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A B S T R A C T 

The overwhelming costs of maintenance for reinforced concrete structures due to steel corrosion have 

motivated researchers to look for alternatives. One of the promising alternatives is Fiber Reinforced Polymer 

(FRP). Among FRP materials, Carbon FRP (CFRP) is the most attractive material for prestressed concrete 

members due to its high tensile strength and modulus of elasticity. Previous studies investigated the use of 

CFRP in prestressed concrete through experimental tests and theoretical analysis. However, there is a 

significant need for more experimental data to develop an accurate model that can accurately predict the 

behavior of CFRP prestressed concrete beams. In the current study, experimental flexural tests were 

conducted on four prestressed concrete beams pre-tensioned with CFRP rods. The length of the beams was 

4,270 mm, and the cross-sectional dimensions were 138 x 250 mm. All the beams were subjected to four-

point loading with an initial five cycles of loading and unloading before a monotonic loading until failure. 

Their performance was analyzed, and based on the results a theoretical model was proposed. It was found 

that the slippage of CFRP at the ends significantly affect the flexural behavior and failure modes of the 

beams. Additionally, theoretical models must account for CFRP slippage at the ends to accurately predict 

the flexural response of CFRP prestressed concrete beams. When a slippage reduction factor was used in 

the proposed theoretical model, the results had a good agreement with the experimental tests. Future 

research may focus on testing the theoretical model with more data from experimental studies. 

© 2024 University of Al-Qadisiyah. All rights reserved.    

1. Introduction

Here The use of advanced materials, like FRP materials, in structural 

engineering has become more needed for more durable and efficient 

structures. For prestressed concrete members, Carbon fiber reinforced 

materials (CFRPs) are the most desirable type as it has the strongest tensile 

capacity associated with high modulus of elasticity. In addition, CFRP 

materials are known for their high resistance to corrosion and low weight, 

which make CFRPs interesting alternative materials for reinforced and 

prestressed concrete [1–3]. CFRP material can address some of the 

concerns with steel bars related to durability. Since CFRP rods have an 

exceptional corrosion resistance, the durability of concrete structures 
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reinforced or prestressed with CFRP rods is much higher especially 

considering concrete structures that are subjected to harsh environment [4–

6]. Moreover, the low weight of CFRP enables the possibility of longer 

structural members, which is significant for prestressed concrete design [7–

9]. The use of CFRP in prestressed concrete members have been studied 

extensively by several researchers to investigate the possibility of using 

CFRP rods as an alternative for steel strands [10–15]. The studies by 

Saadatmanesh and Ehsani [16] and Malek et al. [17] and Braimah et al. [18] 

were some the pioneer studies that stated the feasibility of using CFRP rods 

in prestressed concrete elements. They reported that CFRP rods had 

significant features that could enhance the flexural performance and 

stiffness of prestressed concrete beams. In addition, they show that using 

CFRP could the overall cost of the structures due to the light weight of 

CFRP compared to steel and the maintenance required for concrete 

structures reinforced with steel. The possibility of predicting the flexural 

response of CFRP-prestressed concrete members is the key to increase the 

confidence of using CFRP in prestressed concrete members. Therefore, it 

is essential to propose theoretical or numerical models that can predict the 

performance of prestressed concrete beams with CFRP rods. There were a 

number of studies that proposed theoretical predictions of the flexural 

performance of concrete beams prestressed with CFRP materials [19–22]. 

Their results motivated researchers to conduct further studies on the use of 

CFRP in prestressed concrete members. One of the great challenges in 

predicting the performance of concrete beams prestressed with CFRP 

materials is the FRP-to-concrete bond properties. Unlike reinforced 

concrete members, the idea of prestressing CFRP increases the challenge 

of fully understand the bond characteristics between CFRP and concrete 

because in prestressed concrete elements the prestressing force would 

transfer from CFRP to concrete section through the bond between the two 

materials. This suggests a significant need to develop a model that can 

accurately predict the flexural performance of CFRP prestressed concrete 

beams using available experimental data. In the current study, four CFRP 

prestressed concrete beams were tested under flexural loading to better 

understand their behavior. Then, a simple theoretical model was proposed 

that can easily be used to calculate the flexural capacity of CFRP 

prestressed concrete members. Since bonding is the most critical challenge 

in terms of predicting the flexural behavior of prestressed concrete beams 

with CFRP rods, the model used the experimental data to propose a 

reduction factor to account for the CFRP slippage at the ends. The results 

of this paper can be used for future studies to fully understand the behavior 

of prestressed concrete elements prestressed with CFRP and accurately 

predict their response.    

