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Abstract 
To strengthen existing reinforced concrete structures, often externally bonded 

reinforcement (EBR) is used. In this situation, cracks in the concrete are bridged by both the 
internal and external reinforcement, influencing the crack pattern. To study this crack 
bridging effect of CFRP (carbon fibre reinforced polymer) bonded to concrete, a digital 
image correlation technique (DICT) is used. By means of this technique a visualization and 
detailed quantification is obtained of the strains in the laminate and surrounding concrete at 
the location of cracks. Given these measurements, the local crack pattern directly underneath 
the CFRP could be compared with the overall crack pattern of the tested beams. A smaller 
crack spacing has been demonstrated nearby the CFRP.  

Résumé 
Pour renforcer des structures en béton armé, le renforcement extérieur par collage est 

souvent utilisé. Dans cette situation, les fissures dans le béton sont enjambées par le 
renforcement interne et externe, qui influence la fissuration. Pour étudier cet effet de pontage 
des fissures par le CFRP (polymère renforcé avec des fibres de carbone) collé sur le béton, 
une technique de corrélation d’images digitales est utilisée. Par le biais de cette technique, 
une visualisation et une quantification détaillée des déformations dans la plaque CFRP et sur 
le béton au droit des fissures sont obtenues. Compte tenu de ces mesures, la fissuration 
directement sous le CFRP peut être comparée à l'ensemble des fissures des poutres testées. 
Une distance entre les fissures plus faible est ainsi observée à proximité du collage CFRP. 
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1. Introduction and DICT measuring system 
Structures may need to be strengthened for different reasons, among which a change in 

function, implementation of additional services or to repair damage. For this, different 
strengthening techniques exist. An often applied strengthening technique is externally bonded 
reinforcement (EBR), based on carbon fibre reinforced polymer (CFRP), applied to enhance 
for example the flexural capacity of reinforced concrete beams. Hereby, the CFRP is glued to 
the concrete substrate in the tension zone of the beam (often the soffit of a beam). Hence, in 
this situation the cracks in the concrete beam are bridged by both the internal steel 
reinforcement and the externally bonded CFRP reinforcement. Herewith, it appears that the 
additional CFRP reinforcement influences the crack development in a positive way, whereas 
generally more yet smaller cracks are obtained [1]. 

In addition, due to the crack bridging effect, high bond shear stresses develop at the bond 
interface between the concrete and the CFRP, at both sides of a crack. These bond shear 
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stresses may result in debonding of the CFRP, the so-called intermediate crack debonding 
mechanism. Models for intermediate crack debonding generally depend on a correct 
assessment of the crack spacing of the strengthened beam. 

To investigate the behaviour of reinforced concrete beams strengthened in flexure by 
means of externally bonded reinforcement, load tests have been conducted on large scale 
single and two span beams [2-3]. The test programme especially focused on the non-linear 
behaviour of the strengthened beams as well as the intermediate crack debonding mechanism. 
In the framework of this test programme, on some of the beams a digital image correlation 
technique (DICT) has been used, to visualize and quantify in detail the strains in the laminate 
and the concrete, at the location of cracks.  

Digital image correlation is a contactless (and hence non destructive) measuring 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 certain 
time intervals or different load steps. The system (type LIMES) [4] makes use of 2 high 
resolution digital CCD (charge coupled device) cameras (type QICAM, 1392 x 1040 pixels) 
and dedicated software (VIC3D), which processes and visualizes the data gathered, so to 
quantify the distribution of strains at the location of the measured zone. A picture of the 
DICT set-up is given if Fig. 1. 

Based on the DICT measurements and verified by microscopic analysis on drilled cores, 
the specific crack pattern directly underneath the bonded CFRP could be demonstrated. This 
crack pattern appeared quite different from the overall crack pattern visual at the side faces of 
the beam. 

 
Figure 1. View on the DICT set-up 
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2. Crack pattern for strengthened 2-span beams 

2.1. Test set-up and overall crack pattern 
The tested beams have a total length of 10.3 m, with 2 spans of 5 m, and a rectangular 

cross-section of 200 mm by 400 mm. These beams have been strengthened by means of 
CFRP in the sagging and/or hogging region, as indicated in Fig. 2. A load bending test has 
been executed by means of two point loads at 2 m of the end supports. For more details on the 
reinforcement ratio’s, material properties and obtained strengthening effect, reference is made 
to [2]. The crack patterns recorded for the continuous beams are given in Fig. 2. 

From Fig. 2 the smaller crack spacing of the strengthened regions versus the 
unstrengthened regions can clearly be noted. Related to this smaller crack spacing, more 
cracks are obtained however with smaller crack widths. 

 

CB3 CB1 

CB2  CB4 

Figure 2. Overall crack pattern of strengthened beams 

2.2. Microscopic investigation of crack pattern underneath the CFRP 
First tests to apply the DICT measurement system have been conducted on a 2-span beam, 

aiming to get experience with the measuring technique and to evaluate the measurements. 
Herewith a measuring zone of about 500 mm x 200 mm was selected at the top surface of the 
beam, at the location of a CFRP strengthened mid-support. The possibility to measure the 
complete displacement field, including clear visualization of the cracks in the concrete, was 
demonstrated. However, for a more detailed analysis of the crack bridging at the location of 
the CFRP, the measuring area appeared too extended. This resulted in a too large optical 
gauge length and the expected peak stresses in the CFRP at the location of cracks appeared 
not visible. Based on these results an improved measurement set-up was used for the single 
span beams as reported in section 3. 

