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ABSTRACT: This paper presents an experimental study on the flexural behavior of bonded prestressed 
concrete  (PC) beams strenthening using CFRP sheet. Two (PC) beams were fabricated, with overall 
dimensions of 150 × 200 × 2700 mm. One specimen served as an unstrengthened control, while the other was 
strengthened using CFRP sheets to enhance flexural performance. The specimens were simply supported 
and subjected to a four-point bending test until failure, allowing assessment of their flexural behavior. The 
results show that the CFRP-strengthened PC beams exhibited a 24% increase in load-bearing capacity 
compared to the control specimen. The stiffness of the strengthened beams was also significantly enhanced, 
leading to a reduction in deflection. Based on the obtained results, it is evident that the application of CFRP 
sheets for strengthening PC beams is a viable solution.
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1. INTRODUCTION
In modern construction, bonded prestressed 

concrete (PC) beams are commonly used to achieve 
extended spans in construction and enhance 
durability of buildings. The reduction of the flexural 
capacity  of existing PC beams due to the change of 
building functionality or prestress losses emphasized 
the necessity for structural strengthening. In recent 
years, besides traditional strengthening methods, 
the utilization of Carbon fiber-reinforced polymer 
(CFRP) sheets to enhance the flexural performance 
of beams has become increasingly common. This 
material possesses superior characteristics such as 
high strength, high elastic modulus, lightweight, 
and corrosion resistance. The technique for 
applying this strengthening method is simpler 
and can be completed within a short construction 
timeframe. In the case of flexural strengthening, 
the CFRP sheets are bonded externally to the 
tension face of the members so that the high 
tensile strength of CFRP sheets can be utilized. On 
the other hand, the guidelines for designing and 
constructing structural members strengthened by 
FRP sheets, esstablished by numerous countries 
and international associations, underscore their 
substantial contribution to expanding the application 
of this novel strengthening technique.

While numerous studies have been conducted 
on flexural RC members [1-11], there remains a 
scarcity of research focused on prestressed concrete 

(PC) beam. Experimental studies on the behavior 
of PC beams strengthening with CFRP sheets have 
been somewhat conducted in previous research, 
with several of these studies being documented  
[12-15]. Despite of some existing experimental 
studies, the obtained experimental results are often 
limited in scope. The experimental study presented 
herein aims to provide such lacked information 
based on the test on two PC beams, including 
one un-strengthened control PC beam and one 
strengthened PC beam. The findings of this study 
will be of interest to engineers who are involved in 
retrofitting and strengthening PC beams with CFRP 
sheets. The experimental program has been carried 
out in the Laboratory of Construction Testing and 
Inspection, Hanoi University of Civil Engineering 
(HUCE).

2. EXPERIMENTAL STUDY
2.1. Detail of test beams and materials

For this experimental study, two bonded 
prestressed concrete beams were cast with 
indentical geometric dimensions, prestressed 
reinforcement, steel reinforcement layout, concrete. 
The length of the test beams was 2700 mm and had 
a specific cross-sectional size of b × h = 150 × 200 
mm. Detail of test beam are presented in Figure 1.  
A control beam, denoted as BC-2 and not strengthen 
was designed, while the other beam, strengthened 
in flexural with CFRP sheets, was labeled as  
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BS-2. The beams were pretensioned with a  
12.7 mm strand, and the initial prestress of the 
strand is 1080 MPa (equivalent to prestressing force 
of 108 kN), which is about 0.6 times of the yielding 
stress. The CFRP sheets had a width of 120 mm, 
thickness of 0.167 mm, and length of 2200 mm.  All 
test beams have been cast with the same concrete 
batch. The mix proportions for concrete are shown 
in Table 1 along with the actual 28-day compressive 

strength of concrete material. The yielding strength 
of longitudinal steel reinforcement Ø10 and Ø12 
was 596 MPa and 580 MPa, respectively, and the 
elasticity modulus of steel reinforcement was 
measured as 200 GPa.  The CFRP sheets utilized in 
this study were unidirectional. The mechanical and 
physical properties of the CFRP sheet, are presented 
in Table 2.

Table 2. Mechanical properties for CFRP sheets
Thickness tf (cm) Modulus of elasticity Ef (GPa) Ultimate tensile strength ffu (MPa) Ultimate deformation εfu (%)

0.167 245 3400 1.6

(a) Reinforcement detail

20
0

150
2700

B

B

B-B

100 150 100150

P/2P/2

120
2200

CFRP sheets

(b) Strengthened beam with CFRP
Figure 1. Details of test beams

Table 1. Mixture proportions for 1 m3 of concrete và 28-day concrete compressive strength (kg/m3)
Cement 

(kg)
Crushed 
sand (kg)

Crushed stone 
0,5×1 cm (kg)

Crushed stone 
1×2 cm (kg)

