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A1. INTRODUCTION 

Prestressed reinforced concrete for highway bridges has been in progress, since the year 

1951 (Warwaruk et al., 1960). Presently, prestressed concrete constitutes around 27% of all the 

highway bridges in the United States. Nearly all the prestressed beams use prestressing steel. The 

problem with steel prestressing reinforcement is corrosion. The prestressed steel beams have 

prestressing steel tendons under very high stress with the relatively small cross-sectional area. 

Hence, the possibility of brittle fracture due to stress corrosion or hydrogen embrittlement is 

higher in higher strength steel. This may lead to the sudden failure of a bridge without any 

warning (Podolny, 1992; Nagi & Whiting, 1994). These have initiated the use of non-metallic 

tendons such as Glass Fiber Reinforced Polymer (GFRP), Aramid Fiber Reinforced Polymer 

(AFRP) and Carbon Fiber Reinforced Polymer (CFRP) collectively referred to as Fiber 

Reinforced Polymers (FRPs). Among these materials, CFRP stands out as a primary prestressing 

reinforcement. The initial cost of CFRP is higher than that of GFRP and AFRP. Furthermore, all 

the three FRPs are comparable in terms of their tensile strength. Notably, the CFRP is known for 

its high tensile stiffness. The durability properties of the CFRP are also excellent in comparison 

to other FRPs (Myers & Vishwanath, 2006). 

The use of a novel material on the highway is highly dependent on the available guide 

specification in LRFD format. Correspondingly, the AASHTO-GFRP specification on the use of 

GFRP bars on the bridge deck to replace the steel reinforcement was recently developed as a 

result of an NCHRP project which has facilitated the widespread use of GFRP bars.  

The CFRP is becoming a recognized alternative to traditional construction materials with 

a wide range of applications in current civil engineering practice. A novel example of these 

applications is the use of CFRP strands as a prestressing reinforcement for prestressed concrete 



NCHRP 12-97 

A-4 
 

bridge girders, particularly, in aggressive environments where steel strands are susceptible to 

corrosion. The CFRP materials present specific advantages such as high strength-to-weight and 

stiffness-to-weight ratios and resistance to electrochemical corrosion. Despite their promise, 

however, the prestressing CFRP strands have not frequently been used for bridge construction in 

the United States (US). Correspondingly, the major contributing factor to the lack of 

advancement of this technology in the US is the lack of comprehensive design specifications.  

A1.1. CFRP Composites  

The Fiber reinforced polymers (FRP) are advanced composites, consisting of high 

strength fibers embedded in a polymer matrix. FRP made of carbon (CFRP), glass (GFRP), or 

aramid (AFRP) fibers are increasingly becoming a noteworthy alternative to traditional 

construction materials with a wider range of applications in current civil engineering practice. 

Correspondingly, the selection of fiber type for any construction application depends upon the 

specific needs of the particular structure. Aramid, carbon, and glass, fibers exhibit significantly 

different material characteristics and costs. The fibers are the primary load-carrying components 

of the composite. However, the polymer resin provides a medium for stresses to be transferred 

among individual fibers, protects the fibers from damage and environmental effects, and helps 

maintain alignment of the fibers. Also, the polymer matrix strongly influences several 

mechanical properties of the FRP, such as transverse modulus and strength, shear capacity, and 

compression properties (Sika, 2003). Two categories of polymers are available: (i) thermosetting 

(e.g., epoxy, vinyl ester, and polyester); and (iii) thermoplastic (e.g., nylon). A schematic 

demonstration of the components of unidirectional FRP materials is shown in Figure A1.1. is a 

scanning electron microscopic (SEM) observation of the microstructure of a unidirectional CFRP 

cable. 
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Figure A1.1 SEM observation of a unidirectional CFRP cable 

The FRP materials can be fabricated in various forms including bars, plates, and sheets. 

Typically, bars are used in new construction, where they may be substituted for traditional steel 

reinforcement. These FRP bars and other structural shapes such as prestressing tendons, grid 

reinforcement, and dowels are fabricated through the process of pultrusion. Pultrusion is a highly 

automated process in which reinforcing fibers, and fiber fabrics are pulled through a resin and 

then extruded into a heated die where the resin is polymerized (Bakis et al., 2002). Congruently, 

plates and sheets are generally used in rehabilitation and retrofit applications. Plates, in 

particular, are often used as flexural reinforcement for beams and slabs, whereas sheets are most 

commonly used for shear strengthening and confinement of columns. 

Prestressing concrete bridge beams with CFRP strands has been an active research area 

for the last two decades. Several researchers have proven that CFRP can be an alternative to steel 

strands in prestressed concrete bridge applications, especially in aggressive environments where 

corrosion resistance is essential. The advantages of prestressing CFRP are well demonstrated, 

resulting from the inherent material properties of CFRP strands such as mentioned in the 

previous section. In addition, the mechanical properties of CFRP directly correlate to the volume 

Polymer (resin) 

Carbon Fibers 
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fraction of fibers and resin matrix inherent in the product. The unidirectional orientation of 

carbon fibers created during the manufacturing process accords the material a tensile strength 

equal to or more than that of steel strand. Additionally, the CFRP has exceptionally high tensile 

strength-to-weight ratios (with densities 1/4th to 1/5th that of steel), a low coefficient of linear 

thermal expansion (around 0.2 E-6 in/in/°C), and adequate corrosion resistance even in harsh 

chemical environments. This synthetic material’s resilience to alkaline-heavy environments, high 

specific strength and stiffness, thermal stability, and high specific damping capacity; congruently 

reflect on its significant potential as a possible answer to new infrastructure needs. The stress-

strain relationship of CFRP as compared to that of mild steel and prestressing steel, among other 

FRP’s, is presented in Figure A1.2: 

 

Figure A1.2 Stress-Strain relationship of CFRP and other FRPs compare to steel (Reproduced 
from Belarbi et al. (2017)) 

A1.2. Research Gaps and Design Issues of Concrete Bridge Beams Prestressed with CFRP 

A survey of the literature indicates that, despite its promise, prestressing CFRP has not 

been used in more than a handful of demonstration bridges, worldwide. A major contributing 
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factor to the lack of advancement of this promising technology is the unmet need for well-

defined and established design specifications. Apart from a limited number of guides, manuals, 

and commentaries, there is currently no comprehensive design guideline available to bridge 

engineers for the design of concrete structures prestressed with CFRP systems in the US. Based 

on the investigation, clearly the existing knowledge presents several key gaps, in order to achieve 

the comprehensive design guidelines:  

i) Despite extensive studies and data gathered on the topic, there is a distinct lack of a 

comprehensive database of existing research findings, relevant to CFRP prestressed concrete. 

Such a database is an essential resource to validate existing analytical models and to further 

develop appropriate design provisions for CFRP prestressed concrete bridge beams. 

 ii) The testing as reported in the technical research indicates that several key aspects 

require particular attention when developing guidelines for CFRP prestressed concrete bridge 

beams. These include characterizing prestressing losses, developing guidelines for harping and 

anchorage of strands, evaluating effects of environmental factors on strand behavior, and 

characterizing transfer and development lengths. 

 iii) While over 400 tests of FRP prestressed concrete beams have been reported in the 

literature, a distinct lack of data on large-scale and full-scale, I-shaped concrete bridge beams 

prestressed with FRP is evident. 

 iv) The lack of a comprehensive database of research findings hinders the development of 

design specifications in the LRFD format. A comprehensive database is necessary to conduct the 

probabilistic analysis required to calibrate LRFD factors for CFRP prestressed beams. 

The design of concrete bridges prestressed with FRP systems depends on several factors, 

such as material properties of FRP systems, load transfer mechanisms, anchorage properties, 
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sustained loads and environmental conditions. Design concerns for serviceability and strength 

can be addressed in specific issues such as stress limits for FRP tendons including harped/draped 

tendons, prestressing losses, design for flexure and shear, serviceability limit states, durability, 

fatigue, bond, development and transfer lengths, and design for un-bonded prestressing. The 

design of FRP prestressed beams requires special attention to address the unique requirements 

associated with the use of high strength, elastic, brittle, orthotropic, composite material. These 

differences and the complexity of the material behavior require specific design guidelines and 

specifications in which the design concerns of these systems are taken into account. 

 
A1.3. Existing Design Guidelines  

With the introduction of FRP as an advanced material for reinforcement in concrete 

structures, a considerable amount of research has been done to identify the issues and 

concurrently overcome the problems related to the design of concrete structures reinforced or 

prestressed with FRP. However, a serious concern in real practice is the lack of comprehensive 

design codes, guidelines, and specifications. It is a fact that without design codes and standards, 

the real-life applications of these FRP systems will continue to remain limited. However, 

currently, a number of guidelines for prestressed concrete structures with FRP are available in 

several countries (i.e., Canada, Japan, United States, Europe). Correspondingly, Figure A1.3 

demonstrates the development of different international design guidelines for prestressed 

concrete with FRP materials.  
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Figure A1.3 Available design guidelines for prestressing FRP application 

A1.4. Research Objectives and Scope 

Standard specifications exist for commonly used traditional materials in civil engineering 

structures. At this time, the design specifications for FRP uses are still under development. The 

results of several experimental investigations have shown that prestressing CFRP systems can be 

effective for application in prestressed concrete bridge girders. However, the major contributing 

factor to the lack of advancement of this promising technology is the unavailability of 

comprehensive design specifications. The primary objective of this project is to develop a 

proposed guide specification and material specification, in AASHTO-LRFD format, for the 

design of concrete beams prestressed with CFRP systems for bridge applications for both pre-

tensioning and post-tensioning. Other specific objectives of the research program are: 

• To establish guidelines for the maximum allowable jacking forces for harped prestressing 

CFRP bars or cables with different configurations of hold-down points 

• To provide recommendations on the limitations of the use of anchorage systems 
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• To evaluate the prestress losses due to the relaxation and anchorage set of the prestressing 

CFRP cable and bars and develop design guidelines and equations 

• To evaluate the prestress losses due to concrete creep and shrinkage and thermal 

fluctuations and provide with corresponding design recommendation 

• To evaluate the transfer length, camber and long-term deflection of the prestressed beams 

with prestressing CFRP cable and bars 

• To evaluate the flexural behavior of the full-scale bridge girders 

• To calibrate the strength resistance factors for the CFRP prestressed beams in accordance 

with the LRFD methods 

A1.5. Research Plan and Methodology 

The following tasks were conducted in order to achieve the objectives presented above: 

Task 1: Literature review and survey 

A comprehensive literature survey was conducted in this project. This review included 

available publications in the literature, existing specifications, examples of constructed bridges, 

and research findings from both international and domestic sources focusing on CFRP 

applications for pre-tensioning and post-tensioning of concrete beams. A survey of State DOTs 

to identify the current practice within the US was also carried out. The corresponding 

compilation of bridges constructed with CFRP prestressed concrete beams as examples of field 

applications is presented in Section A2.2 of this Appendix with short descriptions of selected 

bridges. 
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Figure A1.4 Research methodology 
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Task 2: Identify parameters affecting the behavior of CFRP 
prestressed beams and research gaps 

Task 3: Annotated Outline of the Proposed LRFD Bridge Design 
Specifications 
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Task 5: Submit Draft Guide Specification and Material Specification 

Task 6: Execute the Experimental Program 

Full-scale Testing 

Material Level Testing 
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of existing design models  

Development of Technical 
Memorandum 

Task 7: Revise Guide Specification 

Task 8: Prepare Design Examples and Material Specifications 

Task 9: Final Report 
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Task 2: Identification of items necessary for developing a guide specification 

The activities for Task 2 included, based on the information gathered in Task 1, to 

identify and categorize the items necessary for developing a guide specification. These items 

shall address relevant design considerations in a manner similar to that provided in the 

AAASHTO-LRFD Bridge Design Specifications. 

Under this task, information collected during Task 1 along with the extensive review of 

existing national and international design guidelines and specifications as well as practical 

applications were summarized. The data were categorized to identify the topics essential to 

develop a guide specification in AASHTO-LRFD format, for the design of concrete bridge 

beams prestressed with CFRP systems. Based on the extensive previous experience in this field, 

it was not necessary to conduct an exhaustive experimental study to investigate every aspect of 

the behavior identified in this review. The extensive published test data provided an excellent 

foundation to develop the backbone of the specification. However, the existing findings in the 

published and unpublished literature were carefully reviewed to identify critical gaps in the 

existing knowledge. Based on this review, the Research Team in the current study conducted a 

focused research effort to fill in the missing gaps. This identification task was performed in 

parallel with Task 1 in consideration of the following objectives: 

1. Elaborate an exhaustive database encompassing the tests carried out worldwide related to 

design of prestressed concrete beams with CFRP systems. 

2. Identify items that influence design considerations for CFRP prestressed beams. 

The results of this effort are reported in Appendix B. 

 

 



NCHRP 12-97 

A-13 
 

Task 3: Tentative outline of draft guide specifications and material specifications  

The information gathered and synthesized in Tasks 1 and 2 were used to formulate the 

outline of the proposed guide specification. In addition to the proposed specification, the outline 

also included a discussion of each prospective specification article and relevant issues. Along 

with drafting of the outline, the work plan to be executed in Task 6 was updated. 

Task 4: Submit the interim report 

 An interim report documenting the processes and findings of Tasks 1 through 3 were 

submitted to the NCHRP project panel for review. The interim report included a summary of the 

outcomes of the first phase of the project and consisted of six chapters. Chapter 1 provided an 

introduction to the project, stating the objectives of the work and an overview of the completed 

and remaining tasks. Chapter 2 presented a summary of the conducted literature review, 

synthesis of practice (see Task 1), and existing design methods and specifications as well as a 

summary of the experimental database established on the basis of available tests in the literature, 

including laboratory experiments and field experience along with short and long-term 

monitoring. Chapter 3 presented a discussion on the design considerations for concrete beams 

prestressed with CFRP systems and an overall evaluation of the design methods and data 

collected in chapter 2. Chapter 4 presented a synthesis and comparison of current design 

guidelines and the existing gaps for addressing specific issues for designing such prestressed 

beam. The experimental data, design methods and limitations collected and presented in chapter 

2 were utilized to identify these gaps necessitating higher research effort. This chapter also 

provided an annotated outline of the proposed new design specification, and whether it is based 

on modifying some of the existing guidelines or on developing new criteria. Chapter 5 presented 

an outline of the proposed work to address the objectives of the research, the details of all the 
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tasks, and the specific role of each team member for each task. Finally, chapter 6 presented the 

conclusions and summary of the findings. 

Task 5: Submit the draft design guide specification and material specifications  

After the review of the interim report and based on the comments from the NCHRP 

Panel, the Research Team, expanded the outline of the guide specifications developed in Task 3 

to establish a preliminary draft of the guide specification and commentary. Additionally, the 

details of the proposed experimental investigation were reviewed and revised based on the 

comments presented by the NCHRP Panel. Subsequently, the draft version of the guide 

specification and the updated details of the experimental investigation were submitted to the 

NCHRP Panel for review. The Research Team presented the preliminary draft of the guide 

specifications and the revised experimental plan to the panel for approval to proceed. These tasks 

were conducted under three separate subtasks as below: 

• Subtask 5.1: Prepare a draft version of guide specification and commentary 

• Subtask 5.2: Prepare updated details of the experimental investigation 

• Subtask 5.3: Presentation to the NCHRP Panel 

Task 6: Execute the experimental program  

 In this task, the experimental investigation approved in Task 5 was executed. Based on 

the results of this work, recommended revisions to the draft guide specification were prepared, 

and a technical memorandum summarizing these revisions was submitted to NCHRP for review. 

Work on Task 7 was started upon the completion of NCHRP review of the memorandum. Task 6 

of the project composed of nine distinct subtasks as follows: 

• Subtask 6.1: Jacking stress for harped strands 

• Subtask 6.2: Anchorage detailing recommendations and strength requirements 
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• Subtask 6.3: Strand relaxation and anchorage seating losses 

• Subtask 6.4: Prestress losses due to thermal fluctuations, concrete creep, and shrinkage 

• Subtask 6.5: Measurement of transfer length, camber and long-term deflections 

• Subtask 6.6: Full-scale beam tests 

• Subtask 6.7: Analysis and refinement of existing design models 

• Subtask 6.8: Reliability analysis and calibration of LRFD factors 

• Subtask 6.9: Development of technical memorandum and panel meeting 

The parameters investigated under each subtask and the test matrices with explanations of 

materials and research methods used in the study are presented in detail in Appendix C of this 

report. A flowchart for the testing program and the planned progress of Task 6 with its subtasks 

are presented in Figure A1.5. The outcome of any subtask that is initiated earlier than others was 

used to facilitate the activities of subsequent subtasks. For example, identification of material 

properties (i.e., stress-strain curve and modulus of elasticity) of the prestressing CFRP systems 

that were used in the testing program was conducted in Subtask 6.1, and the results facilitated the 

experimental work of subsequent subtasks including subtask 6.3, 6.4, and 6.6. Similarly, the 

outcomes of subtasks 6.1, 6.3, and 6.6 in terms of observations on anchorage performance 

provided input for subtask 6.2. The stress limitations on harped/draped prestressing CFRP that 

had been identified in subtask 6.1 were used to elaborate the design and construction of the full-

scale beams in subtask 6.6. Both complex and simplified analytical models were developed 

under subtask 6.7 to predict the behavior of prestressed concrete beams realistically, and the 

models were validated based on results obtained from subtask 6.6. Calibrated and validated 

models were used to augment the results of other experimental studies. The definition and 

refinement of resistance factors were done in subtask 6.8 based on the test results obtained from 
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full-scale beam testing in subtask 6.6 and the analytical studies carried out in subtask 6.7.  

Camber and transfer length calculation methods were validated in subtask 6.5 utilizing the 

measurements of subtask 6.6 on full-scale beams. The scope of the task 6 of the project with 

relevant subtasks, each individual testing program associated with the tasks including test setups, 

instrumentation schemes and testing procedures, as well as the properties of materials that were 

used for material characterization tests and full scale beam specimen production are presented in 

detail in the Appendix C.   

 
Figure A1.5 The interdependency of experimental research subtasks 

Task 7: Revised guide specification 

Based on the comments of the NCHRP project panel emanated from the review of the 

draft version of the guide specification after Task 5 in combination with the results obtained 

from Task 6, the Research Team prepared a revised guide specification in AASHTO-LRFD 

format and its commentary for concrete bridge beams prestressed with CFRP systems so that 

they are in accordance with standard practices, and of help to bridge design engineers.  
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Task 8: Design examples and a template of material specifications 

The design examples were written in a clear and concise format so that they facilitate 

implementation of the new specifications by bridge design engineers. Design examples were 

constructed to illustrate the application of specification provisions. Examples were presented in a 

format and level of detail similar to that shown in the PCI Precast Prestressed Concrete Bridge 

Design Manual. 

Task 9: Final report 

The final report document the entire research effort. The proposed guide specification and 

commentary, the design examples, and the material specification are prepared as stand-alone 

deliverables appended to the report. 

A1.6. Research Deliverables 

The main deliverables of this research are as below: 

• The proposed design guide specification and material specification in AASHTO- 

LRFD format 

The proposed guide specification is the only exclusive US guideline that specifically 

addresses the design of CFRP prestressing for concrete bridges. As such, it will be particularly 

relevant and applicable to bridge engineers. If adopted by AASHTO, the LRFD Design 

Specifications and Commentary along with the illustrated design examples developed in this 

project will form the technical foundation for the design of concrete bridge beams prestressed 

with CFRP systems. 
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• Design examples for the design of concrete bridge beams prestressed with CFRP 

systems 

The design examples illustrate the implementation of the proposed guidelines to facilitate 

adoption by bridge engineers. The anticipated research product is directly applicable to highway 

bridge design. It will have a significant impact on such practice using CFRP systems as they 

have non-corrosive characteristics and high strength-to-weight ratio. It is expected that the new 

provisions will facilitate and hence promote the use of CFRP tendons/strands as prestressed 

reinforcement. 

• The final report  

The final report (collection of appendices A through I) documents the entire process and 

all findings of this research effort such as mathematical models, design techniques, field or 

laboratory test procedures. The final report provides a useful resource document for those 

interested gathering detailed knowledge about the technical basis of the proposed provisions.  

 It is anticipated that these documentations will be an essential reference to help highway 

agencies consider CFRP systems among the options for prestressed concrete bridge beams. This, 

in turn, will advance our knowledge about the CFRP systems when used for prestressing 

applications on bridge beams.  
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A2. BACKGROUND AND LITERATURE REVIEW 

A2.1. Introduction 

A comprehensive literature survey was conducted in this project. This review included 

available publications in the literature, existing specifications, examples of constructed bridges, 

and research findings from both international and domestic sources focusing on CFRP 

applications for pre-tensioning and post-tensioning of concrete beams. In addition, a survey of 

State DOTs to identify the current practice within the US was carried out in this review. In this 

appendix, a compilation of bridges constructed with CFRP prestressed concrete beams as 

examples of field applications is presented with short descriptions of selected bridges. The 

outline of what is included in this appendix is as below: 

• Field application 

• Design provisions 

• Synthesis of previous experimental and analytical work 

Furthermore, in the review process, a database of the most relevant available 

experimental studies has been compiled to determine the test parameters investigated, till date, in 

the literature and to identify the possible gaps necessitating more research effort. The discussion 

and the results of that effort is presented in Appendix B. The flow chart of the literature survey is 

presented in Figure A2.1. 
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Figure A2.1 Flow chart of literature survey  

 
A2.2. Field Applications 

A survey of the literature indicated that CFRP prestressing has only been used in a 

handful of demonstration bridges worldwide. Several technical committees, associations, and 

engineering societies collected information related to the examples of concrete bridges 

prestressed with CFRP systems (e.g., ACI-440 (2011), SIMTReC Canada (2008), Market 

Development Association-MDA and CFRP manufacturers). Khalifa et al. (2003) also compiled 

examples of bridges constructed with CFRP tendons and categorized them into pedestrian and 

road bridges. The following section presents additional details of selected bridges reported in the 

literature.  