2. Materials properties 

2.1. CFRP rods 

In this study, a 12.7 mm diameter CFRP rods were used. The CFRP rods 

were sand coated and had helical wrap. Based on the datasheet from the 

manufacturer, the maximum tensile strength, strain, and modulus of 

elasticity are 2068 MPa, 0.0167, 124 GPa, respectively. However, the 

maximum tensile strength, strain, and modulus of elasticity of the CFRP 

rods based on the four ASTM specimens [23] tested in the laboratory were 

2282 MPa, 0.0162, and 141 GPa, respectively. Fig. 1 shows the stress-strain 

relationships for the tested CFRP rods compared to the manufacturer data. 

It can be seen that at about 70% of the maximum load, the extensometer 

was removed. Therefore, no strain data could be obtained after that.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Stress-strain relationship for CFRP rods 

2.2. Concrete 

The concrete mixture was designed based on “Designing and Proportioning 

Normal Concrete Mixtures” by Portland Cement Association (2002) to 

achieve a nominal concrete strength of 50 MPa. Three cylinders for each 

beam specimen were tested to determine the compressive strength of the 

concrete for each beam. The results showed that the compressive strength 

for the four beams were 50, 53, 50, 52 MPa for B1 (Beam no. 1), B2, B3, 

B4, respectively. In addition, three other cylinders were tested to determine 

the modulus of elasticity and the stress-strain relationship (based on ASTM 

C469 [24]) as they would be needed for the theoretical model. The modulus 

of elasticity for B1, B2, B3, and B4 were 41, 42, 41, and 42 GPa, 

respectively. The results of the stress-strain relationships will be discussed 

later in this paper as part of the theoretical model.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Test setup for steel bars used for stirrups (D5) 

2.3. Steel wires 

Deformed steel wires commercially known as D5 were used for shear 

reinforcement. The diameter of D5 is 6.35 mm. Based on the manufacturer 

datasheet, the breaking capacity of D5 is 752 MPa. Two samples were 

tested in the laboratory (Fig. 2), and the average maximum achieved tensile 

capacity was 689 MPa. The stress-strain relationships are presented in Fig. 
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3. It can be seen that there is no clear yielding strength for D5, but it can be 

estimated to be 480 MPa. For design purposes, the yield strength of D5 was 

assumed to be 400 MPa. 

It must be mentioned that typically three samples should be tested to 

determine an experimental value. However, all what the authors needed 

from testing the steel wires in the current study was to determine the tensile 

strength of the steel wire. The results of the two specimens showed that the 

breaking strength was around 689 MPa, and the design value was 400 MPa. 

Therefore, testing another sample wouldn’t have made any difference. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Stress-strain relationship for steel wires D5 

 

3. Flexural tests 

3.1. Beam design 

Four large-scale concrete beams pre-tensioned with CFRP rods were 

experimentally tested in the current study. The total length of the beams 

was 4270 mm, with a clear span of 4110 mm. The cross-sectional 

dimensions were 138 mm x 250 mm. The beams were pre-tensioned with 

one CFRP rod, the eccentricity of which equal to 89 mm, resulting in a 

prestressing reinforcement ratio of 0.0042. The beam specimens were 

designed to have a prestressing reinforcement ration slightly higher than the 

balanced ratio, and the failure is expected to be concrete crushing in the 

compression zone, which is desirable to avoid CFRP rupture [25]. As 

mentioned earlier, D5 steel wires were used for shear reinforcement and the 

design was based on the minimum shear reinforcement provided by ACI 

318 [26]. For B1 (Beam 1), stirrups’ spacings of 150 mm (center-to-center) 

were used. However, it was found that due to CFRP slippage during the 

flexural tests, more shear reinforcement was required. Therefore, stirrups’ 

spacing of 75 mm was used along the shear span of the other beam 

specimens. The problem with shear was only due to excessive CFRP 

slippage at the ends which reduced the upward force due to prestressing and 

caused the failure. This issue was partially solved in B2 and B3 by 

increasing the shear stirrups, which consequently increased the bond 

between CFRP and concrete. The idea of increasing shear reinforcement 

increases the confinement, improves the bond, and reduces the 

development length has been reported and proved by several researchers 

[27–29]. 