Glenium SKY 
8613 (liter)

Water 
(kg)

28-day compressive strength  
f 'c

 (MPa)

470 800 340 730 3,9 140 60

 
                                     (a) A schematic view                                       (b) Photo of actual test setup

Figure 2. Detail of test setup
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2.2. Test procedure and instrumentation.
Figure 2 depicts the typical test setup employed 

for the experimental investigation, as well as a test 
in progress. Two beam specimens underwent testing 
using a four-point bending configuration. The load 
was applied at the mid-span of the beam using a 
hydraulic jack and spreader beams. An electronic 
force measuring instrument (load cell) was utilized 
to determine the applied load. Three linear variable 
differential transformers (LVDTs) with an accuracy 
of 0.001 mm, designated as LVDT-1, LVDT-2, and 
LVDT-3, were positioned at the two supports and in 
the middle of the test specimen, respectively. These 
LVDTs were employed to measure the displacement 
of the beams during loading. The deflection of the 
middle cross-section of the test specimens, denoted 
as f, was determined based on the measurements 
obtained from the LVDTs using Equation (1).

 ( )2 1 30.5f f f f= − + (1)

The force and displacement measuring 
instruments were connected to a TDS 530 data 
logger, enabling continuous and automatic recording 
of experimental data at one-second intervals. The 
tests were conducted until the specimens failed.

3. EXPERIMENTAL RESULTS
3.1. Failure mechanism of beam specimens

Figure 3(a) and Figure 3(b) respectively present 
the failure modes of the control beam BC-2 and 
the strengthened beam BS-2. It can be seen that 
the overall behavior of the unstrengthened and 
strengthened specimens was typical. In the constant 
moment zone of the beams, these flexural cracks 
opened prominently, then these shear cracks appeared 
in the flexural-shear zone. As shown Figure 3, the 
number of crack on the strengthened beam appears 

to be higher than that on the unstrengthened beam 
in the pure flexural zone. This may be explained 
by the tensile participation of CFRP sheets in the 
tensile zone, which helps distribute cracks and limit  
crack growth.

In the failure stage, the control beam exhibited a 
failure mode with the presence of multiple flexural 
cracks in the central region and inclined cracks in 
the bending-shear region. The flexural cracks have 
an average distance of about 100 mm and about 140 
mm in height. As the strengthened beam BS-2, the 
failure occurred when the detachment of bonded 
sheet, prompted by flexural cracks in the constant 
moment region, simultaneously, there was crushing 
of concrete in the compressive area.
3.2. Load-deflection relationship

Figure 4 illustrates the load-displacement 
relationship of two test beams: the control specimen 
BC-2 and the BS-2 specimen. As shown in  
Figure 4, both test beams exhibited a similar trilinear 
relationship. The behavior of unstrengthened and 
strengthened test specimens was unchanged from 
the elastic stage before cracking, corresponding to 
O-A. Point A exhibits a slope change of the curve, 
showing the time at which new cracks appeared 
due to bending moments in the beam. Notably, 
the load-deflection relationship exhibited nearly 
identical behavior in both BC-2 and BS-2 beam 
specimens during this period, showing that, under 
low loads, the performance of unstrengthened PC 
beam and CFRP strengthened PC beam was similar. 
Evidently, during this period, the contribution of the 
CFRP sheets to the enhancement is minimal. 

The next stage is A-B, where B is the second 
slope change point of the load-deflection curve, 
corresponding to the moment when the tensile 

Inclined crack 

Crushing of
concrete 

Debonding Debonding 
(a) Control beam BC-2 

(b) Strengthened beam BS-2
Figure 3. Failure of unstrengthened and strengthened specimens
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reinforcement yielded. At this point, the yielding 
load of prestressing steel reinforcement may be 
determined. In this stage, the bottom concrete 
was cracked and excluded from the process. 
Moreover, from A’ point (determined at the load 
of 60 kN), the higher stiffness observed at this 
stage in the strengthened beam, as compared to 
the unstrengthened beam, is demonstrated by the 
significantly larger reduction in the deflection in the 
strengthened beam under the same load, compared 
to the unstrengthened beam. This result supports 
that using CFRP sheets enhances beam stiffness.

The phase from the prestressed reinforcement’s 
yielding to complete failure (B-C). The load-bearing 
participation of concrete in the compression zone 
was negligible for the control beam, the load-bearing 
participation of the CFRP sheets in BS-2 beam was 
clearly shown at this stage. Point C corresponds the 
point when the CFRP sheets is unbonded and the 
concrete in the compression zone is crushed. At this 
point, the ultimate load may be determined.

