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Abstract. The paper presents test results of reinforced concrete beams 
flexurally strengthened with Carbon Fibre Reinforced Polymer (CFRP) 
laminates using the Near Surface Mounted (NSM) technique. RC beams 
with a cross section of 200 x 400 mm were tested in four-point bending. 
Two RC beams were strengthened with one NSM CFRP laminate installed 
into the concrete cover on the bottom side of the beam. One of the beams 
was strengthened under the self-weight (B10.1) and the second one under 
initial preloading equal to 83% of the ultimate load of the reference beam 
(B10.1o). Failure mechanisms, cracking pattern and flexural behaviour of 
the beams are described in the paper. All the strengthened beams failed by 
rupture of the CFRP laminates followed by the internal steel reinforcement 
yielding. High strengthening efficiency of the NSM strengthening was 
confirmed by 109% and 130% when compared with the non-strengthened 
beam, respectively for beams B10.1 and B10.1o.  

1 Introduction 

Fibre reinforced polymer (FRP) materials are the best available alternative to conventional 
steel reinforcement, particularly with regard to the strengthening of reinforced concrete 
(RC) structures. This is due to being lightweight, non-corrosive, non-magnetic, high 
strength and with low thermal conductivity. FRP materials were introduced into civil 
engineering over fifty years ago [1, 2]. Research on flexural strengthening of RC structures 
with externally bonded (EB) FRPs indicated brittle failure due to FRP debonding and 
concrete cover delamination, as the most frequently observed failure modes. That confirms 
the tensile strength of the FRP materials cannot be utilized. Efficiency of the EB FRP 
reinforcement strongly depends on failure modes which is below 15% of the tensile 
strength for the end peeling of the FRP and about 35 ÷ 45% of the tensile strength for the 
midspan debonding of the FRP [3]. In the EB configuration, FRP laminates and sheets are 
bonded to the surface of the structural element, which makes them susceptible to damage 
from collision, severe environmental conditions like ultraviolet radiation, moisture 
absorption, high temperature and fire. These agents may reduce the service life of RC 
structures.  
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In order to avoid these drawbacks, the near surface mounted (NSM) technique was 
introduced, particularly in bridge structures [4-7]. This is a promising technology for 
increasing the flexural and shear capacity of deficient reinforced concrete members. 

In the NSM FRP strengthening configuration, strips or bars are bonded into longitudinal 
grooves cut in the concrete cover located in the tensile region of the RC member, which 
mitigates the risk of abrupt FRP debonding from the concrete substrate. Recent studies on 
the NSM FRP reinforcement used for flexural strengthening of RC structures confirmed it 
as significantly more efficient comparing to the EB configuration. In fact, the reason of this 
benefit is much improved FRP-to-concrete bond behaviour of the NSM versus the EB 
technique caused by superior anchorage in adjacent concrete cover. The NSM FRP 
anchoring in the concrete component made this technique applicable in the negative 
bending moment regions, where the EB FRP reinforcement is exposed to mechanical 
failure. Application of NSM strips is more efficient than NSM bars because it increases 
contact surface between the composite and concrete but requires a thicker concrete cover. 
In fact, the choice of the specific type of the FRP material in flexural strengthening of RC 
members depends mainly on the concrete’s thickness and the required FRP reinforcement 
ratio.  

The NSM FRP technique provides improved fire resistance when compared with the 
EBR FRP one. However, the employment of a higher glass temperature epoxy has the 
strongest impact for NSM FRP applications in the internal structural RC members requiring 
high fire resistance. A state of the art in the field of flexural strengthening of RC members 
with the NSM FRP reinforcement based on hitherto experimental test results on the NSM 
technique indicated a significant increase in the load bearing capacity and the FRP tensile 
strain utilization of up to 80 % in comparison to EB FRP applications [8-10].  

The application of FRP strips with higher height than the concrete cover thickness leads 
to a potential risk of cutting the main reinforcement. Furthermore, flexural strengthening 
using NSM rectangular strips is limited by the initial deflections of the RC member and 
cannot guarantee sufficient bond conditions.  

The effects of several parameters such as geometry, steel and FRP reinforcement ratio, 
elasticity modulus of FRP reinforcement, concrete strength and a depth of the FRP 
reinforcement were published in terms of the failure modes, strengthening efficiency and 
FRP strain utilization [11, 12]. The observed failure modes contained: concrete crushing, 
FRP debonding with delamination of concrete cover, concrete-epoxy interface failure and 
FRP rupture [7, 13, 14-20].  

2 Experimental program  

2.1 Test specimens  

The paper presents test results of a part of an extensive research program. Three single-span 
reinforced concrete beams with a cross section of 200 × 400 mm and a span of 3600 mm 
were tested under four-point loading. The tensile and compressive reinforcement consisted 
of two steel bars of 10 mm diameter (ρl = 0.216%). Vertical stirrups of 6 mm diameter were 
applied over the full shear span (a = 210 mm) at a spacing of 150 mm. The concrete cover 
of the main reinforcement was 31 mm. The static scheme of the beams with geometry and 
reinforcement details is shown in Table 1 and Fig. 1. 
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Table 1. Specimen details. 

