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Abstract: This is a study about the size effect on the methodology with concrete cylinder specimens for 
analysis of the debonding phenomenon at the interface between concrete and carbon fiber reinforced polymer 
(FRP). The influence of the concrete specimen size variation is analyzed by maintaining the same geometry 
in adhered FRP. Direct tensile experiments were performed with three dimensions of cylindrical concrete 
specimens (diameter × height) for analysis of size effect: 50 mm × 100 mm, 100 mm × 200 mm, and 150 mm 
× 300 mm. Ten different geometries of the composite material were tested. Two failure modes were observed 
in the experiments: debonding between the two materials and tensile failure in concrete specimens. In 
experiments with interface failure, the size of concrete specimens has no significant influence on maximum 
force, shear stress to peak, and stiffness in debonding between concrete and FRP. However, the use of smaller 
specimens for analysis of interface collapse is limited because the concrete reaches its normal stress capacity 
with a lower tensile force, and therefore, the failure often occurs in the concrete. 

Keywords: size effect, debonding, FRP, direct tensile experiments. 

Resumo: Este trabalho apresenta um estudo sobre o efeito de escala na metodologia para análise do fenômeno 
do colapso de interface entre concreto e polímero reforçado com fibra (PRF) de carbono por meio de corpos 
de prova cilíndricos. Buscou-se analisar a influência da variação da dimensão do corpo de prova ao manter a 
mesma geometria de PRF aderida. Para a análise do efeito de escala, foram realizados experimentos de tração 
direta com três dimensões de corpos de prova cilíndricos (diâmetro × altura): 50 mm × 100 mm, 100 mm × 
200 mm, e 150 mm × 300 mm. Dez geometrias diferentes do material compósito foram testadas. Dois modos 
de falha foram observados nos experimentos: deslizamento entre os dois materiais e falha por tração no 
concreto. Nos experimentos com falha na interface, não se notou uma influência da dimensão do corpo de 
prova na força máxima, tensão de cisalhamento até o pico, e rigidez no descolamento entre concreto e PRF. 
No entanto, o uso de corpos de prova menores é limitado, pois muitas vezes é atingida a tensão normal limite 
que o concreto resiste, causando sua ruptura. 
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1 INTRODUCTION 
Fiber reinforced polymer (FRP) is one of the most modern materials for strengthening reinforced concrete structures. 

FRP application can be made in two ways: it is externally bonded reinforcement (EBR) on structural elements or, it is 
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near surface mounted (NSM) within grooves on the concrete cover. A great progress occurred in FRP research and 
studies for structural strengthening of reinforced concrete structures [1], [2] in the last decades. As a result, various 
standards and design guidelines were published [1]–[3]. FRP is also used for strengthening of metallic structures [4]–[7], 
masonry [4], [6], [8], [9], and wood structures [6], [10], [11]. 

Some advantages, compared to the use of other strengthening materials, are that FRP are noncorrosive, they are 
materials with high strength-to-weight [12], [13], and high stiffness-to-weight [1], [2], [14]–[16] ratios. However, there 
are some questions about failure modes, in particular the collapse at the interface, which occurs by means of FRP and 
concrete debonding in regions of high stress concentrations. One of the main failure mechanisms in FRP-strengthening 
concrete structures is the loss of adhesion between substrates and strengthening. This failure mode was verified in some 
experiments (e.g. [17]–[20]). Many studies about debonding were conducted, but initiation and the failure mechanism, 
relationship with local phenomena and influence of materials are not fully understood [21]. 

Basically, the main tests for analyzing debonding between concrete and FRP include shear experiments (single or 
double) and beam tests [22]. The single shear test is the most common methodology [22]. In this test, one FRP sheet is 
adhered to a prismatic concrete sample, and force is applied to the FRP, which is pulled until debonding occurs. In the 
double shear test, tensile force is applied simultaneously on two FRP sheets [23]. This methodology is preferred over 
the previous due to symmetry and for better control of induced normal stresses [24]. Bending experiments on beams 
include three-point bending tests and four-point bending tests. These bending experiments are performed on a beam 
strengthened with FRP on its bottom face. Bending tests better reproduce the actual interfacial stress state, but such 
tests are cumbersome to set up [24]. A review of the experimental tests between FRP and concrete can be found in 
Mukhtar and Faysal [23], which presents the pros and cons of each of the test methods. 

