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Abstract. In the presence of crack discontinuity into concrete, the accuracy of 
Acoustic Emission (AE) source location is significantly decreased. The previous 
research done in literature concerning concrete fracture evaluation by using AE 
considers inaccurate the detection of Acoustic Emission as soon as cracks widen and 
macro-fracture occurs. In this study, the loss of accuracy of AE source location and 
subsequently the emitted wave degradation due to concrete fracture is quantified by 
combining AE and ultrasound pulse technique. In detail, a low-cost and aggregate-
size piezoelectric PZT (i.e. lead-zirconate-titatnate) transducer is embedded into 
concrete and transmits ultrasonic waves that travel through concrete. In the present 
study, a group of AE sensors are placed on concrete surface and locate both spatially 
and chronically the wave source. It is shown that, under a small-scale, three-point 
bending load test, a unique crack forms and propagates in concrete and as a 
consequence, the location of embedded PZT transducer by AE sensors loses its 
accuracy with a three-dimensional (3D) spatial error greater than 10% (since the 
PZT transducer stands next to the crack). Additionally, the crack sealing by means 
of autonomous healing processes (filling of the crack void with adhesive agent) 
corrects the AE location of the PZT transducer (the spatial error is diminished to 
4%).The study aims to develop a method to quantitatively evaluate the loss of AE 
source location accuracy in concrete structures relatively to the damage evolution. 

Introduction  

The acoustic emission (AE) technique is traditionally applied to evaluate the structural 
integrity of concrete structures. As defects nucleate in concrete, elastic stress waves are 
emitted throughout the material. A group of AE transducers attached on concrete surface 
capture these transmitted waves. This input is used to determine the location of wave 
source in time and in 3D space by triangulation processes [1].  
 The accurate location of AE events remains challenging in the case of voluminous, 
inhomogeneous and complex concrete structures (strong attenuation effect). The accuracy 
of the technique degrades as damage in the form of micro- and macro-cracks develop. 
Under damage, the wave scattering effect (wave velocity dispersion and waveform 
distortion) is introduced [2]. 

In this study, the accuracy of 3D location of AE events is investigated in lab-scale 
concrete beams with embedded autonomous healing system that sustain damage under 
three-point bending and subsequently are autonomously repaired. The autonomous healing 
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system consists of series of short brittle glass capsules embedded into concrete before 
casting carrying two-component polymer based adhesive agent [3]. The source of waves 
emitted during testing can be: (i) the concrete fracture (cracks formation and propagation, 
closure or reopening), (ii) the encapsulated healing system activation (the embedded into 
concrete capsules rupture under tension as crack forms), (iii) the wave emitted by an 
embedded ultrasound pulse transmitter. The pulse transmitter is embedded into concrete in 
order to emit high-amplitude and spike-shaped pulses received by another series of 
embedded ultrasound receivers. The analysis of the waves emitted by concrete fracture and 
capsules rupture is extensively discussed in [4]. Additionally, the analysis of concrete 
fracture monitored by the embedded ultrasound system is presented in [5]. The focus of this 
study is on the waves emitted by the embedded transmitter and received by the AE 
transducers attached on concrete surface. The location of the embedded transmitter was 
also evaluated as another source beside the actual cracking sources. This approach is an 
indirect way to monitor the performance of the AE system. Considering as fixed the 
position of the embedded transmitter during testing, the accuracy of AE location prediction 
is studied. It is shown that the analysis done with a system of 8 AE resonant transducers 
can characterize the loss of AE location accuracy as concrete fractures and the respective 
location accuracy restoration as the crack is autonomously healed. 

1. Materials 

1.1 Design  

Normal strength concrete with water: cement (CEM I 52.5 N): sand ratio equal to 0.5: 1: 
2.2 and aggregates (gravels) with maximum diameter up to 16 mm is prepared. In this 
simplified concrete design, no reinforcement is considered.  

The healing design is based on the well-established concept of two-component 
polymer-based agent encapsulation that provides autonomous healing [6]. Seven couples of 
borosilicate glass capsules are attached on low stiffness wire and attached into the casting 
mould before concrete casting (Fig.1).  