Element 
Tensile 

reinforcement 
Strengthening Preloading  

B10 
2 � 10 

ρl = 0.216% 

- - 

B10.1 1 CFRP strip self-weight of the beam 

B10.1o 1 CFRP strip 83% of the non-strengthened beam 

 
 

 

 

Fig. 1. Geometry of beams with internal reinforcement and strengthening configuration. 

2.2 Concept of strengthening  

The beams were strengthened with one CFRP laminate of 2.5 mm × 15 mm cross section 
bonded into a groove cut in the concrete cover of 6 mm × 19 mm cross section with the 
epoxy adhesive over the length of 3000 mm from the centre of beams. One of the RC 
beams (reference beam) was tested without any strengthening. Two beams: B10.1 and 
B10.1o, were strengthened under self-weight and under 83% of the ultimate load capacity 
of non-strengthened beam, respectively. The details of strengthening are presented in Fig. 
2. 

�  

AMCM 2020

MATEC Web of Conferences 323, 01010 (2020)  https://doi.org/10.1051/matecconf/202032301010

 

3



Fig. 2. Strengthening with NSM CFRP strips. 

2.3 Material characteristics  

The beams were casted with the concrete class C40/50. The mean strength of concrete  
(fc,cube , fc,cyl - compressive cubic and cylinder concrete strength, respectively; fct,sp - tensile 
concrete strength by splitting; Ec - elasticity modulus of concrete) is shown in Table 2. 
The steel bars of RB500W class were used for the internal reinforcement. The mean 
strength of this reinforcement (fsy - yield strength; fsu - tensile strength; Es - elasticity 
modulus) is shown in Table 3. 
The CFRP laminate CFK-Lamellen S&P was used for the beams’ strengthening. Fully 
elastic behaviour was confirmed in the tensile test of the CFRP strips. The mean strength 
characteristic (ffu - tensile strength; Es - elasticity modulus) is shown in Table 4. 

 

Table 2. Properties of concrete. 

Element fc,cube [MPa] fct,sp [MPa] fc,cyl [MPa] Ec [GPa] 

B10, B10.1, B10.1o 53.3 3.6 42.0 31.1 

 

Table 3. Mechanical properties of steel reinforcement. 

Reinforcement Diameter [mm] fsy [MPa] fu [MPa] Es [GPa] 

Steel bars 
6 656.0 687.5 200 

10 529.4 628.3 202 

 

Table 4. Mechanical properties of CFRP laminates. 

Strengthening 
material 

Geometry 
bf × hf 

[mm] 
ffu [MPa] Ef [GPa] 

CFRP laminate 15 × 25 2520 168 

2.4 Test setup and measurements  

The beams were tested in a test setup composed of steel frame structure, a hydraulic jack 
attached to the upper part of the frame and steel hinged supports (one movable). The beam 
was loaded gradually until failure. The measuring device consisted of several linear 
variable differential transducers (LVDT) and strain gauges. For concrete strain 
measurements, LVDT gauges were located on the lateral surface of the beam at the 
compressive and tensile steel reinforcement levels (Fig. 3). Additional LVDTs were applied 
along the entire length of beams for deflection measurements. Strain gauges were installed 
on the CFRP strips (Fig. 4).�
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Fig. 3. Scheme of concrete strain and deflection measurements. 

 

Fig. 4. Scheme of CFRP strain measurements (strain gauges). 

Moreover, during experimental tests of beams B10 and B10.1o Digital Image 
Correlation (DIC) system [21] was used to collect data of the concrete surface 
deformations. The displacements of concrete points in the central part of each element were 
registered with the DIC photos (marked in Fig. 3). The central part of the beam was painted 
white and sprayed with black dots. These actions made contrast suitable to allow the DIC 
find facets necessary for making measurements [22, 23]. The deflections of B10 and 
B10.1o beams were registered in points v3, v4 and v5, corresponding to the LVDT gauges 
(see Fig. 3). Additionally, concrete strain was measured in the constant bending moment on 
the virtual basis to compare them with LVDTs (marked Rc.2, Rc.3, Rc.4, Rt.4, Rt.5 and 
Rt.6, Fig. 4). 

3 Analysis of test results 

3.1 Experimental observations 

Comparison between vertical displacement, average concrete strain and curvature of tested 
beams is shown in Figs. 5÷8. All curves are similar up until the load of 18 kN, which 
corresponds with the uncracked range. For higher load values, a significant difference 
between B10 beam and two strengthened elements was registered. For beam B10, steel 
reinforcement yielding started under the load of 23 kN, while in beams B10.1 and B10.1o 
the load increased linearly up to failure. However, deflections of both strengthened beams 
are generally similar. 