Santos et al. [25] proposed a direct tensile test on concrete cylinder specimens (150 mm × 300 mm) for 
analysis of the bond strength of FRP-to-concrete joints (see Section: Methodology). They tested and 
corroborated this methodology. The authors demonstrated the reproducibility of the test. The main advantages 
of this test are the inexistence of large eccentricities, good reproducibility, the use of cylindrical specimens (a very common 
geometry in civil engineering), and one test allows obtaining three simultaneous interface tests [25]. Its main 
disadvantage is that the concrete specimens have a circular surface, while structural elements in which the 
debonding occurs are usually non-circular. However, the shear stress distribution along the length and the width 
of the FRP sheet has not been much influenced by the sheet curvature [25]. The objective of the present study 
was to evaluate this methodology with concrete cylinder specimens of different dimensions to analyze the size 
effect. 

One of the main problems associated with the bond analysis is the significant difference between the largest 
dimension of the set (the length of a beam) and the smallest dimension (the thickness of the FRP strengthening) [26]. 
The debonding mechanism tend to follow the smallest geometrical dimension (the thickness of FRP), and the stress 
concentration associated with the debonding are distributed along few millimeters [26]. In this paper, the debonding 
mechanism is analyzed with direct tensile tests using 150 mm × 300 mm cylinder specimens and with smaller concrete 
cylinders than proposed by Santos et al. [25] methodology. The effect of the use of smaller concrete specimens is 
analyzed on the maximum debonding force and the stiffness. 

The size effect on mechanical properties of concrete was a topic of interest to several researchers. The size effect is 
the variation in the strength with size changes in geometrically similar structures [27]. The influence of specimen size 
was noticed in tensile strength, compressive strength [28]–[32] and other mechanical properties. Del Viso et al. [31] 
observed the size effect on compressive strength is more noticed in concrete cubic specimens, in comparison with 
concrete cylinder specimens. Not only the average strength, but also the variability of results decreases as specimens 
increases [29]. However, increasing size does not result in a reduced strength from a size value. In other words, the strength 
versus characteristic dimensions of the cross-section diagram presents asymptotic trends [33]. In addition, there is a 
transition from ductile behavior to brittle behavior with the increase in dimensions of concrete specimens [27], [34]. The 
influence of element dimensions on characteristics is a property of so-called quasi-brittle materials [35], [36], such as concrete. 
Quasi-brittle materials have a relatively large fracture process zone, compared to cross section of structure [34], [37]. The 
size effect is most acute and most complex in these materials [37]. Some studies analyze the size effect on the edge 
debonding between concrete and FRP [38], the interfacial shear stress concentration at the carbon FRP cut-off regions 
and the failure mode of FRP-strengthened beams as a function of beam size and FRP thickness [39], and a comparison 
between analysis of full-scale beams and small “laboratory scale” beams in a study focused on the intermediate crack 
(IC) debonding [26]. 
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1.1 Chen and Teng’s model (2001) 
Various analytical models are available for predicting the force that causes debonding between concrete and FRP. 

In this study, the experimental results (direct tensile tests) are compared to values predicted using the Chen and 
Teng’s [40] bond strength model. This model is simple, rational and accurate, and it is based on fracture mechanics 
and experimental observations [40]. Lu et al. [41] compared prediction of 12 models with 253 test results. They 
concluded that the Chen and Teng’s model is accurate, with a low coefficient of variation and a high correlation 
coefficient [41]. 

An important aspect of the FRP-to-concrete bond behavior is that there exists a bond length from which its increase 
will not increase the ultimate load [14], [41]–[45]. The effective length (Le) is a parameter in various analytical models. 
This value is a characteristic of the adhesively bonded joints [43], and its definition is an important part of all FRP 
strengthening calculations [44]. Chen and Teng [40] propose Equation 1 to compute the effective bond length. 
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where Le = effective bond length (mm); Ep = Young’s modulus of the bonded FRP plate (MPa); tp = thickness of the 
bonded FRP plate (mm); and fc’ = cylinder concrete compressive strength (MPa). 