To eliminate the slippage effects on the behavior of the beams, CFRP rod 

was locked at the end for Beam 4 (B4). The novel anchorage system 

developed by Saeed et al. [30] was used to lock the CFRP rods at the beam 

ends and to prevent any slippage and losses in the prestressing force. Fig. 4 

shows the difference between the beam ends for B4 compared with the 

other beam specimens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The differences in beam ends for B4 and the other three 

beam specimens 

 

 

Table 1. Prestressing data for CFRP prestressed concrete beam specimens 

 

Beam Specimen B1 B2 B3 B4 

Nominal prestress level 65% 55% 60% 60% 

Jacking stress (MPa) 1340 1140 1240 1280 

Initial stress, 𝑓𝑝𝑖, after 

transfer (MPa) 

1220 1080 1130 1195 

Immediate losses (%) 3.8 3.7 4.7 4.9 

Effective stress, 𝑓𝑝𝑒, 

(MPa) 

1230 1080 1120 1200 

Total losses (%) 8.7 4.8 9.4 6.6 

Initial concrete 

compressive strength, 𝑓𝑐𝑖
′  , 

(MPa) 

45 48 47 51 

Concrete compressive 

strength, 𝑓𝑐
′ , (MPa) 

50 53 50 52 

 

3.2. Instrumentations and loading  

During the pre-tensioning process, the jacking force was monitored and 

recorded using a hollow load cell attached to the hydraulic ram used to 

apply the tension force and pull the CFRP rod. In addition, eleven strain 

gauges were attached to the surface of CFRP rod to accurately measure the 

strain during the pre-tensioning process, releasing process, and during the 

flexural tests of the beam. Once the CFRP rod is pre-tensioned to the 

designed jacking force (Table 1), concrete was cast and let to cure for two 

weeks. The next step was to release the jacking force. The jacking force 

was released slowly and carefully, and the data of releasing the force were 

recorded as can be seen in Table 1. Twenty-one days after casting the 

concrete, the beam specimens would be prepared for flexural testing. One 
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Linear Variable Differential Transformers (LVDT) was used to measure the 

beam deflection at mid-span, and two LVDTs were used to measure the end 

slippage of CFRP rod. All instrumentations were connected to a data 

logging system to monitor, record, and store the data simultaneously from 

the load cell, LVDTs, and strain gauges. Fig. 5 shows the test setup and 

instrumentation for the flexural test.  Five cycles of loading were applied to 

each beam before a monotonic loading until failure. The load for the first 

five cycles was equal to 65% of the maximum estimated strength (the 

maximum flexural strength calculated theoretically based on the 

mechanical properties of concrete and CFRP rod) or when the tensile CFRP 

strain reached 0.01. Then the load was applied monotonically until failure.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Test setup for beam specimens 

 

 

4. Experimental results and discussions 

4.1. Moment-deflection relationship 

Figure 6 shows the moment-deflection curves for the four beam specimens. 

Overall, the moment deflection curves for all tested beams were almost 

bilinear. Up until the cracking moment, the behavior of the prestressed 

beams was linear. Then after the cracking moment, the behavior was almost 

linear but with a much lower stiffness. The first three beams experienced 

CFRP slippage at the ends leading to lower post-cracking stiffness 

compared to B4. It was observed that all beams experienced a permanent 

deflection after the five cycles of loading. Specimen B1 failed unexpectedly 

due to the extensive CFRP slippage at the ends.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Moment-deflection curves for beam specimens 

It could only handle 39 kN-m before it failed brittlely with a shear failure 

mode. B2 had the same failure mode but with 22% improvement in 

maximum strength and a much better ductility due to the enhancement of 

shear reinforcement at the ends. The performance of specimen B3 was 

similar to B2 with a slightly lower moment capacity but larger ultimate 

deflection. A significant improvement was observed in specimen B4 in 

terms of maximum moment capacity, post cracking stiffness, failure mode, 

and deformability. The maximum moment capacity was 62% higher than 

B1 and 34% higher than B2. Moreover, the failure mode was concrete crush 

at the compression zone as it was designed. Locking CFRP at the ends 

prevented the CFRP slippage, which led to utilizing most of the CFRP 

strength and improved the flexural capacity of the beams. Figure 7 shows 

the moment - CFRP tensile strain relationship for the four beam specimens. 