Survey  

Existing Experimental and 
Analytical Studies 

(Appendix A) 

Parameters Influencing the 
Design of Prestressing CFRP 

Systems 
(Appendix B) 

• Design Practice 
• Field application 
• Code Design Methods 

• Prestress Losses 
• Harping Characteristics 
• Anchorage Systems 
• Transfer Length 
• Long-term Deflections 
• Flexural  Behavior of The CFRP Pre-and 

Post-tensioned Beams  

• Experimental Database 
• Research Gaps 
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• The Shinmiya Bridge (Japan, 1988) 

Shinmiya Bridge, shown in Figure A2.2, was constructed in Ishikawa Prefecture, Japan 

in 1988 as a replacement of the old bridge that suffered remarkable deterioration of girders 

caused by seawater. This is reportedly the first CFRP prestressed bridge built in the world 

(Tokyo Rope, 2012). The bridge is 20 ft. long and 23 ft. wide and was built with 24 pretensioned 

girders with CFRP strands. Although built over seawater in an aggressive environment, the 

Shinmiya Bridge is reported to present no significant deterioration, till date. 

   

Figure A2.2 Shinmiya bridge at Ishikawa Prefecture, Japan (Tokyo Rope (2012)) 

• The Beddington Trail Bridge (Canada, 1993) 

 

The Beddington Trail bridge in Calgary, shown in Figure A2.3, was the first CFRP 

prestressed bridge in North America. The bridge opened to traffic in 1993 and is a two-span 

skew bridge with 75 ft. and 63 ft. spans. The spans consist of 13 bulb-tee precast girders with a 6 

in. thick concrete deck. Two different types of FRP strands were used to pretension six precast 

concrete girders. Carbon fiber composite cables (CFCC) were used to pretension four girders 

while the other two girders were pretensioned using Leadline bars (Rizkalla and Tadros, 1994).  
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Figure A2.3 Beddington Trail Bridge in Calgary (Rizkalla and Tadros (2003)) 

• Taylor Bridge (Canada, 1997) 

 

Another bridge built using CFRP prestressing in Canada is the Taylor Bridge (“smart” 

bridge). Four out of 40 girders were prestressed with CFRP material using straight and draped 

strands. Two types of CFRP reinforcement were used: CFCC and Leadline bars. Two of the four 

girders had CFRP stirrups as shear reinforcement, whereas the remainder had epoxy coated steel 

stirrups. Moreover, the bridge was designed using information obtained from tests performed in 

previous studies. In order to avoid a progressive collapse in case of failure of any one 

component, an alternate load path was introduced using cross diaphragms. The testing was done 

by moving a 36-ton truck across the bridge while recording the strains in the CFRP strands 

(Shehata and Rizkalla, 1999). A view of Taylor Bridge is shown in Figure A2.4.  
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Figure A2.4 Taylor Bridge in Headingley-Manitoba (SIMTREC Canada) 

• The Bridge Street Bridge (USA, 2001) 

The Bridge Street Bridge, shown in Figure A2.5, was the first CFRP prestressed concrete 

bridge built in the United States and comprises two parallel and independent structures with three 

spans skewed at an angle of 15° over its 204 ft length. One of the bridge structures is constructed 

with equally spaced AASHTO type III precast concrete I-girders with a continuous cast in place 

concrete deck slab. The other bridge structure consists of four special prestressed double-T 

girders in each of the three spans. The double-T girders were pretensioned with Leadline bars 

and post-tensioned (both longitudinally and transversely) with CFCC strands. CFCC bars, CFCC 

bent strands, CFRP NEFMAC grid reinforcement, and stainless steel stirrups were also used as 

non-prestressed reinforcement. The details of the double-T girder reinforcement are presented in 

Figure A2.5  (Grace et al., 2002). Moreover, the longitudinal post-tensioning strands were 

draped at the bottom of the double-T beams, and pretensioning strand forces, concrete strains, 

deflections, and post-tensioning forces were carefully monitored during construction. In addition, 

the design equations and assumptions were confirmed with hand calculations, finite element 

analysis, and with laboratory testing of scaled double-T prestressed beams.  
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Figure A2.5 Bridge Street Bridge in Michigan (Grace et al., 2002) 

A2.3. Current Codes/Guidelines/Specifications   

Within the last two decades, a considerable amount of research has been conducted to 

identify the material properties, limit states, and construction requirements for effective use of 

CFRP materials as internal reinforcement for reinforced and prestressed concrete structures. 

However, the outcomes of these research efforts have not yet resulted in the development of a 
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bridge design specification in the U.S. Without design codes and standards, the application of the 

CFRP prestressing systems will continue to remain limited (Gilstrap et al., 1997). A total of eight 

documents (i.e., manuals, guidelines, reports, etc.) including the recommendations for the design 

and construction of concrete structures reinforced or prestressed with CFRP have been identified 

in ACI 440.4R-04 (2011), Canada CAN/CSA S806-12 (2017), CAN/CSA S6-14 (2014), 

SIMTReC Design Manual: 5 (2008), Japan JSCE CES23(1997), and Europe fib Bulletins 40 

(2007), 65 (2012) and 66 (2012) by the Research Team. Short summaries of these documents are 

presented below, and a comparative, quantitative evaluation of the design philosophies is 

presented. 

ACI 440.4R-04 (2011): "Prestressing Concrete Structures with FRP Tendons" 

This ACI publication gives a brief summary of the history and 

use of FRP materials (AFRP, CFRP and GFRP) and systems for 

prestressing applications considering only fully prestressed concrete 

members. The document emphasizes that the provided 

recommendations are conferred as conservative, taking into account 

the brittle characteristics of FRP materials. Both bonded and 

unbonded CFRP tendons are considered, and design recommendations are provided for concrete 

members prestressed with CFRP systems subjected to flexural, axial, and shear actions. 

Additionally, requirements for anchorage and bond of CFRP systems are included. The design 

recommendations adopt the LRFD design philosophy, however, the proposed reduction factors, 

are not established based on rigorous probabilistic analysis. 
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CAN/CSA-S6-14 (2014): “The Canadian Highway Bridge Design Code”  

CAN/CSA-S6-14 (2014) adopts the limit state approach for 

design, evaluation, and structural rehabilitation of fixed and movable 

highway bridges in Canada and reflects current design conditions as 

well as recent research activity across the country. Section 16 of the 

code outlines the design requirements for structural components 

containing aramid, carbon, and glass FRP, which are used as 

replacements for steel reinforcing bars and strands. Section 16 also covers concrete beams and 

slabs, concrete deck slabs, and stressed wood decks. Specified design provisions permit all three 

types of FRP to be used as primary reinforcement and as tendons in concrete as long as the level 

of the sustained stresses in the CFRP is low enough to prevent creep-rupture of the 

reinforcement. The deformability, minimum flexural resistance, and crack control reinforcement 

requirements for CFRP-reinforced and CFRP-prestressed concrete beams and slabs are also 

addressed in separate clauses of the Canadian Highway Bridge Design Code.  

CAN/CSA-S806-(2017): “Design and Construction of Building Components with Fibre-
Reinforced Polymers” 

 

This standard contains provisions for all-FRP building 

components and also for building components reinforced with 

(aramid, carbon, and glass) FRP. The design and detailing 

requirements for the use of fiber reinforcement in all types of 

applications are addressed, including internal or external 

reinforcement, fiber reinforced concrete, and FRP structures. The use 

of FRP prestressing is covered in Section 10 of the standard. This document is specific to the 
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construction of buildings and their components such as beams and 2-way slabs. Bridge design is 

not discussed as is not within the scope of this document.   

SIMTReC Canada Design Manual 5 (2008): “Prestressing Concrete Structures with FRPs” 
 

In 1995, the Canadian federal government established the 

Network of Centre for Structural Innovation and Monitoring 

Technologies, Inc. (SIMTReC) to advance the civil engineering 

profession in Canada. One of its focus areas was to produce design 

aids and manuals for prestressing concrete structures with FRP 

(SIMTREC- Manual 5). Although not a part of a national or 

international standard, the provisions of the SIMTReC Design Manual: 5 (2008) served as the 

basis for several other existing documents including ACI 440.4R (2011), CAN/CSA-S6 (2014), 

and CAN/CSA-S806 (2017). The document provides information regarding the design of 

concrete members prestressed with FRP. SIMTReC Manual: 5 addresses serviceability, strength, 

and deformability of FRP prestressed members and also presents an overview of anchorage 

systems for FRP prestressing strands.   

Japanese JSCE CES23: “The Recommendation for Design and Construction of Concrete 
Structures Using Continuous Fiber-Reinforced Materials” 

JSCE CES23 provides general requirements for design and 

construction of concrete structures in Japan using continuous fiber 

reinforcing materials (CFRMs) and includes two separate sections: 

“Design” and “Construction.” The “Design” section covers the basics 

of design and presents the prestressing material design values as well 

as the methods for analysis of limit states. Also, general guidelines 
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for design and construction of CFRP prestressed concrete structures are presented in a dedicated 

chapter (Chapter 11), and the “Construction” section addresses the precautions for strand jacking 

and concrete placement that must be considered when using CFRP prestressing. The Japanese 

version of the guideline was originally published in 1995 while the English version was 

published in 1997 (Sonobe et al., 1997). 

fib Bulletins No: 65 and 66: “Model Code 2010-Final Draft Volume: 1 and 2” 

“Model Code 2010-Final Draft Volume 1 and 2” are the new 

editions of the New Model Code, which was published in 2010 by fib 

as Bulletin 55 and 56. The final draft of Model Code 2010 provides 

design rules for concrete structures with new developments in the 

design and construction practices. The Code also encourages the use 

of non-traditional types of reinforcement including FRP materials. 

Section 5 of Volume 1 includes specific requirements for non-metallic reinforcement and 

specifically for FRP prestressing systems. Volume 2 presents methods for design and 

construction as well as verification of safety and serviceability of reinforced and prestressed 

concrete structures with both steel and non-metallic reinforcement in detail.  

AASHTO LRFD “Bridge Design Guide Specifications for GFRP Reinforced Concrete Bridge 
Decks and Traffic Railings”  

AASHTO LRFD Bridge Design Guide Specifications for 

GFRP-Reinforced Concrete Bridge Decks and Traffic Railings, First 

Edition was published in 2009. These guide specifications offer a 

description of the unique material properties of GFRP composite 

materials as well as provisions for the design and construction of 
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concrete bridge decks and railings reinforced with GFRP reinforcing bars. This guide 

specification is only applicable for non-prestressed GFRP reinforcement for bridge decks and 

railing. Non-prestressed and prestressed CFRP components are not within the scope and 

application.  

A review of the existing guidelines for designing CFRP prestressed bridge beams is 

provided herein. The guidelines included in this review are: (i) the Canadian SIMTReC Design 

Manual: 5 (2008), (ii) CAN/CSA S806-12 (2017), (iii) CAN/CSA S6-14 (2014), (iv) ACI 

440.4R-04 (2011), (v) JSCE CES23 (1997), and (vi) the European Model Code (2010) (fib 

Bulletins 65 and 66, 2012) . 

The design provisions are compared on the basis of the following design requirements: 

(i) CFRP prestressing system characteristics, 

(ii) Stress limits for CFRP tendons, 

(iii) Prestressing losses, 

(iv) Flexural design, 

(v) Serviceability limit states, 

(vi) Shear design, 

(vii) Bond, development, and transfer lengths, 

(viii) Unbonded and external prestressing. 

A tabulated comparison of the design guidelines regarding each of the above issues is 

presented at the end of this Appendix.   

A2.3.1. Prestressing CFRP System Characteristics  

The reviewed design guidelines provide specifications related to thermal and mechanical 

properties of CFRP prestressing systems. However, they do not follow a uniform format. 
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Correspondingly, the recommendations provided by the guidelines above regarding the 

identification of material properties of CFRP tendons, testing methods for verification, 

anchorage system performance, material resistance factors, and creep rupture limits are evaluated 

in the following sections. 

A2.3.1.1. Material properties: 
Material properties of commercially available CFRP tendons are provided in a tabulated 

format in ACI 440.4R-04 (2011). The table is mainly a collection and summary of manufacturer 

specifications for their CFRP tendon products (Table A2-1). 

Table A2-1 Properties of CFRP tendons provided in ACI 440.4R-04 (2011) 

Property CFRP 
LeadlineTM CFCC 

Fiber Carbon Carbon 
Resin Epoxy Epoxy 

Fiber volume ratio 0.65 0.65 
Density, g/cm3 1.53 1.5 

Longitudinal tensile strength, GPa 2.25 to 2.55 1.8 to 2.1 
Transverse tensile strength, MPA 57 N/A 

Longitudinal Modulus, GPa 142 to 150 137 
Transverse Modulus, GPa 10.3 N/A 

In-plane shear strength, MPa 71 N/A 
In-plane shear modulus, GPa 7.2 N/A 

Major Poisson’s ratio 0.27 N/A 
Minor Poisson’s ratio 0.02 N/A 
Bond strength, MPa 4 to 20 7 to 11 

Maximum longitudinal strain, % 1.3 to 1.5 1.57 
Maximum transverse strain, % 0.6 N/A 

Longitudinal compressive strength, MPa 1440 N/A 
Transvers compressive strength, MPa 228 N/A 

Longitudinal thermal expansion coefficients, /°C -0.9e10-6 0.5e10-6 
Transverse thermal expansion coefficients /°C 27e10-6 21e10-6 

Relaxation ratio at room temperature, % loss of 
jacking stress 2 to 3 0.5 to 1 at 

102h 

1 MPa=145 psi; 1 GPa=145 ksi 1 g/cm3 = 62.4 
lb/ft3; 1/°C= 1.8/°F 
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Although not mentioned explicitly, ACI 440.4R-04 (2011) implies that the tensile stress-

strain relationship of CFRP tendons is linear up to failure, and the ultimate strength should be 

verified by testing. 

SIMTReC Manual: 5 (2008) lists different variables for reporting the design strength of 

CFRP tendons as: 

 Mean tensile strength 

 Ninety-five percent (95%) inclusion strength defined as 1.65 times the standard deviation 

less than the mean strength 

 Three standard deviations below the mean breaking strength (Burke & Dolan, 2001) 

 Fifth percentile tensile strength 

To define a constitutive model for the material, SIMTReC Manual: 5 (2008) provides a 

similar statement to ACI 440.4R-04 (2011) that the behavior of CFRP tendons is linear up to 

2017failure. 

Canadian spesification CAN/CSA S806-12 (2017) recommends that CFRP tendon 

manufacturers should provide the properties of tendons in accordance with another Canadian 

specification, CSA S807-12 (2017). The characteristic design values (e.g., tensile strength) 

however, should be defined as the mean value minus three standard deviations where the mean 

values are to be obtained according to test methods provided within the same document as the 

normative annex (i.e., Annex C in the code). 

 The other Canadian specification, CAN/CSA S6-14 (2014), indicates that the design 

tensile strength of a CFRP tendon should be its fifth percentile tensile strength. The tensile 

strength should be obtained from test data; however, in the absence of such data, manufacturer 

specifications can alternatively be used. 
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Both JSCE CES23 (1997) and Model Code (2010) adopt linear tensile force and tensile 

strain relationships for CFRP tendons and state that testing should verify these values. JSCE 

CES23 introduces the definition of guaranteed capacity and specifies that the design value 

obtained by subtracting three times the standard deviation from the average of the test results of 

not less than 20 test samples should be used. 

A2.3.1.2. Material test methods: 
ACI 440.4R-04 (2011) does not provide or refer to any specific testing method or 

documentation for verification of the mechanical properties of CFRP tendons. SIMTReC 

Manual: 5 (2008) refers to ACI 440.3R (2004) for tests methods regarding the tensile testing of 

the CFRP tendons. CAN/CSA S806-12 (2017) includes a normative annex (Annex C) where it 

specifies a test method for determining the tensile strength, modulus of elasticity, and ultimate 

elongation of CFRP reinforcements. CAN/CSA S6-14 (2014) also refers to CAN/CSA S806-12 

(2017) for verification testing of the ultimate tensile strength of CFRP tendons. JSCE CES23 

(1997) directs the designers to two documents for verification of ultimate tensile capacities of 

CFRP: JSCE-E 531 (1995) “Test method for tensile properties of continuous fiber reinforced 

materials,” and JSCE-E-131(1995) “Quality specifications for continuous fiber reinforced 

materials.” The Model Code 2010 includes a commentary stating that the relevant procedures for 

testing anchorage and coupling device performance are specified in the FIP Recommendations 

(1993) and ETAG013 (2002). 

Although they are not referred to in any of the existing design guidelines, several ASTM 

standards also provide testing methods to determine the characteristic properties of CFRP 

tendons. These standards include: 
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• ASTM 7565-10 (2010) “Standard Test Method for Determining Tensile Properties of Fiber 

Reinforced Polymer Matrix Composites Used for Strengthening of Civil Structures,” 

• ASTM D7205-06 (2011) “Standard Test Method for Tensile Properties of Fiber Reinforced 

Polymer Matrix Composite Bars,” 

• ASTM 7337-12 (2012) “Standard Test Method for Tensile Creep Rupture of Fiber 

Reinforced Polymer Matrix Composite Bars.” 

A2.3.1.3. Material resistance factors: 
In flexural capacity calculations, one of the critical parameters is the resistance factor or 

strength reduction factor, ϕ. The design guidelines generally define this factor either based on the 

failure mode or the sectional and material properties of the member to be designed. The ϕ factors 

for beams prestressed with CFRP tendons provided by different guidelines are summarized in 

Table A2-2. Although the reviewed guidelines implement different philosophies regarding the 

resistance factors (partial safety factors or strength reduction factors), they are all included in 

Table A2-2 for the sake of comparison.  

Table A2-2 Resistance factor, 𝜙𝜙𝑓𝑓𝑓𝑓𝑓𝑓 for CFRP tendons 

Guidelines ϕfrp Condition 

ACI 440.4R-04 
0.85 
0.65 

Tension controlled 
Compression controlled 

CAN/CSA S806-12 
0.85 
0.80 

Pretensioned and Post-tensioned, bonded 
Post-tensioned, unbonded 

CAN/CSA S6-14 0.75 
- 
 

SIMTReC Manual 5 0.75 
- 
 

JSCE CES23 0.77-0.87 In accordance with JSCE guideline 

Model Code 2010 0.8-1.0 Depending on design considerations 
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A2.3.1.4. Anchorages: 
ACI 440.4R-04 and SIMTReC Manual: 5 (2008) provides a detailed review of 

commercially available anchorage systems for FRP tendons. Acknowledging that the tendon and 

anchorages together form a system, these two guidelines emphasize the fact that the anchorages 

need to resist at least 90% of the ultimate tensile capacity of tendons to prevent unevenly 

distributed stresses at the tendon ends leading to the premature failure of the prestressing system. 

This fact is also stated in CAN/CSA S806-12 (R20117) and CAN/CSA S6-14 (2014). According 

to CAN/CSA S806-12 (2017), the anchorages should be capable of developing at least 90% of 

the specified tensile strength of CFRP tendons and tested before prestressing the tendons. 

CAN/CSA S6-14 (2014) recommends that the anchors for post-tensioning unbonded tendons 

should be capable of developing at least 50% higher a tendon force than the jacking force (but 

not required to be more than 90% of the specified tensile strength of the tendons). The Model 

Code (2010) states that the anchorage systems should not fail before reaching at least 95% of the 

tensile strength of CFRP tendons. Japanese JSCE CES23 (1997) indicates that the anchorages 

and couplers should satisfy strength requirements such that they do not fail below the guaranteed 

capacity nor do they undergo excessive seating.  

A2.3.1.5. Creep rupture of CFRP tendons: 
Creep rupture is a phenomenon defined as the tensile fracture of FRP tendons under long-

term loading. To ensure that the CFRP tendons do not fail due to creep-rupture, all reviewed 

guidelines implement an implicit measure by limiting the initial prestress in the tendon as a 

percent of its ultimate short-term tensile stress. By extrapolating the work of Dolan et al. (2000), 

ACI440.4R-04 (2011) proposes creep rupture limits for CFRP tendons as presented in Figure 

A2.6. 



NCHRP 12-97 

A-35 
 

 
Figure A2.6 Creep rupture limit for CFRP tendons (adopted from ACI440.4R-04 (2011)) 

CAN/CSA S806-12 (2017) indicate that the CFRP tendons should be tested for creep and 

creep rupture in accordance with CSA S807 and moreover it provides an informative annex 

(Annex H) on testing of FRP rods for this purpose. Although not providing a direct 

recommendation related to the creep rupture limits of CFRP tendons, CAN/CSA S6-14 (2014) 

considers lowering prestressing limits at transfer to ensure safety in the long term. SIMTReC 

Manual: 5 (2008) on the other hand, explains creep rupture in detail and cites the 

recommendations of Burke and Dolan (2001) for preventing the creep rupture failure of tendons. 

According to Burke and Dolan (2001), maximum prestress in CFRP tendons should be limited to 

60% of the ultimate tensile capacity. 