In the Chen and Teng’s [40] model, the prediction of maximum transferable load is made by Equation 2, in which 
the width ratio coefficient (βp) and the length ratio coefficient (βL) are defined by Equations 3 and 4, respectively. 
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where Pu = maximum transferable load (kN); βp = width ratio coefficient (dimensionless); βL = length ratio coefficient 
(dimensionless); fc’= cylinder concrete compressive strength (MPa); bc = width of concrete member (mm); bp = width 
of bonded FRP plate (mm); Le = effective bond length (mm); and L = bond length (mm). 

2 MATERIALS AND METHODS 

2.1 Material properties 
The fiber reinforced polymer consists of fibers (the structural component of FRP) with trade name of MBrace 120 

in the sheet system and epoxy resin (the polymer component of FRP) with trade name of Viapol Carbon Saturante. The 
carbon fiber with unidirectional orientation of fibers has 0.117 mm thickness, 3900 MPa ultimate tensile strength, 240 GPa 
modulus of elasticity, and 1.55% ultimate tensile elongation. The epoxy resin has 29 MPa strength, 68 MPa compressive 
strength and 1470 MPa compression modulus. These properties are in the suppliers’ catalogs. 

The concrete is composed of cement containing pozzolanas (CPIV-32 cement), coarse basaltic aggregate (12.5 mm 
characteristic dimension), fine aggregate (1.18 mm characteristic dimension), water, and a superplasticizer. The 
proportions of cement, sand, coarse aggregate and water to cement ratio is 1.00: 1.50: 1.99: 0.49 by weight. The 
superplasticizer with sulphonated naphthalene composition was added in a proportion of 1.5% cement weight. The 
mechanical properties of concrete were evaluated at 90 days on cylinder specimens (diameter 100 mm, height 200 mm). 
The mechanical properties of concrete are listed in Table 1. 
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Table 1. Concrete material properties at 90 days. 

Mechanical property Number of experiments Average value Sample standard deviation 
Compressive strength 20 38.9 MPa 4.7 MPa 
Modulus of elasticity 30 36.5 GPa 3.6 GPa 
Brazilian splitting test 20 3.41 MPa 0.7 MPa 

2.2 Methodology 
The direct tensile method proposed by Santos et al. [25] was used herein to analyze the bond capacity at the interface 

between FRP and concrete. In this methodology, two cylindrical concrete specimens are placed end-to-end and three 
FRP sheets are symmetrically adhered to the specimens (with an angle of 120 degrees between an FRP sheet and another 
FRP sheet). Each FRP sheet had three regions: upper adhesion region, unbonded region, and lower adhesion region. 
The length of the lower region is 1.5 times the length of the upper region to induce failure in the upper region. Figure 1 
illustrates a scheme of specimen and FRP regions. 

 
Figure 1. Specimen and FRP regions 

Single shear test is one of the most performed experiments for analysis of debonding between concrete and FRP. 
The unbonded zone was adopted in some single shear tests with prismatic concrete specimens, but this region has not 
been tested in some experiments [41]. In shear experiments, a piece of concrete may be removed from the prism near 
the loaded end when the unbonded region does not exist or it is small [41]. However, this variation has no significant 
effect on the overall behavior provided the bond length is not too short [41]. 

In the static direct tensile test, the lower cylindrical specimen was fixed at its base, and a displacement of 0.12 micrometer 
per second was applied on the upper cylindrical specimen. Preparation of experiments is shown in the “Preparation of 
experiment” section. The application of tensile force induces the appearance of shear stresses at the interface between FRP 
and concrete. Data were acquired at a frequency of 10 Hz. A scheme of the experiment is shown in Figure 2. 

 
Figure 2. Aspect of direct tensile test. 
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2.3 Preparation of experiment 
All experiments were performed over 90-day-old concrete. At first, the ends of concrete specimens were ground aiming to 

achieve parallelism between the two ends of the cylinders. The bonded regions and the unbonded regions (see Figure 1) were 
delimited in the concrete with a permanent marker pen. These regions were sanded with a micro rotary tool in order to partially 
expose aggregates of concrete and to obtain a small surface irregularity. Water was thrown on the side of specimens to eliminate 
dust generated in the previous step. After a few hours, silicone was applied in the outside of the bonded and unbonded regions 
delimiting the perimeter, and inside the unbonded zone. Silicone prevents adhesion between resin and concrete. 

