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ABSTRACT: Amongst various methods developed for strengthening and rehabilitation of reinforced 
concrete (RC) beam structures, external bonding of fiber reinforced plastic (FRP) strips to the beam has 
been widely accepted as an efficient and convenient method. The ultimate flexural strength and stiffness 
of strengthened RC beams can be improved significantly, although the FRP strip causes some reduction 
in ductility of the beam. The high ultimate loading capacity is often impaired by premature failure modes in 
bending, such as concrete cover separation. In this paper, the structural performance is studied of RC 
beams bonded with FRP strips with tapered ends whose thickness changed gradually at the cut-off point. 
Four points bending experiments of RC beams indicate that the FRP strips with tapered ends improved 
both the loading capacity and the ductility of the beam. The asymmetric double cantilever beam (ADCB) 
test suggests that the crack propagation was more stable for samples with tapers than without, as 
confirmed by the larger maximum displacement before complete delamination.  

1. INTRODUCTION  

The need for increased maintenance is inevitable, when the number of civil engineering structures in the 
world continues to increase with their average age. Complete replacement causes a significant financial 
burden and is certainly a waste of natural resources if repair and upgrading are a viable alternative. 
Therefore, strengthening and rehabilitation of these structures are considered to be the most practical 
method, which represents a significant challenge facing the concrete industry. As a result, strengthening 
and rehabilitation of concrete construction have become the industry’s major growth area. Amongst 
various methods developed for strengthening and rehabilitation of reinforced concrete (RC) beam, 
external bonding of fiber reinforced plastic (FRP) strips to the beam tensile face has been widely accepted 
as an effective and convenient method. This method is economical due to easy and reliable surface 
preparation as well as reduced maintenance of strengthening system and mechanical fixing [1,2]. 
 
Significant research efforts have been made towards the improvement of bending performance of RC 
beams due to the FRP external reinforcements, with associated enhancements in load carrying capacity 
and stiffness at the expense of reduced deflection capacities. The high ultimate loading capacity is, 
however, often impaired by premature failure modes in bending, such as concrete cover separation that is 
initiated from the cut off point of FRP strips and further fracture with cracks propagating along the steel 
rebar on the tension side [3]. In an effort to delay this local failure, many measures have been suggested, 
namely the use of end anchors to wrap around the FRP strip ends [4], and termination of the FRP strips 
near the supports [3,5]. Another possible method is the application of tapered end in FRP strip. In the 
design of adhesive bond repairs, tapering has been widely applied to avoid premature failures by reducing 
the adhesive peel stresses [6,7]. In practice, the FRP strip thickness can be varied gradually at cut off 
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points by arranging appropriate length in each layer of FRP strip. Very few studies have so far been 
conducted to optimize the tapering lengths and thus maximize the efficiency of FRP reinforcements [8]. 
Whether the FRP strips delaminates from the concrete surface or the concrete cover separates due to the 
high stress concentration, a sufficiently high interlaminar fracture toughness between the concrete and 
FRP strips is necessary if the tapered FRP strips function properly as the reinforcement. It follows then 
that the interlaminar fracture resistance should be accurately characterized. The asymmetric double 
cantilever beam (ADCB) test has been successfully applied to evaluate the strain energy release rate 
between concrete and FRP [9].  
 
In this paper, four point bending experiments were employed to study the effect of taper-ended FRP strips 
on the structural performance of strengthened RC beams. Several geometric parameters of tapered strip 
were specifically studied to identify the optimized condition that can maximize the improvements in loading 
capacity and ductility of the beam due to the FRP strips. The interlaminar fracture toughness of the 
tapered FRP strips was measured using the ADCB test, which was compared with that of the FRP strips 
without taper.  