It can be seen that CFRP strain in the shear span for B1 did not record any 

strain during the test. This could be strain gauge failure (detachment) or due 

to slippage. It should also be mentioned that the data from most of the strain 

gauges were lost during the prestressing and load transfer. For B2, it can be 

noticed that small strains were recorded by G.1 and G.2 when the load 

approached the maximum. Strain gauge G.3 recorded increase in CFRP 

strain when the load was beyond 30 kN.m. Similar observation was found 

for B3 specimen where the CFRP strain increased when the load exceeded 

30 kN.m (see the readings of G.3 and G.9 for B3 specimen). Regarding B4, 

it was the only specimen to see an increase in CFRP strain at G.2 location. 

This was mainly because of preventing the CFRP slippage at the ends using 

the anchorage system in B4. 

 

Table 2. Deformability of CFRP prestressed concrete beams 

 

Beam Specimen B1 B2 B3 B4 

M cr (kN.m.) 24 19 19 26 

∆ cr (mm) 14 10 12 11 

M max. (kN.m.) 39 47 45 64 

∆ max.  (mm) 48 79 86 92 

Deformability based on 

Abdelrahman et al. [32] 
2.53 4.00 3.78 3.82 

Deformability based on 

Zou [33] 
5.55 20.70 16.79 20.41 

 

4.2. Deformability 

For FRP reinforced or prestressed concrete members, the terminology 

“deformability” is used instead of ductility because FRPs do not yield [31]. 

It is still controversial about how to evaluate the ductility or deformability 

of concrete members reinforced with FRPs. Abdelrahman et al. [32] 

proposed that the deformability of the member can be determined by 

dividing the actual maximum deflection by an imaginary deflection 

corresponding to the maximum load assuming un-cracked section of the 

concrete beam. On the other hand, Zou [33] stated that the deformability of 

FRP prestressed concrete beams could be determined by dividing the 

maximum moment by the cracking moment and multiply the result by the 

maximum deflection divided by the cracking deflection. The deformability 

of the beams was evaluated and the results are shown in Table 2. It can be 

seen that B2 and B4 had the best performances in terms of deformability.  

The current controversy around deformability evaluation methods indicates 

a need for standardized guidelines. It is highly desirable to establish 

standard guidelines in the near future.   
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5. Theoretical model 

The theoretical model was developed to predict the moment-deflection 

relationship of CFRP prestressed concrete beams. The model depends on a 

very basic mechanics of materials and strain compatibility. Since the stress-

strain behavior of each material used in the concrete beam was determined 

experimentally and known, then strain compatibility could be applied to 

determine the moment deflection relationship for the beam as a composite 

element. The following sections will explain the assumptions, materials 

properties, the analysis, and the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.1. Assumptions 

The key principle used in the analytical model was strain compatibility. It 

was assumed that in the first stage of the analysis, which was before the 

cracking moment, the beam behaved elastically without cracks. Therefore, 

the force at the bottom of the concrete section resulted from the concrete 

material below the neutral axis and the CFRP rod.. The area of CFRP 

material was converted to concrete based on the modulus of elasticity of 

each material. Basic mechanics of material principles were used to 

determine the deflection at this stage. The upward deflection would result 

from the CFRP force and the downward deflection from the applied load 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                       

 

Figure 7. Moment vs. CFRP tensile strain relationship during the flexural test 
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[34]. The plastic analysis started after reaching the cracking moment. At 

this stage, only the CFRP force was considered below the neutral axis, and 

the concrete contribution in the tension zone was ignored. The analysis 

solely deepened on the stress-strain relationship of CFRP material in the 

tension and the concrete stress-strain relationship in the compression. The 

beam was assumed to fail if CFRP stress reached the ultimate (2,282 MPa 

as defined in section 2.1 of this study) or when concrete strain reached 

0.003. Perfect CFRP-to-concrete bonding was assumed.  
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Therefore, three cylinders were tested based on ASTM loading procedure 

