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ABSTRACT 

The use of composite patches in structural strengthening has become very popular due to its 

contribution to the long term sustainability of existing constructions. Reinforced concrete when 
subjected to bending load, is susceptible to cracks originating from tensile stresses. Stress 

redistribution after crack occurrence leads to the development of stress concentrations where the 

cracks meet the reinforcing steel bars with result the plastic deformation of the bars. The strength 
and toughness of such a structure can be extremely enhanced by means of rehabilitation with 
composite patches. An often applied technique is bonded reinforcement based on carbon fibre 

reinforced polymer. 

In the present study, the mechanical behavior of concrete beams is investigated, before and after 
their reparation with carbon epoxy patches during four-point bending tests. The aim of this study is 

to determine the efficiency of the reparation process as well the performance of the composite 

structure. Acoustic Emission and Digital Image Correlation, as advantageous measuring techniques 
owing to their direct access to the material process, are used to monitor online and characterize 

offline the damage occurrence. The first method is used to locate the damage sources and class a 

certain type of signal characteristics while the second one is used to assess the related claims.
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1.      Introduction

The use of composites patches in structural strengthening has become very popular due to its 

contribution to the long term sustainability of existing civil constructions. 

For every case a different way of reparation exists. An often applied strengthening technique is 

externally bonded reinforcement such as Carbon Fiber Reinforced Polymer patches. These patches 

are used to increase the flexural capacity of the beams [1]. The CFRP patches are glued in the 

tension zone where the beam is most weak. 
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In the present study we have examined the behavior of concrete beams during four point bending 

test. Acoustic emission has been used to locate the damage source while crack propagation has been 

visualized using Digital Image Correlation.  The tension zone of that procedure is the lower face of 

the specimens where the carbon patches have been glued. In addition, carbon patches have been also 

glued in the middle of one beam in order to check the influence of the internal reinforcement to the 

total strength of the beam. 

Many techniques exist to characterize the damage occurrence and the evolution of concrete beams 

before and after reparation. In this respect, Digital Image Correlation is an advantageous technique 

(DICT). The 3-D DIC is an experimental technique, which offers the possibility to determine 

displacement and deformation fields at the surface of objects under any kind of loading, based on a 

comparison between images taken at different load steps. The software processes and visualizes the 

data gathered in order to obtain an impression of the distribution of strains in the measured object. A 

measurement session consists of taking several pictures of the object of interest with a Charge 

Coupled Device (CCD) camera. The camera uses a small rectangular piece of silicon, which has 

been segmented into an array of 1392 by 1040 individual light-sensitive cells, also known as photo 

sites or pixels. Every pixel stores a certain grey scale value ranging from 0 to 255, in agreement with 

the intensity of the light reflected by the surface of the tested specimen [2].

2.      Experimental set-up and Instrumentation 

2.1    Experimental set-up 

Four-point bending tests were carried out with an INSTRON 500KN using an 8800 controller on 

three concrete beams before and after reparation by means of carbon epoxy patches.  

In order to investigate the installation of the carbon patches as a repairing method, the three beams 

have been preloaded until yielding during a three–point bending test. The dimensions of these three 

beams were 3500x600x60mm and after loading, up to the yielding point, an extra volume of 

concrete of 3500x600x140mm was added. The final dimensions of the repaired beams were 

3500x600x200mm. Figure 1 shows a 3-D graph of the concrete beam while figure 2 presents a 3-D 

graph of the position of the carbon patches to the repaired beams. 

            

Fig. 1: The dimensions of the Beam           Fig. 2: The position of the carbon patches
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More detailed, the first beam (referred to as Beam A) after the pre-loading procedure and the set of 

the extra volume, has been subjected until total failure. Before, setting the extra volume, carbon 

patches had been installed in the upper surface of the second pre-loaded beam (referred to as Beam 

B) while the carbon patches had been installed in the lower surface of the third pre-loaded (referred 

to as Beam C). The repaired beams B,C have been loaded until global failure. 