The vertical displacements for both strengthened beams under the self-weight (B10.1) 
and under the preliminary load (B10.1o) are almost the same for the higher loads. The 
average concrete strain along the pure bending region is very similar for both strengthened 
elements (Fig. 5) and similar to the curvature of beams (Fig. 6 and Fig. 7).  
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Fig. 5. Vertical displacement. 
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Fig. 6. Average concrete strain measurements. 
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Fig. 7. Average curvature. 

Strains of CFRP strips for strengthened elements are compared in Fig. 8. The first 
observation is that curves for both elements are parallel to each other. The main difference 
between both curves based on the preloading level during the beams strengthening (self-
weight for B10.1 beam and self-weight with external load of 19 kN for B10.1o beam). It is 
clearly visible that the strengthening of beam B10.1o under higher preloading level made 
the beam stiffer after cracking by the crack bonding with the adhesive. This is why the 
beam strengthened under self-weight indicated higher strain values for the same load levels 
as the beam strengthened under external load. 
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Fig. 8. Average CFRP strains measured along the pure bending region. 

Comparison of average curvature based on concrete strains registered by the DIC and 
LVDT gauges (Fig. 9) confirms very good compatibility between both techniques of 
measurements. 
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Fig. 9. Average curvature based on: LVDT gauges (C) and Aramis DIC system (A). 

The same results confirm deflections registered for the strengthened beams with both 
techniques (see Fig. 10).  
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Fig. 10. Vertical displacement based on: LVDTs sensors (C) and Aramis DIC system (A). 

3.2 Cracking and failure mode 

The crack development registered in the beams shows classical flexural cracking with the 
vertical cracks in the pure bending region, which developed towards the top surface of the 
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beams as the load increased. The cracking pattern in both strengthened elements showed a 
similar character (Fig. 11 – Fig. 13). The first primary crack was formed at the point of 
concentrated force loading. These primary flexural cracks developed in the stirrup 
locations. Then another crack was created in the middle of the span of the members and 
another one under the second concentrated force. Subsequently, small cracks developed as 
secondary bending cracks located between two adjacent primary cracks. The scratch 
developed symmetrically in relation to the middle of the span of the elements. In the 
strengthened beams, bending cracks branched off near the bottom edge of beams. The crack 
patterns of all beams consisted predominantly of flexural cracks. 

All the strengthened beams failed by the rupture of the CFRP laminate after the yielding 
of the tension steel reinforcement. The failure was sudden and brittle, accompanied by the 
crackle of bursting CFRP laminate. After the concrete cover was removed, longitudinal 
cracks were visible on the strip, usually in the middle of its height. The maximum strain 
values of the CFRP laminate obtained in the middle of the strip length were equal to 12‰.  

 

Fig. 11. Failure of beam B10. 

 

Fig. 12. Failure of beam B10.1. 

 

Fig. 13. Failure of beam B10.1o. 

3.3 Experimental results 

The most important result of the research is the potential to increase the load bearing 
capacity of strengthened beams by more than 100% compared to an unstrengthened one. 
The test results are summarized in Table 5. Based on the observation of the beams and the 
tensile concrete strain measurements, all tested beams confirmed flexural cracking under 
the load of about 18 kN.  

The reference beam without any strengthening (B10) failed at an ultimate load equal to 
23 kN. Strengthening the beam with one CFRP laminate under self-weight (B10.1) caused a 
109% increase in the ultimate load capacity in comparison with the non-strengthened one. 
In the case of beam B10.1o, strengthened under an external load of 19 kN, the flexural 
capacity increased by 10% in comparison with beam B10.1, and it reached almost 130% of 
the ultimate capacity of the unstrengthened beam. 
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Table 5. Test results. 

Element 
Cracking 

load 
Strengthening 
external load  

Ultimate 
load  

Strengthening 
ratio 

[kN] [kN] [kN] [-] 

B10 19 --- 23 --- 

B10.1 18 0 48 2.09 

B10.1o 18 19 53 2.30 

 

4 Conclusions 

The paper presents the test results of reinforced concrete beams flexurally strengthened 
with CFRP laminates using the NSM technique. Experimental tests carried out on concrete 
beams enabled the following conclusions to be drawn: 

1) Ultimate load for both strengthened beams is more than 100% higher than for the 
unstrengthened one. 

2) A negative effect of extensive preloading on the strengthening efficiency was not 
observed. The beam strengthened after preloading equal to 83% of the ultimate 
load of the non-strengthened beam resisted 9% higher load than the beam 
strengthened under self-weight.  

3) Deflections and the strains of the CFRP strip are lower for the initially preloaded 
beam than for the beam not preloaded.  

4) The measurements made by LVDT gauges and the DIC offered very compatible 
results. 
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