[24], and other three cylinders were tested under a loading that lasted at  

5.2. Materials properties 

The stress-strain relationship for CFRP rods presented in Fig. 1 was used 

for the theoretical analysis. For the concrete, the stress strain relationship 

used in the theoretical model was a mix between the experimental results 

and the equation originally proposed by Hognestad in 1951 [35]. The 

equation was manipulated to represent almost the same stress-strain 

relationship obtained from the experimental tests. It is worth mentioning 

that the stress-strain curve was different if the creep effect was considered 

in the cylinder test. As it is known, the flexural tests of the beam specimens 

took between 90 to 120 minutes. 

least 90 minutes before failureThe effects of creep (tests that lasted for 90 

minutes) can clearly be seen in Fig. 8. The stress-strain relationship of 

concrete considering creep was then used in the theoretical model. The 

terminology “Theoretical-1” in Fig. 8 represent the theoretical 

representation of the short-time test. For Theoretical-1, the concrete strain 

associated with the maximum concrete stress was fixed to 0.002 as 

suggested by Hognestad [35]. However, for Theoretical-2 the concrete 

strain associated with the maximum concrete stress was taken from the 

experimental results, and it was different for each beam as shown in Fig. 8. 

The stress The analysis mainly depended on the guidelines proposed by 

ACI 440 [25,36] and the following references [34,37,38] in addition to 

basic mechanics of materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 MATLAB software [39] was utilized to compute the flexural response of 

CFRP prestressed concrete beams depending on the stress-strain 

relationships of the individual components and depending on the level of 

prestress. The model used an iterative approach by constantly changing the 

assumption of the concrete strain at the maximum fiber of concrete section 

and the location of the neutral axis until the tension force below the neutral 

axis became equal to the compression force above the neutral axis.  In the 

beginning of the analysis, the applied load was assumed to be zero, ignoring 

the beam’s own weight. This is in agreement with the analysis of the 

experimental results because the presented experimental moment-

deflection relationships did not account for self-weights. In this stage of 

analysis, the model only counts for the upward moment from the 

prestressing force: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                     (a) Beam Specimen B1                                                                                  (c) Beam Specimen B3 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                          

 

 

                                    (b) Beam Specimen B2                                                                                  (d) Beam Specimen B4 

 

Figure 8. Stress-strain relationship for concrete material considering the creep effect; Theoretical-1 represents the theoretical simulation of the short-

time test, and Theoretical-2 represents the theoretical simulation of the long-time test considering the creep effect 
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σtop =  −
Pfe

A
+  

Pfe . e . c

I
                                                                                   (1) 

σbottom =  −
Pfe

A
− 

Pfe . e . c

I
                                                                             (2) 

 

Where: 

σtop = concrete top fiber stress, MPa 

σbottom = concrete bottom fiber stress, MPa 

Pfe = effective CFRP pre-tensioning force, N 

A = area of the beam’s cross section, mm2 

e = CFRP eccentricity, mm 

c is the distance from the central axis to the specific point where stress 

is being measured, mm 

I = 
b h3

12
, mm4 

 

The strains will then be calculated based on the concrete stresses at the top 

and bottom fibers using the stress-strain relationship of the concrete. Then, 

the curvature (𝜑0) was determined using the geometry of the cross-section, 

as shown in equation 3 and explained in Fig. 9: 

 

𝜑0 =  
𝜀𝑏𝑜𝑡 − 𝜀𝑡𝑜𝑝

ℎ
                                                                                              (3)   

 

 

 

 

 

 

 

 

 

Figure 9. Explanation of the concrete cross-sectional stresses and 

strains 

 

Equation 3 represents the curvature of the cross-section when the load is 

zero. Then, Equations 1 and 2 could be used to determine the strain at 

concrete at the level of CFRP rod (εce). 