The dry carbon fiber and the saturating epoxy resin presented in the “Material properties” section were used in the 
application of wet lay-up FRP system. A resin layer of 0.4 kilogram per square meter consumption was uniformly applied 
on the surface of the bonded and unbonded zones with a spatula. The carbon fiber was firmly pressed on the substrate with 
a metal-groove roller, which is also used to eliminate the entrapped air. After that, another resin layer with the same 
consumption was applied on the fiber. The experiments were performed after seven days of application of FRP. 

A metallic apparatus was produced for direct tensile experiments in cylindrical specimens. This apparatus contains one 
metal shaft, a load cell of 100 KN, metal parts to allow a simply supported connection at the point of loading, plates, and 
metal rings. Three pairs of metal rings, with internal diameters of 150 mm, 100 mm, and 50 mm, were produced. In these 
pairs, each ring is 75 mm high, 50 mm high, and 22 mm high, respectively. The pair of rings with an inner diameter of 50 
mm is inserted into the pair of rings with an inner diameter of 100 mm, during experiments with 50 mm × 100 mm specimens. 
The apparatus is shown in Figures 3, 4 and 5. The set (concrete specimens and FRP sheets) was fixed in the plates and metal 
rings with screws and epoxy-based adhesive. The experiment was performed three days after application of adhesive. 

 
Figure 3. Apparatus with internal diameter of 150 mm for conducting direct tensile tests. 

 
Figure 4. Apparatus with internal diameter of 100 mm for conducting direct tensile tests. 



L. F. Borges and A. C. Santos 

Rev. IBRACON Estrut. Mater., vol. 14, no. 3, e14304, 2021 6/15 

 
Figure 5. Apparatus with internal diameter of 50 mm for conducting direct tensile tests. 

Three linear variable differential transformers (LVDT) were used in each experiment to measure of vertical 
displacement. Each LVDT was placed parallel to the center of an FRP sheet, in the upper part of the metallic apparatus, 
in the vertical direction. In experiments with 50 mm × 100 mm specimens, each LVDT was placed on the upper metallic 
plate (see Figure 5). In experiments with 100 mm × 200 mm specimens and 150 mm × 300 mm specimens, each LVDT 
was placed on the upper metallic ring (see Figures 3 and 4). 

2.4 Application of the Chen and Teng’s model (2001) 
In this study, some considerations were adopted to compare the experimental results (Santos et al. [25] 

methodology) to the force values predicted using the Chen and Teng’s model [40], according to Equations 5, 6 and 7. 

L L1=  (5) 

cb 2 R Dπ π= =  (6) 

pb 3W=  (7) 

where L = bond length (mm); L1 = bond length - upper region (mm); bc = width of concrete member (mm); 
R = cylindrical specimen radius (mm); D = diameter of concrete cylindrical specimens (mm); bp = width of bonded 
FRP plates (mm); and W = width of an FRP sheet in the direct tensile test (mm). 

3 EXPERIMENTAL PROGRAM 
Three dimensions of cylindrical specimens (diameter × height) were used for analysis of size effect: 50 mm × 

100 mm, 100 mm × 200 mm, and 150 mm × 300 mm, as shown in Figure 6. The influence of specimen size on the 
debonding between concrete and FRP was evaluated for ten different geometries of FRP. These geometries are listed 
in Table 2. In all experiments, the length of unbonded zone (LN) was 40 mm: 20 mm on the upper specimen and 20 mm 
on the lower specimen. Santos et al. [25] defined this length of the unbonded zone by means of two-dimensional and 
three-dimensional numerical simulations of the stress distribution along the interface. 
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Figure 6. Variation in specimen dimensions. 

Table 2. Experimental program. 