To further study the crack pattern underneath the CFRP, microscopic investigations have 
been conducted. Hereby, after load testing, three cylindrical specimens with 100 mm 
diameter have been drilled out of beam CB4, at the top of the beam around the mid-support. 
The first cylinder is drilled at a location where the CFRP laminate has debonded from the 
concrete top layer. Cylinders 2 and 3 at the other hand are drilled in a zone where no 
debonding is noticed. The cylinders are drilled through the CFRP laminate as well as through 
the internal steel stirrup reinforcement, until a depth of about 170 mm into the concrete. The 
location of the cylinders is chosen in order to cover each time a major crack, visible at the 
outside of the tested beam, and to investigate the crack pattern near to the CFRP laminate. 
After drilling, the cylinders are sawed in two halves, corresponding to the longitudinal axis of 
the continuous beam. Further the cross-section of one halve is polished and finally a 
microscopic investigation on the polished surfaces is executed. A graphical representation of 
all cracks visible in the cross-section of the cylinders is given in Fig. 3. Notice the missing of 
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the CFRP laminate at top of the first cylinder, caused by the fact the first cylinder is drilled in 
the debonded zone. 

 

micro crack

laminate

stirrup

macro crack

Cylinder 1 Cylinder 2 Cylinder 3

 
 

Figure 3. Crack pattern underneath the CFRP 

Major cracks, which are visible at the outside of the beam, are also visible in the cross-
section of the cylinders (Fig. 3). However in the top layer of the concrete, between the CFRP 
laminate and the internal reinforcement, additional cracks are observed. These additional 
cracks are smaller compared to the major (or so-called macro) cracks. This is illustrated in 
Table 1, which compares the crack width and crack spacing of both the micro cracks 
underneath the CFRP and the macro cracks of the overall beam. Note that this comparison is 
conducted after load testing of the beam. A ratio between micro and macro cracks of 16.5 % 
and 23.0 % is obtained for the crack width and crack spacing respectively (Table 1). 

Table 1. Comparison micro and macro cracks 
 Micro cracks(1) Macro cracks(2) Ratio micro/macro (%) 

Crack width (mm) 0.16 0.97 16.5 
Crack spacing (mm) 20 87 23.0 

(1) Mean value of observations made on the 3 cylinders 
(2) Mean value of observations made on CB4. 

3. Crack pattern for strengthened single span beams 

3.1. Test set-up 
The tested beams have a total length of 3.9 m, with span length 3.6 m, and a rectangular 

cross-section of 200 mm by 400 mm. These beams are strengthened by means of CFRP and 
are tested in 3-point bending as illustrated in Fig. 4. To allow the use of the DICT 
measurement system, the test set-up was adapted, whereas the beam is tested upside down 
(supports at top, central point load at the soffit). The DICT camera’s are mounted to a frame 
which is connected to the beam and which follows the upward deflection of the beam. 

For more details on the reinforcement ratio’s, material properties and obtained 
strengthening effect, reference is made to [3]. With respect to the overall crack patterns 
similar observations have been made as indicated in section 3. 
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camera’s 

DICT frame roller support 

RC beam 

loading jack 

Figure 4. Specimen & DICT test set-up 

3.2. DICT investigation of crack pattern underneath the CFRP 
For the DICT measurements on the single span beams a measuring zone of about 120 mm 

x 120 mm has been defined at mid span. DICT measurements have been conducted for the 3 
first beams tested and gave similar results. In Fig. 5 a picture is given of the strain 
distribution, 10 kN before debonding of the CFRP laminate. The strains both at the CFRP 
laminate and the concrete zone near to the laminate are measured. Herewith a clear 
distinction can be made between the macro cracks, appearing at the concrete zone and the 
micro cracks appearing under the laminate. This is illustrated further in Fig. 6, which gives 
the exact strain distribution of section A (concrete zone) and section B (laminate zone). The 
mean crack spacing derived from these figures equals 18 mm for the micro cracks and 55 mm 
for the macro cracks. The ration between both equals 32.7 %, which is similar to the 23.0 % 
observed in section 3.2. 

laminate

concrete

transversal axes of the girder

B

A

macro crack micro crack
 

Figure 5. Recorded strain field (scale between 0 % and 0.6 % strain) 
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Figure 6. Strain distribution in concrete versus CFRP 

4. Conclusions 
Following a microscopic investigation of the crack pattern underneath the CFRP laminate 

and a DICT monitoring, it has been observed that cracks visible at the sides of a strengthened 
beam distribute in multiple micro cracks under the laminate. For the considered beams the 
mean crack spacing of these micro cracks appeared equal to 27,5 % of the macro crack 
spacing (respectively 23 % for the continuous beam and 32 % for the single span beam). The 
depth over which the micro cracks expand, roughly corresponds to the concrete layer between 
the CFRP laminate and the internal steel reinforcement. From these observations it appears 
that there is no constant crack spacing over the depth of strengthened flexural members, 
opposite to what is generally assumed in design models for externally bonded reinforcement. 

The digital image correlation technique (DICT) appeared able to record the complete 
strain field of the CFRP and the concrete next to it, at the location of cracks. The measuring 
zone needed to be sufficiently small to obtain sufficient resolution for the strains in the 
CFRP. 
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