the parameters of the emitted AE signals [22,23]. Previously it has been shown that the stage
of matrix micro-cracking has distinct AE signature than the fiber pull-out stage in steel fiber reinforced concrete (SFRC) in
terms of frequency (e.g. average frequency, AF) as well as other waveform parameters like “RA value” [8,22]. Additionally
bending and shearing of mortar beams resulted in distinct differences with shear fracture emitting lower frequencies and
longer AE waveforms [23]. In the above mentioned works the differences between the AE characteristics show the potential
to identify the dominant fracture mode at least in controlled laboratory conditions using simple schemes based on a few AE
parameters. Characterization of the active damage mode in real time is of great importance for the field, in order to supply
information and basically warning against final failure, while it bears significance for material science studies, since it can
help to characterize the type of damage that the material is susceptible to and contribute to a better design. This is the first
step in an effort to apply characterization in real structures after of course other parameters like the wave attenuation and
distortion due to microstructure are accounted for [23,24].

2. Experimental
2.1. Materials

One concrete mixture was produced consisting of fourteen specimens. There were two types of cubical specimen size:
one was 200 x 200 x 200 mm and the other was 150 x 150 x 150 mm. Two of the larger specimens were produced, one
for conducting the LOK test and the other for compression. Twelve specimens of 150 x 150 x 150 mm size were also pro-
duced for measuring the average compression strength per age: three days (three specimens), seven days (three specimens)
and twenty-eight days (six specimens). The aggregates consisted of 56% crushed sand, 13.87% fine gravel and 30.13% coarse
gravel with maximum aggregate size 31.5 mm, while the water/cement ratio was 0.70 by mass. The density and the water
absorption of the crushed sand were 2601 kg/m> and 0.98%, of fine gravel 2621 kg/m> and 0.75%, and of coarse gravel
2681 kg/m>? and 0.61% respectively. The exact mix proportions were as follows: cement (type II 42.5 N) 80 kg/m>, cement
(type II 32.5 N) 200 kg/m>, water 195 kg/m?>, crushed sand 1050 kg/m>, fine gravel 260 kg/m>, coarse gravel 565 kg/m°,
retarder - plasticizer (CHEM I) 1.54 kg/m?>, retarder - plasticizer (CHEM 1I) 1.96 kg/m>. The actual bulk density of concrete
was 2359 kg/m> while the ambient temperature at mixing was 25 °C. The workability as measured by the slump test was
11 cm. The specimens were cured in water saturated with calcium hydroxide at 23 + 2 °C. The average compressive strength
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of three days was f(3) = 18.0 MPa, of seven days f(7) = 24.7 MPa and of twenty-eight days was f(28) = 33.8 MPa with a stan-
dard deviation of 3.0 MPa.

2.2. Compression and LOK test

Compression and LOK tests were conducted at the age of 28 days. Concerning compression, the load was applied on the
200 x 200 x 200 mm specimen at a constant rate of 0.3375 MPa/s until fracture and the test was automatically terminated
at the moment of load drop. The compressive strength was 30.8 MPa.

The LOK test is generally applied to provide a reliable measurement of the actual strength of concrete mainly in newly
cast structures in accordance with the pullout test method described in ASTM C900, or EN 12504-3 [25,26]. The steel disc
(diameter of 25 mm) is cast at a depth of 25 mm into concrete either by attaching it to the formwork before placing concrete
or by inserting it manually into fresh concrete, see Fig. 1a. Fig. 1b shows the fresh specimen after placing the insert which is
attached to the red buoyancy cup. In practice the axis of the insert is slightly inclined relatively to the surface. Fig. 1c shows
the insert and buoyancy cup system in more detail. After hardening, the steel disc is pulled against a 55 mm diameter pres-
sure ring bearing on the surface similarly to Fig. 1a and the required force to pull the insert out is measured. The material in
the strut between the disc and the counter pressure ring is subjected to a complex stress pattern. The pullout force is
strongly correlated to the compressive strength [27].