Geometry 
code FRP geometry 50 mm × 100 mm 

cylindrical specimen 
100 mm × 200 mm 

cylindrical specimen 
150 mm × 300 mm 

cylindrical specimen 

G01 
L1 = 33 mm 

X X X L2 = 50 mm 
W = 10 mm 

G02 
L1 = 33 mm 

X X X L2 = 50 mm 
W = 20 mm 

G03 
L1 = 33 mm 

 X X L2 = 50 mm 
W = 40 mm 

G04 
L1 = 33 mm 

 X X L2 = 50 mm 
W = 60 mm 

G05 
L1 = 33 mm 

 X X L2 = 50 mm 
W = 80 mm 

G06 
L1 = 50 mm 

 X X L2 = 75 mm 
W = 10 mm 

G07 
L1 = 50 mm 

 X X L2 = 75 mm 
W = 20 mm 

G08 
L1 = 50 mm 

 X X L2 = 75 mm 
W = 40 mm 

G09 
L1 = 50 mm 

 X X L2 = 75 mm 
W = 60 mm 

G10 
L1 = 50 mm 

 X X L2 = 75 mm 
W = 80 mm 

  
2 experiments 10 experiments 10 experiments 
4 specimens 20 specimens 20 specimens 
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4 RESULTS AND DISCUSSIONS 

4.1 Failure modes 
Twenty-two experiments were conducted. Two failure modes were observed in the experiments: failure in concrete 

specimens and debonding in the interface between FRP and concrete. Figures 7 and 8 illustrate failure modes. 
Debonding failures were observed in 63.6% of these experiments. Tests with concrete tensile failure are not valid when 
analyzing the interface between concrete and FRP, and they are presented only for a verification of the maximum stress 
values. In the experiments with concrete failure, ruptures were very close to the end of the metal ring in which specimen 
was inserted (see Figure 8). There is probably a stress concentration at this place. For this reason, it is intended to make 
a stress analysis in future studies. The metallic apparatus produced in this work and the methodology of 
Santos et al. [25] will be considered in stress analysis. 

 
Figure 7. Experiments with debonding failure between concrete and FRP: a) FRP geometry G01 and 50 mm × 100 mm 

specimens; b) FRP geometry G02 and 100 mm × 200 mm specimens; c) FRP geometry G01 and 100 mm × 200 mm specimens; 
d) FRP geometry G05 and 150 mm × 300 mm specimens; e) FRP geometry G09 and 150 mm × 300 mm specimens. 

 
Figure 8. Experiments with concrete failure: a) FRP geometry G02 and 50 mm × 100 mm specimens; b) FRP geometry G05 and 
100 mm × 200 mm specimens; c) FRP geometry G08 and 100 mm × 200 mm specimens; d) FRP geometry G10 and 100 mm × 

200 mm specimens; e) FRP geometry G10 and 150 mm × 300 mm specimens. 

The failure modes in each experiment are listed in Table 3. This table also contains values of maximum 
tensile force (Pmax) reached in each experiment, values of normal tensile stress (σ) on the concrete relating to 
this force, and values of maximum shear stress (τ) at the interface between concrete and FRP. The stress σ is 
the maximum force divided by the cross-sectional area of concrete specimen, and the stress τ is the maximum 
force divided by the upper adhesion area of the three FRP sheets. In case of interface failures, shear stress 
refers to stress reached in debonding the first FRP sheet. Figure 9 shows a comparison between the maximum 
force values in experiments with debonding failure and the force values predicted by Chen and Teng’s model, 
with considerations in the section “Application of the Chen and Teng’s model”. The experimental results are 
in good agreement with the model. 
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Table 3. Failure mode, maximum tensile force (Pmax), normal tensile stress on the concrete (σ), and shear stress at the interface 
between concrete and FRP (τ). 

Geometry code 50 mm × 100 mm cylindrical 
specimen 

100 mm × 200 mm cylindrical 
specimen 

150 mm × 300 mm cylindrical 
specimen 

G01 
Debonding Debonding Debonding 

Pmax = 4.30 KN Pmax = 4.60 KN Pmax = 4.51 KN 
σ = 2.19 MPa σ = 0.59 MPa σ = 0.25 MPa 
τ = 4.35 MPa τ = 4.65 MPa τ = 4.55 MPa 

G02 
Concrete failure Debonding Debonding 
Pmax = 4.74 KN Pmax = 9.12 KN Pmax = 8.90 KN 

σ = 2.41 MPa σ = 1.16 MPa σ = 0.50 MPa 
τ = 2.39 MPa τ = 4.60 MPa τ = 4.49 MPa 

G03  
Concrete failure Debonding 

Pmax = 10.92 KN Pmax = 17.92 KN 
σ = 1.39 MPa σ = 1.01 MPa 
τ = 2.76 MPa τ = 4.52 MPa 