Referring to a test method provided in another standard (JSCE-E 533-1995), JSCE 

CES23 (1997) recommends limiting tensile stress of CFRP tendons to a creep failure strength 

characteristic value multiplied by a reduction factor of 0.8. In all cases, however, this limiting 

value should not exceed 70% of the tendon tensile strength. 

The Model Code (2010) also acknowledges the potential for creep rupture of tendons 

under long-term loading. This code further states that the stress level that causes creep rupture 

depends on (i) the fiber/resin system, (ii) the alignment of the fibers, (iii) the fiber volume 
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fraction, and (iii) the environmental conditions. CFRP tendons, may, however, be allowed to 

withstand stress levels up to 80% of their short-term strength. 

A2.3.2. Stress Limits for Composite Tendons 

The maximum permissible stress level in CFRP tendons is defined in terms of their 

ultimate tensile capacity in all of the reviewed guidelines. Typically, the permissible stresses 

limits (in percentage) for CFRP tendons are significantly lower compared to those for steel 

tendons due to a lack of ductility of the CFRP tendons. Correspondingly, to avoid creep rupture 

and to have sufficient strain reserve for flexural deformations, the permissible stress level for 

CFRP tendons in all guidelines is set to 65-70% at jacking and 60-65% immediately after the 

transfer. An exception is the Model Code 2010, which specifies the stress limit at transfer as 75% 

of the ultimate stress. The stress levels for CFRP tendons at jacking and at transfer according to 

different design guidelines are summarized in Table A2-3. In addition, it is noteworthy that these 

stress limits are defined for straight tendons only.  

Table A2-3 Stress Limits for CFRP Tendons (% of ultimate stress) 

Guidelines At Jacking At Transfer 

ACI 440.4R-04 0.65 0.60 

CAN/CSA S806-12 0.70 0.65 

CAN/CSA S6-14 0.70 0.65 

SIMTReC Manual 5 0.70 0.60 

JSCE CES23 0.70 0.65 

Model Code - 0.75 
 

In the case of non-straight tendons, i.e., harped/draped tendons, the stress in CFRP 

tendons is corrected in SIMTReC Manual: 5 (2008) and ACI 440.4R-04 (2011) by using a 

variation of the following expression, which is derived from Dolan et al. (2000). 
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𝜎𝜎ℎ = 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑦𝑦
𝑅𝑅𝑐𝑐ℎ

          (Eq. A2.1) 

where, 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓 is the elastic modulus of CFRP (MPa), 𝑦𝑦 is the radius of the bent tendon (mm), and 

𝑅𝑅𝑐𝑐ℎ  is the radius of curvature of the harping point (mm). 

CAN/CSA S806-12 (2017), CSA S06-06 (2014) and Model Code 2010 indicate, without 

any specific formulation, that special attention should be given when draped tendons are used for 

prestressing. Similarly, JSCE CES23 (1997) also indicates that when CFRP tendons are arranged 

in a curve, the minimum curve radius that can be used safely should be determined by 

appropriate testing. The abovementioned equation suggests that the stress induced due to harping 

of prestressing CFRP only depends on the elastic modulus of prestressing CFRP, the radius of 

prestressing CFRP and radius of curvature of harping device regardless of the harping angle of 

prestressing CFRP. Therefore, bending a bar 1 degree or 90 degrees around a deviator would 

have the same effect which is incorrect. Moreover, equation A2.1 overestimates the stress 

induced in harped CFRP tendon. For example, the equation indicates that bending a 0.5 in. 

diameter prestressing CFRP bar with an elastic modulus of 20,000 ksi around a 1 in. diameter 

harping point would induce a tensile stress in the prestressing CFRP of 20,000 ksi, which means 

that the bar would rupture immediately due to harping without applying any tensile force. 

However, experimental research findings reported by Quayle (2005) and Grace et al. (1998) 

show otherwise. 

A2.3.3. Prestressing Losses 

Another important design parameter is the short and long-term losses in prestressing 

stress. All of the guidelines evaluated herein provide very similar statements for the losses of 

prestress due to creep, shrinkage, and elastic shortening of concrete. Specifically, these prestress 

losses can be calculated in the same way as they are calculated for structural components 



NCHRP 12-97 

A-38 
 

prestressed with steel tendons, taking into account the modulus of elasticity of the composite 

tendon used in the formulations. Also, SIMTReC Design Manual: 5 (2008) and CAN/CSA S6-14 

(2014) provide empirical expressions for calculating the prestressing loss due to creep (CR) 

(MPa) and shrinkage (SH) (MPa) of concrete as follows: 

𝐶𝐶𝑅𝑅 = [1.37 − 0.77(0.01𝑅𝑅𝑅𝑅)2]𝐾𝐾𝑐𝑐𝑓𝑓
𝐸𝐸𝑓𝑓
𝐸𝐸𝑐𝑐

(𝑓𝑓𝑐𝑐𝑖𝑖𝑓𝑓 − 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐)      (Eq. A2.2) 

𝑆𝑆𝑅𝑅 =  117 −  1.05 𝑅𝑅𝑅𝑅, for pre-tensioning      (Eq. A2.3a) 

𝑆𝑆𝑅𝑅 =  94 –  0.85 𝑅𝑅𝑅𝑅   for post-tensioning      (Eq. A2.3b) 

where, 𝑅𝑅𝑅𝑅 is the relative humidity (%), 𝐾𝐾𝑐𝑐𝑓𝑓 is the coefficient for prestressing loss due to creep 

(𝐾𝐾𝑐𝑐𝑓𝑓 =2.0 and 1.6 for pretension and post-tension, respectively), 𝐸𝐸𝑓𝑓 is the modulus of elasticity 

of the tendons (MPa), 𝐸𝐸𝑐𝑐 is the modulus of elasticity of concrete (MPa), 𝑓𝑓𝑐𝑐𝑖𝑖𝑓𝑓 and 𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐 are the 

concrete stress at the center of gravity of the tendons due to prestressing and due to dead load 

(MPa), respectively. 

For evaluating the relaxation losses (REL) (%), CAN/CSA S6-14 (2014) does not provide 

any particular calculation method. Instead, they state that the amount of relaxation should be 

evaluated based on the type of CFRP tendon used while simultaneously complying with the 

manufacturer’s specifications. The Model Code (2010) estimates 2-10% of relaxation losses for 

CFRP tendons after 50 years of loading. On the other hand, SIMTReC Manual: 5 (2008) and 

ACI 440.4R-04 (2011) decompose the relaxation losses into three components as presented in 

the work of Dolan et al. (2000), namely losses due to relaxation of the polymer (𝑅𝑅𝐸𝐸𝑅𝑅1), losses 

due to straightening of the fibers (𝑅𝑅𝐸𝐸𝑅𝑅2), and losses due to relaxation of the fibers (𝑅𝑅𝐸𝐸𝑅𝑅3). Each 

of these components is calculated based on the material properties of CFRP tendons. 

𝑅𝑅𝐸𝐸𝑅𝑅 =  𝑅𝑅𝐸𝐸𝑅𝑅1  +  𝑅𝑅𝐸𝐸𝑅𝑅2  +  𝑅𝑅𝐸𝐸𝑅𝑅3   (% of transfer stress)     (Eq. A2.4a) 

𝑅𝑅𝐸𝐸𝑅𝑅1 = 𝑛𝑛𝑓𝑓  ·  𝑣𝑣𝑓𝑓          (Eq. A2.4b) 

𝑅𝑅𝐸𝐸𝑅𝑅2  =  1.0 − 2.0%          (Eq. A2.4c) 
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𝑅𝑅𝐸𝐸𝑅𝑅3  =  0.0 − 5.0%          (Eq. A2.4d) 

where, nr and vr are the modular ratio and volume fraction of the resin, respectively. 
 

Alternatively, SIMTReC Manual: 5 (2008) according to CAN/CSA S806-12 (2017) 

provides an empirical expression to calculate the relaxation losses in CFRP prestressing tendons 

as: 

REL (%) = 0.231 + 0.345 log (t)         (Eq. A2.5) 
 
where, t is time in days. 

The Japanese specification JSCE CES23, defines the loss of prestressing stress in tendons 

due to tendon relaxation as: 

           (Eq. A2.6) 
 
where, γ is the apparent relaxation rate in the tendon and σpt is the tendon stress at transfer 

(MPa). The apparent relaxation rate is defined as the estimated stress relaxation after 1 million 

hours, which is obtained by extrapolation of the time - relaxation approximation curve in which 

data are shown up to 1000 hours obtained in accordance with JSCE-E 534 "Test Method for 

Long-Term Relaxation of Continuous Fiber Reinforcing Materials.” 

Loss of prestressing tendon force due to friction is generally divided into two terms, one 

related to the angular changes in elevation and plan of a prestressing tendon profile from the 

jacking end to any point, and the other related to the length of the prestressing tendons. The 

following is a general form of the expression in CAN/CSA S806-12 (2017), SIMTReC Manual: 

5 (2008), Model Code (2010), and JSCE CES23 (1997): 

Px=Pj e-(µα+λx)           (Eq. A2.7) 
 

ptpr γσσ =∆
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where, Pj is the tensile force at jacking side (kN), μ is the coefficient of friction, α is the angular 

change in radians, λ is the coefficient of friction per unit length of tendon (1/m), and x is the 

distance from the tensioned edge to cross-section considered (m).  

The Model Code (2010) recommends the use of friction (μ) and wobbling (λ) coefficients 

provided by the CFRP supplier. ACI 440.4R-04 (2011), on the other hand, suggests that μ be 

taken between 0.25 and 0.6, based on the work of Burke et al. (2000), depending on the slip 

behavior of tendons. CAN/CSA S6-14 (2014) mentions that the rules for steel prestressing can 

be used for calculating the friction loss for CFRP tendons where the expression of Eq. A2.7 is 

provided. 

ACI 440.4R-04 (2011), Model Code (2010), and CAN/CSA S6-14 (2014) indicate that 

the prestressing loss due to anchorage seating is a function of the tendon system and should be 

based on the manufacturer recommendations. On the other hand, SIMTReC Manual: 5, 

CAN/CSA S806-12 (2017), and JSCE CES23 (1997) define anchorage seating losses derived 

from the same basic linear relation between stress and strain as follows: 

          (Eq. A2.8) 

where, ∆AS is the magnitude of anchorage slip (m), Efrp is the modulus of elasticity of the 

prestressing FRP (MPa), and L is the length of the tendon between anchorages (m). 

The temperature effects on the prestressing is also considered in SIMTReC Manual: 5 

(2008), CAN/CSA S806-12 (2017), and JSCE CES23 (1997) as a linear function of the modulus 

of elasticity of CFRP, Efrp, and the thermal expansion coefficients of concrete, αc, and CFRP, 

αfrp, as follows: 

          (Eq. A2.9) 

where, ΔT is the temperature difference.  
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CAN/CSA S6-14 (2014), ACI 440.4R-04 (2011), and Model Code (2010) do not account 

for temperature induced prestressing losses. 

A2.3.4. Flexural Design 

The design of CFRP prestressed beams for flexure in all the guidelines is based on the 

strength design approach. The design objective is to meet the strength requirements for a selected 

section by providing a sufficient amount of prestressing tendons that also satisfies the 

serviceability requirements. An important note is that this approach is only valid for tendons 

perfectly bonded to the surrounding concrete, i.e., wherein the strain compatibility is satisfied. 

According to this approach, the design is performed by evaluating three failure modes: (i) 

rupture of CFRP tendons, (ii) crushing of concrete, or (iii) both (balanced condition). The failure 

mode depends on the ratio of prestressing tendon to the concrete area at the critical section of the 

beam. The procedure to identify the failure modes as well as the equations corresponding to each 

failure modes is discussed in more detail in subsequent sections. The following paragraph 

provides a brief introduction of the various design guidlines and their classification of the failure 

mode of the FRP prestressed beams. 

• Balanced strain condition 

For a balanced section, the prestressing tendon rupture and crushing of the outermost 

fiber of concrete occur concurrently. The ultimate strain of the outermost fiber of concrete in 

compression is defined as εcu = 0.003 in ACI 440.4R-04 (2011) and as εcu = 0.0035 in 

CAN/CSA-S806-12 (2017), CAN/CSA-S6-06 (2014), SIMTReC Manual: 5 (2008), JSCE 

CES23 (1997), and Model Code (2010). The balanced strain condition differs for prestressing 

CFRP from that of steel stressing in that the failure occurs suddenly due to simultaneous 

concrete crushing and tendon rupture. 
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• Tendon rupture (under-reinforced sections) 

If the prestressing reinforcement ratio is lower than the balanced ratio (e.g., ρ < 0.5 ρb), 

then the CFRP tendons rupture before the concrete reaches the crushing strain. Strain 

compatibility and force equilibrium are established considering the ultimate tensile strain of the 

CFRP tendon.  All the design guidelines reviewed here state that the calculations should be done 

following the formulations for steel prestressed beams with the exception that a linear stress-

strain relationship should be used for CFRP.  

• Concrete crushing (over-reinforced sections) 

If the prestressing reinforcement ratio is higher than the balanced ratio, concrete crushing 

occurs before the tendons reach their ultimate strain. By using the ultimate strain for concrete (εcu 

= 0.003 in ACI 440.4R-04 (2011) and εcu = 0.0035 for the Canadian and Japanese codes), the 

flexural strength of the section is calculated using an iterative procedure. 

The design procedure described above, which depends on the failure mode, is applicable 

for a single layer of CFRP tendons. If the prestressing tendons are distributed vertically, forming 

several layers of prestressing within the cross-section, ACI 440.4R-04 recommends a similar 

method for determining the strength of an under-reinforced section by adopting the model 

proposed by Dolan and Swanson (2002). According to Dolan and Swanson (2002), even for 

multiple layers of tendons, the failure occurs when the bottom tendon ruptures since CFRP 

tendons have no ductility. The strain in different layers of tendons due to the applied load is 

proportional to the distance from the neutral axis. If the tendons are initially prestressed to 

different levels, they propose modified expressions for stress in each tendon by introducing the 

initial prestressing ratio, ξ, as a coefficient. This is described in more details in Section A2.5.1.1. 
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A2.3.5. Serviceability Limit States 

The definition of serviceability as adopted in the reviewed guidelines refers to the ability 

of a structure or structural element to perform adequately for normal use under all loading effects 

within its expected service life. The serviceability limits for CFRP prestressed concrete bridge 

beams are evaluated in terms of long and short-term deflections, crack widths, and fatigue. 

• Deflections: 

Deflections due to sustained loads are estimated by taking into account short and long-

term deformations. Correspondingly, in ACI 440.4R-04 (2011) and SIMTReC Manual: 5 (2008), 

while the short-term deflections are calculated by considering the gross (before cracking) or 

modified effective (after cracking) moment of inertia, the long-term deflections are estimated 

using modifiers to adjust short-term deflections (1.85 for self-weight at erection, 2.70 for self-

weight at final, and 4.10 for applied loads at final). CAN/CSA S6-14 (2014) also provides 

modification factors as a simplified method along with a refined analysis for deflection 

calculations. According to CAN/CSA S6-14 (2014), the total deflections and rotations can be 

estimated by multiplying the short-term deflections with a “1+S” modification factor where “S” 

is 1.0, 1.2, 1.4, and 2.0 for 3, 6, 12 months, and more than 5 years, respectively. 

CAN/CSA S806-12 (2017) state that the deflection of CFRP prestressed concrete 

members shall be determined either by using CAN/CSA Standard B23.3 or by integration of the 

curvature along the span of the beam. JSCE CES23 and the Model Code 2010 also refer to their 

national design guidelines, i.e., JSCE-15 Standard Specification-Design, 2007 and Eurocodes; 

where the deflections of the prestressed bridge beams are calculated by integrating the curvature 

along the span of the beam by considering the material properties of the CFRP tendons. 
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• Crack Widths: 

The Canadian design guidelines, CAN/CSA S806-12 (2017) and CSA S6-14 (2014), 

Model Code (2010), and SIMTReC Manual: 5 (2008) do not provide specific formulations or 

limits for allowable crack widths in CFRP prestressed bridge beams, however they all state that 

cracking under service loads is not expected. ACI 440.4R-04 (2011) refers to Dolan et al. (2000) 

stating that the Gergely-Lutz crack width equation with the modulus of elasticity of CFRP can be 

used. JSCE CES23 provides a crack width limit of 0.5 mm for aesthetics. In other cases, the 

allowable crack width should be calculated based on the structural type and with use of the 

expressions provided by the JSCE Standard Specification (2007).  

• Fatigue: 

Fatigue is not expected to have a significant effect on the CFRP prestressed bridges, 

especially if cracking is not allowed. However, if cracking occurs, the ACI 440.R4-04 (2011), 

SIMTReC Manual: 5 (2008), and JSCE CES23 (1997) indicate that gradual softening without a 

significant loss in flexural capacity may be accepted. As a recommendation, JSCE CES23 (1997) 

also states that the verification of fatigue for prestressed beams where cracking is allowed can be 

done in the same way as if no prestressing is present. The Model Code (2010) emphasizes that 

although as a material CFRP has excellent fatigue properties, if it is subjected to a large number 

of repetitive load cycles, the growth of internal or surface flaws may occur, resulting in a reduced 

mechanical strength. Hence, it recommends 5% tendon cross-sectional loss as a limit with a 

stress range of 80 MPa over two million load cycles. 

A2.3.6. Shear Design 

The traditional design philosophy for reinforced and prestressed concrete structures is to 

design, dimension, and detail the structural member for flexure and to check and confirm that 



NCHRP 12-97 

A-45 
 

shear resistance will not be exceeded before the section reaches its full flexural capacity. This 

design philosophy applies to all types of reinforcement or tendons; provided that the material 

properties are properly taken into account. Hence, for CFRP prestressed concrete beams the 

shear resistance at any critical section of the beam should be greater than the shear demand 

estimated under the factored loads, when: 

Vf  ≤  Vr           (Eq. A2.10) 

where, Vf is the shear force due to factored loads and Vr is the factored shear resistance. 

All of the reviewed design guidelines employ a similar philosophy for a shear design that 

is based on calculating the shear capacity as contributions from concrete, FRP or steel shear 

reinforcement, and prestressing force. Although prestressing has an effect on concrete 

contribution to the shear capacity, only the comparison of contribution of the transverse 

reinforcement is presented here. The Model Code (2010) does not take into account the 

prestressing force as an individual component, instead, it suggests reducing the design shear 

force because of the favorable contributions of the prestressing forces. SIMTReC Manual: 5 

(2008) and CAN/CSA S6-14 (2014) utilize the same formulation for calculating the shear 

capacity, Vr 

𝑉𝑉𝑓𝑓 = 𝑉𝑉𝑐𝑐 + 𝑉𝑉𝑐𝑐𝑠𝑠 + 𝑉𝑉𝑓𝑓𝑝𝑝𝑅𝑅𝑝𝑝 < 0.25𝜙𝜙𝑐𝑐𝑓𝑓′𝑐𝑐𝑏𝑏𝑣𝑣𝑑𝑑𝑣𝑣 + 𝑉𝑉𝑓𝑓𝑝𝑝𝑅𝑅𝑝𝑝      (Eq. A2.11) 

where, 𝑉𝑉𝑐𝑐 is the concrete contribution, 𝑉𝑉𝑓𝑓𝑝𝑝𝑅𝑅𝑝𝑝, is the component of force in the direction of the 

applied shear of all effective prestressing forces in the FRP tendons, 𝜙𝜙𝑐𝑐 is the material resistance 

factor for concrete, 𝑓𝑓′𝑐𝑐 is the concrete compressive strength, 𝑑𝑑𝑣𝑣 is the effective shear depth, 𝑏𝑏𝑣𝑣  is 

the effective web width, and 𝑉𝑉𝑐𝑐𝑠𝑠 is the factored shear resistance provided by the FRP shear 

reinforcement according to: 

       (Eq. A2.12) 
s
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where, ϕfrp is the material resistance factor for FRP, fv is the stress in transverse reinforcement, 

Avfrp is the area of FRP shear reinforcement within spacing s, and dlong is the effective shear depth 

of the longitudinal reinforcement. 

The Canadian guidlines CAN/CSA S806-12 (2017), on the other hand defines the shear strength 

as: 

        (Eq. A2.13) 

where, Mdc is the decompression moment, Mf is the factored moment, Vf is the factored shear 

resistance, and VsF is the contribution of FRP shear reinforcement, which is defined as: 

         (Eq. A2.14) 

 
where, ϕF is the resistance factor for FRP reinforcement, Av is area of FRP shear reinforcement 

perpendicular to the axis of a member within the distance s, fFu is the ultimate strength of FRP 

reinforcement   

ACI 440.4R-04 (2011) and JSCE CES23 (1997) define the shear strength as: 

         (Eq. A2.15) 

where, Vp is the shear resistance provided by the vertical component of prestressing force, and 

Vfrp is the contribution of FRP stirrups given in ACI 440.4R-04 (2011) as: 

          (Eq. A2.16) 

where, ffb is the stress in the bent FRP stirrup. 
 

The Japanese code JSCE CES23 (1997) provides the shear capacity of prestressed beams 

as: 

Vud   = Vcd + Vsd   + Vped           (Eq. A2.17) 
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where, Vcd is the concrete contribution to shear, Vsd is the shear reinforcement contribution, and 

Vped is the component of effective prestressing force parallel to the shear force.  

The expressions of all these components are provided below for comparison purposes. 