 

σce

=  −
Pfe

A
+ 

Pfe . e . e

I
                                                                                          (4a) 

εce =   
σce 

𝐸𝑐

                                                                                                         (4b) 

 

The next step was to determine the strain value at the very bottom of the 

cross-section corresponding to modulus of rupture. This would lead to 

determining the cracking moment. Another point on the moment curvature 

relationship was found when the concrete stresses at CFRP level was zero. 

Therefore, the CFRP strain at this stage was the effective strain due to pre-

tensioning in addition to εce. After that the new curvature point (𝜑1) can be 

determined using Equation 3.  

 

𝑃𝑓,1 = 𝑃𝑓𝑒 + σce ∗  𝐴𝑏                                                                                          (5) 

M1 =
I σce

e
                                                                                                            (6) 

σtop1 =  −
Pf1

A
+ 

Pf1 . e . c

I
−

M1 . c

I
                                                               (7a) 

σbot.1

=  −
Pf1

A
− 

Pf1 . e . c

I
+

M1 . c

I
                                                                          (7b) 

 

Now, the cracking stress (0.62 √𝑓𝑐
′ , MPa) was the bottom stress from 

Equation (7b) plus the extra stresses causing the cracks. These additional 

stresses would cause additional moments. Therefore, to determine the 

cracking moment, the moment when the stresses at CFRP level was zero 

could be added to the additional moment caused by the additional stresses 

causing the cracking, as explained by the equations below: 

 

 

fcr = 0.62 √fc
′                                                                                    ACI 318 [26] 

∆f = fcr − σbot.1      so, ∆M =
∆f .  I

c
                                                        (8) 

M𝑐𝑟 = M1 + ∆M                                                                                                  (9) 

∆ffp =  
∆M .  e .  n

I
                                                                                            (10) 

Pf,cr = Pf,1 + ∆f𝑓𝑝 (𝐴𝑏)                                                                                    (11) 

σtop2 =  −
Pf,cr

A
+ 

P2 . e . c

I
−

M2 . c

I
                                                            (12a) 

σbot.2 =  −
P𝑓,𝑐𝑟

A
− 

Pf,cr . e . c

I
+

M𝑐𝑟 . c

I
                                                      (12b) 

 

After that the new curvature point corresponding to cracking moment could 

be determined using Equation 3. After this point, plastic analysis was 

applied as the beam had passed its elastic point. At this stage, the concrete 

force in tension was neglected (Fig. 10). Below the neutral axis, the source 

of the tension force was from CFRP rods only. Using the stress-stain 

relationship of CFRP material (Fig. 1), the CFRP force below the neutral 

axis was determined. Similarly, the compression force above the neutral 

axis was determined using concrete’s stress-strain curve: 

 

 

C = b. fc
′.

εc

εo

 . x . [1 −
εc

3. εo

]                                                                            (13) 

y′ = x. [
8. εo − 3 . εc 

12 . εo − 4 . εc

]                                                                                  (14) 

 

 

 

 

 

 

 

 

Figure 10. Cross-sectional analysis of the concrete beam showing the 

compression and tension forces 

 

The next step was a trial and error method. The top fiber concrete strain and 

the location of neutral axis (c) were assumed, and based on which the 

tension and compression forces were calculated. The assumed location of 

neutral axis would be considered correct if the tension and compression 

forces were in equilibrium. If not, a different location of the neutral axis 

would be assumed until reaching the equilibrium, which means that the 

assumed concrete strain and the location of the neutral axis were correct. 

The process continued until the full curve of moment-curvature was 

developed.  From the moment-curvature relationship, moment vs. mid-span 

deflection curves can be developed by applying the second moment-area 
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theorem (Fig. 11). For example, the deflection corresponding to Mcr was 

determined by multiplying Area1 by the distance from the center of the area 

to point A. For maximum deflection, or the deflection associated with the 

maximum moment, Area2 was used instead of Area1. In this model, the 

beam was deemed to have failed if the concrete strain was 0.003 or if the 

CFRP reached its rupture stress. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Steps to determine the theoretical mid-span deflection 

 

5.3. Theoretical results and discussions 

Figure 12 shows the results of the theoretical model compared to the 

experimental results. It can be seen that the theoretical moment-deflection 

curves are also a bilinear relationship. The moment-deflection curve labeled 

“Model” in Fig. 12 has two marked failure points. The first one represents 

the predicted flexural capacity of the beam when CFRP material reached 

the ultimate guaranteed tensile capacity (2070 MPa). The second marked 

point, which was always higher than the first point, represent the predicted 

flexural capacity of the beam when CFRP materials reached the actual 

ultimate tensile capacity or when the concrete ultimate strain at the top fiber 

reached 0.003.  Figure 12 shows that the theoretical model for the first three 

beams predicted a higher flexural capacity with a higher moment-deflection 

stiffness. This was mainly attributed to the perfect bonding assumption for 

the theoretical model.  