Unlike the compression test, the loading rate for the LOK test cannot be constant because it is handled by a hydraulic jack
driven by human hand thus, the loading rate is approximately 0.5 + 0.2 kN/s [25]. As the insert is being pulled out, a conical
fragment of the material is extracted. The compressive strength can be evaluated from established calibration curves [27].
The pull out load measured during the specific LOK test was 25.1 kN corresponding to a compressive strength of 31.9 MPa.
More details about the geometry and the whole procedure of LOK test can be found in literature [12,13,27].

2.3. AE monitoring

AE was monitored by two types of piezoelectric sensors, namely the R15 (Physical Acoustics Corp., PAC) with resonance
nominally at 150 kHz, and the Pico (PAC) which are considered more broadband with a sensitivity peak around 450 kHz. In
total six sensors were applied, specifically four Pico and two R15. The signals were pre-amplified by 40 dB and were digitized
by a sampling rate of 3 MHz in a PCI-8 board of PAC. In both cases of compression and LOK tests the four Pico were attached
near the top surface of the cube and the two R15 in opposite corners near the bottom, see Fig. 2. All signals with amplitude
higher than 40 dB (0.01 V) were recorded, while for the analysis, the signals with energy “zero” were disregarded. For loca-
tion purposes the pulse velocity was measured by pencil lead breaks to the value of 4500 m/s.

Fig. 3 shows a typical AE waveform. Among many parameters that have been analyzed in AE literature, this illustration
focuses on the RA value, which is the ratio of Rise Time (ps) over Amplitude (V) [8,22,28,29]. Additionally, peak frequency
(PF) is the frequency with the maximum magnitude after fast Fourier transform of the time domain signal. These are the
parameters that will be discussed in the results, while other indicators of frequency, like average or central frequency show
similar trends.

3. Results
3.1. AE hits

The gravity in this study is given on some of the qualitative parameters of AE but introductory the cumulative population
of individual signal (hits) will be discussed. Since two types of sensors with different characteristics were used, it is deemed

(a) (b)

55 mm

Fig. 1. (a) Schematic cross section of cast-in-place LOK-TEST insert, (b) LOK-TEST insert placed in fresh concrete, (c) close up of the insert and the floating
cup.
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Fig. 3. Typical AE waveform.

essential to present the results separately for each type. Comparison of their behaviors is essential since the broadband type
are better-suited for more detailed but laboratory-scale studies, while the resonant ones are fit for in-situ application. Fig. 4a
shows the cumulative activity for the LOK test. Initially the activity is gradually building up until about 50 s, when a sharper
increase is noted. This is the moment of maximum pull-out load. Consequently the rate of the recorded activity decreases
exhibiting an asymptotic behavior. The resonant sensors reasonably acquire much higher number of emissions, even though
they are two compared to four broadband sensors. Concerning the rate of the emissions, although the moment of peak load
can be determined (as mentioned around 50 s) further comments cannot be done due to the fact that the rate of loading is
not constant, as it is hand driven by a hydraulic jack. Fig. 4b shows the corresponding activity for the compression test.
The trends are quite different with a quick increase (at 100 s) followed by a nearly constant (but not negligible) rate for
approximately a minute. Afterwards, the activity for both sensor types increases as the final fracture stage of the specimen
has started. Again resonant sensors exhibit more than double activity compared to the broadband ones.