However, the definitions and calculations of all the parameters and coefficients presented in 

these expressions are intentionally excluded since they are lengthy and beyond the scope of this 

report. The reader is referred to JSCE CES23 (1997) Section 6.3.3 “Design shear capacity of 

beam members” for detailed information on each of these expressions: 

𝑉𝑉𝑐𝑐𝑐𝑐 = 𝛽𝛽𝑐𝑐𝛽𝛽𝑓𝑓𝛽𝛽𝑛𝑛𝑓𝑓𝑣𝑣𝑐𝑐𝑐𝑐𝑏𝑏𝑤𝑤𝑑𝑑/𝛾𝛾𝑏𝑏          (Eq. A2.18a) 

𝑉𝑉𝑐𝑐𝑐𝑐 = �𝐴𝐴𝑤𝑤𝐸𝐸𝑤𝑤𝜀𝜀𝑓𝑓𝑤𝑤𝑐𝑐(sin𝛼𝛼𝑐𝑐 + cos𝛼𝛼𝑐𝑐)/𝑠𝑠𝑐𝑐 + 𝐴𝐴𝑓𝑓𝑤𝑤𝜎𝜎𝑓𝑓𝑤𝑤�sin𝛼𝛼𝑓𝑓 + cos𝛼𝛼𝑓𝑓�/𝑠𝑠𝑓𝑓�z/𝛾𝛾𝑏𝑏 (Eq. A2.18b) 

𝑉𝑉𝑓𝑓𝑝𝑝𝑐𝑐 = 𝑃𝑃𝑝𝑝𝑐𝑐 sin𝛼𝛼𝑓𝑓 /𝛾𝛾𝑏𝑏         (Eq. A2.18c) 

Similar to the Japanese code, the Model Code (2010) also provides detailed formulations 

and commentary for shear design of prestressed concrete beams depending on the region (i.e., 

cracked or uncracked regions under bending) and the assumed “level of approximation.” 

Although the basic design expression of Model Code 2010 is very similar to the other guidelines 

reviewed, a specific definition for the use of CFRP reinforcement is still lacking. Model Code 

2010’s expression for shear capacity calculation is: 

VRd = VRd ,c + VRd ,s ≥ VEd         (Eq. A2.19) 

where, VRd is the design shear resistance, VRd,c is the design shear resistance attributed to the 

concrete, VRd,s is the design shear resistance provided by the shear reinforcement, and VEd is the 

factored shear demand. 

Although all the guidelines recommend a similar method for shear design by taking into 

consideration the same three components, the provided formulae for calculation of each of those 

components reflect a notable distinction. 
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A2.3.7. Development (Bond and Transfer) Lengths 

The development length for pretensioned bridge beams is defined in CAN/CSA S806-12 

(2017) and SIMTReC Manual: 5 (2008) as the summation of the transfer length and the flexural 

bond length. On the other hand, JSCE CES23 (1997) and CAN/CSA S6-14 (2014) provide 

expressions for directly calculating the development length. ACI440.4R-04 (2011) provides both 

direct calculation procedure for development length and for transfer and flexural bond length 

components. The Model Code (2010) refers to fib Bulletins 10 and 40 for calculating the 

development and transfer lengths of CFRP tendons and states that the models for bond between 

deformed CFRP reinforcement and concrete are currently being developed. 

ACI440.4R-04 (2011), CAN/CSA S806-12 (2017) and SIMTReC (2008) Manual: 5 

utilize the following formulation, adopted from Mahmoud and Rizkalla (1998) for estimating the 

first component, i.e. the transfer length: 

            (Eq. A2.20) 

where, fpi is the initial prestressing level in the CFRP tendons before transfer (psi), dt is the 

diameter of the tendon (in.), f’ci is the concrete strength at transfer (psi) and αt is a coefficient 

based on the type of CFRP tendons (e.g., 10.0 for Leadline bars and 25.3 for CFCC cables).  

As mentioned earlier, the second component of the development length, that is the 

flexural bond length, is defined as the embedment length beyond the transfer length that is 

required to develop the full tensile strength of the tendon in tension. For the same three 

guidelines above, the estimation of flexural bond length is provided in a very similar form to the 

transfer length by taking into account the diameter and ultimate tensile strength of the 

prestressing tendons. Typical transfer and development lengths that are given in ACI 440.4R-04 

67.0
cit

tpi
t f

df
L

′
=

α



NCHRP 12-97 

A-49 
 

(2011) and CAN/CSA S806-12 (2017) for CFRP tendons and bars are presented in Table A2-4 

and Table A2-5, respectively.  

Table A2-4 Typical development lengths for CFRP tendons according to ACI 440.4R-04 (2011) 

Material Type 
Diameter, 

mm 
(in.) 

Young’s modulus, 
MPa (ksi) 

Tensile strength, 
MPa (ksi) 

fpe /fpu Lt /db Ld /db 

Carbon 
Leadline 7.9 (0.312) 149,600 (21,700) 1980 (287) 0.5 to 0.7 50 to 80 175 

CFCC 8.3 (0.327) 137,200 (19,900) 2220 (322) 0.5 to 0.7 50 - 

Table A2-5. Typical development lengths for CFRP tendons according to CAN/CSA S806-12 
(2017) 

CFRP Tendon type Transfer length, Lt Development length, Ld 

CFRP strand 26 db 50 db 

CFRP rebar 60 db 180 db 
 

JSCE CES23 (1997), CAN/CSA S6-14 (2014), and also ACI 440.4R-04 (2011), based on 

the work of Lu et al. (2000), provide different expressions for directly calculating the 

development length of CFRP tendons by taking into account the tendon surface properties, the 

location, and the contribution of transverse reinforcement.  

A2.3.8. Unbonded and External Prestressing 

In the case of unbonded internal or external prestressing of bridge beams, strain 

compatibility is no longer valid. Most of the guidelines implemented the bond reduction 

coefficient method of Naaman et al. (2002) to calculate the stress in unbonded CFRP tendons, 

which is based on the earlier work of Naaman and Alkhairi (1991) for steel unbonded tendons. 

ACI 440.R4-04 (2011), SIMTReC Manual: 5 (2008), and CAN/CSA S806-12 (2017) 

recommend the calculation of stress at the unbonded tendon at ultimate using: 

        (Eq. A2.21) 
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where, fpe is the effective prestress in the tendon when the beam carries only the dead load, Ep is 

the elastic modulus of the FRP tendon, dp is the depth from the concrete extreme compressive 

fiber to the centroid of the tendon, cu is the depth from the concrete extreme compressive fiber to 

the neutral axis at ultimate state, frpu is the ultimate tensile strength of the FRP tendon, and Ωu is 

the bond reduction coefficient which is defined as: 

           (Eq. A2.22) 

where, K is a coefficient for loading type, L is the effective span of the beam, and dp is the 

distance from the concrete extreme compression fiber to the centroid of the prestressing tendons. 

CAN/CSA S6-14 (2014) does not provide any specific recommendation regarding 

unbonded or external prestressing systems with CFRP tendons for bridge beams, except for 

underlining that the anchorages of such systems should be capable of developing a tendon force 

at least 50% higher than the jacking force. Similarly, JSCE CES23 does not provide any specific 

expression for stress calculation of unbonded prestressed beam members. However, it states that 

for members prestressed with unbonded CFRP tendons, one should consider the increase in crack 

widths in concrete due to a lack of bond, the reduction of flexural capacity due to different load 

transfer mechanisms, the requirements for minimum reinforcement, and the fatigue resistance of 

anchorage systems, which are consequently different from the fully bonded prestressed beams. 

In the case of external prestressing, the aforementioned guidelines utilize the formulation 

given in equation 4.22 by only modifying the effective depth, de of external tendons with a 

reduction factor, Rd, as follows: 

de = Rd· dp           (Eq. A2.23) 

The Model Code (2010) provides a commentary for external prestressing indicating that 

the deviating devices should be placed between the tendons and the structure to deflect the 
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tendon as needed. These devices and their fixing zones must be designed to transfer the 

corresponding design action by taking the permissible installation tolerances into account.  

A2.4. Past Experimental Studies 

Over 250 documents including books, journal publications, dissertations, standards and 

guide specifications, manufacturer material specifications and testing protocols, proceedings, and 

technical reports were collected, compiled, and reviewed to synthesize the work that has been 

done previously and reported in the literature, with reference to concrete bridges prestressed with 

CFRP systems. The following sections compile and synthesize past analytical and experimental 

research efforts related to major design concerns and key parameters that influence the behavior 

of CFRP-prestressed beams as below: 

• Flexural behavior of pretensioned beams 

• Flexural behavior of post-tensioned beams 

• Anchorage systems 

• Prestress losses 

• Harping characteristics  

• Transfer length 

• Long-term deflection of prestressed beams 

A2.4.1. Flexural Behavior of Pretensioned Beams 

The general design approach for prestressed beams is to meet the strength and 

serviceability requirements by providing the sufficient number and diameter of prestressing 

tendons. The number and size of tendons are determined to ensure flexure dominant behavior 

with the concurrent fulfilment of the serviceability requirements. The conventional steel 
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prestressed beams designed for flexure present an elastic deformation until concrete cracking and 

also exhibit increased deformations after steel yielding until either steel tendon rupture or 

concrete crushing at failure. However, for beams prestressed with prestressing CFRP, there will 

be no yielding, hence the deformations after the cracking of concrete will increase linearly with 

increasing load. Only two modes of failure will be observed, i.e., either by rupture of CFRP 

tendon under this increasing load or the crushing of concrete. Because of the linear nature of 

prestressing CFRP and also less rupture strain than steel (2% for prestressing CFRP compared to 

that of 6% for steel), the deformation at ultimate load is resultantly less for beams pretensioned 

with prestressing CFRP than that of steel if they are both designed to fail by rupture of 

prestressing tendons. However, if both the beams are designed to fail by crushing of concrete, 

their deformation is identical (Abdelrahman, 1995). The level of prestressing, prestressing ratio 

and the presence of unstressed reinforcement in the tensile zone has a significant impact on the 

deformation of the beams pretensioned with prestressing CFRP bars (Abdelrahman & Rizkalla, 

1997). The sudden brittle failure of the CFRP prestressed beams can be addressed by arranging 

the prestressing CFRP in layers along the member. Although the ultimate capacity will not 

recovered, the progressive failure of prestressing CFRP, the beam will undergo a significant 

amount of deformation after the ultimate capacity is reached (Abdelrahman & Rizkalla, 1997; 

Grace et al., 2013). 

Kakizawa et al. (1993) constructed and tested sixteen beams under different conditions. 

The beams were divided into three categories: (i) reinforced concrete (RC), (ii) prestressed 

concrete (PC), and (iii) partially prestressed concrete (PPC). The tested beams were rectangular 

with a cross-section of 3.9 in. by 6 in. and the length of 6.6 ft. CFRP cables and CFRP deformed 

bars were used alternately for the longitudinal reinforcing. The variables were prestress force 



NCHRP 12-97 

A-53 
 

(40% to 70% of ultimate strength), reinforcement type, bonded or unbonded tensile 

reinforcement and prestressing cable (capacity). Based on findings, authors of the current study 

recommended that the ductility should be evaluated as the total energy absorbed up to maximum 

load. They also concluded that the failure mode and deformation behavior depends on the 

reinforcing system (RC/PC/PPC). Additionally, the absorbed energy does not depend much on 

the failure mode but in addition on the reinforcing system. Moreover, partially prestressed 

members absorb more energy than the fully prestressed members. 

Fam et al. (1997) tested five I-girders, 30.5 ft (9.3 m) each with a total depth of 19.7 in., 

using CFRP as both primary and shear reinforcement, and one beam prestressed by conventional 

steel strands and reinforced by steel stirrups. The test beams were 1:3.6 scale models of bridge 

girders to be built in Manitoba, Canada, using two types of CFRP reinforcement for shear and 

prestressing. The variables used in the test were: (i) types of CFRP (cable and bar), (ii) 

percentage of the main reinforcement, (iii) shear reinforcement and (iv) web reinforcement. The 

strands were draped with a hold down system. They found that the number and extent of flexural 

cracks do not depend upon the type of prestressing tendons, only on the spacing of stirrups. 

Draping of tendons does not influence the flexural capacity of beams but special care must be 

given to the bent point locations. Similarly, the stiffness of the CFRP prestressed beam was 

found to be similar to the steel prestressed beam the after flexural cracking up to yielding of 

steel. 

Abdelrahman and Rizkalla (1997) conducted an experimental study on eight beams 

partially prestressed by Leadline, CFRP tendons and two beams partially prestressed by 

conventional steel strands. The length of the tested beams was 20.3 ft with the cross-section as 

shown in Figure A2.7. Two level of jacking were considered: 50% and 70% of the guaranteed 
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ultimate strength and during the test, cracking and deflection of the prestressed beams was 

monitored. Beams had different width flanges (8 in. and 24 in.) in order to consider different 

failure modes. It was found that the bond characteristic of CFRP bars at the prestress transfer 

zone is comparable to that of steel, while the flexural bond strength is less than that of steel 

strands. The deflections of CFRP prestressed beams, which had concrete crushing failure mode, 

were equal to those prestressed with steel. Also, the deflection of CFRP prestressed beams that 

had FRP rupture failure mode, were considerably less than conventional prestressed steel beams. 

The bond characteristics in the transfer zone were very similar in the beams prestressed with 

CFRP tendons and steel strands. However, in the flexural zone, CFRP prestressed beams had 

lower bond strength, which resulted in fewer cracks, and higher crack width and spacing. 

 

Figure A2.7 Cross section of the tested beams (Reproduced from Abdelrahman and Rizkalla, 
1997) 

Stoll et al. (2000) performed an experimental program to validate the applicability of 

current design method in FRP prestressed concrete bridge beams. In this study, two 40 ft (12.19 

m) long AASHTO Type-II beams using high strength concrete were designed, fabricated, and 

tested in four-point bending. The prestressing reinforcement were Leadline CFRP cables and 

they were jacked to 77% and 45% of ultimate tensile strength as recommended by the 

manufacturer for the first and second beam, respectively. The test beams were reinforced with 
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vertically aligned C-shape shear stirrups (GFRP, steel) and spaced conservatively to prevent 

shear failure. During fabrication of the first beam, breakage of several prestressing tendons 

occurred outside the beam, therefore the second beam was then fabricated using lower target 

pretension value for the tendons. They found inconsistencies between commercial producers of 

CFRP tendons in the way characteristic strength value is established. The practice of linking 

CFRP tendons to steel cables during pre-tensioning (done to complete the length of prestressing 

beds to allow the use of standard pre-tensioning equipment) can induce large twisting 

deformation in the CFRP tendons as the steel cable untwists during tensioning. This may cause 

strength-reducing stress concentrations where the CFRP tendon exits the grip. They further 

warned that fabrication, handling and safety procedures must be scrutinized during the adoption 

of CFRP prestressing tendons. Because of the difference in the reported value of tensile strength 

and the actual value, the ultimate capacity prediction was found to be almost 30% lower than the 

actual value. Additionally, tension cracking of the beams during loading occurred at a lower than 

predicted load, which was attributed to the incorrect assumption of prestress loss and also 

incorrect estimation of modulus of rupture by using AASHTO equation (𝑓𝑓𝑓𝑓 = 7.5�𝑓𝑓′𝑐𝑐  (psi)) for 

high strength concrete. 

Burke and Dolan (2001) fabricated and tested four beams with CFRP and AFRP tendons. 

One of the beams had harped CFRP tendons, and tree 15 ft long beams had T-cross section with 

a web width of 4 in. and overall depth of 12 in. One 10 ft long beam was rectangular with a 

cross-section of 7.1 in. by 9.5 in. All tested beams were designed to be under-reinforced based on 

the design methodology of balanced reinforcement ratio. The beams were loaded monotonically 

in four-point bending configuration. All the beams failed due to rupture of prestressing tendons 



NCHRP 12-97 

A-56 
 

as predicted. They also concluded that the balanced reinforcement ratio was effective in defining 

the transition between the failure modes (concrete crushing and rupture of prestressing CFRP).  

Dolan and Swanson (2002) tested T-beams and I-beams with vertically distributed 

prestressing FRP. Strength equations for tendons arranged in the single horizontal layer (Figure 

A2.8a) were developed, which cannot be applied to the vertical distribution (Figure A2.8b) due 

to the absence of plastic redistribution of loads. In the vertical distribution of the tendons, the 

strength of the FRP prestressed beam depends on the strain capacity of the tendons farthest from 

the neutral axis. The authors presented a design approach towards calculating the flexural 

capacity and also a comparison with the experimental results was made. A total of six beams 

(8DT18) were constructed and tested in the lab. The overall depth of the tested beams was 22 in. 

with a top deck width of 48 in. The tested beams were 33 ft long. Three of them were prestressed 

with vertical tendons with the variables being the strand profile and the spacing of the tendons. 

The other three were control beams prestressed with steel. Prior to the final monotonic testing, 

the beams were also subjected to 3 million cycles of fatigue loading, thereby inducing a 

theoretical stress of 12√f’c psi at the bottom of the beam. The authors could not make a direct 

comparison of the experimental strength and the predicted strength using the proposed equation 

because of the premature failure of some of the prestressing tendons. After correction, it was 

found that the predicted results correlated well with the experimental result. It was noted that the 

equation developed for vertically distributed tendons is valid for predicting strength with harped 

prestressing tendons.  
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Figure A2.8 Distribution of tendons in prestressed beams 

Zou (2003a) investigated the flexural behavior of FRP prestressed concrete and also 

proposed a new definition for the deformability index. Several models that are applicable for 

FRP beams like Naaman and Jeong (1995) model, Abdelrahman et al. (1995) model, Mufti et al. 

(1996) Model, and Bakht et al. (2000) model were investigated, and the weaknesses in each 

model were discussed. Additionally, a model to predict the behavior of both steel and FRP was 

proposed. Three series (10.5 ft, 15.7 ft and 21 ft. long) of simply supported beams (23 in total) 

were cast and tested under four point flexure loading. Beams were rectangular (5.9 in by 11.8 in 

cross-section) and the tendons used in the experimental study were AFRP, CFRP, and 

conventional seven wire steel.  The variable studied on this test included the type of prestressing 

reinforcement, concrete strength and the initial prestress force. The authors provided a 

comprehensive comparison between the models and obtained the following conclusions. The 

conventional ductility index for steel-concrete beams is not suitable for beams with FRP 

reinforcement since FRP does not have a yield point. The large deflection at the ultimate level of 

prestressed AFRP or CFRP in this study was considered to be sufficient to provide a warning. 

The extensive cracks in terms of width, height, and spacing in the beams tested in this study were 

a) Tendons distributed in single layer b) Tendons distributed in multiple layer 
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also considered as signs of failure. Typically, the energy stored in the FRP prestressed beams is 

mainly elastic (60% or more) up to failure and the inelastic energy absorption is low. Therefore, 

the ratio of total energy to elastic energy is relatively constant and does not differentiate between 

the deflection and deformability. Therefore, using energy to define deformability might not be a 

give reflect the deformability of FRP prestressed beams reasonably. Using the deformability 

factor as the ratio of deflection at the ultimate limit to deflection of the equivalent uncracked 

section gives a reasonable indication of deformability for beams prestressed with FRP. The 

proposed equation by the authors thus seemed to be a suitable measurement of deformability for 

both FRP and steel tendons. 

Du et al. (2011) constructed and tested a total of 9 rectangular prestressed concrete 

beams. The beams had a cross-section of 7.9 in. by 9.8 in. and a total length of 10.5 ft. The test 

variables were chosen as bonding condition, the location of CFRP (internal and external) and the 

prestressing ratio (65% to 79%). The beams were also provided with non-prestressed and shear 

reinforcement. The beams were subjected to a four-point bending test. Linear Voltage 

Displacement Transducers (LVDTs) were used to measure the deflection. Analytical capacity for 

the test beams was computed using strain compatibility approach. All of the beams were over-

reinforced. They found that (1) the failure mode of the FRP prestressed beams can be predicted 

from the balance ratio of prestressed FRP tendons; (2) if reinforced equally, bonded tendons 

have more capacity than the unbounded ones; (3) ductility of the beams can be improved to a 

certain extent by combining bonded and unbonded tendons; (4) prestressing ratio has more 

influence on ductility than the flexural strength. 

Grace et al. (2011) evaluated the performance of bulb T-beams under service limit state, 

post-cracking limit state, and ultimate limit state and presented the analytical results of the beams 
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to compare them with the experimental results. Three prestressed bulb T-beams were constructed 

with prestressing steel, CFCC and Leadline stressed up to 43%, 37% and 57% of their ultimate 

strength, respectively. The beams were 32 ft long with an overall depth of 14 in., 

correspondingly the Figure A2.9 shows the cross-section and detail of the reinforcement scheme 

of these beams. As shown in the Figure A2.9, each beam was also reinforced with the non-

prestressed reinforcement similar to the one they are prestressed with. These beams were tested 

up to failure under monotonic loading. The reinforcement scheme was identical in all three 

beams and were all provided with non-prestressed longitudinal reinforcement as well as shear 

reinforcement. The behaviors of all three beams were comparable under the service limit state 

(before the appearance of the first crack). Results showed that the flexural crack pattern, crack 

width and crack spacing of all three beams were similar to each other beyond the service limit 

state. It was also shown that the overall flexural performance of CFRP prestressed beams was 

comparable to the steel beam with the advantage of corrosion resistance. 

 
Figure A2.9 Cross-section of the decked bulb T beam (Reproduced from Grace et al. 2011) 
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Grace et al. (2013) studied the flexural behavior of under-reinforced AASHTO Type I 

beam through the load deflection responses, ultimate load-carrying capacities, modes of failure, 

load-strain responses and energy. First, a mathematical model was constructed to achieve the 

progressive failure of the tendons. Six prestressed AASHTO type I-beams were constructed with 

prestressed (CFRP), non-prestressed longitudinal reinforcement (CFRP) and transverse 

reinforcement (steel). A rectangular end block was also provided to prevent bursting. One of the 

six beams was used as the control beam, which also had a deck slab with non-prestressed 

longitudinal bars and non-prestressed transverse tendons. Five other beams were arranged center-

to-center and a deck slab was placed on top. The control beam was tested under four point 

bending subjected to several loading and unloading cycles to separate the elastic and inelastic 

energies under the load deflection curve. The load on bridge model was applied through a four-

point load spreader whose width was 1/3 of the axle distance of the AASHTO HL-93 truckload. 