Table 3 summarizes the load and corresponding 
deflection of the test beams at the cracking, yielding 
and failure points. Following the cracking stages 
that occurred in BC-2 and BS-2 beams were 
observed at the deflections of approximately 1.4 
mm and 2.0 mm, respectively, the applied load in 
the BS-2 test exceeded that in the BC-2 test. The 
failure load in the BS-2 beam measured around 

124.7 kN, representing a 24% increase compared to 
that of the BC-2 beam. 
3.3. Calculation of the ultimate flexural strength 
of test beams

In this study, the Eurocode 2 and FIB (2010) 
[16, 17] are used to calculate the flexural strength of 
PC beams. The calculations aim to provide a deeper 
understanding of the contribution of CFRP sheets 
in enhancing the flexural capacity of PC beams. In 
Eurocode 2, the following assumptions were used 
to calculate the beam’s bearing capacity: (1) Plane-
section assumption; (2) The ultimate deformation 
value, denoted as εcu, has been attained in the 
outermost compressive concrete region. The value 
of εcu is equal to 0.0035.

Figure 5. Strains-stress distribution of PC 
bending cross-section 

From the compatibility conditions, as shown in 
Figure 5, these deformations can be expressed as:
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where yf , '
yf  and ',s sE E  are yielding strength 

and elastic modulus of tension and compression 

reinforcement, respectively; pN is the prestressing 

Figure 4. Load-displacement relationship

Table 3. Summary of loads and deflections of test beam at yielding and failure points

Specimens Cracking load Pcr 
(kN)

Deflection 
corresponding to 
cracking (mm)

Yielding load 
Py (kN)

Deflection 
corresponding to 

yielding (mm)

Failure load Pmax 
(kN)

Deflection 
corresponding to 

failure (mm)

BC-2 26 1.4 90 20.6 100.8 34

BS-2 35 2.8 100 21.5 124.7 43
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force; '
sε is the strain in compression reinforcement; 

εs is the strain in tension reinforcement; εp is the 
tensile strain in the prestressing strand beyond 
decompression; εp0 is the strain in the prestressing 
strand resulting from prestressed stress.

The stress in prestressing steel is calculated 
following equation:

for 0.0086
0.276 for 0.0086

0.007

p ps ps

ps
pu ps

ps

E
f

f

ε ε

ε
ε

≤
=  − ≤ −

(7)

To predict the flexural strength of the PC 
beam, FIB (2010) [17] is used. This code uses the 
strain diagram and simplified stress distribution as 
presented in Figure 5.

The depth of the neutral axis, x, was determined 
using equation (8):

( )
' ' '

0

0.85 0.8c s s s

s s s p p p p

f b x A E

A E A E

ε

ε ε ε

+

= + +
(8)

In the equation, f ’c represents the concrete 

compressive strength; ', ,and s s pε ε ε  are the strains 
in the tension and compression steel reinforcement, 

and prestressed reinforcement, respectively; 0pε  is 
the strain in prestressed reinforcement due to pre-
stressing force; As, Aps, As’ are stress and area of 
tension reinforcement, prestressed reinforcement, 
and compression reinforcement.

The bearing capacity of the PC beam cross-
section is determined by the following equations:

'
n s ps sM M M M= + + (9)

0.8
2s s s s

xM A E dε  = − 
 

(10)

0.8
2ps ps ps p

xM A f d = − 
 

(11)

' ' ' '0.8
2s s s s

xM A E aε  = − 
 

(12)

where: Ms, Mps, Ms’ are contributions of tension 
reinforcement, prestressed reinforcement, and 
compression reinforcement to flexural strength 
of cross section; fs and fps are stress of tension 
reinforcement, prestressed reinforcement; b, h, x, d, 
dp, a, a’ refer to Figure 5.

Similarly, according to FIB (2010), the bearing 
capacity of strengthened PC beam cross section uses 

the strain diagram and simplified stress distribution. 
Figure 6 illustrated the stress and strain distribution 
of strengthened PC beam cross section.  

Figure 6. Strains-stress distribution of 
strengthened PC bending cross section

The depth of the neutral axis, x, was determined 
using equation (13):

' ' '0.85 0.8c s s s

s s s p ps f f f

f b x A E
A E A f A E

ε
ε ε

+
= + +

(13)

where εf is the effective strain in the CFRP sheets at 
the ultimate limit state can be calculated from the 
following fomula:

f fe bi cu bi fu
h x

x
ε ε ε ε ε ε− = + = + ≤ 

 
(14)

where εbi is the initial substrate strain resulting 
from the prestressing force, and can be calculated 
through elastic analysis; εfu is the rupture strain of 
CFRP sheets.

The bearing capacity of the strengthened PC 
beam cross-section is determined by the following 
formulas:

'
n s ps s fM M M M M= + + + (15)

f f f fM A E ε= (16)

Table 4 presents the results of calculating the 
flexural strength of two PC beams.

