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where  ,jT x y  and  ,n
jT x y  – the primary and normalized 

temperatures at j-step of loading at the point  ,x y , 

 0 * *,T x y  and  * *,jT x y  – the primary temperatures at the 

initial step and j-step of loading at the point  * *,x y  where 

there is no delamination until the destruction of the beam. 

Then, the maps of the temperature contrast  ,jC x y  were 

calculated (Fig. 3 (c)), reflecting the difference of the 
normalized temperature  ,

j

nT x y  at a certain point at the  

j- step of loading and the primary temperature  0 ,T x y  at the 

same point at the initial stage:  
 

 
   

 
0

0

, ,
, 100%

,
j

n

j

T x y T x y
C x y

T x y


   (2) 

 
The increased values of the current temperature contrast 

indicate the presence of delamination in the given area of the 
beam. The threshold values of the temperature contrast *С , 

separating the defect-free regions from the defect ones, can be 

obtained by estimating the average contrast value jС  and the 

standard deviation j  in those areas of the thermograms, 

where the presence of defects is excluded. The estimation of 
these values, obtained according to the data of the tests of all 
tested beams with a reinforcing layer gives us the following 

threshold value: * 3 27,9%j jС С   . The areas, where the 

current temperature contrast value does not exceed the 
threshold value, were identified as defect-free, the rest – as 
areas with delamination. Fig. 3 (d) presents the obtained in 
this way binary defect maps, corresponding to successive steps 
of loading. 

III.  RESULTS AND DISCUSSIONS 

The summary data of the static test results for the beams of 
the "a" and "b" series are shown in Table I, the "c" series – in 
Table II, indicating Mcrc – bending moment corresponding to 
the first visible cracks appearance, acrc,max – the maximum 
crack opening width, Mult – the maximum bending moment, fult 
– the maximum beam deflection, εf,ult – the strain of the 
carbon-fiber layer at the moment of its break. In a series of 
preliminary tests actual concrete classes for each beam were 
determined. For the beams, whose surface had been cleaned 
with a wire brush before sticking CFRP, the delamination 
occurred according to the adhesive scenario. For the beams, 
refined with an abrasive tool to a depth of 2-3 mm, the 
delamination occurred according to the cohesive scenario. For 
the non-strengthened beams (the "a" series) the destruction 
point was determined by the rupture of metal reinforcement 
and destruction of the concrete in the compressed zone, for the 
strengthened ones (the "b" and "c" series) – by the rupture of 
CFRP, in a number of cases accompanied by the rupture of 
metal reinforcement.  

Fig. 4 shows the dependence of the maximum beam 
deflection on the bending moment obtained for three series of 
beams: beams without any strengthening layer ("a" series); 
beams, preliminary strengthened with a carbon-fiber sheet ("b" 
series) and beams, which underwent the reinforcing procedure 
while testing ("c" series). The comparison of the graphs 
obtained in the "a" and "b" series clearly demonstrates an 
increase in the bearing capacity of the beams strengthened 
preliminary. The maximum bending moment, which such 
beams can stand, has happened to be by 37-39% higher than 
the reference samples. The graphs clearly reflect the 
appearance of the first cracks in the concrete: it corresponds to 
a sharp change in the slope angle of the curves. 

The designed algorithm of thermogram transformation 
allows one to estimate the relative area of delamination, 
accumulated in the beams at a certain step of loading. The data 
presented in Table III show that the relative area of 
delamination in the beams reinforced under loading (after 
healing the first cracks and gluing the sheet) is on average 2.1-
2.3 times greater than in the preliminary reinforced ones. 

The evolution of deformation in the beams reinforced 
during loading is of particular interest. At the initial stage of 
loading such a beam behaves in the same way as a non- 
strengthened one (Fig. 4, solid thick lines). The appearance of 
the first cracks in the concrete causes a sharp increase in 
deformation. The subsequent grouting of cracks in the beam 
under the load leads to the restoration of its carrying capacity. 
At this stage, the deformation curve has the "step", on which 
the slope of the curve is almost restored to its initial value. 
With a further increase in the bending moment beam displays 
the same behavior pattern, as the preliminarily reinforced one. 
The beams strengthened under the load showed an increase in 
their carrying capacity by 38-49% compared to the non- 
strengthened samples, and the appearance of the second 
generation cracks started when the bending moment increased 
by 45-71%.  

In the graphs the loading intervals are marked (circled 
zones), corresponding to the beginning of cohesive 
delamination of CFRP. In the beams strengthened under 
loading delamination begins when the bending moment is on 
average 75% of the maximum value (Table III). Thus, our 
tests show that the loss of the bearing capacity of the beam 
cannot be correlated with the beginning of delamination of the 
reinforcing layer. As shown in the graphs of Fig. 4, from the 
beginning of sheet delamination the beam continues to 
perceive the load and reduction of rigidity does not take place. 
This means that from the appearance of the first debonding 
zones to the total loss of the bearing capacity the beam has 
some strength reserve which is ~ 25% of the ultimate load.  

The designed algorithm of thermogram transformation 
allows one to estimate the relative area of delamination, 
accumulated in the beams at a certain step of loading. The data 
presented in Table III show that the relative area of 
delamination in the beams reinforced under loading (after 
healing the first cracks and gluing the sheet) is on average  
2.1-2.3 times greater than in the preliminary reinforced ones. 
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