Several loading and unloading cycles were used. In addition to that, the bridge model was also 

subjected to the residual strength test. They found that the sequence of failure of the control 

beam and the bridge model was different although both of them was governed by the rupture of 

the tendons. The induction of progressive failure increased the inelastic energy released during 

post peak response, hence increasing the higher energy ratio (inelastic energy/total energy) of the 

control beam. However, the energy ratio of the bridge model was less than the control beam. 

Even though the energy ratio of both beams falls into the category of brittle failure, large 

deformation prior to failure was obtained due to the combined rupture of prestressed and non-

prestressed reinforcement. The use of CFRP tendons with their specialized anchorage system 

helped to reduce the prestress loss. The unified design approach predicted the capacity of the 

CFRP prestressed beams closely. Control beam helped to predict various behaviors for any large-
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scale tests. The bridge model was designed to achieve the flexure failure through rupture of 

tendons. But at the ultimate condition, only one of the bottom prestressed tendons was ruptured. 

A2.4.2. Durability 

Durability is one of the key strengths of CFRPs, especially under aggressive 

environmental conditions where steel reinforcement usually suffers from corrosion. It has been 

evidenced that CFRP exhibits minimal or no degradation in its mechanical properties after 

exposure to aggressive service environments including freeze and thaw cycles (Tannous, 1999; 

Mertol et al., 2006). Durability of prestressing CFRP is affected by two main factors. These are; 

• Environmental exposure 

– Moisture and saline environment 

– Alkaline environment 

– High temperature and fire 

– Freeze-thaw cycles  

– Ultra-violet 

• Physical effects 

– Creep and Creep rupture 

– Fatigue 

A2.4.2.1. Environmental exposure 
The literature (Chen, et al. (2006), Chen, et al. (2007)) indicates that the performance of 

FRPs deteriorates due to certain physical or chemical exposure. The degree of deterioration 

depends on a variety of factors such as; the type and volume of fibers and resin matrix, the 

exposed environment, and the manufacturing process. Long-term exposure to environmental 

effects may reduce the tensile strength and fatigue endurance of prestressing CFRP.   
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Carbon fibers are not affected by fluids ingress, but resin matrix is usually affected.  

Consequently, the performance of composites is also affected in the case of CFRP.  For 

unidirectional carbon composites, this usually leads to a reduction in the compressive strength 

and shear strength, but only a small effect on the tensile strength since this property is especially 

dominated by fibers which are not affected by fluids (Dejke, 2001). Hancox and Mayer (1994) 

reported minimal weight gain and strength loss for carbon/epoxy specimen exposure to 65% 

humidity for over four months and to boiling water for over three weeks.  A study performed on 

the specimen’s subject to the exposure of saltwater indicated the bond strength reduction (Ghosh 

and Karbhari (2004)) 

Benmokrane et al. (2015) studied the durability performance of twisted wire prestressing 

CFRP cables exposed to elevated temperature and alkaline environment. The pH of the alkaline 

solution was kept above 12 to simulate the environment inside the concrete. Four levels of 

temperature (22̊C, 40̊C,50̊C, and 60̊C) and exposure (1000 hr, 3000 hr, 5000 hr, and 7000hr) 

were used. For the extreme condition (60̊ C and 7000 hr), the tensile strength retention capacity 

of the CFRP cable was found to be 93%. Tanks et al. (2016) studied the durability of twisted 

wire CFRP cables in a simulated concrete environment. After 2000 hr of immersion in the most 

aggressive environment (pH 12.7 at 60̊ C and 75 % of ultimate tensile capacity preloading), they 

reported that the twisted wire CFRP cable retained 96% of its uniaxial tensile capacity.  

The effect of freeze-thaw cycles on prestressing CFRP was studied alone and combined 

with other environmental effect by various researchers (Tannous (1997), Micelli and Nanni 

(2004), Mashima et al. (1993)). No measurable change in mechanical properties and or damage 

to the prestressing CFRP was observed. The influence of the freeze and thaw cycles on the bond 

strength of prestressing CFRP was also studied and was found satisfactory. Prestressing CFRP 



NCHRP 12-97 

A-63 
 

exposed to UV radiation combined with the other environmental effects showed no significant 

damage and no decrease in physical and mechanical properties (Micelli and Nanni, 2004). 

A2.4.2.2. Physical effects 

Creep and Creep Rupture 

ACI440.1R-15 (2015) defines creep rupture as sudden failure of FRP material when 

subjected to a constant tension over a time which is called the endurance time. As the ratio of 

sustained tensile stress to the initial strength of the FRP increases, endurance time decreases. The 

creep rupture endurance time also can irreversibly decrease under adverse environmental 

conditions such as elevated temperature, ultraviolet radiation, high alkalinity and wet and dry 

cycles. Little data are currently available for endurance times beyond 100 hours. Additionally, 

the extraction of generalized design criteria is hindered by lack of standard creep test methods as 

well as the diversity of constituents and processes used to make FRP products. Therefore, these 

factors have resulted in design criteria judged to be conservative until more research will be 

carried out and more convincing data are presented. Yamaguchi et al. (1997) conducted 

comprehensive creep rupture tests on 0.25 in. CFRP bars in air conditions at room temperature 

for 100 hours. The ratio of stress at creep rupture to the initial strength of CFRP after 500,000 

hours were linearly extrapolated to be 0.93.  

Saadatmanesh and Tannous (1999) conducted an extensive investigation on creep 

deformation (not rupture) of two commercial CFRP (bars and cables). The specimens were tested 

in three environment conditions including first laboratory air, second and third in room-

temperature solutions with a pH equal to 3 and 12. The applied stress was fixed at 40% of initial 

strength. The results indicated higher creep strain in the larger-diameter bars and in the bars 

immersed in the acidic solution. FRP Bars tested in air had the lowest creep strains of the three 
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above mentioned environment conditions. Considering all environments and materials, the range 

of strains recorded after 3,000 hours was 0.002 to 0.037% .  

 Dolan et al. (2000) conducted a comprehensive study on creep rupture of Aramid and 

Carbon tendons encased in concrete surrounded by saltwater and subjected to a constant load 

between 50 to 80% of the initial ultimate capacity for over 12,000 hours. The residual strength of 

the CFRP and AFRP were 90% and 80 % of their initial static capacity after tests conducted for 

over 12,000 hours. Moreover, the predicted (extrapolated) strength for CFRP and AFRP were 

70% and 55% of the tendon’s initial ultimate strength after 100 years of service life.  

In another study by Tokyo Rope (2000), the rupture strength of 0.5 in. twisted-wire 

prestressing CFRP cables in an indoor environment after 100 years projected endurance time is 

reported to be 85% of the initial strength. 

 

Fatigue 

CFRP by itself (Uomoto et al. (1995), Saadatmanesh and Tannous (1999)) as well as 

CFRP prestressed beams (Abdelrahman et al. (1995), Bryan and Green (1996), Saiedi et al. 

(2011)) have been studied under fatigue loading by various researchers. CFRP prestressed beams 

are known to have excellent fatigue behavior. 

Abdelrahman et al. (1995) tested four beams with two different types of prestressing 

CFRP under monotonic and fatigue loading. These four beams were of the same span-to-depth 

ratio and 1:3.3 scale as the girders of first smart highway bridge built in Calgary, Alberta, 

Canada as shown in Figure A2.4. They reported that the beams pretensioned with prestressing 
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CFRP exhibited a significant deformation before failure. The beams tested under fatigue loading 

with a load range of 70% of cracking to cracking load survived 2 million cycles with little effect 

on beam stiffness. The capacity of the beams after fatigue loading was comparable to the 

capacity of the beams under monotonic loading. The length of the tested beams was 21 ft. 

Arockiasamy et al. (1995) presented a research study on durability of CFRP prestressed 

rectangular concrete beams. The study included nine specimens categorized into three different 

groups,  and in each group, there was one beam in the ordinary environment (as control beam), 

one in seawater and one in an alkaline environment. The difference between the groups was in 

their concrete compressive strength, and age at the time of loading. Two specimens pre-loaded 

up to 60% to 70% of the ultimate capacity and were then exposed to the aggressive environment. 

All of the specimens were loaded under four-point bending until failure. The following 

observations were made: the flexural strength of concrete beams prestressed with CFRP tendons 

could be predicted using a conventional model for steel PC. The pre-cracked beams prestressed 

with CFRP tendons showed no degradation in the flexural strength after exposure to 

seawater/alkali environments. The failure mode showed more brittle behavior after exposure to 

seawater, which needs further study. 

Bryan and Green (1996) studied the behavior of beams at low temperature (-27 °C). They 

used 0.32 in Leadline rods. Six beams were fabricated and tested. The dimensions of the beams 

were 5.9 in. x 11.80 in. x 9.9 ft. and the beams were prestressed with a single Leadline rod at 

60% of its guaranteed tensile strength (14 kips). Strain in the concrete and the rod was measured 

during release and the transfer length was found to be 24.6 in. Half of the beams were tested at 

room temperature and the other half were tested at (-27 °C) using four-point bending. It was 

found that after cracking there was no continuity between the strain in concrete surface and strain 
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in Leadline rod, which was assumed to be the likely case where the rod had been debonded from 

the concrete over some length of the cracked region. The effect of low temperature was 

noticeable only until cracking. The beams tested at low temperature showed higher cracking 

load, which was attributed to the increase in concrete strength at low temperatures. However, 

there was no observed difference in the ultimate load. It was stated that the low temperature does 

not have a significant effect on the failure of Leadline rods. It was concluded that the beams 

prestressed with CFRP rods exhibit considerable deflection at failure providing warning. 

Dolan et al. (2000) tested three beams pretensioned with prestressing CFRP and three 

beams pretensioned with prestressing steel as a part of a study to develop guidelines for FRP 

prestressed beams. One beam pretensioned with harped prestressing CFRP and one beam 

pretensioned with harped prestressing steel was tested under fatigue loading. Other four beams 

were tested for service and ultimate strength evaluation. The load range of the fatigue was 

approximately between 11% and 35% of the ultimate monotonic load, which induces a stress 

range of 0.05√f’c and 0.6√f’c on the bottom concrete fiber, respectively. The tendon stress varied 

from 45% to 60% of ultimate strength for prestressing CFRP and 28% to 35% of ultimate for the 

prestressing steel. It was found that the fatigue behavior of the beam pretensioned with steel and 

prestressing CFRP is similar. Both beams were found to experience similar amounts of 

permanent deflection, the same crack distribution and the same strength due to fatigue load. It 

was found that the beam pretensioned with prestressing CFRP experienced no reduction in the 

capacity due to the fatigue loading. It was also pointed out that special consideration must be 

given to the CFRP prestressed beams to avoid brittle failure, especially when the prestressing 

CFRP are harped. 
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Mertol et al. (2006) tested fifteen pre-cracked beams pretensioned with prestressing 

CFRP and steel subjected to sustained load and exposed to extreme weather conditions. The 

initially applied prestressing level for both types of beams was 55% fpu. The beams were pre-

cracked to allow the bars to interact with the environment. The variables used were the level of 

sustained loading (inducing either 50% or 70% of fpu stress on prestressing CFRP or steel), type 

of environmental exposure (15% salt water spray at 54°C or exposure to air), duration of the 

program (9 months or 18 months) and the type of loading (cyclic or monotonic). The specimens 

prepared with CFRP were designed to fail in tension whereas the steel prestressed beams were 

designed to fail by yielding of prestressing steel followed by crushing of concrete. The procedure 

of applying cyclic loading included the application of a load level, which induced the 

corresponding stress range from 65% to 75% of fpu of the prestressing CFRP or steel at a 

frequency of 3 Hz for two million cycles. If the specimen survived the cyclic loading then they 

were loaded statically up to failure. One of the beams pretensioned with prestressing CFRP bar 

(monotonic loading) failed under relatively low load than the rest beams pretensioned with 

prestressing CFRP. Consequently, it was found that beams prestressed with CFRP have greater 

load capacity and survive the sustained loading longer in extreme weather conditions than beams 

prestressed with steel. Additionally, beams prestressed with steel exposed to air performed 

satisfactorily under the induced stress of 0.7 but not under the heated salt spray. The effect of 

cyclic loading was minor in both types of beams. The extreme environmental condition did not 

affect the performance of the CFRP prestressed beams nor caused any deterioration. 

Saiedi et al. (2011) tested seven large-scale concrete beams, which were fabricated in 

1995 after 16 years. Out of seven beams, five beams were pretensioned with prestressing CFRP 

rods and two beams with prestressing steel. The level of jacking force for the beams prestressed 
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with CFRP was 50-70% whereas the steel beams were jacked to 55%. All beams were subjected 

to a small sustained load and/or 3 million cycles of fatigue load at some stage up to the testing 

period. Some of the beams were tested under room temperature and some of the beams were 

tested under a low temperature of -28°C. The upper limit of fatigue load exceeded the cracking 

load for the respective beams. It was found that the fatigue performance of the CFRP prestressed 

beams was superior to the steel prestressed beams. Despite having less stress range in the steel 

strands than the CFRP rods, the steel prestressed beam subjected to fatigue loading at low 

temperature failed at a lower number of cycles. It was also pointed out that the concrete-CFRP 

bond can be weakened by cyclic loading, low temperature sustained and monotonic loading, 

and/or prestress level. In the beginning stages of the fatigue loading, it was observed that the 

stiffness of the CFRP prestressed beam decreases rapidly up to million number of cycles and 

stabilized. This was attributed to the reduction in tension stiffening, local bond weakening 

surrounding cracks, reduction in modulus of elasticity of concrete and the reduction of effective 

moment of inertia with the propagation of existing cracks and development of new cracks. 

A2.4.3. Deformability 

Beams that are prestressed with CFRP do not exhibit any ductility in the traditional sense. 

Traditional definitions of ductility relate some measure of a beam’s deformation at ultimate 

(strain, curvature, deformation, absorbed energy, etc.) to some measure of its deformation when 

the reinforcement yields. Correspondingly, since CFRP reinforcements do not yield, ductility 

cannot be defined in the traditional sense. As such, the academic and professional communities 

have proposed the use of deformability as a measure of the performance of beams reinforced or 

prestressed with brittle reinforcements. Congruently, the definitions of deformability generally 
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relate some measure of a beam’s deformation at ultimate to its deformation under service loads. 

Various definitions of deformability have been proposed in the literature.  

Naaman and Jeong (1995) developed an equation on the deformability taking into 

account energy parameters assuming that the behavior of prestressed concrete beams is fully 

elastoplastic. Thus, based on this assumption and although referred to as ductility index, this 

equation is also applicable to CFRP-prestressed beams.  

𝜇𝜇𝑝𝑝𝑛𝑛 = 0.5 �𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒

+ 1�         (Eq. A2.24) 

where, 𝐸𝐸𝑠𝑠𝑡𝑡𝑠𝑠 is the total energy under the load-deflection curve, and 𝐸𝐸𝑝𝑝𝑒𝑒𝑒𝑒 is the elastic energy 

which is a part of total energy. 

Abdelrahman et al. (1995) proposed another model for the deformability of CFRP-

prestressed beams as the ratio of the actual deformation at the ultimate state of a prestressed 

concrete beam to the equivalent deformation of the un-cracked section at the same moment level.  

𝜇𝜇 = 𝛥𝛥𝑢𝑢
𝛥𝛥𝑒𝑒

           (Eq. A2.25) 

where, 𝛥𝛥𝑢𝑢is the deflection at ultimate and 𝛥𝛥𝑒𝑒 is the equivalent deflection of an uncracked section 

for the same ultimate moment. 

Jaeger et al. (1995) and Mufti et al. (1996) also proposed a deformability of the FRP 

reinforced beams as the ratio of ultimate moment to moment at concrete strain of 0.001 

multiplied by ratio of curvature corresponding to the ultimate moment to moment at concrete 

strain of 0.001. 

DI = Mu
M0.001

x ∅u
∅0.001

         (Eq. A2.26)  
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Where, M0.001is the moment at concrete strain of 0.001, ∅0.001is curvature at concrete 

strain of 0.001, Mu is the moment at ultimate and ∅u is curvature at ultimate 

Gowripalan and Zou (1997) proposed an overall factor to quantify the deformability of FRP 

prestressed beam.  

𝑂𝑂𝑣𝑣𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 𝐹𝐹𝑂𝑂𝐹𝐹𝐹𝐹𝐹𝐹𝑂𝑂 =  𝑝𝑝𝑢𝑢
𝑝𝑝𝑐𝑐𝑓𝑓
𝑥𝑥 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒

         (Eq. A2.27) 

where, Pu is the ultimate load, Pcr is the cracking load, Etot is the total energy at the 

ultimate, and Eela is the elastic energy at the ultimate 

Zou (2003a) stated that the development of deflection from the cracking stage to an 

ultimate stage is a necessary measurement of deformability. He proposed an equation that 

considers both the ratio of deflection at the ultimate limit state to that at the cracking state and 

also the ratio of the moment at ultimate to the moment at first cracking. 

𝑍𝑍 = �∆𝑢𝑢
∆𝑐𝑐𝑓𝑓
� �𝑀𝑀𝑢𝑢

𝑀𝑀𝑐𝑐𝑓𝑓
�         (Eq. A2.28) 

where, ∆𝑢𝑢is deflection at ultimate, ∆𝑐𝑐𝑓𝑓 is the deflection at first cracking, 𝑀𝑀𝑢𝑢 is the ultimate 

moment, and 𝑀𝑀𝑐𝑐𝑓𝑓 is the cracking moment. 

For prediction of deformability, energy-based models are insensitive to the magnitude of 

the ultimate deformation of the member. This may be appropriate for applications where energy 

dissipation is a primary design consideration (e.g., seismic design). However, for bridge beams, 

deformation prior to failure is a primary consideration as against energy dissipation. As such, a 

definition of deformability based on deformation prior to failure may be more suitable. Studies 

show that the inclusion of distinct deformation parameters, such as ultimate and cracking 
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deformations, in the deformability index provides a reasonable measure of the performance of 

the CFRP-prestressed beams (Abdelrahman et al., 1995; Zou, 2003a). 

A2.4.4. Shear Behavior 

Park and Naaman (1999) completed an experimental program to investigate the shear 

behavior of CFRP-prestressed beams. The tested beams were rectangular having cross-section 5 

in. by 10.5 in. and a length of 65 in. The variables were the type of prestressing reinforcement 

(CFRP and steel), shear span-to-depth ratio (1.5, 2.5 and 3.5), configuration of the shear 

reinforcement, prestressing level (40% to 60% of manufacturer specified strength), and the 

compressive strength of the concrete (5 ksi to 7ksi). They observed that the poor resistance of 

CFRP in the transverse direction and its brittle behavior leads to the premature failure of tendons 

initiated by the dowel action.  

Wang et al. (2011) tested four CFRP-prestressed beams and one steel-prestressed beam 

with different shear span-to-depth ratios (0.7 to 2.9). All the beams were rectangular having a 

cross-section of 4.7 in by 7.9 in. and a total length of 71 in. It was concluded that the shear 

capacity of beams prestressed with CFRP was less than that of similar beams prestressed with 

steel. 

Nabipay and Svecova (2012) tested six prestressed T-beams to study the shear behavior 

of CFRP prestressed beams. There were three different categories of specimens in this study, 

each category included two specimens with similar characteristics and a unique shear span-to-

depth ratio. The shear span-to-depth ratios were 1.5, 2.5, and 3.5 for each category. All of the 

beams were tested in 4-point bending. The experimental results were then compared with the 

analytical results obtained from CAN/CSA-S6, ACI 440 and CAN/CSA-S806. For comparison, a 
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database was created from past experimental tests conducted on FRP prestressed and reinforced 

beams. The authors found that the ACI 440 was the most conservative guideline and that the 

shear capacity increases with decreasing shear span-to-depth ratio.  

Grace et al. (2005) investigated the shear response of box beams prestressed with CFRP. 

A total of six beams were tested for the shear, which included prestressed, non-prestressed as 

well as post-tensioned FRP tendons. All of the beams had the same amount of longitudinal 

reinforcement. The only variable was the shear stirrups. Three types of stirrups were used as the 

shear reinforcement (CFRP-1(SA), CFRP-2(SB) and steel). Each beam was provided with the test 

zone and the remaining portion of the beams presented the same shear reinforcement. One beam 

was tested with no stirrups in the test zone, the next one with steel, two of them with SA and the 

remaining two with SB. The box beams were loaded through a 4-point loading system. The 

beams were simply supported at the ends. The load was applied in cycles. First, the beams were 

loaded to a load slightly less than the cracking load and were unloaded. After repeating this cycle 

five more times the beams were loaded to failure. They found that the energy ratio (inelastic/ 

(elastic+inelastic)) was unaffected by the spacing of stirrups but the absence of stirrups had a 

significant impact, thus resulting in the lowest energy ratio. The greater the center-to-center 

spacing, the higher the strain in the stirrups at the time of failure. Box beams reinforced with 

CFRP stirrups had higher shear strength compared to steel stirrups with the same spacing; 

however, the shear cracking force for the steel stirrups was larger than the CFRP. No failure was 

observed in the post tensioning tendons even after the failure of the beams. 