Concerning qualitative features which are the focus of this study, Fig. 5a shows the peak frequency (PF) of the hits as
measured by the broadband sensors for both loading configurations. Starting from the hits generated during the LOK test
(Fig. 5a) it can be seen that the population can be divided in three major parts; one below 100 kHz, one between 100 kHz
and 200 kHz and another smaller part with PF higher than 200 kHz. Specifically, the majority (75%) of the hits exhibit PF
lower than 100 kHz, 20% is between 100 kHz and 200 kHz and only 5% scatters in the highest band above 200 kHz.
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Fig. 4. Cumulative activity for (a) the LOK test and (b) the compression test as recorded by the different sensor types.
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For the compression test, the same general classification holds with the difference that the third part of the population
with frequency higher than 200 kHz is more densely populated than the LOK test, while the other bands are apparently
weakened. Specifically from the total number of hits received by the Pico sensors during the compressive failure process
up to 160 s, 30% have peak frequency below 100 kHz, 42% between 100 and 200 kHz and 28% PF higher than 200 kHz, which
indicates a considerable shift to high frequencies compared to the LOK test. The sliding average lines which are also included
in Fig. 5a show that for the period of stable micro-cracking (up to 160 s for the compression test) the “compressive” signals
constantly exhibit higher frequency as an average than the LOK since the line fluctuates around 200 kHz, while for the LOK it
is around 100 kHz.

It is mentioned that concerning the compression test, the above analysis of qualitative features are based on the AE
population recorded up to 160 s when a stable cracking was being recorded. After that, the final stage of fracturing started
during which, the cube was severely cracked while parts of the surface layer were detached (see Fig. 6). Due to the obvious
disruption of the continuity of the medium, no correlation of the received waveform with the actual emitted signal can be
supported for that stage and this is why the signals of the final part of the compression loading (after 160 s) are not taken
into account for parameter analysis rather than only the cumulative activity graphs presented earlier.

For the same experiment the two resonant sensors showed two main bands (see Fig. 5b), below and above 100 kHz. Due
to the resonance of the sensors, signals of higher frequencies were not recorded. The LOK test exhibited 75% of the population
under 100 kHz and 25% above, while for the compression the majority of the hits is above 100 kHz, specifically 56% and the
rest 44% below. The differences between the moving average lines as seen in Fig. 5b are still clear despite the resonant
behavior of the sensors, i.e. the LOK line fluctuates around 75 kHz while the compression line around 120 kHz.

Another parameter that has been used for classification of AE signals based on their fracture mode is the RA value. The RA
history for both tests based on the Pico sensors is shown in Fig. 7. The moving average line shows clearly that before the last
stage of large scale fracture, the compression signals’ RA lies in values approximately half or less than the signals of LOK,
something that is in correspondence with previous results concerning matrix cracking and fiber pull-out of SFRC [8,22].
Results of RA based on the signals of R15 are not discussed as they did not exhibit strong trends.

3.2. AE events

The number of sensors (totally six) mounted on the specimens allowed to map the AE sources in three-dimensional space.
When different sensors acquire signals within a limited time window, these are classified in an acoustic emission “event”,
which is the source fracturing incident that results in the individual signals recorded by the different receivers. By the time
delay between acquisition of the signals at the different positions and provided that the elastic wave velocity of the material is
known, the location of the source cracking event can be calculated [30,31]. Results of this analysis are presented below with
discussion of the limitations. Fig. 8a shows the location of AE sources for the LOK test. The sources are located at the upper half
of the cube. Specifically almost the whole population rests above the height of Z =120 mm, averaging at 150 mm which actu-
ally corresponds to the depth of the insert (50 mm below the top surface of the cube). The empty volume after the cone was
extracted is seen in Fig. 8b having a depth of 50 mm which is the depth that the metal disc was inserted during casting of the
concrete cube. It is admitted that the accuracy of the AE sources location cannot be absolute as it depends on the sensor size
relatively to the propagation distances as well as the heterogeneity of the medium [30,31]. In the specific case the insert is
fixed to the plastic buoyancy cup (see Fig. 1) which reaches the surface of the cube, creating —-in terms of wave propagation-
a large void near the top surface of 50 mm diameter. Therefore, when a cracking incident occurs, the straight path is not
available for propagation to each one of the sensors. This condition worsens as the cracking system between the insert and
the surface is formed increasing the volume of the material which cannot support un-deviated wave propagation. This renders
results of location approximate; still under these conditions, the results of Fig. 8a appear satisfactory.
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Fig. 5. Peak frequency history for different loading patterns as recorded by (a) the Pico sensors and (b) the R15 sensors. Lines are moving averages of 50
successive points.
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Fig. 6. Concrete cube after final failure under the compressive test.
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Fig. 7. RA-value history for different loading patterns as recorded by the Pico sensors. Lines are moving averages of 50 successive points.