2. EXPERIMENTAL PROGRAM  

2.1 Materials  

The concrete material used to prepare the RC beams for flexural test was commercial concrete (supplied 
by Kin Hing Concrete Company Ltd). The ADBC specimens used in the interlaminar fracture test were 
fabricated in-house from a mixture of water, cement, sand and aggregate in the ratio of 0.68: 1: 2: 3 by 
mass. The strength of concrete was measured from the compression test of a series of cylindrical 
specimens, which were 100mm in diameter and 200mm in height. The compressive strength of the 
concrete material used for flexural test was 47.8 MPa and 62.1MPa, respectively for the first and second 
group specimens. Two kinds of steels were applied, including hot rolled, high yield steel and mild steel. 
The stirrups and the compressive longitudinal steel rebars were made of mild steel of 8mm in diameter. 
The tensile longitudinal rebars were made of hot rolled, high yield steel of 10mm in diameter. The modulus 
of the steel and the tensile yield strength were about 200GPa and 460MPa as measured in tensile test. 
The carbon fiber reinforced plastic (CFRP) strips used in this work were basically the same as that used in 
our previous studies [9,10,11], namely MRL-T7-200 (supplied by Reno Carbon Fiber), a unidirectional 
carbon fiber reinforced epoxy prepreg with a nominal tensile strength of 4.2GPa and a modulus of 
225GPa. The adhesive used to bond the CFRP onto the concrete consisted of an epoxy resin (MRL-A3), 
a primer (MRL-A2) and a hardener (MRL-B2). The cured primer was a mixture of epoxy primer and 
hardener in the ratio of 100: 35 by mass to enhance the interfacial bonding. The cured resin was a mixture 
of epoxy resin and hardener in the ratio of 100: 35 by mass. 

2.2 Specimen Fabrication  

A total of eight RC beams were fabricated to characterize the structural performance of the beams with 
FRP strips in four point bending test, and the details of external FRP strip reinforcements and taper 
conditions are summarized in Table 1.  
 
All RC beams had the same overall cross sectional dimensions, internal longitudinal reinforcement and 
stirrup arrangement. They were 200mm × 150mm in cross section, 2,000mm in length and 25mm in 
concrete cover depth. The beams were reinforced with 10mm steel rebars on the tension side and 8mm 
steel rebars on the compression side. 8mm stirrups were added at a 75mm center-to-center spacing as 
shown in Fig. 1. The steel reinforcement ratio was about 0.86%. All the beams were overdesigned in 
shear to avoid conventional shear failure. Before bonding the FRP strips, the concrete surface on the soffit 
of the beams was roughened using a jet chisel to remove all laitance and to expose the aggregates. The 
rough surface was then cleaned with water and compressed air. A primer, consisting of primer (A2) and 
hardener (B2), was applied to cover the roughened surface. The CFRP sheets were bonded to the 
concrete surface using the adhesive consisting of epoxy resin (A3) and hardener (B2). Finally, a resin 
overcoat was applied on top of the CFRP sheets, followed by curing at room temperature for a week. 
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Table 1 − Summary of specimens for four point bending test 

Beam designation Taper condition Taper distance 
(mm)* 

Ultimate load  
at failure (kN) 

Deflection at failure 
(mm) 

(1st group) 1T0 No FRP − 67.3 14.6 
(1st group) 1T6LN No taper − 116.2 7.5 
(1st group) 1T6L1a Taper in one 50 138.6 9.7 
(1st group) 1T6L2a Taper in two 50 130.2 8.8 
(2nd group) 2T6LN No taper − 135.9 8.0 
(2nd group) 2T6L1a Taper in one 50 139.6 8.7 
(2nd group) 2T6L2a Taper in two 50 133.1 8.0 
(2nd group) 2T6L2b Taper in two 100 146.6 9.9 
* The taper distance representing the length difference between both close taper layers at each side 
 
 

 
Figure 1 − Dimensions and geometry of the reinforced concrete beam for four point bending test. 

 
Four different end configurations were used for the FRP strips, 150mm wide, 0.66mm thick (with 6 layers 
of FRP sheet) and 1460 mm long, as shown in Fig. 2. They are a) no taper; b) tapered ends with a 50mm 
distance between each layer; c) tapered ends with a 50mm distance between every two layers; and d) 
tapered ends with a 100mm distance between every two layers.  
 

 
 

Figure 2 − Configurations of various tapered ends of FRP in RC beam for four point bending test. 
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All RC beams used for the ADCB test to measure the interlaminar fracture toughness were 75mm × 75mm 
in cross section and 300mm in length. Six layers of FRP prepreg, 25mm in width and 190mm in total 
length, were bonded onto the concrete surface using the similar technique applied to the RC beams used 
for four point flexure test. After curing of the adhesive, the contact surface was cleaned using a sand 
paper and acetone. A piano hinge was bonded to one end of CFRP strip using an epoxy (Araldite) 
adhesive to aid gripping of the specimen. To ensure firm connection, bolts and nuts were fastened 
between the piano hinge and CFRP strip. Specimen edges were polished and coated with a thin brittle 
white paint, on which fine lines at 2mm intervals were scribed to help locate the advancing crack tip during 
the test. An initial crack of length 42 mm was made by placing a Teflon film at an appropriate position 
before the adhesive was applied. Three different configurations of FRP strip end were considered, 
including one without taper, and two with tapers, as schematically shown in Fig. 3. More than four ADCB 
specimens were tested for each taper condition. 
 

