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o Hybrid prestressed systems are defined as combined bonded steel 

tendons with unbonded CFRP or steel tendons relatively a new class of 

prestressed concrete members requiring further research. 

o Used in segmental bridges and retrofitting and rehabilitation of existing 

damaged members. 

o Testing results exhibited good control of cracking and enhanced

carrying-capacity, without significant reduction of the system ductility or 

deformability. 

Background and Motivation 
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o Unbonded steel strands are vulnerable to chloride attacks raising the risk 

of the strands’ brittle failure.

o Corrosion promoted by chloride attacks or inadequate grouting, does not 

always generate visible warning signs (cracks or corrosion stains) making 

it difficult to detect during inspections. 

Menga et al. (2023) 

"Corrosion‐induced damages and 

failures of posttensioned bridges: A 

literature review." Structural 

Concrete 24.1 84-99.

Background and Motivation 
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o A recent study analyzing the corrosion-induced failure of segmental and box-beam 

bridges post-tensioned with grouted steel tendons revealed that no warning signs were 

visible prior to tendon failure (system failure/collapse) for most of those bridges 

resulting in personal injury and substantial loss of life, property, and loss of 

infrastructure, especially that some of these bridges were just 9 years old

Menga et al.(2023) 

"Corrosion‐induced 

damages and failures of 

posttensioned bridges: A 

literature review." Structural 

Concrete 24.1 84-99.

Background and Motivation 
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o Due to its inherent corrosion resistance, the advantages of incorporating 

FRP tendons in prestressed girder systems are tremendous. FRP tendons 

have a superior strength-to-weight ratio and excellent fatigue resistance. 

o The linear-elastic nature of FRP tendons exhibit brittle flexural failure 

when exclusively used in prestressed members, which restricts their 

implementation in prestressed concrete bridges. 

o Driven by the need of innovative sustainable designs, incorporating 

multiple tendon materials (steel and CFRP) in a hybrid prestressed 

system offers a unique synergy that would improve durability at no-cost 

to the system ductility. 

Background and Motivation 
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o Assess the impact of combining unbonded CFRP tendons 

with bonded steel tendons on the overall flexural 

structural behavior at serviceability and ultimate limit 

states based on:

✓ laboratory testing of eighteen hybrid prestressed 

beams. 

✓ analytical evaluation following current practice and 

using finite element modeling. 

Objective(s)
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Experimental Program: Beam Testing Set-up & Dimensions (cm)

Hybrid Beams

Notation: Hx-AD1-AD2, H: Hybrid beam, 

x: Unbonded Tendon Material – F = CFRP 

and S = Steel, A: Prestressing System – U 

for Unbonded and B for Bonded, D: 2 for 

strand diameter (φ) 5/16”, 3 for φ3/8”, and 

4 for φ½” tendons, 
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𝜔𝑒 =
𝐴𝑝𝑠𝐵𝑓𝑝𝑢𝐵 +  𝐴𝑝𝑠𝑈𝑓𝑝𝑢𝑈 + 𝐴𝑠𝑓𝑦 − 𝐴𝑠

′ 𝑓𝑦
′

𝑏𝑑𝑒𝑓𝑐
′

Experimental Program (cont’d) 

𝑑𝑒 =
𝐴𝑝𝑠𝐵𝑓𝑝𝑢𝐵𝑑𝑝𝐵 +  𝐴𝑝𝑠𝑈𝑓𝑝𝑢𝑈𝑑𝑝𝑈 + 𝐴𝑠𝑓𝑦𝑑𝑠

𝐴𝑝𝑠𝐵𝑓𝑝𝑢𝐵 +  𝐴𝑝𝑠𝑈𝑓𝑝𝑢𝑈 + 𝐴𝑠𝑓𝑦

The effective reinforcing index (𝜔𝑒) and the effective flexural reinforcement depth (𝑑𝑒) 
defined by Naaman (1994) are modified slightly by the authors to utilize 𝑓𝑝𝑢 instead of 𝑓𝑝𝑠, 
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Experimental Program – Load versus Mid-Span Deflection 

• For beam with similar (𝜔𝑒), replacing bonded tendons with unbonded tendons resulted in a reduction in the load and 

deflections at the cracking and ultimate stages. 

• Beams US-1-4 (𝜔𝑒(𝑠)=0.047) and UF-1-3 (𝜔𝑒(𝑠)=0.045) achieved a lower cracking load by 48 and 39% and deflections by 

62 and 45%, compared to the bonded beam BS-2-3 (𝜔𝑒(𝑠)=0.051), respectively.

• The failure load decreased by 33% for both beams (US-1-4, UF-1-3), compared to the bonded beam BS-2-3 
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• Testing results show that hybrid steel-CFRP beams (HF-B3-U4 with 𝜔𝑒=0.09 and HF-B4-U3 with 𝜔𝑒=0.074) achieved 

strength limit state loads of 147, and 151 kN at 117 and 79 mm of deflection

• Compared to hybrid-steel beam HS-B4-U4 (𝜔𝑒=0.098), hybrid-CFRP beam HF-B3-U4 (𝜔𝑒=0.09) achieved similar 

ultimate moment capacity at failure with an ultimate deflection increase of +18%. On the other hand, a reduction of 28% 

in deflection was observed in HF-B4-U3 (𝜔𝑒=0.074) compared to HS-B3-U3 (𝜔𝑒=0.074). 