(b)

Fig. 8. (a) Location of AE sources for the LOK test and (b) photograph of the specimen after LOK test. The depth of the conical hole is 50 mm.

Fig. 9 shows the corresponding location results for the compression test. The sources in this case may be more dispersed
in the volume of the cube, something reasonable due to the nominally uniform stress field but the results are not even as
satisfactory. The reason is mainly that after the major cracking events, the whole volume of the medium loses its continuity
and most of the emissions do not reach the required number of five sensors in order to be qualified as “events”. This is why a
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Fig. 9. Location of AE sources for the compression test.

relatively small number of events are shown on the graph of Fig. 9 corresponding to testing times before 170 s. After that
moment the AE activity continued resulting to extensive number of individual AE hits as shown in Figs. 5 and 7. However,
this activity, could not be received by the required number of sensors to be geometrically located so it does not appear in the
events plot.

This can also be seen in Fig. 10 where the RA history based on the broadband (a) and the PF based on the resonant (b) are
plotted based on the events. The trends shown in Fig. 10a are quite similar with the whole hit population discussed above
and shown in Fig. 7. Additionally, the PF results from the resonant — based again on the events — show the same trends as the
whole population of hits, with the average line of signals from compression being between 100 kHz and 150 kHz, while the
LOK signals exhibit averages below 100 kHz. It is characteristic that from the dense population of hits at the last stage of
the compression experiment (shown in Figs. 5 and 7) most of them are individual due to the severely cracked texture of
the material at this stage and are not qualified as events. Therefore, the points of Fig. 10 are much less dense at the end.

4. Finite element model

The finite element method (FEM) is usually applied for stress analysis of static problems [32]. It was used to investigate
the stress field involved in the LOK test, while a previous effort was published in the 1980s [15] aiming at predicting the
cracking system for the same test. In the present case, FEM was used to determine the level and the area of influence of
the shear as well as the normal stresses. For this purpose, a three dimensional model of the concrete specimen was generated
according to the dimensions used in the experimental process (see Section 2.2). Tetrahedral solid elements of the Lagrangian
formulation with four nodes, one integration point and linear displacement interpolation functions were used. The quality of
the mesh was evaluated through a mesh convergence test based on the strain energy of concrete. The refinement of the mesh
was based on the h-refinement process [33]. The mesh convergence analysis provided the result that an element size of
2 mm guarantees the necessary accuracy of the solution without significant increase of the computational time. To reinforce
the stability of the numerical analysis an implicit integration scheme was selected. The concrete specimen was considered as
linear elastic material with Young’s modulus of 40 GPa and Poisson’s ratio of 0.2, which is sufficient for the purpose of this
study, i.e. to analyze the stress field developed due to the LOK insert pull out force. It is mentioned that the actual micro-
structure of concrete including aggregates, sand grains, air voids and porosity down to the size of pm could not be simulated
due to the several millions of elements that would be required, number that renders the simulation unrealistic. In any case
this is a static stress simulation while the microstructure would play important role in the simulation of the propagation of
cracks, the path of which could be influenced by the interphase between the paste and aggregates. Dynamic fracture simu-
lations have also been studied in different cases recently to reproduce the generation of AE events and predict the subse-
quent developments of cracks in concrete and other materials based on some assumptions concerning the elastic/plastic
behavior of the material [34-36]. The steel disk, as well as the counter-pressure ring, were simulated as rigid bodies since
they are much stiffer than concrete and their deformations are of no interest. For the execution of the numerical analysis the
commercial finite element software ABAQUS/CAE 6.10 was used. Finally, all the calculations performed on an Intel Core i7
processor at 2.50 GHz.

