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ABSTRACT 
 
In this study, cracking formation and repair due to autonomous healing of concrete beams, 
tested in two stages of bending (loading-reloading) are reviewed. Encapsulated PU-based 
healing agent is embedded into concrete beams and is released when crack formation triggers 
and actuates the chemical repair process. The released agent fills the open crack and seals the 
fractured area. The potential mechanical recovery of the damage is investigated. Advanced 
optical and acoustic experimental methods evaluate the mechanical response of the composite 
material. Acoustic Emission monitors breakage of the capsules embedded into the specimens and 
locates and quantifies the damage occurred. In parallel, Digital Image Correlation visualizes the 
controlled crack opening/closure and reopening due to bending. Correlation of the experimental 
results obtained by both techniques gives a full view of the healing efficiency of the proposed 
system. Monitoring of potential differentiations at the formation of the fracture process due to 
capsule breakage phenomena is the main aim of this research. 
 
Key words: cracking of concrete, healing response, capsule breakage, digital image correlation, 
acoustic emission 

 
 

1. Introduction  
 
Nowadays, the damage evaluation of concrete elements in which an embedded healing 
mechanism actuates the fracture recovery is a hot topic in engineering material science. The 
detection of test conditions under which the healing system is activated is the main topic of this 
study. Monitoring the experimental activity during concrete bending tests by the use of advanced 
optical and acoustic methods was done in this study and is a very innovative technique is the key 
manner and innovation of our research. 
 
 
2. Autonomous healing of concrete samples monitored by Acoustic Emission and Digital 

Image Correlation 
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2.1 Mode-I fracture testing  
Crack formation and propagation in normal concrete is frequently studied in literature. The last 
few decades, different fracture models provide plethora of theories to characterize the damage 
mechanisms in concrete. Focusing on the simplest case in which cracking forms under pure 
bending load (Mode-I) the experimental approach to the problem is comprehensively described 
by RILEM 50-FMC Technical Committee [1]. Concrete beams with a central notch are loaded 
under three- point bending and the energy and general fracture process is estimated. Application 
of loading damages the beam by crack formation, initiating from the pre-cracked notch. 
Unloading of the sample finalizes the testing procedure. Subsequent loading of the sample, re- 
opens the existing crack and propagates further the damage centrally across the height of the 
beam. 
 
2.2 Encapsulation of healing agent  
Encapsulation healing agent is the most promising autonomous self-healing approach. Van 
Tittelboom et al. embedded a two- component PU- based healing agent in concrete beams using 
tubular glass capsules. Damage occur, ruptures the glass tubes, releasing the healing agent. 
Triggering of material polymerization leads to crack filling and finally sealing and/or healing of 
the damaged area in short term. Detection of healing actuation during cracking is experimentally 
investigated by three- point bending tests. A repetition of loading 48 hours after initial crack 
formation can validate the healing performance [2]. 
 
2.3 Monitoring healing actuation and material recovery  
In practice, identifying the damage level at which capsule breakage occurs is a challenging task. 
In this research, monitoring of capsule activation is done by Acoustic Emission (i.e. AE) and 
Digital Image Correlation (i.e. DIC). Both methods are well-established in experimental 
mechanics field and are not presented in detail in this paper.  
Particularly, in the current experimental configuration, elastic waves released due to capsule 
breakage during fracture and crack propagation are captured by AE sensors placed at the 
concrete surface. The signal waveform features give a clear indication of damage characteristics. 
Furthermore, the location of cracking and capsule rupture is accurately done by using a 3-D 
location algorithm application [3]. In parallel, DIC full- field overview of cracking provides all 
the information about the fracture process and the volume of damage. Displacement profiles of 
the central region of the beam calculate the crack opening and propagation during bending. 
Strain concentration initially located at the notched pre-crack and distributed across the height of 
the sample till the end of testing visualize the crack opening-closure (loading stage) and 
reopening (reloading stage) of the crack [4]. 

 
 
3. Experimental configuration 
 
3.1 Materials 
The concrete mix composition is shown in the following table [4]: 

 
Table 1: Concrete beams mixture 

 
MATERIAL VOLUME (kg/ m3) 

Sand 0/4 805 
Aggregates 4/8 150 

Aggregates 6.3/14 850 
Cement CEM I 52.5 N 390 

Water 188 
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A series of concrete samples are casted into wooden molds for 24 hours. After demolding, the 
specimens are cured under water for 14 days before testing. A notch was created in the samples 
with dimensions of 840x 100x 100 mm, are pre-cracked by means of a Teflon- slice 
(dimensions: 10 x 5 mm) standing in the middle of the mold’s bottom [1]. 
The glass tubes are 50 mm long; their inner diameter is 3 mm. Several capsules are filled by 
injection with the PU- prepolymer and another with catalyzing agent which hardens and expands 
the prepolymer when the two components come into contact. Pairs of glass capsules are 
positioned at different locations into the beam. The capsules are attached to thin, poor in stiffness 
metallic wires crossing the length of the beam in order to insure that during mixing their place is 
accurately fixed. 
The encapsulation system is shown at Fig.1. 
 

 
 

Fig. 1: Capsule placement during casting 
 
3.2 Bending test set-up 
An Instron bending machine applies displacement controlled loading by means of pin at the 
middle of the sample. The beam is placed on supports fixing a bending span of 800 mm. The 
displacement rate is 0.04 mm/min [1]. A crack mouth opening device (i.e. CMOD) is attached 
over the pre-crack notch at the bottom of the sample. Guided by EN 14651, CMOD gage 
mounted to the specimen can provide a precise display of the pre-crack opening. 
 