Experimental Program – Load versus Mid-Span Deflection 
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Ductility Results

• Three ductility indices are utilized, which 

are the conventional deformation index 

(µ𝑦 =
Τ𝛥𝑢 𝛥𝑦), Zou (2003) expression, and 

the net tensile strain method defined in ACI 

318. 

• Compared to the other two methods, the net 

tensile strain method adopted in ACI318 

shows a reasonable trend with the effective 

reinforcement ratio for unbonded and hybrid 

CFRP-steel beams.

• CFRP hybrid beams shows an increase in the 

net tensile strain (Δεt) for CFRP prestressed 

beam with 𝜔𝑒(𝑠) equal or exceeding 0.06, 

ranging between 13 to 125%. On the other 

hand, a decrease in the net tensile strain 

(Δεt) ranging between 33 to 58% is observed 

with CFRP prestressed beams with 𝜔𝑒(𝑠) 

less than 0.06. 

𝜇𝑍𝑜𝑢 =
𝑀𝑢

𝑀𝑐𝑟
.

𝛥𝑢

𝛥𝑐𝑟
𝜇𝛥 =

𝛥𝑢

𝛥𝑦

Experimental Program – Ductility Indices
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• According to ACI 440.4R, a compression-controlled (CC) section occurs when the concrete 

crushes (εcu=~0.003) before the failure of the tendons, while a tension-controlled (TC) 

section takes place when the failure of the member is governed by the tensile capacity of the 

tendon (εcu<<0.003). ACI 440.4R identifies those section during the design phase based on 

the concept of the balanced ratio (𝜌𝑏) in which TC sections can be achieved with prestressed 

reinforcement ratio less than the balanced ratio (𝜌𝑏) , while CC sections required a 

prestressed reinforcement ratio larger than 𝜌𝑏. 

• Unlike ACI 440.4R, ACI 318 relies on the net tensile strain in the outermost 

tension reinforcement in the critical section. TC sections are defined as members 

in which the net tensile strain 𝜀𝑡 at the level of the outermost tension reinforcement 

developed when the outermost concrete compressive strain 𝜀𝑐𝑢 reaches 0.003 is 

greater than or equal to 0.005 (𝜀𝑡 ≥ 0.005) for prestressed reinforcement and 

𝜀𝑡𝑦 + 0.003 (𝜀𝑡 ≥ 𝜀𝑡𝑦 +  0.003) for non-prestressed reinforcements.

Experimental Program – Flexural Member Failure Criteria 
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Experimental Program – Flexural Member Failure Criteria 

• These results shows that hybrid CFRP-Steel beams can achieve the same failure modes observed in hybrid 

steel beams without sacrificing any portion of the capacity and deformability of the section. 

• Hybrid CFRP-steel beams could achieve as much net tensile-strain and more, compared to hybrid-steel beams 

with similar ωe ratios. 

•  HF-B2-U3 and HS-B3-U3 (ωe=0.049, ωe=0.048) achieved a net tensile strain of 0.0103 and 0.0084, 

respectively, which designates both as tension-controlled members in accordance with ACI 318, even though 

one of them failed in concrete crushing, while the other failed by the rupture of the non-prestressed 

reinforcement. 
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ACI Design Guide Provisions: 

𝐼𝑒 =
𝑀𝑐𝑟

𝑀𝑎

3
𝛽𝑑𝐼𝑔 + 1 −

𝑀𝑐𝑟

𝑀𝑎

3
𝐼𝑐𝑟 ≤ 𝐼𝑔           𝛽𝑑 = 0.5

𝐸𝑝

𝐸𝑠
+ 1      

    