The main cause of failure for the first three beam specimens was CFRP 

slippage, which also caused a lower flexural stiffness and sudden failure in 

the shear span (for B1 and B2). In addition, the beam specimens were 

subjected to five cycles of loading and unloading before the monotonic test, 

while the theoretical model did not account for the first 5 cycles of loading. 

This would also reduce the flexural stiffness of the beams, especially the 

first part of the curves.  

The results of B4 led to more confidence in terms of the above observations. 

When CFRP rods were locked at the beam ends (slippage ~ zero), the 

flexural moment capacity and the moment deflection stiffness improved 

significantly, and the theoretical prediction became much closer to the 

experimental tests. Therefore, it is expected that if the experimental tests 

for the first beams repeated with anchoring CFRP rods at the beam ends, 

the prediction would be in a better agreement with the experimental results. 

Moreover, it can be seen from Fig. 12 that the model reasonably predicted 

the moment-deflection relationship except the fact that the experimental 

specimens failed earlier than the expected load due to slippage issue.  

5.4. Proposed slippage reduction factor, RS 

In order to have a more accurate theoretical model, it is recommended to 

account for FRP slippage at the beam ends for FRP prestressed concrete 

beams [40–42]. This was clear based on the results of the current study. 

Therefore, it is recommended to investigate the effects of FRP slippage on 

the performance of FRP prestressed concrete beams and propose an 

equation or a solution to account for the slippage effects. In the current 

study, a reduction factor called “RS” was proposed to accurately predict the 

moment deflection relationship for CFRP prestressed concrete beams to be 

used by engineers and researchers until a more comprehensive study is 

conducted to propose a better model. Based on the results of this study, a 

reduction factor of 15% (RS =0.85) seems to be reasonable as shown in Fig 

12. The moment-deflection curve labeled “Modified Model” represent the 

proposed theoretical model with the proposed reduction factor. It can be 

noticed that the proposed reduction factor significantly improved the 

prediction of the model, and the theoretical results became in a very good 

agreement with the experimental results. For B4, a reduction factor or 1 

should be used because the CFRP rod was locked at the beam ends. 

Therefore, no CFRP slippage was expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Moment-deflection curves; experimental vs. theoretical 

prediction 
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Figure 12. Moment-deflection curves; experimental vs. theoretical 

prediction (continued) 

 

6. Conclusions 

Four CFRP prestressed concrete beams were fabricated and tested to 

investigate the flexural capacity of prestressed concrete beams pre-

tensioned with one CFRP rod. A theoretical model was developed, and the 

results of which were compared to the experimental results. Based on the 

results of the current study, the following conclusions can be drawn: 

1. The minimum shear reinforcement based on ACI 318 is not adequate for 

prestressed concrete beams pre-tensioned with CFRP rods due to CFRP 

slippage at the beam ends. Increasing the confinement can improve the 

bond between CFRP rods and concrete. 

2. Locking CFRP rods at the ends prevented CFRP slippages and 

significantly improved the flexural capacity or performance of 

prestressed concrete beams.  

3. The theoretical model proposed in this study can reasonably predict the 

flexural response of CFRP prestressed concrete beams. However, a more 

accurate model would account for CFRP slippage and the effects of 

cyclic loading on the flexural response of CFRP prestressed concrete 

beams.  

4. The proposed slippage reduction factor of 15% (RS =0.85) improved the 

results of the theoretical model, and it is recommended to be used until 

a comprehensive analytical or numerical model is developed. 

5. The results presented in this study are limited to the parameters used in 

the experimental program and to the assumption made for the theoretical 

model. Further research is needed to verify the results and to investigate 

a wider range of parameters.  
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