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Abstract. Acoustic Emission (AE) monitoring is a suitable technique for passive 
monitoring of the structural condition of materials. Concerning reinforced concrete 
members it is very important to monitor the fracturing stage which is revealed by the 
dominant failure mechanisms. AE can provide information in real time not only 
about the existence of propagating cracks but also about their location, 
characteristics and origin. In the present paper AE resonant sensors are applied 
during pull-out experiments of reinforcing bars from concrete specimens. The 
fracture pattern varied according to the specimen type and cohesion exhibiting two 
major fracture mechanisms. One was solely pull-out with damage concentrated near 
the rebar-concrete interface without other obvious damage to the matrix. The second 
was splitting of the concrete matrix surrounding the bar in addition to the pull-out of 
the bar. Simple parameters of AE like duration and frequency content were 
monitored and showed direct relation to the observed fracture pattern. Briefly, 
specimens with rebar detachment and sliding of the bars through concrete resulted in 
long duration and low frequency signals while, cracked specimens exhibited short 
rise times and higher frequencies. These changes were evident in real time giving 
the opportunity to monitor the fracture not only as to the mechanical parameters 
(load, displacement) but also giving insight on the active fracture mechanisms. The 
AE results also permit to follow the location of maximum stress in the bond slip 
curve during the pull out test. This is one of the few studies in literature occupying 
directly with the comparison of rebar pull-out and cracking in concrete as to their 
acoustic fingerprint showing very promising results in that simple AE parameters 
are adequate for monitoring.  

1. Introduction  

The bond between the reinforcing bars and concrete is one of the most important 
components of reinforced concrete, which is responsible for transferring the load from the 
steel bar to the surrounding matrix. When the structure is subjected to loading, the axial 
forces are transferred from the reinforcing bar to concrete imposing tangential stress along 
the contact surface. This bond has been well studied in literature [1,2]. It can be said that 
the total bond strength is made up of three components, namely adhesion, mechanical 
interlock and friction. The macroscopic behavior of a reinforced concrete structure or 
specimen is a combination of all above parameters. The process of rebar pull out during 
loading includes different stages. At the first, there is no slip as the adhesion is intact; 
however, there may be high stress concentration at the tips of the lugs of the bar. Up to this 
point any displacement is due to elastic deformation on concrete. In the 2nd stage the stress 
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on the bond is higher and the adhesion starts to break down. Micro-cracks may start to 
nucleate from the tips of the lugs. At the following stage, the stress is higher, concrete may 
start to crush in front of the tips and mechanical interlock becomes important. Finally, at 
the fourth stage the bond fails completely and there may be simple pull-out of rebars or 
splitting of the concrete specimen [3]. In the present study the pull-out behavior of rebars is 
monitored by acoustic emission (AE) in cylindrical concrete specimens. The main issue is 
to examine if AE can characterize the different failure modes based on simple waveform 
parameters. Therefore, the study is focused on the AE received by two distinct groups of 
specimens. The one contains specimens that were not obviously damaged other than the 
pull-out of the rebar and the other group includes specimens that were severely cracked in 
addition to the pull out. In other words the shear mechanism of pull-out is compared to the 
mixed mode of pull-out with matrix cracking and splitting of the specimen. Different AE 
signals are studied mainly in terms of their frequency and duration. To the authors 
knowledge this is the first systematic attempt targeting the AE directly from pull out of 
rebar and splitting. In literature there is the pioneering work of Grosse et al. using the 
Moment Tensor analysis (MTA) in a similar experiment [4]. The results showed the 
locations of each event and the fracture mode for a population of hundreds of signals. The 
authors concluded that there is a mixed mode of fracture. In this case, as aforementioned, 
we monitor specimens with two distinctly different failure patterns. Therefore, we can 
directly attribute the waveform characteristics to the actual dominant fracture mode. Second 
we use simple AE parameters that can be calculated in real time, in time or frequency 
domain by only a few sensors. The aforementioned MTA requires at least 6 sensors 
receiving each individual event [5], making the in-situ application troublesome due to 
inherent material attenuation. The parameter analysis requires only a few sensors. In this 
case we applied four, in order to have also an idea of event location in the plane while 
parameter analysis can be conducted by less sensors as well [6]. In another recent study pull 
out was monitored in the form of LOK-test. In this case a metal disk is embedded in 
concrete when fresh and is being pulled out when the material is hardened [7]. However, it 
mainly creates a fracture surface in concrete and it differs a lot from the present experiment 
of rebar pull-out. 