A2.4.5. Flexural Behavior of Post-Tensioned Beams 

The design strength of post-tensioned beams with unbonded tendons is determined by 

calculating the stress in the tendon at failure. The tendon stress at failure, fp, is estimated by 
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adding the initial stress due to dead load after losses, fpe, and the additional stress due to 

increased loading, Δfp (fp = fpe + Δfp) including live loads (i.e., AASHTO live load distribution 

factors). Since there is no bond between the tendons and the concrete, the strain values at any 

instant of loading for these two components will form independently. Hence, the use of the 

concept of strain compatibility directly at any cross section of post-tensioned beams is not 

possible. Instead, the deformation due to increased loading should be estimated by considering 

the whole member, and tendon stresses should be calculated iteratively. Correspondingly, the use 

of unbonded post-tensioned tendon relieves the strain at the critical sections and averages it out 

along the beam length. Therefore, choosing an unbonded reinforcement ratio that is less than the 

balanced ratio of the corresponding bonded design does not guarantee a tensile rupture of the 

FRP tendon and the concrete compression failure may occur at the ultimate state (Heo et al., 

2013).  

The failure is always attributed to concrete crushing, even at a prestressing reinforcement 

level that is significantly lower than the balanced ratio for the corresponding bonded FRP 

prestressed concrete beams (Lou et al., 2017). For cracking, at a very low prestressing 

reinforcement ratio, the strain distribution in the unbonded FRP prestressed beam is rather 

irregular (i.e., the tensile strain is very big over the critical zone but very small over the 

noncritical zone), which indicates a crack concentration in the beam. The tensile strains at the 

critical section reduce with increasing prestressing reinforcement ratio. Additionally, the ultimate 

deflection decreases consistently with the increase of prestressing reinforcement ratio. Due to a 

relatively lower modulus of elasticity than that of steel, relatively larger curvatures and 

deflections are induced under the same level of flexural load for beams prestressed with CFRP 

tendons than their counterparts prestressed with steel tendons (ACI 440.4R-04, 2011). 
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Deformation of the FRP prestressed beams at ultimate is smaller than the steel prestressed beams 

as the FRP does not yield and elongation at rupture is considerably smaller compared to the 

conventional steel tendons. The CFRP tendon strength increases uniformly to rupture (Kato & 

Hayashida, 1993). In addition, the beams with curved CFRP tendons present larger cracks at 

turning over the place of CFRP tendon’s curve (Kato & Hayashida, 1993).  

A2.4.5.1. Post-Tensioning with Internal Tendons 
Naaman and Alkhairi (1991a) presented a comprehensive review of the existing 

experimental and analytical investigations for ultimate stress in unbonded tendons. Additionally, 

they summarized the available prediction equations from different researchers and various design 

guidlines. Moreover, they evaluated these prediction equations with experimental results of 143 

tests carried out since 1960. They found that most of the prediction equations accord reasonably 

conservative results. However, the results have the potential for improvement, with consideration 

of the effect of different variables that influence most the stress of the unbonded cable at 

ultimate. They mentioned that the influence of non-prestressed reinforcement on the distribution 

of cracking and the extent of the plasticized failure zone at ultimate should be factored in with 

the influence of the number of loaded spans to failure in a continuous system. 

Kakizawa et al. (1993) investigated the behavior of beams fully and partially prestressed 

with CFRP. The dimensions of the beams were 3.9 in. x 5.9 in. x 6.6 ft. The prestress force and 

bonding properties were the test parameters. The results showed that the failure mode and 

deformation depend on the reinforcement system. In addition, the absorbed energy is affected by 

the reinforcing system, but little by the failure mode. The partially prestressed beams tended to 

have greater energy absorption than the fully prestressed beams. The fully prestressed beams 

showed no energy absorption after the failure of the FRP cable. However, the fully unbonded 
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beams that failed by concrete crushing, showed the same energy absorption after reaching the 

maximum load.  

Kato and Hayashida (1993) tested simply supported 12 rectangular prestressed beams 

under static monotonic four-point loading; two beams were prestressed with steel strands (one 

bonded and one un-bonded); three beams were prestressed with bonded CFRP tendons, and the 

last five specimens were prestressed with un-bonded CFRP tendons. The dimensions of the 

beams were 7.9 in. x 9.8 in. x 8.2 ft. For beams prestressed with steel strands, unstressed steel 

bars were added at the bottom of the beams. However, CFRP bars were added in case of 

prestressed beams with CFRP tendons. The test parameters included the effective prestressing 

force, bond and reinforcement ratio. Comparing the experimental results with corresponding 

conventional steel tendons, they concluded that same degree of ultimate deformability and 

ductility of the steel beams can also be achieved by using CFRP tendons. The results showed that 

the bonded specimens exhibited brittle failure due to rupture of CFRP tendons, but with 

unbonded specimens, the failure occurs from crushing of concrete and consequently the ultimate 

deformability can be improved to roughly the same degree as when using conventional PC steel 

rods.  

Kato and Hayashida (1993) tested six prestressed beams; three beams were tested under 

static monotonic loading and the other three beams were tested under flexural fatigue loadings. 

The dimensions of the beams were 7.9 in. x 9.8 in. x 8.2 ft. The testing parameters were the 

tendon type (strand and bar) and tendon profile (straight and draped). The loading was done in 

two stages: the first stage included static loading until cracking, followed by a repetitive loading 

of 500,000 cycles application with the lower limit equal to 19.61 kN and upper limit equal to the 

cracking load, and the second stage consisted of 550,000 cycles with the upper limit equal to 
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70% of the ultimate load obtained from the static loading with the same lower limit as for the 

first stage. The beams were pushed to failure under static monotonic loading. The results showed 

that there is no significant effect of the fatigue cycles on the maximum flexural strength, load-

displacement curve, and variation in the equivalent rigidity of the prestressed beams. 

Maissen and De Smet (1995) tested three simple post-tensioned T-beams; two with 

prestressed CFRP tendons (one beam bonded and one unbonded) and one with bonded steel 

strands. The dimensions of the beams were 10.2 in. x 19.7 in. x 22 ft. The flange width was 35.4 

in. and thickness of 6.3 inches. The results showed that the unbonded CFRP beams have higher 

flexural strength than the steel counterpart but less than the bonded CFRP beams.  

Maissen and De Smet (1998) tested four two-span continuous post-tensioned I-beams; 

three with prestressed CFRP, two beams were bonded and one un-bonded, and the fourth beam 

was prestressed with bonded steel strands. The section dimensions are shown in Figure A2.10. 

The unbonded post-tensioned beam failed due to concrete crushing in the middle of the first 

span, at the same time, a partial concrete crushing occurs at the middle of the other span and 

above the central support. The other prestressed beams with CFRP tendons failed due to tendon 

rupture. The results showed that beams prestressed with CFRP tendons exhibited ductile failure 

that is comparable to the steel prestressed beams. Moreover, the beams prestressed with bonded 

CFRP tendons were not able to redistribute the moment (load transposition) as there was not any 

reserved capacity once the cable rupture at the plastic hinge above the center support. However, 

the beam with additional unstressed tendons above the center support was able to equalize the 

fracture above the center support and in the middle spans. 
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Figure A2.10 Section dimensions of the I-beams tested by Maissen and De Smet (1998) 

Jo et al. (2004) tested nine post-tensioned specimens. Two of them were post-tensioned 

with steel and the remaining with CFRP. One steel and one CFRP beam were bonded post-

tensioned while the others were unbonded. The beams were rectangular with dimensions of 9.8 

in. x 15.75 in. x 9.8 ft. They found that the ductility index using conventional method was higher 

in bonded tendons and lower in unbonded tendons. For rectangular sections, beams prestressed 

with steel with a low reinforcement ratio presented higher energy dissipation than beams with 

CFRP when the failure mode was rupture of the tendons. At the same level of prestressing force, 

the load-deflection behavior showed the CFRP prestressed beams to have a higher cracking load, 

higher ultimate load and low deflection than their steel counterparts. The test also showed that 

the ductility of the structure prestressed with CFRP can be improved with over reinforced design 

and change of the failure mode to compression failure and also the use of SRC and polymer 

concrete was suggested. According to the study, the over-reinforcement level must be 

proportional to the amount of tensile tendons in order to increase the structure internal force. 

Braimah et al. (2006) tested five unbonded post-tensioned concrete beams with two 

different prestressing reinforcement types (CFRP tendon and steel prestressing strand) under 

fatigue flexural loading. The steel post-tensioned beams had bonded non-prestressed steel 
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reinforcement, while the CFRP post-tensioned beams had bonded non-prestressed GFRP rods. A 

severe test regime was chosen that induced a stress range of about 14.5 ksi in the bottom 

prestressing reinforcement. The beams were initially loaded past the cracking load followed by 

unloading to obtain an initial load–deflection response. The fatigue tests were performed under 

four-point loading with a frequency of 1 Hz. None of the post-tensioned beams survived the 2.0 

million cycles. The failure of the post-tensioned steel beams started by fracture of the non-

stressed steel, then the seven-wire prestressed strands. However, the failure of CFRP post-

tensioned beams was initiated by the failure of the prestressed CFRP tendons, while the non-

prestressed GFRP rods did not show any failure during the fatigue cycles. The fracture of the 

CFRP tendons occurred at the anchor location. 

Noel and Soudki (2011) tested five self-consolidating concrete (SCC) slabs containing 

both prestressed post-tensioned CFRP bars and unstressed GFRP bars, and one steel RC control 

specimen. With the use of AASHTO (1998), they investigated the serviceability and ultimate 

limit states of the FRP-RC slab bridges. They found that adding PT-CFRP tendons to the slabs 

reduces: (1) The deflections for a given service load and results in a comparable (similar or 

better) serviceability to the steel RC control slab, (2) The crack widths by more than 75% at 

service loads, (3) The cross-section depth and gives a similar load-deflection curve with non-

prestressed slabs of larger depth, and (4) The effective tensile strains in the passive GFRP 

reinforcement at the service load, thus meeting the service stress requirement. Finally, they 

recommended using post-tensioned tendons to meet serviceability requirements without placing 

excessive amounts of reinforcement. 

Heo et al. (2013) tested seven simply supported post-tensioned beams with internally 

unbonded CFRP tendons (four rectangular and three T-beams). The dimensions of the beams 
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were 5.9 in. x 9.84 in. x 10.5 ft. for the T-beams, a flange of 13.75 in. with a slab of 2.4 in. 

thickness. The test parameters were, the prestressing reinforcement ratio, the initial prestressing, 

the loading type (three-point or four-point loading) and the section shape. Unstressed auxiliary 

bonded reinforcements (steel for the T-beams and CFRP for rectangular beams) were added to 

the bottom of the beam. Regardless of the reinforcement ratio, all the beams failed in flexure due 

to concrete crushing without tensile rupture of the unbonded prestressed tendons. In addition, all 

rectangular beams maintained residual strength after the peak load, which is equal to section 

capacity of the beams after removing the top concrete cover. In addition, the type of loading 

affected the failure mode of the T-beams as the beam tested in four-point loading failed in an 

explosive manner that took out the constant moment region without any residual capacity, 

however, the beam tested under 3-point loading showed a residual capacity after the peak. 

Moreover, the study showed that the prestressing ratio affected the brittleness of the compression 

failure mode, as the higher the prestressing ratio, the higher the brittle compression failure 

occurred. Comparing the ductility of beams with auxiliary bonded steel bars with bonded CFRP 

tendons for rectangular sections, the ductility of the beams with auxiliary bonded steel bars were 

higher. Moreover, they evaluated the ductility of post-tensioned beams with CFRP tendons based 

on the absorbed elastic and inelastic energy under the load-deflection curve proposed by (Grace 

and Abdel-Sayed 1998). The results showed that the calculated ductility overestimates the 

measured ones and need further refinement 

Selvanchandran et al. (2017) tested four simply supported bonded post-tensioned beams 

with CFRP bars. All the beams designed to fail in tension.  The beams dimensions were 5.9 in. x 

9.8 in. x 10.2 ft. They confirmed that the higher the prestressing force, the higher the cracking 
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moment will be. In addition, the prestressing force does not affect the ultimate strength of the 

members, despite their deformability.  

 

             

Figure A2.11 Section dimensions of the T-beams tested by Braimah et al. (2006) 

A2.4.5.2. Post-Tensioning with external Tendons 
Another type of unbonded prestressing is the post-tensioning of beams by tendons that 

are placed outside the cross-section of the member. Although the tendons are placed outside of 

the cross-section, the anchorage is generally built into the beams at the end zones. This, in turn,  

creates a gradual change in the eccentricity along the beam. The external post-tensioning method 

has some pronounced advantages when compared to other applications such as the reduction in 

dead load of the structure, relatively easy health monitoring throughout the service life, and rapid 

replacement of tendons in case of damage (Abdel Aziz, 2005; Du & Au, 2009). Alternatively, 

external prestressing is directly exposed to environmental effects and man-made hazards. Hence, 

an extra measure of protection of the external tendons should be provided.  

While designing the externally post-tensioned members, special care should be given to 

the detailing of draping points. Due to local deformation or bending of the post-tensioning 

tendon at the draping points, there will be stress concentrations; hence resulting in reduction of 

(a) Section dimensions along 
the beam length 

(b) Section dimensions at the 
end of the beam 
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the ultimate strength of the tendons. The amount of reduction presents a change with the angle of 

the tendon at the draping point. Similar to draping points, anchorage zones should be designed 

and detailed carefully since these points are the only regions where the tension on the tendons is 

transferred to the concrete as compressive stresses. 

Du and Au (2009) proposed an analytical model to assess the deformation characteristics 

of externally prestressed bridge members with CFRP tendons. The model was in good agreement 

with the results from experimental studies of several other researchers. Grace et al. (2008) 

investigated the flexural behavior of box bridge girders with unbonded external post-tensioning. 

Congruently, after conducting tests on T-beams externally prestressed with CFRP tendons, 

Mutsuyoshi and Machida (1993) found that the global response of CFRP prestressed beams is 

similar to those prestressed with steel.  

Elrefai et al. (2007) tested three externally post-tensioned beams with straight and draped 

CFRP tendons along with a control specimen. The test parameters were the tendon profile and 

two-post tensioning conditions (at service load and overloading “overloading to twice the steel 

reinforcement yield strain”). In their study, they used the strain reduction approach of Naaman 

and Alkhairi (1991b) to predict the behavior of the beams at all load stages. The results showed 

no evidence of any difference between the behavior of beam post-tensioned with straight cables 

with steel deviators and beams with a draped cable profile. The results of the overloaded beams 

proved that post-tensioning with CFRP tendons is an efficient technique for strengthening highly 

damaged concrete beams. In addition, the predicted values showed a good agreement with the 

experimental results of the externally post-tensioned beams. Moreover, they found that the strain 

reduction approach, which was originally proposed for steel strands, is also applicable for the 

external CFRP tendons. 
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Grace et al. (2001) investigated the behavior of multi-span CFRP prestressed continuous 

concrete bridges with external longitudinal post-tensioning using draped tendons and bonded 

transverse post-tensioning. The ductility of such a bridge system increased and mid-span 

deformation decreased compared to the behavior of a simply supported beam constructed with 

similar member properties. At the ultimate load stage, the progressive failure of CFRP tendons 

was observed. 

Ghallab (2013) presented a review of the equations proposed for calculating the increase 

in stress in external prestressing tendons at the ultimate stage. Based on the deformation of the 

member, he presented a simple equation to calculate the stress in the external tendons for 

continuous beams. In his study, he used the experimental results from 37 beams collected from 

the literature to check the accuracy of the proposed model. In addition, he assessed the prediction 

from other models previously proposed by other researchers. The results showed that ASSHTO-

LRFD (2014), Naaman and Alkhairi (1991b), Aravinthan et al. (1998) and Au and Du (2004) 

models were reasonably accurate for beams strengthened with straight tendons. Correspondingly, 

ACI-318 gives good results in the case of the external tendons within the section depth, but the 

results failed to show congruence with higher eccentricity (increase in tendon depth). The 

proposed method was generally more accurate than other methods.   

A2.4.6. Anchorage Systems 

The relatively low lateral and shear strength of CFRP does not allow for the use of typical 

anchoring devices used for steel which causes transverse stress concentrations (Erki & Rizkalla, 

1993; Sayed-Ahmed & Shrive, 1998). Local failure in the anchors has been previously noted 

consistent with the non-isotropic behavior of CFRP (Reda Taha & Shrive, 2003). Consequently, 

substantial research has been conducted to develop appropriate anchorages for prestressing 
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CFRP prestressing applications. The anchorages have been developed both by researchers and by 

CFRP manufacturers as a part of their prestressing CFRP system specifications. Optimally, the 

CFRP strands and anchorages should be treated together to constitute the prestressing system. As 

such, there is no intention to propose, recommend, or develop a specific type of anchorage within 

the scope of this research. A review of the available anchorage systems and their use is provided 

herein. It was found that there is no uniformly accepted anchorage system for CFRP prestressing 

systems. Several of the common types of anchors are discussed below. 

The anchorage of prestressing FRP systems reported in the literature can be classified 

into three main groups as (i) wedge type, (ii) resin/grout potted, and (iii) spike systems. ACI 

440.4R-04 (2011) also uses a similar categorization as, plug and cone, resin sleeve, resin potted, 

metal overlay, and split wedge anchorages. These anchorage systems are shown schematically 

Figure A2.12. The general types of anchorages are the bolted plate type, a conical or tapered 

spike in the sleeve, rod or strands in a straight or conical sleeve bonded with either a resin or 

cementitious material, and wedge type anchor (Erki & Rizkalla, 1993; Nanni et al., 1996a). 

Additionally, some systems have been developed to connect CFRP rods and varying 

improvements of these general types have been developed and investigated (Lees et al., 1995) 

Anchorage systems for post-tensioning applications need to be highly efficient with low 

prestressing losses (Sayed-Ahmed & Shrive, 1998), consequently, nearly all post-tensioning 

applications have employed some form of the bonded sleeve anchor that is usually factory 

installed on strands of specified length. This system, which is sometimes referred to as the 

“potted” anchor, has been shown to produce little if any damage to the strands (Nanni et al., 

1996a).   
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Figure A2.12 Different anchorage types for FRP strands; (a) clamp, (b) plug and cone, (c) 

straight sleeve, (d) contoured sleeve, (e) metal overlay and (f) split wedge (Reproduced from 
ACI 440.4R-04 (2011)) 

 
There are wedge type anchors that are able to achieve these results as well as to address 

the negative attribute of the bond type anchors, which requires factory application at specified 

lengths. These robust wedge type anchors have thus been investigated for use in post-tension as 

well as prestressing applications. Small-scale wedge type anchors were developed and used for 

CFRP test strips and showed no damage to the specimens and a number of seemingly robust, 

reusable, and relatively inexpensive to fabricate wedge type anchors with good performance 

have been developed and investigated (Burtscher, 2008). These systems employ a conical 

sleeve/barrel and wedge anchor of various materials with varying wedge and barrel angle. 
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One such system where both the barrel and wedge are molded from ultra-high 

performance fiber reinforced concrete with the barrel wrapped with FRP; achieved an average 

efficiency of 95%, and the assembly performed well under both monotonic and cyclic tension 

loading (Reda Taha, & Shrive, 2003). Other wedge type anchors for post-tensioned CFRP 

strands utilizing a steel and copper assembly have also shown good performance under cyclic 

loading (Elrefai et al., 2007). The fatigue life of this strand-anchor assembly was significantly 

affected by the applied stress range rather than the variation of the minimum stress. In the 

assembly, the fatigue life decreased as the applied stress range increased. A similar assembly was 

previously examined by Campbell et al. (2000) under tensile and fatigue loading and the 

conclusion warranted further investigation. 

Other similar systems have been investigated where the variation in the angle of change 

in diameter of the internal barrel and outer wedge diameter were introduced and optimized in 

order to produce lower contact pressures at the loading end of the anchor and increase the 

pressure at the opposing end where there is no stress in the CFRP strand (Al-Mayah et al., 2006; 

2007). Terrasi et al. (2011) built upon the research of Al-Mayah et al. (2006) and proposed using 

a soft material for the wedge. Polyphenylene sulfide was used for the wedge material, and this 

investigation reported a significant performance improvement with the added benefit of easier 

implementation in production applications (Terrasi et al., 2011). 

Wedge type anchors typically exhibit some local damage to the CFRP strands and are 

thus usually used only in pre-tensioning applications (Nanni et al., 1996a). As has been 

previously mentioned, the performance of these anchors has been documented, in particular by 

Erki and Rizkalla (1993) and Nanni et al. (1996a). A variation of the simple wedge anchorage 

has been developed by coupling either two CFRP strands together or a CFRP strand to a high 
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strength steel strand. The coupler investigated for connecting two CFRP strands however, was of 

the sleeve-bond type using expansive cement (Lees et al., 1995). This coupler is effective due to 

pressure developed by the expansive cement and the coefficient of friction in the surfaces, 

among other factors. One may characterize this assembly as a hybrid of wedge and sleeve-bond 

type anchors. Correspondingly, an assembly which couples a CFRP and high strength steel 

strand has been investigated and effectively utilized in prestressing applications (Grace et al., 

2012). This assembly is essentially a double wedge type anchor attached to each type of strand. 

The steel strand is then attached to conventional steel strand prestressing equipment and cut after 

the concrete properly cures.  

There are clearly several anchor types and variations used for pre-tensioning and post-

tensioning concrete applications. Implementation of particular anchor types and methods is 

conditioned on the proper application of systems suitable for the specific application. Thus, 

reliability, performance, cost, and likely support from strand manufacturers will be the key 

factors when selecting a suitable anchor. 