2.2 Instrumentation

The AE activity was monitored using Disp PCI-DSP4 of Physical Acoustics Corporation. The 

acquisition board allows a maximum of four channels with simultaneous waveform recording at a 

maximum frequency of 10MHz. after preliminary testing, peak definition, hit definition and hit 

lock-out values were 40,100 and 300 µsec respectively. Waveforms were recorded with the 

aforementioned sampling rate and for 600 µsec. The pre-amplifier gain was set at 40dB and the 

threshold for the signals recording at 50dB [3]. 

Four broadband ,100-800 kHz, AE transducers were attached, using special metallic devises, with 

hot glue at the bottom of the concrete beam after evaluating the attenuation and the sound velocity. 

The were placed asymmetrically with the respect to the center of the beam which coincided with the 

location of the bending load. The AE features, which were collected, were amplitude, rise time, 

energy, counts, duration, counts to peak, average frequency and frequency centroid which is the 

midpoint of the spectral density function. 

The 3-D DIC method is based on both digital image correlation and stereovision. The technique uses 

a DIC algorithm to determine point correspondences between two images of a specimen acquired 

from two rigidly bounded cameras. The correlation scores are computed by measuring the similarity 

of a fixed subset window in the first image to a shifting subset in the second one [4].  

A first order two-dimensional shape function in the subset and a zero normalized sum of square 

difference (ZNSSD) correlation criterion are used. Sub-pixel correlation is performed using cubic B-

spline grey level interpolation. After determining the calibration parameters for each camera as well 

as the 3-D relative position/orientation of the two cameras, the 3-D specimen shape can be 

reconstructed from the point correspondences using triangulation. To determine the 3-D 

displacement field, DIC is also used to determine point correspondences between the stereo pairs 

acquired before and after deformation. The strain field is obtained from the displacement field by 

numerical differentiation. A complete description of the 3-D DIC technique can be found in the 

literature [5]. In this work, we used the Vic-3D commercial software [6]. 

The stereo rig is composed of two 8-bit Qimaging Qicam digital cameras with a CCD resolution of 

1394 × 1040 pixels. Both cameras were mounted with Schneider-Kreuznach Xenoplan 12 mm f1.4 

lenses. The magnification factor amounts to g = 5 pixels/mm. 

Several parameters are involved in the 3-D DIC method: the subset size or correlation window size 

(cws), the grid step size of the matched points (p), and the number of neighbouring matched points 

(nmp) used for the strain computation by discrete derivation. The subset size cws defines the 

displacement spatial resolution as cws/g (in mm). The step size p is chosen as a compromise for 

obtaining a reasonable smooth displacement field without using an excessive amount of computer 

time. The number of matched points and the step give the N × N pixels size of the square optical 
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gauge surface, as N = nmp × p  1 (in pixels) or N/g (in mm), which defines the strain spatial 

resolution. Within this study the parameters were chosen as follows: cws = 25 pixels, p = 7 pixels 

and nmp = 5.   

3.      Results  

3.1 Cumulative hit evolution  

The AE activity is analyzed in terms of the cumulative number of hits as a function of the applied 

deflection and the respective load. The cumulative number of hits and the hit rate present the 

damage evolution and can be associated with the displacement rate and the material process. 

In the following figures, one can see the evolution of the cumulative generated hits overlaid to the 

graphs of the respective load for each test versus the applied deflection. In figure 3, the graph is 

presented for beam A and basically consists of four zones. The first zone is corresponding to pure 

elasticity, up to 15KN. There, the AE activity is insignificant. Very few hits were recorded. In this 

stage, concrete and steel bars are still well bonded and carry out the load together. In the second 

zone, the hit rate is increased constantly to demonstrate micro-cracking to macro-cracking of the 

concrete and gradual transfer of load to the steel reinforcement. As cracks appear, the redistribution 

of stresses results in new crack initiation. The particularity of the reinforcement leads to the 

transition of the steel bars to the plastic zone. As soon as we are in the third zone the generated hits 

build up rapidly corresponding to extensive cracks to horizontal and vertical direction. As we are in 

the fourth zone the steel bars cannot sustain any higher load and we are facing the complete failure 

of the concrete bar [8]. 