2. Experimental details 

2.1. Concrete and reinforcing bars 

All samples were cast in cylindrical PVC molds with dimension 100 x 250 mm. Steel bars 
were cleaned carefully before inserting into concrete and they were put on the top of 
concrete samples. In total, seventeen cylinders including fifteen pieces with 4/20 (min/max 
size) Porfier granulates (Groups 1 to 5) and two with recycled 4/16 concrete granulates 
(group Re) were tested. Moreover, two additional cubes 200x200 mm with 4/16 recycled 
concrete granulates were cast in order to determine the compressive strength of concrete. 
After mixing and vibrating the specimens, steel bars were inserted with the embedded 
length of 100 mm. Once reinforcing bars were inserted into concrete, all specimens were 
covered by plastic foil to prevent water evaporation. Insertion of the bars was conducted at 
different times after mixing and vibrating the samples. For the two recycled granulates 
concrete specimens, one rebar was inserted just after vibration (time 0) and the other 45 
min later. Table 1 shows the time of the insertion for the different groups.  
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Table 1. Insertion time of rebar into concrete 

Name of samples 

Group Re Group 1 Group 2 Group 3 Group 4 Group 5 

Re0 Re45 1.1 2.1 2.1 2.1 2.2 2.3 3.1 3.2 3.3 4.1 4.2 4.3 5.1 5.2 5.3 

Insertion time (min) 0 45 90 135 180 225 270 

All specimens then were covered by a plastic film on the top to prevent the evaporation and 
put in the normal environment (T° = 20°C and RH = 100%) for 28 days. After 28 days, 
they were demolded and dried in the outside environment for 6 hours. Before the test, 
rubber pads were placed on top of the samples to have a more even load distribution 

2.2. Pull-out test set up 

The rebar was clamped into the fixed part of the testing machine which has a load capacity 
up to 50kN. The rebar went through a hole in the middle of the crosshead (see figure 1). 
The crosshead is the part that moves the concrete cylinder downwards, putting the rebar in 
tension and transferring the load to the top of the bar. The experiment was deflection 
controlled with a rate of 1mm/min. 

 

 
Figure 1. Experimental set up for the pull-out test. 

2.3. Acoustic emission 

In order to attach acoustic emission sensors, specimens were flattened on two sides by 
machining (Fig. 2a). In combination with vaseline grease, good coupling conditions were 
achieved. Four locations of sensors were marked on the flattened surfaces by pencil. Two 
locations were at 20 mm and the others were at 100 mm from the top of the concrete (see 
Fig. 2b).  
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Figure 2. (a) Flattening of the samples and (b) two sensor locations. The other two sensors are positioned at 
the same height but diametrically with respect to the first ones. 

Four AE sensors R15 were used, with resonance at 150 kHz. The received signals above 40 
dB were pre-amplified by another 40 dB and recorded in a PCI-2 acquisition board with 8 
channels. A photograph during testing can be seen in Fig. 1 

3. Results and discussion 

As aforementioned, the purpose of this manuscript is not to exhaustively examine the 
conditions for better structural behavior (relatively to the age of rebar insertion in the 
matrix) but is focused on the monitoring by AE and the possibility to passively characterize 
the fracture process. Indicative photographs after the end of the test for the different 
fracture types are presented in Fig. 3. Case (a) shows the plain pull-out; the bar has moved 
a few mm upwards having lost the bond to the matrix after which no load can be transferred 
any more. There is no other evident fracture pattern; the cylinder is totally intact, at least 
macroscopically. On the other hand Fig. 3(b) shows a cylinder that has severely cracked; 
specifically four cracks propagated from the center to the circumference. This shows that 
the bond was strong enough and allowed the stresses to be transferred to the matrix 
resulting in cracking of concrete. The specimens following the first fracture mode of plain 
slippage were mainly the ones from group 1 and 4, while the specimens which cracked a lot 
were mainly of the groups 2 and “Re”. However, it would still be pre-mature to make firm 
conclusions on the mechanical performance of the bonding in the presence of recycled 
concrete granulates, so, as aforementioned, this manuscript focuses on the acoustic 
emission behavior. 
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Figure 3. Typical fracture modes of specimens: (a) pull-out of rebar, (b) severe cracking of the specimen. 