𝐼𝑐𝑟 =
𝑏 𝑐𝑐𝑟

3

3
+ 𝑛𝐴𝑝𝑠𝐵 𝑑𝑝𝑠𝐵 − 𝑐𝑐𝑟

2
+ 𝑛𝐴𝑝𝑠𝑈 𝑑𝑝𝑠𝑈 − 𝑐𝑐𝑟

2
+ 𝑛𝐴𝑠 𝑑𝑠 − 𝑐𝑐𝑟

2

𝐴𝑝𝑠𝐵𝑓𝑝𝑠𝐵 + 𝐴𝑝𝑠𝑈𝑓𝑝𝑠𝑈 + 𝐴𝑠𝑓𝑦 − 𝐴𝑠
′ 𝑓𝑦

′ = 0.85𝛽1𝑓𝑐
′ 𝑏 − 𝑏𝑤 ℎ𝑓 + 0.85𝛽1𝑓𝑐

′𝑏𝑤𝑐𝑐𝑟

𝑀𝑛 = 𝐴𝑝𝑠𝐵𝑓𝑝𝑠𝐵 𝑑𝑝𝐵 −
𝑎

2
+ 𝐴𝑝𝑠𝑈𝑓𝑝𝑠𝑈 𝑑𝑝𝑈 −

𝑎

2
+ 𝐴𝑠𝑓𝑦 𝑑𝑠 −

𝑎

2
− 𝐴𝑠

′ 𝑓𝑦
′ 𝑑𝑠

′ −
𝑎

2
+ 0.85𝛽1𝑓𝑐

′(𝑏 − 𝑏𝑤)ℎ𝑓
𝑎−ℎ𝑓

2
 

ACI 440.4R-04 

𝑓𝑝𝑠𝐵 = 𝑓𝑝𝑒𝐵 + 𝐸𝑝𝑠𝐵𝜀𝑐

𝑑𝑝𝐵

𝑐
− 1

𝑓𝑝𝑠𝑈 = 𝑓𝑝𝑒𝑈 + 𝛺𝐸𝑝𝑠𝑈𝜀𝑐

𝑑𝑝𝑈

𝑐
− 1 𝛺 =

5.4

Τ𝐿 𝑑𝑝

Note: For tested beams with hybrid tendons, AASHTO uses 

𝐴𝑝𝑠𝐵𝑓𝑝𝑠𝐵 + 𝐴𝑝𝑠𝑈𝑓𝑝𝑠𝑒 (instead of 𝐴𝑝𝑠𝐵𝑓𝑝𝑠𝐵 + 𝐴𝑝𝑠𝑈𝑓𝑝𝑠𝑈) to 

satisfy the equilibrium of forces and the weighted average stress 

(𝑓𝑝𝑠(𝑊𝐴)) in the bonded and unbonded prestressing tendons 

(𝐴𝑝𝑠𝐵 + 𝐴𝑝𝑠𝑈)𝑓𝑝𝑠(𝑊𝐴) (instead of 𝐴𝑝𝑠𝐵𝑓𝑝𝑠𝐵 + 𝐴𝑝𝑠𝑈𝑓𝑝𝑠𝑈) to 

satisfy the moment equilibrium.

where
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ACI440 Design Guide and AASHTO Provisions 

• The concrete compression strain was predicted with an average error around 0.84. 

Accuracy of ACI 440.4R in predicting deflections and moment at cracking, yielding and ultimate carrying capacity. 

• The average error for predicting the moment capacity at cracking, yielding and ultimate carrying 

capacity is found to be 1.1, 1.08, and 0.95, respectively, which is considered acceptable. 

• ACI 440.4R underestimated cracking and ultimate deflections which has a 

direct effect on the ductility predictions of unbonded and hybrid beams. 
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Finite Element Modeling 
The trussed-beam analogy consists of four components: 1) Beam element (B21), 

2) Truss element (T2D2), 3) Rigid Springs and 4) MPC connectors, are adopted 

and applied on the tested beams. 

2-D elements description 3-D overview of the section’s characteristics.

Idealized half-beam model 

(Nassif et al.2003)
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Finite Element Modeling- Unbonded and Hybrid beams 
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• The idealized truss-beam can be reliably used for a to predict deflection and loads for hybrid-CFRP beams at different stages 

of the loading. 

• The model was able to predict the re cracking loads within an average mean error (µ) of 1 with 0.97 mean error for the 

unbonded beams, 1.03 for the hybrid-steel and 1.01 for the CFRP-hybrid beams. 

• Similarly, an average mean error was observed to 1 for the FE predictions for ultimate load, in which the average error was 

calculated to be 1, 1.03 and 1.01 for the unbonded beams, Hybrid-steel beams, and CFRP- hybrid beams respectively. 

• For the deflection, FEM predicted the mid-span deflection observed at the first crack to be 

around 0.93 for all beams, in which hybrid-steel beams was predicted with an average error of 

0.89 which is 10% lower than the average error calculated for hybrid -CFRP beams (0.99). For 

the ultimate deflections, the average error was 6% higher than the cracking deflection. 

Finite Element Modeling (cont’d)
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ACI 440 predictions for the ductility of unbonded and hybrid beams is not well 

established in the code which results in relatively higher average error when 

predicting conventional or other ductility indices

Finite Element Modeling (cont’d)
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1) Hybrid steel-CFRP beams, utilizing CFRP as an unbonded element, is a 

robust prestressing system that can achieve extended service life due its 

inherent corrosion resistance, while maintaining a comparable 

serviceability performance compared with hybrid-steel beams. 

2) Improvements in ductility and cracking load can be achieved with hybrid

steel-CFRP prestressed beams when compared to hybrid-steel beams 

with effective reinforcement ratios equal or exceeding 0.06 

3) ACI 440 predictions for the ductility of unbonded and hybrid beams 

needs to be revisited for consistency with conventional or other ductility 

indices.  ACI 318 approach can be extended to hybrid beams.

Conclusions 
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