Table 4. Comparison of experimental and 
calculated flexural strength of test specimens

Specimens Mexp (kNm) Mcal (kNm) Difference 
(%)

BC-2 51 52 1.9%

BS-2 63 60 4.8%

Note: Mexp is experiment flexural strength, and Mcal 
is calculation flexural strength, corresponding to the 
load values at point C in Figure 4.

A comparison with the experimental results 
shows that the calculation of flexural strength for 
PC beam consistent the result with small error. 
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For the strengthened PC beams, the theoretical 
calculations provide  a lower predictive value 
compared to the experimental results, exhibiting a 
difference of 4.8%.

4. CONCLUSIONS
This paper presents an experimental study on 

the flexural behavior of PC beam strengthened with 
CFRP sheets. In the experimental investigation, two 
PC beams were loaded to failure using a four-point 
bending setup. Some conclusions can be drawn 
from this study:

Generally, the load-carrying capacity of 
PC beams can be enhanced with the CFRP 
strengthening method. The current tests showed 
that the failure load of the strengthened PC beam 
could be approximately 24% greater than that of the 
unstrengthened ones.

Notably, the effect of the CFRP sheets on the 
flexural behavior of the PC beam became evident 
at a later stage. The stiffness of the PC beam 
strengthening by the CFRP sheets was significantly 
enhanced in comparison to the unstrengthened PC 
beam.

Finally, for the strengthened prestressed 
concrete beam, the theoretical calculations predicted 
a predictive value lower than experimental results, 
offering a more conservative estimation. 

REFERENCES

[1] Esfahani MR, Kianoush M, Tajari A. (2007). 
Flexural behaviour of reinforced concrete 
beams strengthened by CFRP sheets. 
Engineering structures.29(10):2428-44.

[2] Bonacci JF, Maalej M. (2000). Externally 
bonded fiber-reinforced polymer for 
rehabilitation of corrosion damaged concrete 
beams. Structural Journal.97(5):703-11.

[3] Kim HS, Shin YS. (2011). Flexural behavior 
of reinforced concrete (RC) beams retrofitted 
with hybrid fiber reinforced polymers 
(FRPs) under sustaining loads. Composite 
structures.93(2):802-11.

[4] Ceroni F. (2010). Experimental 
performances of RC beams strengthened 
with FRP materials. Construction Building 
materials.24(9):1547-59.

[5] Saadatmanesh H, Ehsani MR. (1991). RC 
beams strengthened with GFRP plates. I: 
Experimental study. Journal of structural 
engineering.117(11):3417-33.

[6] Triantafillou T, Plevris N. (1992). 
Strengthening of RC beams with epoxy-

bonded fibre-composite materials. Materials 
structures.25:201-11.

[7] Nanni AJCI. (1995). Concrete 
repair with externally bonded FRP 
reinforcement.17(6):22-6.

[8] Rabinovitch O, Frostig Y. (2003). Experiments 
and analytical comparison of RC beams 
strengthened with CFRP composites. 
Composites part B: engineering.34(8):663-77.

[9] Kotynia R, Abdel Baky H, Neale KW, 
Ebead UA. (2008). Flexural strengthening 
of RC beams with externally bonded CFRP 
systems: Test results and 3D nonlinear 
FE analysis. Journal of Composites for 
Construction.12(2):190-201.

[10] Duong Duc Quynh, Nguyen Trung Hieu, 
Pham Xuan Dat, Nguyen Manh Hung. 
(2021). Experimental study on flexural 
behavior of rc beams strengthened with CFRP 
composite sheets under sustaining load. 
Journal of Science and Technology in Civil 
Engineering.15(2V):1-11.

[11] Ha Manh Hung, Nguyen Trung Hieu. (2021). 
The strengthening efficiency of reinforced 
concrete beams under shear using CFRP 
sheets. Journal of Science and Technology in 
Civil Engineering.15(1V):102-11.

[12] Reed CE, Peterman RJ. (2004). Evaluation 
of prestressed concrete girders strengthened 
with carbon fiber reinforced polymer sheets. 
Journal of Bridge Engineering.9(2):185-92.

[13] Rosenboom O, Walter C, Rizkalla S. (2009). 
Strengthening of prestressed concrete 
girders with composites: Installation, design 
and inspection. Construction Building 
Materials.23(4):1495-507.

[14] Di Ludovico M, Prota A, Manfredi G, 
Cosenza E. (2010). FRP strengthening of full-
scale PC girders. Journal of Composites for 
Construction.14(5):510-20.

[15] Kasan JL, Harries KA, Miller R, Brinkman 
RJ. (2014). Limits of application of externally 
bonded CFRP repairs for impact-damaged 
prestressed concrete girders. Journal of 
Composites for Construction.18(3):A4013013.

[16] Eurocode 2 (2004). Design of concrete 
structures -1 Part 1-1: General rules and rules 
for buildings. Brussels, belgium.

[17] FIB (2010). Model code for concrete structures. 
International Federation for structural concrete.