It is interesting to examine the AE parameters that correspond to these two types of failure 
always in relation to the load. Fig. 4a and b show two indicative cases of the loading history 
along with the AE duration of incoming signals. The continuous line corresponds to the 
sliding average of the recent 300 points: it helps to see the trends as well as at which 
approximate level the average lies at each moment. As the load increases, it is obvious that 
signals with higher values of duration are registered. This is shown by the expansion of the 
cloud of points to high levels and is followed by the increase of the sliding average line. 
The maximum of the line occurs at the moment of maximum load. Increase in the duration 
of AE signals shows transition to more shear mechanisms as has also been demonstrated in 
steel fibre reinforced concrete, LOK-test and bending of reinforced concrete members [6-
8]. The bond between the bar and the concrete matrix does not fail immediately at the start 
of the experiment. The interphase initially transfers the load to the brittle matrix which 
starts to crack emitting short signals with high frequency. The bond is weakened 
progressively and therefore, shear friction events take place in larger numbers increasing 
the average duration. At the moment of peak load, the average duration is approximately 2-
3 ms. It is worth to examine the behavior of the other type of specimens, which is depicted 
in Fig. 4c and d. In a first glance, a large difference is observed, which comes from the load 
behavior; the specimens of the cracking type (pattern of Fig. 3b) that were fractured with 
large radial cracks exhibited a much more sudden load drop. After the peak point, the load 
essentially collapsed in less than a second. Furthermore the duration of the AE signals was 
restrained to lower values. Only at the moment of collapse a small group of hits reached up 
to 5 ms and this was not maintained for a long time. The average line was always below 
than or equal to 1 ms. This shows the distinct difference between the two failure modes that 
has a direct influence on the AE activity parameters. 
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Figure 4. Typical load histories with AE duration for specimens with plain pull-out (a), (b) and specimens 

with cracking (c) and (d). 

In order to make a more specific examination, the AE history was divided into stages 
relatively to the maximum load level: 0 to 40% of the max. load, 40-60%, 60%-80%, 80%-
100% and post peak. The different AE parameters were averaged for the whole population 
of hits that appear in each of these different stages. They are presented in terms of average 
frequency (AF) vs. Duration graph, as shown in Fig. 5. The triangular symbols stand for 
pure pull-out and the rectangular for the cracking mode. The specimens with dominant 
cracking (RE1,2) are characterized by small changes between the different stages from low 
load up to the post peak stage. All exhibit durations below 600 μs and frequencies around 
90-100 kHz in average being contained in a limited part of the graph (see dotted circle). 
This means that the transition between fracture mechanisms is minimal and the dominant 
mode does not change even after the maximum load. However, the situation is quite 
different for the specimens with dominant pull-out and without obvious cracking (PO1,2). 
In those cases, after the peak there is a great shift to higher duration of AE (higher than 
1000 μs in average) while the frequency drops to 70 kHz. This shows the effect of sliding 
between the rebar and the concrete matrix in a clear way, producing AE waveforms with 
double duration and of much lower frequencies than for the corresponding cracking events. 
This is to the authors’ knowledge the first time that sliding pull-out action is monitored in 
such a clear way based only on AE waveform parameters.  

 
Figure 5. Average frequency vs. Duration of AE signals for the last five loading stages (the first is excluded 

due to limited AE). PO = pull-out mode; RE = cracking mode 

From the total number of 6 specimens analyzed herein, the AE duration shows potential to 
“predict” the fracture mode. Fig. 6 shows the average duration of AE signals for an early 
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stage of loading (between 40 and 60% of the ultimate load). At the load of approximately 
half of the maximum, although the capacity has not yet been compromised, there are small 
failure incidents that are indicative of the type of failure that will be developed. The 
specimens with dominant slippage (pull-out) exhibited averages above 300 μs. On the other 
hand both specimens that exhibited splitting of the matrix with large cracks, exhibited 
values well below 300 μs. Lower durations (as well as other parameters such as rise time) 
show that they are sensitive to the early manifestations of the damage phenomena. 