 
 

Figure 3 − Schematic configurations of ADCB specimens fo
mm. 

 

2.3 Four Point Bending Test and Interlaminar Fracture Test
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The interlaminar fracture tests were performed on a MTS univer
under the displacement control mode at a crosshead speed 
monitored during loading, and the corresponding load and dis
unloading cycles were repeated at different delamination crack
tested for each taper end configuration. 
 
The critical strain energy release rates, Gc, of the ADCB specim
function of crack length, a, according to Eq. 1 [9], 
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To take into account the continuous changes in thickness in 
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 respectively; B is the width of FRP strip. 
the FRP strips with tapered ends, it is 



assumed that when the crack is longer than the initial taper distance of L1, the thickness and the second 
moment of inertia will change from h1 to h2 and from I1 to I2, respectively. For a crack shorter than L1, Eq. 1 
still applies. Thus, Gc of the ADCB specimens with tapered ends is given by Eq. 2:  
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Once the crack further propagates beyond the second taper distance, L2, the thickness and the second 
moment of inertia will change from h2 to h3 and from I2 to I3, respectively; and the corresponding equation 
for Gc will also need to be modified as Eq. 3. 
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3. RESULTS AND DISCUSSION 

3.1 Strengthening Performance on Flexural Behavior  

The load vs midpoint-displacement responses of the reinforced RC beams are shown in Fig. 4, and the 
summary of ultimate failure loads and the corresponding deflections are presented in Table 1. As a result 
of strengthening with FRP strips, there were significant increases in ultimate failure load and reductions in 
deflection capacity. The six layers of CFRP reinforcement in the first group gave rise to remarkable 
strength gains of 72.7% over the control beam 1T0 without FRP. This result was at the expense of 
reduced deflection capacity to 51.4% of that of the control beam due to the premature concrete cover 
separation. Beam 1T0 without FRP showed a typically ductile flexural response. After yielding of tensile 
steel reinforcement, concrete crushing occurred at the inner loading span of the beam’s upper part due to 
the high compressive stress concentration. All samples, except beam 1T0, exhibited concrete cover 
separation as the principle failure mode. After crack initiation in concrete near the end of CFRP strip, 
debonding of the CFRP strip occurred gradually with lumps of concrete detached from the longitudinal 
steel rebar. This observation further confirms that the externally bonded FRP strips could increase the 
strength and stiffness of RC beams, but would reduce the ductility.  
 
To study the effect of taper-ended FRP strips, four different taper configurations were investigated and the 
experimental results are discussed in the following. Fig. 4 suggests that the FRP strips with tapered ends 
improved the strengthening performance in terms of increased loading capacity and deflection at failure. 
The larger the number of tapers used, the more improvement in strengthening performance. Beam 
1T6LN, without taper, showed a loading capacity of 116.2kN and a deflection at failure of 7.5mm. When 
the FRP strip ends were tapered at a distance of 50mm in every two layers (beam 1T6L2a, Fig. 2c), the 
ultimate load and the corresponding deflection became 130.2kN and 8.8mm (12.1% and 17.2% increases 
over the control beam 1T6LN), respectively. The increase in the number of tapers (beam 1T6L1a, Fig. 2b) 
resulted in even higher loading capacity (138.6kN) and deflection (9.7mm). These values represent the 
improvements of 19.3% and 29.5% in loading capacity and deflection, respectively, over the control beam.  
A longer taper distance, say from 50mm to 100mm, was effective in further improving the strengthening 
performance. The loading capacity and corresponding displacement of beam 2T6L2b (with a taper 
distance of 100mm) were 10.1% and 23.8% higher than those of the beam 2T6L2a (with a taper distance 
of 50mm), respectively. There were negligible changes in stiffness of RC beams. No remarkable 
difference in failure mode was apparent when FRP strips with tapered ends were used. Nevertheless, 
marginally more shear/flexural cracks occurred in the vicinity of FRP tapered ends, along with concrete 
cover separation and delamination of FRP strips from the end. The efficiency of tapered ends in improving 
the strengthening performance of FRP strips is partly confirmed by the reduced stress concentrations at 
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the end of the FRP, as predicted using the finite element method (FEM) analysis. It was shown that the 
larger the number of tapers, the lower the stress concentration at the end of the FRP.  
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Figure 4 − Load vs midpoint deflection records of four point bending tests. 