G04  
Concrete failure Debonding 

Pmax = 11.99 KN Pmax = 11.75 KN 
σ = 1.53 MPa σ = 0.66 MPa 
τ = 2.02 MPa τ = 1.98 MPa 

G05  
Concrete failure Debonding 
Pmax = 9.21 KN Pmax = 22.47 KN 

σ = 1.17 MPa σ = 1.27 MPa 
τ = 1.16 MPa τ = 2.84 MPa 

G06  
Debonding Debonding 

Pmax = 6.30 KN Pmax = 6.15 KN 
σ = 0.80 MPa σ = 0.35 MPa 
τ = 4.20 MPa τ = 4.10 MPa 

G07  
Debonding Debonding 

Pmax = 8.95 KN Pmax = 10.47 KN 
σ = 1.14 MPa σ = 0.59 MPa 
τ = 2.98 MPa τ = 3.49 MPa 

G08  
Concrete failure Debonding 

Pmax = 10.61 KN Pmax = 19.64 KN 
σ = 1.35 MPa σ = 1.11 MPa 
τ = 1.77 MPa τ = 3.27 MPa 

G09  
Concrete failure Debonding 

Pmax = 14.84 KN Pmax = 29.69 KN 
σ = 1.89 MPa σ = 1.68 MPa 
τ = 1.65 MPa τ = 3.30 MPa 

G10  
Concrete failure Concrete failure 

Pmax = 13.60 KN Pmax = 34.23 KN 
σ = 1.73 MPa σ = 1.94 MPa 
τ = 1.13 MPa τ = 2.85 MPa 

 
Figure 9. Comparison between experimental maximum force and theoretical maximum force. 
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In Table 3, in some FRP geometries, it can be observed that concrete failure occurred in experiments with smaller 
specimens (50 mm × 100 mm and 100 mm × 200 mm), while debonding failure was verified in experiments with larger 
specimens (150 mm × 300 mm). Cross-sectional area of 150 mm × 300 mm cylinders is larger than the cross-sectional 
area of the smaller specimens, and the concrete of all specimens had the same mixing ratio. Therefore, a higher tensile 
force can be applied in experiments with 150 mm × 300 mm specimens before reaching the tensile strength of the 
concrete, compared to experiments with 50 mm × 100 mm and 100 mm × 200 mm concrete specimens. Shear stress 
required to cause the composite debonding was not reached in experiments with concrete failure because concrete 
reached first the normal tensile strength. 

In general, failure mode has been altered to concrete failure as the strengthening perimeter increased to a same 
specimen size. Therefore, concrete becomes the “weakest element” of the system as the perimeter of adhered FRP 
increases significantly, and no longer the interface between concrete and FRP. This shows that FRP strengthening in 
concrete structure is efficient. 

4.2 Considerations on experiments with concrete failure 

Some initial excerpts from plot of load versus displacement in experiments are presented in this section and 
in the next section. In experiments with debonding failures, the initial excerpt represents the behavior regarding 
the debonding of the first FRP sheet. The three LVDT presented very similar behavior in each experiment. For 
this reason, displacement represented in each graph is the average of the three values obtained in each test. 

A stiffness comparison between two experiments with the same FRP geometry and different specimen 
dimensions is made in Figure 10, in which failure was due to concrete failure. A smaller force was reached in 
the experiment with 100 mm × 200 mm cylindrical specimens, in comparison with the experiment with 150 
mm × 300 mm specimens. However, the slopes of the curves were very similar in the two cases. As a curiosity, 
two graphs (Figure 11) are presented, in which experiments with the same FRP geometry, different dimensions 
of specimens, and different failure modes were considered. In these cases, the slopes of graphs were very 
similar in the two failure modes for the same FRP geometry, especially at the initial excerpt of load versus 
displacement curves. There is a significant reduction in stiffness near the failure in the curve of experiment 
with concrete rupture, but the initial excerpt of this graph was very similar to the curve of the experiment with 
debonding failure. 

 

Figure 10. Plot of load versus displacement to the peak in experiments with the same FRP geometry and concrete failure. 
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Figure 11. Plot of load versus displacement to the peak in experiments with the same FRP geometry and different failure modes. 