A2.4.7. Prestressing Losses 

This section briefly highlights the prestress losses and their sources in CFRP prestressed 

concrete structures. Furthermore, the fundamental parameters that influence the prestress loss of 

CFRP prestressed concrete beams are described. A summary of previous experiments regarding 

stress relaxation and thermally induced losses in CFRP prestressed beams and key factors that 

have been rigorously studied in the published literature are included.  

A2.4.7.1. General 
Prestressing losses are considered as one of the major factors that affect the design and 

behavior of CFRP prestressed concrete structures. Any change in the tensile stress of a 
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prestressing strand from the time a strand is initially tensioned to the end of the service life of the 

prestressed elements due to effects other than applied load is generally referred to as prestressing 

losses. The primary objective of accurate prestress-loss prediction is to satisfy the serviceability 

limit states.  

Underestimation of prestressing losses may cause tensile cracking and large deformation under 

service loads. However, overestimation of the prestressing losses may lead to uneconomic 

design. The origins of prestressing losses are strongly interrelated and determination of each loss 

component individually is extremely difficult due to this interdependency (PCI, 1975). However, 

prestress losses can be collected in two main categories by taking into account the source and 

time of occurrence (ACI 440.4R-04, 2011). These main categories are presented below: 

 

 

 

 

 

 

 

 

 

 

Figure A2.13 Prestress losses categorization 

Tadros et al. (2003) depicted these prestressing losses and their relative sequence of 

occurrence for a pretensioned concrete beam within its service life as shown in Figure A2.14. It 

should be noted that the evolution of stress presented in Figure A2.14 is for prestressed beams 
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with steel strands and temperature effects are different for beams prestressed with prestressing 

CFRP.  

 

Figure A2.14 Evolution of stress in strand for a pretensioned concrete bridge beam (Adopted 
from Tadros et al. 2003) 

Below, a brief definition and the corresponding sources for each prestress loss are provided, 

which is followed by a review of the relevant analytical and experimental studies regarding 

prestress losses.  

 Elastic Shortening Losses: are due to elastic deformation (shortening) of the concrete under 

compressive stress. With the compressive force applied by prestressed tendons, the concrete 

is shortened, which causes prestressing tendons to shorten simultaneously, leading to loss of 

stress. Elastic shortening occurs at the transfer of prestress for pretensioned members and at 

jacking for post-tensioned members and is independent of time. 

 Creep Losses: are due to the long-term deformation of concrete as a result of compressive 

stress transferred and sustained by prestressed tendons. Similar to elastic shortening but 

within a longer period of time, this deformation in concrete (shortening) causes loss of stress 

 

Not to scale 
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in prestressing tendons. The prestressing loss due to creep of concrete is interdependent with 

other losses such as shrinkage of concrete and relaxation of the strands. 

 Shrinkage Losses: are defined as the loss of prestressing stress when the volume of concrete 

changes due to loss of free water within concrete due to effects other than the application of 

sustained load. The main reason for shrinkage of concrete is a direct loss of water to the 

environment through diffusion or by a carbonation process where carbon dioxide reacts with 

water. 

 Anchorage Seating Losses: are due to movement and setting of the anchorage itself soon 

after the applied tension is released at jacking. The amount of anchorage seating loss in most 

cases is reported by the producers as a part of their product specification.  

 Relaxation Losses: are due to a gradual decrease of stress in strands under constant strain. 

Relaxation loss depends primarily on the level of stress in the strand, the ambient 

temperature, and the material properties of the CFRP.  

 Thermal Losses: are primarily due to incompatible coefficients of thermal expansion between 

the CFRP and the concrete. This thermal incompatibility is responsible for the change in 

prestressing force (loss or gain) when temperature varies. Temperature increase can also 

cause splitting tensile cracking that may lead to deterioration of bond between prestressing 

CFRP and concrete. Therefore, thermal effects on performance of concrete structures 

prestressed with CFRP systems should be incorporated into design guidelines by considering 

CFRP material properties.  

Caro et al. (2013a) experimentally evaluated the prestress loss in prismatic concrete 

specimens pretensioned with steel strands. Different concrete mix design, specimen cross-section 

sizes, and concrete ages at prestress transfer were included. A new test method was developed by 
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the authors to measure effective prestress force over time. Additionally, the concrete longitudinal 

strain profile was examined over one year period of the test. Subsequently, the experimental 

results for prestress losses were compared with prediction values offered by several guidelines. 

The results indicated that prestress losses decrease with increasing concrete strength, concrete 

age at prestress transfer, and cross-section size. Compared with other guidelines, the AASHTO-

LRFD (2014) refined method for prestress loss prediction, was found to provide the best 

estimation. 

Ward et al. (2016) evaluated the prestress losses of two full-scale double-tee girders cast 

with a lightweight self-consolidating concrete mixture. The measurements were taken up to 83 

days by using vibrating wire strain gauges attached to the prestressing steel strands. The 

experimental results were compared with AASHTO-LRFD (2014) prediction for prestress losses. 

It was concluded that the measured elastic shortening loss was in good agreement with predicted 

values. However, the total measured prestress losses at ages of 26 days and 83 days, were 

overestimated by AASHTO-LRFD (2014) ranging from 86% to 153 %.  

Overall, due to lower modulus of elasticity of FRP tendons than steel strands, the long-

term prestress losses for prestressed concrete structures with FRP tendons are lower in 

comparison to prestress losses associated with steel strands. For instance, the elastic shortening 

losses in prestressed tendons are calculated based on elastic deformation of the concrete due to 

initial prestress force (shortening strains) multiplied by the modulus of elasticity of the 

prestressing tendon. Therefore, at the same initial prestress load, higher modulus of elasticity of 

the prestressing tendon results in higher amount of prestress loss. Furthermore, the elastic 

shortening, concrete creep and shrinkage losses are primarily related to concrete rather than the 

prestressing strand itself; hence, the prediction of these losses can be done in a very similar way 
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as the conventional methods proposed for prestressing with steel strands by using the elastic 

modulus of CFRP material (ACI 440.4R-04(2011)). 

A2.4.7.2. Stress Relaxation 
One of the long-term factors contributing to the change in strand stress is stress 

relaxation, defined as the time-dependent loss of stress in a prestressing tendon held at constant 

strain. Understanding the relaxation properties is essential to prestressed concrete design. 

Prestress relaxation affects the final stresses allowed in the beams and the short- and long-term 

deflection behavior of the prestressed structures (Buckler & Scribner, 1986). 

Since a variety of parameters like environmental conditions, material properties and 

loading history, contribute to long-term prestress losses, strand stresses within a prestressed 

concrete member are very difficult to predict exactly at any arbitrarily chosen time. Therefore, 

intrinsic stress relaxation behavior of prestressing strand must be separately determined through 

long-term tests of individual strands under constant deformation test-setup to monitor the stress 

over time. 

Stress relaxation of steel strand: 

Several models have been developed previously on a variety of prestressing steel strands 

and wires. Some of these models are summarized here, then a brief overview of well-known 

international codes and specifications regarding the estimation of stress relaxation losses are 

presented.  

Magura et al. (1962) developed an equation describing losses of stress due to intrinsic 

relaxation as a function of the logarithm of the time and the ratio of initial stress in the steel 

strand to its yield stress. The equation has the following format: 
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𝑅𝑅𝑓𝑓 = 𝑓𝑓𝑓𝑓𝑐𝑐𝑖𝑖 × 𝑒𝑒𝑡𝑡𝑙𝑙 𝑠𝑠
10

× �𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝

− 0.55�,  𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝

≥ 0.55        (Eq. A2.29) 

where 𝑅𝑅r is the intrinsic stress relaxation (ksi), t is time in hours after stressing, and 𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝

 is ratio 

of initial jacking stress to yield stress of prestressing steel tendon. The equation was developed 

from tests of strand specimens subjected to constant strain conditions, by monitoring the stress in 

the strands over time. Stress relaxation was plotted as a straight line on a semi-log graph with 𝑅𝑅𝑓𝑓  

= 0 at t = 1 hour from beginning of the test. The slope of the curve is dependent upon the ratio of 

initial stress to yield stress. All test results indicated that as the initial stress applied to the strand 

increases, the rate at which relaxation occurs increases. 

A prestressing tendon in the concrete element is subjected to the concrete creep and 

shrinkage effect. Consequently, the amount of the stress relaxation that occurs is less than an 

intrinsic relaxation of the tendon obtained by constant strain relaxation tests. In other words, 

tension force reduction due to concrete creep and shrinkage shortening reduces the stress 

relaxation of the tendon. Trevino and Ghali (1985) proposed an equation for stress relaxation 

reduction (𝜒𝜒r) to be implemented as a multiplier to the intrinsic stress relaxation of the 

prestressing tendon ( 𝑅𝑅r) as below: 

𝑅𝑅𝑓𝑓 = 𝜒𝜒𝑓𝑓𝑅𝑅𝑓𝑓           (Eq. A2.30) 

𝜒𝜒𝑓𝑓 = 𝑂𝑂(−6.7+5.3𝜆𝜆)𝛺𝛺          (Eq. A2.31) 

𝛺𝛺 = 𝐿𝐿𝑓𝑓𝑝𝑝−𝐿𝐿𝑓𝑓
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝

           (Eq. A2.32) 

where 𝑅𝑅𝑓𝑓 is the reduced relaxation value, 𝜆𝜆 is the ratio of initial prestressing force after transfer 

(𝑓𝑓𝑓𝑓𝑐𝑐𝑖𝑖) to the ultimate tensile strength, 𝑅𝑅𝑓𝑓𝑐𝑐 is the absolute value of change of stress in prestressing 

tendon due to the combined effect of creep, shrinkage and relaxation. 
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AASHTO-LRFD (2017) predicts the prestress loss due to intrinsic relaxation (ksi) of 

prestressing steel strands between the time of transfer and deck placement, ΔfpRL, as below: 

𝛥𝛥𝑓𝑓𝑓𝑓𝑅𝑅𝐿𝐿(𝐹𝐹) = (𝑓𝑓𝑓𝑓𝑡𝑡
𝑓𝑓𝑓𝑓𝑝𝑝

− 0.55) × 𝑒𝑒𝑡𝑡𝑙𝑙  (24𝑠𝑠)
𝐾𝐾𝐿𝐿
′ × 𝑓𝑓𝑓𝑓𝑠𝑠       (Eq. A2.33) 

where t is time in days after prestressing release, fpt is the stress in prestressing strands after 

transfer, fpy is the yield strength (ksi) and 𝐾𝐾𝐿𝐿′ is a factor accounting for type of steel, equal to 45 

for low relaxation steel and 10 for stress relieved steel and t is time in hours.  

Similar to AASHTO-LRFD (2017), joint ACI-ASCE Committee 423 (2016), PCI 

Committee on Prestress Losses (1975) predicted the stress relaxation loss of the steel by using 

equation (A2.31). 

Stress relaxation of CFRP systems: 

Stress relaxation of the CFRP composites relies on several parameters that affect the 

viscoelastic behavior of prestressing CFRP. For instance, type of prestressing CFRP, the volume 

fraction of the carbon fibers, alignment of the carbon fibers, type and modulus of elasticity of the 

matrix resin, environmental condition, and level of initial prestressing are considered to be 

effective in long term relaxation of the CFRP tendons. Therefore, by reviewing previous studies, 

the influential parameters that control stress relaxation of prestressing CFRP tendons can be 

listed as below:      

• Type of prestressing CFRP 

• Environmental condition such as humidity, temperature and solution 

• Initial jacking stresses 
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Table A2-6 presents a review of previously conducted relaxation tests on prestressing CFRP 

tendons. The influential parameters that have been investigated along with a number of tests are 

also included in this table. As presented in Table A2-6, few relaxation tests have been conducted 

within short test duration (less than 3,000 hours). In addition, little information is available for 

the effect of long-term anchorage losses and length of the prestressing CFRP tendons in previous 

studies. 

Table A2-6  Summary of previous investigations on stress relaxation of prestressing 
CFRP 

Research CFRP Type Temperature 
(°C) 

Test 
Duration 
(Hours) 

Initial 
Stress Level 

(% of fpu) 

CFRP 
Length 

(ft.) 

Number 
of Tests 

Enomoto et al. 
(1993) 

0.5 in. Cable 
 

20, 60, 80, 
100 1,000 70 N/A 15 

Saadatmanesh and 
Tannous (1999) 

0.3 in. Cable 
0.3 in. Bar 

-30, 25 and 
60 3,000 40 and 60 1.3 24 

 
A detailed review of previous investigations about stress relaxation of prestressing CFRP 

materials are presented as follows: 

 Enomoto et al. (1990) studied the relaxation losses of seven wire 0.5 in. diameter 

prestressing CFRP cable and steel strands at room temperature (20 ± 2ºC). Three levels of initial 

stress ratios (define as the ratio of initial jacking stress to the ultimate tensile strength) of 0.50, 

0.65, and 0.80 were investigated for CFRP cables. Stress relaxation loss for both cases of steel 

and CFRP cables were compared up to 100 hours. The reported values of stress relaxation losses 

for prestressing CFRP cable after 100 hours were 0.48%, 0.81%, and 0.96%. Similar to 

prestressing steel strands, the stress relaxation loss for prestressing CFRP cable were linearly 

related to the logarithm of the time. Moreover, at the same initial stress level, the stress 

relaxation values for steel strands were much higher than that of CFRP cables. Additionally, 

long-term relaxation test on prestressing CFRP cable at an initial stress ratio of 0.7 was carried 
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out by the author for a duration of 33,000 hours. Based on the experimental results (see Figure 

A2.15), the stress relaxation loss was proposed to be determined by the following formula: 

𝑅𝑅𝑓𝑓  =  0.056 + 0.396 log (𝐹𝐹)        (Eq. A2.34) 

Where, 𝑅𝑅𝑓𝑓 is the intrinsic relaxation loss of CFRP cable (%), and t is the time (hours). 

Furthermore, from the results of the tests that had been carried out for prestressing CFRP cables 

in 33,000 hours, one million hours stress relaxation value was extrapolated as 2.43% as shown in 

Figure A2.15. However, the extrapolation of the test results for 1 milion houre relaxation based 

on limited (short) relaxation test duration may not be a precise approach and results in a non-

trivial difference in the losses. 

 

Figure A2.15 Stress relaxation loss for prestressing CFRP cable with respect to logarithm of the 
time (adopted from Enomoto et al. (1990)) 

Santoh et al. (1993) conducted relaxation experiments on twisted-wire prestressing CFRP 

cable and steel strands at room temperature. Results revealed that at an initial jacking stress of 

50% of fpu (design tensile strength), the relaxation value after 100 hours for twisted-wire 

prestressing CFRP cable was 0.48% and the same was 1.02% for steel. However, with an initial 



NCHRP 12-97 

A-96 
 

prestress level of 65% of fpu, the relaxation of twisted-wire prestressing CFRP cable was 0.81%, 

while that of steel was 2.28%. 

Saadatmanesh et al. (1999) conducted 3000 hours relaxation test in order to predict long-

term relaxation behavior of two types of prestressing CFRP: 0.3 in. diameter bar (Leadline) and 

twisted-wire cable. The specimens were 16 in. long. Two initial prestressing levels of 40% and 

60% of fpu were examined for the relaxation tests. In addition to stress relaxation losses, grip 

seating losses were identified in all of the specimens by measuring the rapid reduction in the 

elastic strain of the specimens. The amount of anchorage seating losses were calculated by the 

following equation: 

𝛥𝛥𝑃𝑃𝑐𝑐  =  𝐸𝐸0 𝐴𝐴(𝜀𝜀0 – 𝜀𝜀1)            (Eq. A2.35) 

where ΔPs is the amount of loss in the prestressing force due to anchorage seating (kips), ε0 is the 

initial elastic strain immediately after load release, ε1 is the elastic strain after 1 hour, E0 is the 

modulus of elasticity of prestressing tendon (ksi), and A is the cross-sectional area of the 

specimen (in2). Furthermore, it was concluded that stress ratios (fpt/fpu) of prestressing CFRP 

cables and bars during the relaxation tests at any time t, is linearly related to the logarithm of the 

time. Therefore, by analyzing the test data, the following equation was proposed to predict the 

stress ratio at any arbitrary time t from the beginning of the relaxation experiment. 

(𝑓𝑓𝑓𝑓𝑠𝑠/ 𝑓𝑓𝑓𝑓𝑢𝑢) =  𝒂𝒂 –  𝒃𝒃 log(𝐹𝐹)           (Eq. A2.36) 

Where a, and b are constant values depending on the material type and testing conditions and can 

be determined by performing regression analysis. 

The summary of test results regarding grip seating losses and estimated one-year 

prestress relaxations are presented in Table A2-7. 
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Table A2-7 Summary of test results (adopted from Saadatmanesh et al. (1998)). 

Type of Tendon Initial 
Prestressing 

Grip Seating 
Losses 

(%) 

1 Year 
Relaxation 

(%) 

CFRP Cable 40% of fpu 3.86 4.67 
60% of fpu 4.86 6.99 

CFRP Bar 40% of  fpu 4.52 3.81 
60% of fpu 6.55 5.52 

Zou (2003b) studied the creep rupture and stress relaxation of two types of FRP including 

AFRP and CFRP (Leadline) tendons. It was concluded that creep coefficient of CFRP is 

approximately zero at stress level less than 60% of design tensile strength. Additionally, the 

stress relaxation of CFRP after 1000 hours from prestressing was measured less than 1%. 

However, relaxation test results of AFRP proved that stress relaxation after 1000 hours of 

loading is around 7%. 

Anchorage effect on stress relaxation: 

Harada et al. (1993) studied the long-term anchorage losses of 0.5 in. prestressing CFRP 

cable. The type of anchorage system which had been considered in their study is bond type 

anchorage by using highly expansive material (HEM). The HEM anchor consisted of a steel tube 

(sleeve), with specific length and dimensions. The CFRP tendon is located at the center of the 

sleeve. The HEM, in the form of a water-based slurry, is poured into the gap between the sleeve 

and CFRP tendon. After 24-48 hours from pouring, the HEM is cured and expansive pressure 

higher than 6 ksi is generated inside the sleeve. The expansive pressure inside the anchor is 

uniformly distributed along the length of the CFRP tendon. By applying tensile forces on the 

CFRP tendon and because of high expansive pressure, large frictional bond stresses will be 

acting at the interface between CFRP tendon and HEM. Therefore, this anchorage system is 

capable of resisting the full tensile capacity of the CFRP tendon and generally is used for post-
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tensioning applications. In the research study conducted by Harada et al. (1993), the level of 

sustained loading (50% and 70 % of the tensile capacity of CFRP cable), sleeve length, and type 

of HEM were included as tests variables. The length of CFRP cable between the two anchors 

was 31 in. After applying the prestressing load, the anchors were locked in the fixed assembly 

and the loss of prestressing force along with the pull-out displacement (relative deformation 

between the steel sleeve and CFRP cable) were measured over time (up to 65,000 hours). Results 

indicated that for sleeve lengths of 9 in. and 12 in., the prestressing losses were 6-11% and 6-8%, 

respectively. By obtaining the pull-out displacement of the CFRP cable over time, an equation 

was developed to relate the pull-out displacement to the prestressing loss. The main reason for 

prestressing loss was considered as the pull-out displacement of CFRP in the anchors. The effect 

of CFRP relaxation was not considered. 

Shi et al. (2017) studied relaxation behavior of prestressing basalt fiber reinforced 

polymers (BFRP) by considering the anchorage slippage effect. Three level of initial prestress 

(40%, 50% and 60% of fpu) were considered in the experimental program. Bond type anchorage 

system using steel sleeve filled with epoxy resin was installed at both ends of the prestressing 

tendon. Two linear variable differential transformers (LVDTs) were located at both end anchors 

in order to measure the displacement due to slippage. The stress relaxation tests were conducted 

for 1000 hours. Based on experimental results, linear relationship between prestress relaxation 

and logarithm of the time were observed. The measured prestress relaxation losses after 

subtraction of the anchorage effects were 4.2%, 5.3% and 6.4% at the initial prestressing level of 

40%, 50% and 60% of fpu, respectively.  
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A2.4.7.3. Concrete Creep, Shrinkage and Thermally Induced Losses 
Creep losses are due to the long-term deformation of concrete as a result of compressive 

stress transferred and sustained by prestressing tendons. Concrete creep includes basic and 

drying creep. Basic creep is a long-term deformation of sealed concrete subjected to sustain 

loading. Drying creep occurs due to the free exchange of unsealed concert moisture with the 

surrounding environment. The creep rate depends on various parameters such as time, concrete 

stress level, water-cement ratio, type of cement, ambient relative humidity and aggregate 

properties. 

Shrinkage losses are defined as the loss of prestressing force when the volume of 

concrete changes due to loss of free water within concrete due to effects other than the 

application of sustained load. Concrete shrinkage is divided into three parts: drying shrinkage, 

autogenous shrinkage and carbonation. Drying shrinkage is due to diffusion of concrete moisture 

into the environment. Autogenous shrinkage is a volumetric contraction of the concrete when 

free water is consumed in long-term hydration of the cement paste after hardening. Carbonation 

results from the chemical reaction of the carbon dioxide from the atmosphere with hardened 

cement paste. 