 

 
Fig. 1. The pairs of capsules and the pulse transmitter are placed into the mold before casting 

 
The pairs of capsules carry two-component (agent + hardener) adhesive 

polyurethane. The agent components remain sound and safe during concrete casting and 
along the service life of concrete element until the presence of crack. Due to the local stress 
concentration and tension which lead to capsules rupture and agent components release into 
the crack void. Fast polymerization process occurs as long as the agent components get in 
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contact and the adhesive agent plasticises and seals the crack void. For further information 
regarding the healing design please see Reference [3].  
 

1.2 Experimental Set-up 

The experimental set-up is based on Rilem TC-50 protocol for evaluation of concrete 
fracture under mode-I bending [7]. The set-up is established for the assessment of the 
mechanical performance of autonomously healed lab-scale concrete specimens. The beams 
with dimensions of 840 × 100 × 100 mm (Fig. 2) are cast into wooden moulds. A notch 10 
mm high and 3 mm wide is applied at the middle section of the concrete specimens 
introducing a pre-crack that facilitates the crack initiation under bending load. The notch is 
shown in Figures 2 and 3. 

Two series of concrete beams are considered:  
 1 concrete beam carries no healing agent (Reference series-REF) and  
 3 concrete beams carry healing agent (Healing series-PU 1, 2, 3). 

The specimens are loaded in three-point bending till the crack opening at the bottom of the 
pre-cracked section reaches the value of 300 μm. During this test, the capsules rupture, the 
healing agent is released into the open crack and the healing process is activated. As long as 
the agent is polymerized (curing period up to 24 hours), the beams are reloaded in the same 
manner. The mechanical response of this load cycle is indicative of the healing efficiency. 
The testing process and the mechanical features analysis is extensively discussed in 
Reference [8]. 

1.3 Acoustic Emission and Ultrasonic Pulse technique 

Eight AE resonant (at 150 kHz) transducers are attached on concrete surface. The position 
of the transducers is shown in Fig. 2 and is chosen to surround the area where damage is 
expected (pre-cracked middle section).  

 
 
 

 
 
 
 
 

 
 

Fig. 2 Coordinates system, concrete beam loading set-up, AE transducers and pulse transmitter location 
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Fig. 3 AE transducers set-up and view of crack propagation at the end of loading cycle 
 

Considering the longitudinal ultrasonic stress wave velocity of concrete (3800 m/s) 
and the attenuation effect (10 dB/m), the 3D location of AE events (the event is defined 
considering the hits from at least 4 transducers) is determined by the AE win software 
location algorithm (triangulation principle). 

The position of the embedded PZT transducer (350 mm, 30 mm, 50 mm - based on 
the coordinate system given in Fig. 2) is shown in Fig. 2. The transmitter is attached on thin 
wooden stick in order to ensure its fixed position after concrete casting. The embedded 
transmitter emits high voltage pulse (rectangular-shaped with 800 V magnitude, sampling 
rate = 15 sec and pulse width of 2.5 µs) that travels through concrete and is captured by the 
AE transducers on the surface of the tested specimens.  

2. Results 

2.1 The restoration of the mechanical features after healing 

The accuracy of AE events location is discussed for both series of REF and PU healed 
concrete beams. In Fig. 4, the representative load-crack opening curves for both series are 
given.  
 

 
 

Fig. 4Two-cycle bending test for REF (black lines) and PU (red lines) healing series [5]. 
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The flexural load is plotted versus the crack opening at the bottom of the beam for 
both REF (black lines) and PU (red lines) series at loading (continuous line of data) and 
reloading (discontinuous line of data) cycle. As illustrated, the reference sample cannot 
recover after the first test cycle. In contrast, the PU sample achieves strength and initial 
stiffness restore up to 50 % and 85 % respectively. The mechanical performance of healing 
series is analytically discussed in [5]. 

 

2.2 The accuracy of AE events location 

Each time that the transmitter emits a pulse, the AE transducers receive hits that form the 
events with three-dimensional rectangular coordinates shown in Fig. 5. As shown, the 
coordinates of the embedded source change during testing for approximately 20 mm in the 
horizontal direction and less in the others. This observation does not correspond to the 
reality since the transmitter is well fixed into the hardened concrete. In reality, AE location 
accuracy is progressively degraded as crack forms and propagates. The discontinuity 
introduced at the damaged region leads to inaccurate calculation of events coordinates. 
 