4.3 Size effect on interface failure between concrete and FRP 
In this section, the cases in which debonding failure was observed in experiments with different dimensions of 

concrete specimens and the same dimensions of FRP sheets are analyzed. Thus, experiments with the FRP geometries 
G01, G02, G06 and G07 are considered. The maximum shear stress values in these experiments are shown in Figure 12. 
Table 3 contains the maximum tensile force (Pmax) in these experiments. The values of maximum force and shear 
stress were very similar in experiments with debonding failure, different dimensions of specimens, and same FRP 
geometry. The differences in maximum shear strength in relation to the experiments with 150 mm × 300 mm (the 
specimens proposed in the methodology of Santos et al. [25]) are: 4.40% decrease for 50 mm × 100 mm specimens and 
G01 geometry, 2.20% increase for 100 mm × 200 mm specimens and G01 geometry, 2.45% increase for 100 mm × 
200 mm specimens and G02 geometry, 2.43% increase for 100 mm × 200 mm specimens and G06 geometry, and 
14.61% decrease for 100 mm × 200 mm specimens and G07 geometry. 

 
Figure 12. Comparison of the maximum shear stress in the debonding failure in experiments with different specimen dimensions. 

The greatest difference in shear stress and maximum force values, in experiments with the same FRP geometry and 
debonding failure, was registered in the experiments with G07 geometry (14.61% decrease in maximum shear strength 
for 100 mm × 200 mm specimens compared to the result with 150 mm × 300 mm specimens). In experiments with 
debonding failure, there is a tendency for a maximum force to increase when the width is the same and bond length 
augments, as shown in Figure 13. This was verified in experiments with 100 mm × 200 mm and 150 mm × 300 mm 
specimens. However, while increasing the bond length, the maximum force decreased in the experiments with 
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100 mm × 200 mm cylinders and width of 20 mm (G02 and G07 geometries). Therefore, according to the tendency of 
the maximum force values (Figure 13), a greater force should have been reached in the experiment with 
100 mm × 200 mm specimens and G07 geometry, and consequently a greater maximum shear strength should have 
been reached. Some reason may have caused the drop of the maximum force in debonding in the experiment with 
100 mm × 200 mm specimens and G07 geometry. The reasons for this reduction may be the use of specimens with a 
defect, error in preparation of the resin, deficiency in the fiber debonding process (for example, non-application of 
required pressure), among others. In addition, a readjustment occurred in the position of the parts of the metallic 
apparatus during this experiment, and this readjustment may have influenced the maximum strength. 

 
Figure 13. Influence of the bond length on the maximum debonding force. 

Finally, the influence of the specimen size on the plot of load versus displacement in experiments with debonding 
failure is evaluated in Figure 14. Readjustments in the position were observed in some experiments, in parts that were 
not graphically presented in Figure 14. There is no significant influence on stiffness due to change in the size of concrete 
specimens. 

 

Figure 14. Initial portions of load versus displacement graphs in experiments with different dimensions of concrete specimens, the 
same FRP geometry, and debonding failure between concrete and FRP. 
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5 CONCLUSIONS 
In this study, the test for evaluating the debonding between FRP and concrete by means of direct tensile on concrete 

cylinders was carried out on specimens of different dimensions for the evaluation of the size effect. Two failure modes 
were observed in the experiments: debonding between the two materials and failure in concrete specimens (when the 
concrete’s tensile strength was reached). In this methodology, concrete failure is not desirable, because the test is done 
for evaluate the debonding phenomenon. In experiments with debonding failure, the size of concrete specimens has no 
significant influence on maximum force (Pmax), shear stress to the peak, and stiffness in debonding between concrete 
and FRP. The interface collapse was found in experiments with small specimens (50 mm × 100 mm and 100 mm × 
200 mm) with results similar to those obtained in experiments with 150 mm × 300 mm specimens. In other words, 
analysis of the debonding in experiments with small cylindrical concrete specimens also leads to good results. 
Nevertheless, the use of smaller specimens for interface collapse analysis is limited because the failure often occurs in 
the concrete (the concrete reaches its normal stress capacity with a lower value of tensile force). Since its cross section 
is larger, a greater tensile force can be applied to 150 mm × 300 mm specimens, compared to smaller specimens. For 
the same FRP geometry, small concrete cylinders are more susceptible to concrete failure. Thus, the use of larges 
specimens of concrete (for example, 150 mm × 300 mm cylinders) is recommended in future studies with the same 
methodology of this paper. 
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