Fig. 3:  Cumulative number of generated hits and load versus deflection for beam A  

In figure 4, is presented the cumulative number of hits for the B beam after the reparation with the 

carbon patches internally. We observe again four zones in the AE activity which are correlated with 

the mechanical behavior of the repaired beam. In the first zone the pure elastic response extends up 

to 20 KN.  In this stage the carbon patches and the steel reinforcement are working together in a 

linear manner. It is worth noticing that epoxy micro-cracking due to the tensile stresses is too low to 

generate any hit.  In the second region we observe a constant rate in hit generation which means 
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macro-cracks were produced. The third stage initiates with a sudden growth in the hit generation. 

The beam is past the transition zone and well into plasticity of the bars. Extensive polymer micro-

cracking, steel bar debonding and macro-crack propagation in the concrete enhance the AE activity 

during this stage. In the last stage the number of the hits associated with the delamination of the 

patches  

    

Fig. 4:  Cumulative number of generated hits and load versus deflection for beam B 

In figure 5, the cumulative number of hits which is divided in four regions is presented for Beam C.  

As we observed in the Beam B, the pure elastic response extends up to 20KN.  The transition zone 

(stage II) takes shorter than in the Beam B. The hit rate is constant all over the second stage and at 

the end the rapid increase corresponds to the debonding of the steel bars. As we are in the third stage 

one after the other the steel bars enter the plastic zone having an impact to the bending stiffness of 

the beam.  A comparison between the Beam B and C shows that although the plastic deformation of 

the steel bars in Beam C initiated earlier than in Beam B the hit rate is smaller in the plastic region. 

This means that the external carbon reinforcement slow down the process of the plasticity. 

Fig. 5:  Cumulative number of generated hits and load versus deflection for beam C 



 314

3.2 Crack visualization using DICT 

The evolution of the crack propagation in the critical zone between the load points has been 

followed by DICT. Figure 6, presents a visualization of the cracks in the beam with the internal 

reinforcement while Figure 7 shows the first principal strain along the length of the beam for a 

specific load case.  X axis corresponds to the length of the chosen line while the peaks indicate 

where the cracks are and the value of the strain. On the other hand, Figure 8 presents the appearance 

of the cracks vertical to the carbon patches in the externally reinforced beam, while Figure 9 shows 

the strain evolution for five lines along the length of the beam. The appearance of a discontinuation 

in the crack propagation where the carbon patches have been installed externally, indicates that the 

patches successfully stopped the propagation of the macro-cracks. As a result the load capacity of 

the beam has been increased.      

Fig. 6:  The visualization of the cracks 

strain evolution
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Fig. 8: The visualization of the cracks for C beam

Fig. 9: The first principal strain 

4.      Conclusions 

In the present study a repairing method, using Carbon patches to reinforce damaged concrete beams, 

has been investigated.  Two types of repaired beams have been tested during a four-point bending 

test. Two carbon patches have been glued in the lower part of the tension zone along the beam while 

in the second case, two carbon patches have been installed internally. These carbon reinforced 

concrete beams have been subjected to an increasing load until total failure. Measuring the AE 

activity during the four-point bending test, the damage evolution associated with the material 

process.   

The bending stiffness of the reinforced beam with the external and internal carbon patches has been 

increased 59.6% and 39.6%, while the load capacity has been increased 70.6% and 40.3%, 

respectively. The explanation of this difference between the two cases is that the internal patches 

have been attached closely to the neutral bending axis where the normal stresses are zero. So, these 

patches have taken over less stresses than the external patches which have been glued to the weakest 

tension region. 

S t r a i n e v ol ut i on
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Furthermore, the crack propagation in the critical zone of the beams has been investigated using 

DICT.  A discontinuation in crack propagation is observed in the C beam. This means that the load 

capacity is increasing. 
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