 
 
Fig. 5 The location of embedded transmitter (wave source): a) X, b) Y and c) Z coordinates during loading for 

one of the samples of the PU healing series. 
 
 In Fig. 6, the difference between the initial AE event location and the following 
measurements is presented for both REF and PU series at loading and reloading test cycle. 
The spatial difference on AE location is obtained by calculating the difference between the 
nominal X, Y, Z coordinates of the embedded transducer and the subsequent calculated Xi, 
Yi, Zi coordinates as calculated by the AE localization algorithm. Since the absolute 
distance difference is always relevant to the specimen geometry, it has been divided 
(normalized) by the maximum separation distance between transducers. As expected, the 
accuracy of AE events location evolves following the cracking phenomena. In detail, it is 
observed that the AE location remains accurate till the moment that micro-cracks form 
before the sample reaches the ultimate flexural load. At the peak of load, the crack is 
formed above the pre-crack and the accuracy of AE events location degrades significantly 
up to 3 %. As crack propagates and the strain-softening phenomenon occurs, the difference 
on the AE location continuously increases reaching values up to 12 % when the crack 
opening at the bottom of the beam is equal to 0.3 mm.   
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Fig. 6.The loss of source location accuracy for the a) reference - REF and b) one of the samples of the healing 
- PU series at loading (black line) and reloading (grey line) tests. 
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return to the neutral position. Since the majority of capsules, carrying the healing agent, 
rupture during loading cycle, the healing activation is triggered. The healing agent is 
released into the crack void and components mixing and polymerization occurs the next 24 
hours. After healing agent curing, the beam is reloaded as the embedded transmitter emits 
pulses through concrete on a constant time interval. At the beginning of the reloading cycle, 
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the location accuracy is improved for both REF and PU series since the beam stands at the 
neutral position. But, the healing (PU) series restores higher location accuracy than the REF 
case (4.2 and 6.8 % respectively). In both cases the accuracy is degraded as reloading 
occurs and the crack re-opens. Only in the case of PU beams the difference in location 
remains constant as the load increases and loses only as soon as the peak of load is reached. 
The latter observation can be related to the significant stiffness recovery measured at the 
loading-crack opening curve shown in Fig. 4. 

3. Discussion – Future perspectives 

In this study, preliminary results concerning the AE events location accuracy are discussed 
based on system of embedded ultrasonic transducer and externally placed AE receivers. 
The simplified case of unreinforced concrete beam loaded under mode-I fracture is 
considered. The AE analysis has shown that the localisation accuracy loses in the presence 
of micro-cracks and degrades significantly as cracks forms and propagates (the accuracy of 
AE location is quantified continuously at different stages of damage). The loss of accuracy 
is measured up to 3 % as damage initiates and up to 12 % when the crack opening is equal 
to 0.3 mm (according to the serviceability design limits, cracks on concrete cannot be wider 
than 0.3 mm).  

The accurate location of damage in concrete is required in order to improve the 
precision of damage inspection. This output can be used to correct the AE location results 
obtained from cracked concrete elements in the field. The AE is one of the most reliable 
and commonly used tools for structural inspection and in combination with the recently 
developed embedded ultrasound pulse emitting system [9-11] captures both the direct 
(damage of concrete) and indirect (transmitter pulses) emissions. 

In another perspective, the calculation of AE location accuracy in the presence of 
damage in concrete aims to improve the design of the next generation of autonomous 
healing systems. In practice, the detection of healing activation (capsules rupture) becomes 
complicated as more than one cracks simultaneously form in concrete. Previous studies on 
lab-scale [9, 10] and real-scale [11, 12] concrete beams carrying healing agent encapsulated 
into short glass capsules and loaded under four point bending have shown that the severe 
concrete damage occur at different places across the bending span and the AE location 
accuracy is significantly degraded at the reloading test cycle (after healing). The use of 
short capsules is only the first step towards the future design of autonomously healed 
concrete with vascular 3D networks of encapsulated agent. Concerning the future design of 
healing systems, the AE location accuracy is a key issue in order to obtain healing at the 
correct location. 
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