Fig. 11 illustrates the mesh used for the concrete specimen (a) as well as the assembly and the loading conditions applied
(b). A pull force with magnitude of 25 kN was applied on the LOK-TEST insert for calculation of the developed stress field.
The angle of the force with respect to the vertical edges of the specimen was 20° as in the experiment. The counter-pressure
ring with inner diameter of 55 mm was placed concentric with the disk on the surface of concrete. Concrete surfaces are free
of constraints and therefore, the loading conditions are limited to the pulling force and the reaction of the counter-pressure
ring. The results of the analysis are plotted relatively to the central cross section of the cube.
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Fig. 10. (a) RA history for different loading patterns based on the qualified events, as recorded by the Pico sensors and (b) peak frequency for different
loading patterns based on the qualified events, as recorded by the R15 sensors. Lines are moving averages of 30 successive points.

(a) (b)

Counter-pressure ring

Steel disk
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Fig. 11. Finite element mesh with elements of 2 mm (a) and assembly with loading conditions (b).

Fig. 12 shows the distribution of the normal stress o, (at the loading direction) in the plane of section A-A. To determine
the areas under tension and compression, the stress component is decomposed into a tensile (Fig. 12a) and a compressive
part (Fig. 12b). The maximum value belongs to compressive stress just below the reaction ring (see Fig. 12b). Perpendicular
stresses (oy, vertical to the loading direction) are of much lower value and their presentation is not deemed important.

Fig. 13a presents the distribution of the shear stress component oy, in terms of absolute values. Considerable shear stres-
ses are observed in paths AB and CD, as seen in Fig. 13b. Notice that these paths form a conical perimeter around the LOK
insert that coincides with the final area of fracture observed during the experimental process.

To provide a more clear visualization of the stress mechanism that is developed during the test, the ratio of the in-plane
shear component to the normal stress component is computed in terms of absolute values. Fig. 14a presents the areas where
the value of the ratio o,,/0y, is greater than 1.2. These are areas dominated by shear stresses. Fig. 14b shows the areas where
the ratio is between 0.8 and 1.2. The characteristic of these areas is that the normal and the shear stresses are acting simul-
taneously with approximately the same order of magnitude. Finally, Fig. 14c shows the areas where the ratio is less than 0.8.
In these areas shearing has a minor effect and the major stress mechanism are due to normal stresses. It can be seen that in
contrast to the traditional compression test where fracture is (nominally) caused from purely compressive stresses, in the
LOK test the effect of shearing to fracture is of extreme importance.

This is highlighted in Fig. 15 which provides a representation of the stress ratios in the area around the steel disk, where
the absolute value of stresses is high, neglecting areas away from the insert where stresses are negligible. The thick dot lines
represent the fracture path that has been experimentally observed. Purely normal stresses are limited on the concrete sur-
faces around the steel axis as well as on small areas around the upper surface of the steel disk insert. Areas along the fracture
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paths are dominated by high shearing stresses (oxy,/0y, > 1.2). Finally, transition areas characterized from shear and normal
stresses of similar magnitude are observed between areas under pure normal stresses and areas under shearing.

5. Discussion

As the results of the FEM analysis demonstrate, the stress field initially developed during the LOK test combines both nor-
mal (tension and compression) and shear stresses. On the conical fracture surface, which is of great interest, strong shear
stresses appear while their absolute values are higher than the normal stress at the same area. This mechanism substantially
differs from the one involved in the concrete compression test where fracture is nominally caused by compressive stresses
with absence of shearing. In an earlier study of AE during pull-out with different boundary conditions (absence of confine-
ment ring) [17], the application of moment tensor analysis concluded that tensile stresses contributed strongly to fracture.
However, in the present case, the existence of the confinement ring in the LOK test obviously increases the shear components
as indicated by FEM and the AE parameters, leading to a more mixed mode of failure.