 
Figure 6. AE Duration for an early loading stage (40-60% of max. load) and different specimens. PO = pull-

out mode; RE = cracking mode 

Concerning the macroscopical behavior in general, it can be said that the ultimate load 
bearing capacity is the result of all different failure incidents in the material. As the 
cracking and debonding evolve, the load is redistributed until the point where this is not 
possible anymore and the material fails. It is therefore, reasonable to search for preliminary 
correlations between AE parameters and the ultimate load. In recent literature AE energy 
and frequency parameters have shown promising results regarding the toughness of steel 
fibre reinforced concrete and the bending load of mortar specimens [6,9]. In this case 
similar correlations were attempted taking information from the early stage AE while the 
load was less than 60%. The importance is that based on the AE of low load, a prediction 
may be attempted regarding the final capacity of the medium, before critical damage is 
inflicted. As seen in Fig. 7, the average AE duration between (40%-60%) of max. load is 
well correlated to the ultimate capacity of the specimens. From the total of six specimens 
analyzed in this study, only one seems to deviate from the decreasing monotonic trend. In 
case such a correlation is confirmed, this would mean that by a proof loading before critical 
damage is accumulated, reliable predictions could be made for the final capacity. As high 
duration of AE corresponds to shear events, it may be concluded that emission of high 
duration signals from the start of the experiment indicates weak interface between the rebar 
and the matrix and that some preliminary loss of contact and debonding events start to 
occur. Since this damage mechanism is activated early, it is normal that the ultimate pull-
out capacity will be lower for these specimens. On the contrary, AE duration decreases 
denote AE events of cracking nature, showing that the interface is strong enough to transfer 
the load to the matrix (and hence to distribute the stresses to a larger volume). Therefore, 
specimens with lower AE duration exhibit higher pull-out force. Despite the encouraging 
trend of the results and although it would be desirable to obtain a global prediction of the 
ultimate load, it is highlighted that results are preliminary and need the analysis of a large 
population before early load AE could be considered for additional structural information.  
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Figure 7. Average AE duration of early stage loading (40-60% of ultimate load) vs. ultimate load. 

4. Conclusions 

The present paper describes the AE behavior during experiments of rebar pull-out from 
concrete matrix. This study helps in the interpretation of simple AE parameters since two 
distinctly different mechanisms are targeted (pull-out without cracking and pull-out with 
severe cracking). It is shown that specimens exhibiting plain frictional slippage of the bar 
emit longer signals with lower frequencies compared to the ones that undergo extensive 
cracking as a result of the strong interfacial bond between steel and concrete. Differences 
are evident in the AE behavior at early load (even below 50%) allowing predictions of the 
failure pattern for the same geometry of specimens. Correlations with the ultimate load are 
attempted but the trends should be confirmed by analysis of a larger population of 
specimens.  

References  

[1] Hadi, M. N, Bond of high strength concrete with high strength reinforcing steel, Open Civil Engineering 
Journal, 2, (2008): 143-147 
[2] Tastani, S. P., and S. J. Pantazopoulou. Direct tension pullout bond test: Experimental results. Journal of 
Structural Engineering 136.6 (2009): 731-743. 
[3] FIB - Féd. Int. du Béton, Bond of Reinforcement in Concrete: State-of-art Report, Vol.10 of Bulletin, 
2000,  Chapter 1, 1-87 
[4] C. Grosse, H. Reinhardt, T. Dahm, Localization and classification of fracture types in concrete with 
quantitative acoustic emission measurement techniques, NDT E Int. 30 (4) (1997) 223–230. 
[5] Shigeishi, M., Ohtsu, M. Acoustic emission moment tensor analysis: development for crack identification 
in concrete materials, Construction and Building Materials, 2001, 15, 311-319. 
[6] D.G. Aggelis, D.V. Soulioti, E.A. Gatselou, N.-M. Barkoula, T.E. Matikas, Monitoring of the mechanical 
behavior of concrete with chemically treated steel fibers by acoustic emission, Construction and Building 
Materials 48 (2013) 1255–1260. 
[7] A.C. Mpalaskas, I. Vasilakos, T.E. Matikas, H.K. Chai, D.G. Aggelis. Monitoring of the fracture 
mechanisms induced by pull-out and compression in concrete, Engineering Fracture Mechanics 128 (2014) 
219–230. 
[8] Ohno K, Ohtsu M. Crack classification in concrete based on acoustic emission. Construct Build Mater 
2010;24(12):2339–46. 
[9] A.C. Mpalaskas, O.V. Thanasia, T.E. Matikas, D.G. Aggelis, Mechanical and fracture behavior of cement-
based materials characterized by combined elastic wave approaches, Construction and Building Materials 50 
(2014) 649–656. 

150

200

250

300

350

400

20 25 30 35 40 45

A
E

 D
u

r
a

ti
o

n
 (
μ

s
)

Max. load (kN)

Cracking specimens