 

3.2 Interlaminar Fracture Behavior 

Three typical load-displacement curves recorded during the interlaminar fracture test are shown in Fig. 5. 
It is seen that the taper configuration affected significantly the interlaminar fracture resistance behavior. 
When the FRP strip thickness was uniform without taper (Fig. 3a), the critical instantaneous load 
decreased gradually with crack growth along the interface (Fig. 5a). When there was a taper terminating at 
the loading point (Fig. 3b), the critical load dropped precipitously to a low value at the initial stage of crack 
propagation, which is followed by rather stable crack growth at much slowly changing load values (Fig. 
5b). The precipitous load drop occurred when the crack propagated beyond the taper position where the 
FRP thickness suddenly decreased. Therefore, the load-displacement curve clearly presented three 
stages at different load levels corresponding to three different FRP strip thicknesses. When the taper was 
made from the loading point (Fig. 3c), a reversed trend was observed in terms of load-displacement 
record (Fig. 5c). When the crack propagated across the taper position where the FRP thickness suddenly 
increased, the critical load did not decrease, but it rather increased to a certain extent due to the increase 
in FRP strip thickness. One of the major advantages of using tapered FRP strips is that the crack 
propagation becomes more stable than without. This is manifested by the maximum displacement 
corresponding to the load drop to zero due to complete delamination, which is much higher for the 
samples with taper, especially for those with taper starting from loading point (Fig. 5c), than without.  
 
Fig. 6 shows the corresponding critical strain energy release rates measured as a function of crack length.  
The multiple data points for each condition represent multiple samples. When the FRP strip thickness was 
uniform without taper, Gc of the CFRP-adhesive-concrete interface tended to decrease gradually with 
increasing crack length (Fig. 6a). This observation is a reflection of the macroscopically inhomogeneous 
nature of concrete due to the presence of coarse sand, aggregates and voids [9]. When the taper was 
terminated at the loading point, the Gc exhibited abrupt drops and surges at the taper points, as seen in 
the load-displacement curves, due to the abrupt changes in stiffness at the taper points (Fig. 6b). When 
the taper was made from the loading point, Gc decreased consistently with increasing crack growth (Fig. 
6c), similarly to the results for samples without taper. Although the critical load was much lower than the 
sample without taper, because the thickness was only one third of that near the loading point, the 
corresponding Gc value at a small crack length was similar to or even higher than the samples without.   
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Figure 5 − Typical load-displacement curves of interlaminar fracture test.  
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Figure 6 − Critical strain energy release rate vs crack length curves of interlaminar fracture test. 
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4. CONCLUSIONS 

External bonding of fiber reinforced plastic (FRP) strips to the beam has been widely accepted as an 
efficient and convenient method for strengthening RC beams. The FRP strips increase the strength and 
stiffness of the concrete structure, but reduce the ductility. The high ultimate loading capacity is often 
impaired by premature failure modes, such as concrete cover separation. In this paper, to improve the 
flexural performance of FRP strengthened RC beams, the FRP strips thickness was gradually varied at 
cut off point to provide tapered ends. The flexural test indicates that the beams with FRP strips with 
tapered ends improved the strengthening performance, in terms of loading capacity and deflection at 
failure. The larger the number of tapered FRP sheets, the more improvement in strengthening 
performance compared to those without. The efficiency of FRP strips with tapered ends can be explained 
by the reduction in stress concentration at FRP ends when the beam is subjected to flexure.  
 
The ADCB test suggests that the interlaminar fracture behavior depended on taper configuration. In the 
sample with taper terminating at the loading point, there were three stages of crack propagation 
corresponding to different FRP strip thicknesses. The crack propagation was more stable especially for 
samples with taper starting at the loading point, as confirmed by the larger maximum displacement before 
complete delamination. Further analysis is being performed to elucidate the beneficial effects of taper in 
interlaminar fracture.  
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