In this case, the FEM simulation model was not expanded to follow fracture rather than the initial elastic stress field. The
reason is that it in the present stage it would be premature to conduct reliable prediction for the fracture of concrete with
such complicated microstructure. Air bubbles, porosity, and fine sand grains would require an ultra fine mesh unrealistically
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increasing the computation power. Additionally, the macroscopic fracture is the result of interaction of several parameters;
interphasial strength between the different components (paste-sand, paste-aggregates), strength of paste and aggregate, as
well as local stress concentration factors in the microstructure which altogether induce more uncertainty than clarifying the
results. The main aim of the present study was focused on quantifying the differences in AE emitted from a nominally
uniform compressive stress field, and the pull-out field which certainly includes strong shear components as verified by
the analysis of the initial stress field. Though different stress fields may be expected to emit AE signals of different charac-
teristics, before these are quantified in laboratory-controlled studies, the trends cannot be possibly exploited in situ. In this
paper this quantification is attempted as a first step towards acoustic structural health monitoring. Investigating the AE
signatures of different fracture modes in concrete will contribute in interpreting the trends in real time monitoring applica-
tions. Therefore, the condition severity will be possibly evaluated based on shift of simple AE parameters as the ones
described in the manuscript, indicating the shift between the different dominant fracture mechanisms.

From the experimental part of the study it is clearly concluded that the normal stresses of the compression test result in
higher frequencies and lower RA values of AE signals than the shearing of LOK, as measured by two types of sensors.
Specifically, compressive stresses result in double value of emitted frequencies than shear in average (approximately
200 kHz over 100 kHz). RA values exhibit similar differences between the two tests, with the pull-out emitting double val-
ues. Still, the specific values of AE parameters assigned to the different modes may not necessarily hold for other specimen
geometries or structures. Peak frequencies recorded by the broadband sensors in Fig. 5a would more likely be downshifted
for larger specimens and longer propagation distances, with compressive signals maintaining their relatively higher fre-
quency than shear in any case. The reason is connected to the conditions of wave propagation through concrete. It is well
known that propagation of elastic waves through heterogeneous media is both attenuative and dispersive [37-39]. This
certainly changes the parameters of the waveform from their emission at the tip of the crack until acquisition at the sensor.
Distortion and attenuation is active even in small scale influencing the AE signals. This is a matter of great significance when
qualitative waveform parameters of the signals are of interest and is treated separately by the authors both by experiments
and simulations [40,41]. In this case due to the finite size of the specimens as well as the same positioning of the sensors
around all the edges of the cubes for both types of loading, it is assumed that the influence does not crucially mask the
observed trends.

It is also worth to mention that using broadband sensors, differences in waveform parameters as well as frequency are
readily available between the LOK and compressive test. As has been shown in previous studies broadband sensors are quite
suitable for detecting various sources. However, even with resonant sensors, the discrepancies between loading patterns
could be distinguished, something important for in-situ application where resonant sensors are preferred due to their higher
sensitivity.

6. Conclusions

The acoustic emission behavior during different fracture tests on concrete is examined herein. Two tests are used as
means to apply different stress conditions on concrete cubes. The basic modes targeted are compression in the standard
compressive test and shear during the insert pullout in the form of the LOK test. As FEM analysis indicates, the latter results
in a complex state of stress including strong shearing components that overpass normal ones at the area of fracture.
The resulting trends show distinct behaviors allowing discrimination of the AE signal populations from the two fracture
modes. Fracture due to strong shearing stress components emits waves with longer duration and lower frequency than
compression. The passive characterization of the cracking mode can prove very beneficial for structural health monitoring
operations as it supplies information that cannot be yielded by any other technique. Discrimination of the modes is accom-
plished by a few AE parameters which is very encouraging for in-situ application. Apart from this, the analysis can assist
material characterization studies in laboratory as it reveals the sensitivities of the material at different stress states.
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