3.3 Digital Image Correlation test set-up 
A DIC speckle pattern is applied by airbrush at one of the white painted sides of the beam. The 
region at the middle of the beam above the pre-crack notch is chosen as the DIC Area of Interest. 
Two CCD cameras are placed facing the side of the beam, focused and successfully calibrated at 
the Area of Interest- AOI.  The DIC trigger box synchronizes the images captured every 3 
seconds during testing and the data acquisition system stores the images and the load cell values 
received by the Instron device. Artificial light is used to increase the light contrast and is 
positioned next to the DIC cameras facing the sample. 
 
3.4 Acoustic Emission test set-up 
Eight sensors are placed at the sides and the bottom of the concrete sample. R15 resonant 
frequency transducers are taped at the surface and mounted by vaseline sealant. During testing, 
the signals are transferred through pre-amplifiers at the AE computer board and the full 
configuration of waveform signals is stored. 3D location of AE events and several AE waveform 
calculated by AEwin software and Noesis post-processing program provides the cracking and 
capsule breakage damage mode. The location of sensors is shown at Table 2.  
The test set- up is presented in Fig. 2 and the AE and DIC technical set-up characteristics are 
shown in Table 2. 
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Fig. 2: Test set- up 
 

Table 2: AE and DIC set-up. 
 

channel X 
(mm) 

Y  
(mm) 

Z 
(mm) AE set- up DIC set-up 

1 345 25 0 Threshold 45 dB CCD Camera type AVT Stingray 
2 335 75 0 Pre-amplifier 40dB Lenses 23 mm 
3 455 50 0 Location type 3-D Resolution 2456 x 2058 
4 445 0 25 velocity 4.000 m/sec AOI 100x100 mm 
5 355 0 75 

hits/event min: 4 
max: 8 

Subset 27x 27 
6 335 50 100 Subset spacing 5 
7 465 25 100 Strain field size 15 8 475 75 100 

 
 
4. Experimental results 
 
4.1 Digital Image Correlation and Acoustic Emission analysis 
The loading response indicates regain in strength and stiffness due to healing process. As it is shown in 
Fig. 3, the maximum load reached during reloading is 55% of the maximum loading case. The response 
of the healed samples is compared to concrete beams which do not contain healing agent (namely 
reference beams). Significant recovery of the mechanical properties needs to be correlated further to 
fracture of the capsules. 
 

 
 

Fig. 3: Loading response comparison between reference (re-) and healed (he-) beams 
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Acoustic Emission energy activity provides the criterion to classify capsule breakage. It is shown 
that the hits energy released during capsule breakage is higher than 2000.On the other hand, 
bending fracture releases energy lower than 1000 in most of the cases (crack opening energy is 
less than 500). The clustering of cracking and capsule breakage is presented in Fig. 4. 
 

 
Fig. 4: AE hits energy clustering of capsule breakage and cracking fracture 

 
As it known from fracture mechanics models, the crack propagates further from the notch when 
the maximum load is reached. In this study, AE energy-based analysis proves that capsules break 
at the post-peak stage of loading. Rupture of capsules is monitored at the moment crack 
formation is initiated. Further, as crack propagates capsule breakage events appear in different 
levels of crack opening. The well- distributed location of AE capsule breakage events can be 
related to the fact capsules are placed at several beam’s heights. The aforementioned observation 
is graphically shown at the graph of Fig. 5 in which the load and crack opening (CMOD 
measurements) at the bottom of the sample correspond to moments AE capsule breakage events 
are detected.  
 

 
 

Fig. 5: Capsule breakage location as crack opening occurs 
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Projecting in 2-D the AE capsule breakage events across the length of the beam and distribution 
of events across the height of the sample are results in Fig. 6.An AE location algorithm can 
provide the location of capsule rupture events with an accuracy of 5 mm and indicates the region 
in which the healing agent is released. The damaged area at the vicinity of AE capsule events 
may recover. Focusing at the fracture process in that region, further information about the 
healing mechanism can be derived. 
 

 
 

Fig. 6: AE hits energy clustering of capsule breakage and cracking fracture 
 

Observing the location graph above, it is noticed that the crack opening measured at the bottom 
of the sample by CMOD does not correspond accurately to the crack opening at the place where 
capsule breakage occurs. Consequently, DIC displacement profiles at the cracked region of the 
sample contribute to this research. DIC provides information about the crack opening in the full- 
field of the sample’s side. Measuring the crack opening displacement in time at the bottom and at 
the top of capsule breakage region located by AE, the following (Fig.7) curves are calculated. 

 

 
 

Fig. 7: AE hits energy clustering of capsule breakage and cracking fracture 
 

As it is indicated at the graph above, initial crack fracture appears when the crack is only 25 μm 
wide. Finally, the stage of loading in which most of the capsule breakage occurs corresponds to a 
crack range of 80-110 μm and 130-160 μm at the bottom and top of the capsule breakage region 
respectively. 
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5. Conclusions 
 
It is concluded that advanced optical and acoustic experimental techniques applied on concrete 
beams with autonomous healing properties create a promising and full-field view set-up to 
monitor the fracture and recovery of healing mechanisms. Focusing at the capsule rupture 
phenomena occurring during testing, AE and DIC combination provides the information required 
to locate and characterize the fracture phenomena. 
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