Thermally induced losses are primarily due to incompatible coefficients of thermal 

expansion (CTE) between the prestressing CFRP and the concrete. The CTE of prestressing 

CFRP differs in the longitudinal and transverse directions depends on the type of fiber, resin, and 

the volume fraction of fibers. The longitudinal coefficient of thermal expansion is dominated by 

the properties of the fibers, while the transverse coefficient is dominated by the resin. Higher 

value of transversal CTE, combined with the Poisson’s effect in the case of pretensioned 

elements which causes transverse expansion of the prestressing tendon at transfer zone, are 

responsible for circumferential tensile stresses that allow the formation of cracks in the radial 
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direction across the boundary of prestressing CFRP and concrete as shown in the Figure A2.16. 

The occurrence of splitting cracks depends on the type of FRP reinforcement, type of concrete, 

the presence of transverse reinforcement and geometry of the cross-section. On the other hand, 

due to temperature change, and because of lower longitudinal CTE of CFRP than concrete, 

thermally induced forces in prestressed concrete elements cause prestress loss/gain that should be 

taken into the consideration.  

 

Figure A2.16. Formation of the cracks due to circumferential tensile stresses 

Mashima and Iwamoto (1993) studied the bond characteristic of FRP bars and concrete 

after freezing and thawing deterioration. After 14 days from curing of the concrete, the 

specimens (concrete cubes of 3.9×3.9×3.9 in. with FRP bars embedded at center) were subjected 

to over 200 freeze and thaw cycles. Then, they conducted a pull-out test on the specimens. The 

results demonstrated that sand coated CFRP bars had the higher bond strength than twisted-wire 

CFRP cables and steel rebar. Moreover, it was found that freeze and thaw cycles had no 

influence on the bond properties of CFRP bars, however, braided and coiled AFRP rods showed 

some reduction in bond capacity due to freeze-thaw cycles (between 20 % - 50 % reduction). 

Bryan and Green (1996) studied the effect of short-term low temperature (-27 ºC) 

exposure on the behavior of concrete beams prestressed with CFRP bars (Leadline). The load 

Radial Cracks 

Radial stresses  



NCHRP 12-97 

A-101 
 

deflection results of the beam tested at low temperature before cracking revealed that both loads 

carrying capacity and deflections were greater at low temperature compared to those of the 

beams tested at room temperature. The average cracking load was 18% greater for low 

temperature in comparison with room temperature tests. This might be due to the increase of the 

concrete strength at low temperature because of freezing of capillary pore water in the concrete. 

However, at ultimate condition, no significant difference was observed. In addition, the ultimate 

strength of prestressing CFRP bars bonded with concrete beams was unchanged due to short-

term exposure to low temperature. 

Reinhardt and Gollas (1998) studied the bond properties of AFRP bars in concrete after 

subjecting to thermal fluctuation cycles. Pull-out tests were conducted for 0.30 in. diameter 

AFRP bars embedded in the center of 6 in. concrete cubes. Concrete strength was 8.7 ksi. Three 

exposure conditions during one year were studied: standard climate with a constant temperature 

of 20°C and 65% RH, natural exposure on the roof of the laboratory building, and 350 thermal 

fluctuation cycles between -20°C and +40°C (each cycle in 8 hours). Finally, after a certain time 

of exposure, pull-out tests were carried out. The results demonstrated that thermal fluctuation 

cycles demonstrated 42% lower bond strength than the natural weathering condition. 

Additionally, from the bond slip results, the transfer length was calculated as: 

t = C × ΔN           (Eq. A2.37) 

𝑂𝑂𝑠𝑠 = �1+𝑁𝑁
2

 𝑐𝑐𝑓𝑓
4
𝑓𝑓𝑓𝑓𝑝𝑝
𝐶𝐶

𝑓𝑓𝑓𝑓𝑝𝑝
𝐸𝐸𝑓𝑓
�

1
𝑁𝑁+1

× 2𝐸𝐸𝑓𝑓
(1−𝑁𝑁)𝑓𝑓𝑓𝑓𝑝𝑝

       (Eq. A2.38) 

where t is the bond stress (ksi), Δ is slip (in.), C and N are constants values obtained from 

experimental results, 𝑑𝑑𝑓𝑓 is the diameter of prestressing tendon (in.) , 𝑓𝑓𝑓𝑓𝑝𝑝 is the jacking stress 
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(ksi), 𝑓𝑓𝑓𝑓𝑖𝑖 is the pre-tensioning stress after transfer (ksi), and 𝐸𝐸𝑓𝑓 is the Young’s modulus of 

prestressing bar (ksi).  

Therefore, the calculated transfer length values based on abovementioned equations 

showed that transfer length because of 350 thermal fluctuation cycles is 50% higher than the 

transfer length after natural weathering exposure. In addition, sustained loading tests were 

conducted in order to evaluate the bond creep in standard climate for 10 months and also under 

temperature cycles. Three levels of sustained stresses were considered for the specimens 

subjected to thermal cycles (30%, 50% and 80% of the maximum bond strength). All of the 

specimens subjected to thermal fluctuation cycles failed after 25 and 125 cycles due to sustained 

bond stresses of 80% and 30%, respectively. However, specimens subjected to standard climate 

(under constant laboratory temperature of 20°C) under 75-85% sustained loading for 10 months 

exhibited only 24% reduction of bond strength.  

Gentry and Husain (1999) conducted a thermoelastic analysis of plain and spirally 

wrapped FRP reinforced concrete subjected to uniform temperature increase. FRP bar was 

assumed to be transversely isotropic. An analytical model based on theory of thick-walled 

cylinders (see Figure A2.17) by considering the compatibility of the deformations at the 

FRP/concrete interface was developed to evaluate the radial pressure (P) generated across the 

boundary of FRP bar and concrete due to temperature change (ΔT) and FRP longitudinal strain 

εL as: 

𝑃𝑃 = (𝛼𝛼𝑇𝑇− 𝛼𝛼𝑐𝑐)𝛥𝛥𝛥𝛥+𝜀𝜀𝐿𝐿𝜈𝜈𝐿𝐿𝑇𝑇
1
𝐸𝐸𝑐𝑐
�𝑓𝑓
2+1
𝑓𝑓2−1

+𝜈𝜈𝑐𝑐�+
1
𝐸𝐸𝑇𝑇

(1−𝜈𝜈𝑇𝑇𝑇𝑇)
        (Eq. A2.39) 

where, αT is the transverse CTE of FRP bar, αc is the CTE of concrete, νLT and νTT are the major 

and in-plane Poisson ratios of the FRP bar, respectively; νc is the Poisson ratio of concrete, Ec 
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and ET are the modulus of elasticity of concrete and transverse modulus of elasticity of FRP bar 

(ksi), respectively.  

 

Figure A2.17  Axisymmetric model of FRP bar embedded in concrete (adopted from Gentry and 
Husain (1999)) 

The results indicated that even under a moderate temperature increase of 40ºC, thermal 

expansion of the FRP reinforcement can lead to tensile cracking of the concrete. Additionally, 

the effect of helical wrapping of the FRP on transverse expansion can enhance the bond by 

controlling the thermally induced cracking of the concrete surrounding the FRP bar. Finally, it 

was concluded that large concrete cover and wide bar spacing can reduce the potential for 

thermal cracking at the interface of the concrete and FRP bars.  

Aiello et al. (1999) analytically and experimentally investigated the cracking of the 

concrete cover in FRP reinforced elements under thermal loads in absence of transverse 

reinforcement. FRP bars had transverse CTE of approximately 6 to 8 times larger than that of 

concrete, which could lead to splitting cracks due to temperature changes. Analytical models 

were developed in order to predict the occurrence of the cracks due to thermal variations. Two 

stages were considered. The first related to un-cracked section up to the temperature increase of 

ΔTcr that produces the first radial crack inside the concrete at the bar/concrete interface. The 

r=2c+d
d
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second stage corresponded to a temperature increase of ΔTsp that is related to the crack expansion 

to the outer surface (concrete spalling). The predictions of the thermal cracks in concrete cover 

due to temperature increase were given as. 

𝛥𝛥𝛥𝛥𝑐𝑐𝑓𝑓 = �𝑓𝑓𝑐𝑐𝑡𝑡
𝐸𝐸𝑐𝑐

+ 𝑓𝑓2−1
𝑓𝑓2+1

�𝜈𝜈𝑐𝑐𝑓𝑓𝑐𝑐𝑡𝑡
𝐸𝐸𝑐𝑐

+ 𝑓𝑓𝑐𝑐𝑡𝑡
𝐸𝐸𝑇𝑇

(1 − 𝜈𝜈𝛥𝛥𝛥𝛥)�� 1
𝛼𝛼𝑇𝑇− 𝛼𝛼𝑐𝑐

     (Eq. A2.40) 

𝛥𝛥𝛥𝛥𝑐𝑐𝑓𝑓 = �0.3𝑓𝑓𝑐𝑐𝑡𝑡𝑓𝑓
𝐸𝐸𝑐𝑐

(𝑂𝑂𝑛𝑛(0.48𝑂𝑂) + 1.6 + 𝜈𝜈𝑐𝑐)� 1
𝛼𝛼𝑇𝑇− 𝛼𝛼𝑐𝑐

     (Eq. A2.41) 

where, fct is tensile strength of the concrete (ksi); r= (2c + db)/db, c is the concrete cover 

thickness (in.), and db is the FRP bar diameter (in.); 𝛼𝛼𝛥𝛥 and 𝛼𝛼c are the transverse CTE of FRP bar 

and concrete, respectively; Ec is the concrete modulus of elasticity (ksi), ET is the transverse 

modulus of elasticity of the FRP bar (ksi), and νc is the Poisson’s ratio of concrete. There was a 

good agreement between predicted and experimental values up to the point when concrete 

cracks. Furthermore, the results indicated that the minimum concrete cover value greater than 

two times the bar diameter is enough to prevent occurrence of splitting cracks of reinforced 

concrete element under service temperature variations (𝛥𝛥𝛥𝛥 = 50 °𝐶𝐶 ). 

Katz et al. (1999) experimentally studied the effect of high temperature on the bond 

strength of four types of FRP bars and ordinary deformed steel rebars by performing pull-out 

tests. The results showed 90% reduction of bond strength when temperature increased from 20ºC 

to 250ºC. However, ordinary deformed steel rebars showed a reduction of only 38% in the same 

temperature range. In addition, the existence of inorganic components like sand particles and 

helical fiber on the surface of the FRP bars enhanced the bond strength at elevated temperatures. 

On the other hand, the effect of high temperature became more severe when the bond relies on 

the properties of the polymer. Furthermore, a reduction in the bond stiffness, which was 
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determined from the slope of the ascending branch of the pullout load versus slip curve, was seen 

as the temperature increased.  

Elbadry and Elzaroug (2004) investigated the effect of thermal incompatibility of CFRP 

bars and concrete on the behavior of reinforced concrete members. Five rectangular concrete 

beams reinforced with CFRP bars (with different reinforcement ratios) were fabricated. The 

specimens were tested under constantly applied moment at the end along with the effect of 

thermal gradient applied to the middle reign through the cross-section of the beams. The bending 

moment and the cracks developed by temperature gradients were monitored. On the other hand, 

the same exercise was performed for similar beams but reinforced with steel rebar. Results 

indicated that due to temperature increase, and because the lower longitudinal coefficient of 

thermal expansion of CFRP bars than concrete, the bond of the CFRP bars to the concrete 

constraints the large expansion of concrete relative to the reinforcement and creates compressive 

stresses that delays occurrence of cracks due to thermal moments. Overall, they concluded that 

thermal behavior of concrete beams reinforced with CFRP bars is better than that of steel 

reinforced beams since the CFRP reinforced beams exhibited higher stiffness.  

Masmoudi et al. (2005) experimentally studied the effect of the transverse thermal 

expansion of GFRP bars embedded in concrete. They investigated the effect of the ratio of 

concrete cover thickness to the GFRP bar diameter (c/db) on the strain distribution in concrete to 

evaluate the minimum ratio of c/db in order to prevent the failure of concrete cover under thermal 

loading varying between −30°C to + 80°C. Experimental results indicated that a ratio of concrete 

cover thickness to GFRP bar diameter greater than or equal to 1.9 is large enough to prevent 

cracking of reinforced concrete under high temperature up to +80°C. 
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Vogel and Svecova (2007) experimentally investigated the bond strength deterioration of 

concrete beams prestressed with prestressing CFRP and GFRP bars under exposure to thirty 

thermal cycles ranging between -40°C and 40°C. Concrete strength was 7.2 ksi and minimum 

concrete cover in accordance with CSA S806 (2002) was provided for all the beams. Initial 

jacking stresses were of 30% and 60% of the ultimate tensile strength for prestressing CFRP and 

GFRP bars, respectively. The bond performance was evaluated by conducting development 

length testing on both weathered and control beams (un-weathered). Experimental results 

revealed that prestressing CFRP and GFRP bars showed sufficient bond performance in concrete 

beams without any deterioration arising from differential swelling between FRP and concrete. 

Saiedi et al. (2012) investigated the behavior of beams prestressed with CFRP bars 

subjected to sustained load equivalent to the service load level for 163 days at a low temperature 

of -27°C. Bond performance of CFRP was also evaluated in similar specimens subjected to the 

same permanent load level at room temperature. Experimental results demonstrated that low-

temperature exposure did not affect the long-term deflection of the beams subjected to sustained 

loads. However, due to premature bond failure, the flexural strength of beams at low temperature 

reduced by 19% in comparison to similar control specimens at room temperature.  

A2.4.8. Harping Characteristics of CFRP 

Internal application of prestressing CFRP materials (or in external post-tensioning) with harped 

profile requires the CFRP tendons to be bent around the hold-down points, as presented in 

Figure A2.18. The curvature of prestressing tendons around hold-down points causes stress 

concentrations and local bending. Since prestressing CFRP materials are brittle, stress 

concentrations lead to premature rupture of the harped tendons at reduced jacking load levels. On 

the other hand, the friction between the prestressing CFRP and the hold-down device degrade the 
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tendon characteristics. Furthermore, contact pressure and transversal stresses applied to 

prestressing CFRP may result in crushing and splitting of the tendon. Application of cushioning 

materials made of Teflon sheets or Polyethylene between the prestressing CFRP and steel 

deviator can effectively increase the tensile capacity of a harped tendon.  

 

Figure A2.18. Prestressing CFRP with harped profile (internal application in bridge girders) 

By reviewing previous studies, all the influential parameters that affect harping 

characteristics of prestressing CFRP tendons can be listed as below:   

• Type, size and strength of prestressing CFRP 

• Deviator type and size  

• Harping angle 

• Application of cushioning material 

Table A2-8 presents a summary of previously conducted harping tests. The influential 

parameters that have been studied by each experiment are also presented in this table.  

Table A2-8. Summary of previous investigation on Harping behavior of prestressing CFRP 

Research CFRP Type 
Deviator  
Diameter 

(in.) 

Cushion 
Material 

Harping 
Angle (°) 

Number of 
Tests 

Maximum Tensile 
Strength 

Retention for 
CFRP  

(% of fpu) 
Mutsuyoshi and 
Machida (1993) 

0.5 in. Cable 16 NO 11 6 80 

Adachi et al (1997) 0.5 in. Cable 20 Polyethylene 10 N/A 90 

Jerett (1997) 0.3 CFRP Bar 
1, 2 and 

20 
NO 5 and 7 N/A - 

Harping device (deviator) Prestressing CFRP  

Harping angle (θ) 
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Grace and Abdel-
Sayed (1998) 

0.5 in. Cable 
0.4 in.  Bar 

2, 20 YES 3, 5 and10 18 99 

Dolan et al. (2002) 0.3 in. Bar 
2.25, 4.5, 
9, 18, 36 
and 72 

NO 5 16 - 

Quayle (2005) 
0.25 in. Bar 
0.37 in. Bar 

4, 8, 20, 
40 and 80 

NO 
2, 3, 5, 6, 9, 
10 and 15 

22 
 

- 

Soudki and Noel 
(2010) 

0.5 in. Bar 20 and 40 NO 2 N/A - 

 

Mutsuyoshi and Machida (1993) as part of their study on externally post tensioned 

beams, reported that prestressing CFRP cables ruptured at 77% to 80% of their average failure 

load when deviated at angles of 7 and 11 degrees using steel deviators of 16 in. diameter.  

Adachi et al. (1997) conducted static tensile tests on prestressing AFRP and CFRP 

deviated at 10 degrees over a radius of curvature of 12 in. The deviator was made of reinforced 

concrete with steel forms and polyethylene sheets attached on the surface of the harping point to 

reduce the friction. They reported a 10% reduction of the tendons tensile capacity due to harping 

of the tendons. 

Jerett (1997) studied the effect of harping angle and steel deviator diameter in the tensile 

capacity of 0.3 in. prestressing CFRP bars (Leadline). Harping test-setup was achieved by 

pushing the CFRP tendon from the top with a hydraulic actuator. Three diameters for steel 

deviator were considered as 1 in, 2 in and 20 in. It was reported that increase in strain due to the 

harping is confined within the length of 6 in. on either side of the harping point. Additionally, the 

ultimate tensile capacity of the prestressing CFRP bar is directly related to the harping angle and 

deviator diameter, however, the effect of harping angle is more dominant. Further, the sustained 

loading of the prestressing CFRP bar, as well as bending-tension fatigue loading, did not degrade 

the tensile strength of the prestressing CFRP bar. 
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Grace and Abdel-Sayed (1998), as a part of their study regarding the harped prestressing 

CFRP in a prestressed bridge system, tested prestressing CFRP cable (seven wire 0.5 in. 

diameter CFRP cable) and bars (0.4 in. diameter solid round Leadline) with the following 

variables included: the harping angle, the deviator diameter, the presence of cushioning at the 

deviator, and torsion (for prestressing CFRP bars only). It was reported that with a 2 in. diameter 

deviator and 3-degree harping angle, the reduction in the tensile capacity of the prestressing 

CFRP cable was 19% while using a 5-degree harping angle, decreased the tensile strength by 

34%. The effect of cushioning of the prestressing CFRP for this range of angle and deviator 

diameter was not studied. When a 20 in. diameter deviator was used, with a 5 degree harping 

angle without cushioning, the prestressing CFRP cable retained 88% of its ultimate tensile 

capacity while with cushioning, it retained 99%. At a higher angle of 10 degrees, 74% of the 

tensile capacity was retained without cushioning and 91% was retained with cushioning. For 

prestressing CFRP bars, the variables were the harping angle and the introduction of twist 

(around 5 degrees) about the longitudinal axis of prestressing CFRP bars. For a small angle of 

twist with 0 degrees harping, there was a 13% reduction in the tensile capacity. Harping angles 

of 4 degrees without twist, 5 degrees without twist, and 5 degrees with twist resulted in 22%, 

25% and 28% reductions in the capacity, respectively. From this study, it was concluded that:  

• The smaller deviator and larger harping angle had a significant effect on the failure load 

of the prestressing CFRP, 

• Use of cushioning material between the prestressing CFRP and the deviator effectively 

minimized the reduction in the tensile capacity,  
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• Unintentional twisting of the prestressing CFRP bar has a considerable effect on the 

tensile capacity of straight CFRP bars although the influence of twist is less pronounced 

on draped bars. 

Dolan et al. (2002) investigated the effect of deviator diameter on the tensile capacity of 

prestressing CFRP bars. The test set up was designed such that the harping angle would increase 

as the prestressing CFRP, which is pretensioned to a certain level, is pulled by using a harping 

saddle (deviator) from the middle.  The harping deviator used had 2.25 in., 4.5 in., 9 in., 18 in., 

36 in. and 72 in. diameter. None of the specimens was pulled up to their ultimate capacity. The 

maximum harping angle reached on this test-setup was 9 degrees. After pulling the prestressing 

CFRP to a harping angle of 5 degrees using 2.25 in., 4.5 in., 9 in. and 18 in. diameter deviator, 

tensile coupons were taken from the end of the specimens (away from the harping point) and the 

middle of the specimens (near the saddle). The average reduction in capacity at the middle was 

13% while at the end it was 0.96%.  

Quayle (2005) investigated the tensile capacity of the harped prestressing CFRP bar 

considering the following variables: tendon diameter (1/4 in. and 3/8 in.), deviator diameter (4 

in., 8 in., 20 in., 40 in. and 80 in.) and harping angle (2 degrees, 3 degrees, 5 degrees, 6 degrees, 

9 degrees, 10 degrees and 15 degrees). Results demonstrated that increasing the deviator 

diameter while keeping the angle constant, increases the tensile capacity of the harped 

prestressing CFRP bar. However, at 15-degree harping angle, the result no longer depends on the 

deviator diameter. Additionally, smaller diameter prestressing CFRP bars retained higher 

capacity due to harping compare to a larger diameter.  



NCHRP 12-97 

A-111 
 

Elrefai (2007) studied the monotonic and fatigue flexural performance of reinforced 

concrete beams strengthened with two prestressing CFRP external bars, which were post-

tensioned at 40% of their ultimate capacity. The CFRP bar was deviated at an angle of 6 degrees 

by means of large steel curved deviator (40 in. diameter). Teflon sheets as cushioning material 

were located between the prestressing CFRP and steel deviator to minimize the friction. No 

significant loss was observed during the post-tensioning of prestressing CFRP bars. It was 

concluded that post-tensioning the external prestressing CFRP bars to 40% of their ultimate 

capacity provided a sufficient reserved capacity to account for service loads without 

experiencing premature failure of the tendon, even if the strengthened beam was severely 

overloaded. 

Soudki and Noel (2010) studied jacking stress of 0.5 in. diameter prestressing CFRP bar 

at a harping angle of 2 degrees with steel deviator diameters of 20 in. and 40 in. Results indicated 

that increasing the diameter of the deviator plate leads to an increase in the tensile capacity of the 

harped prestressing CFRP bar although the full uniaxial testing capacity was not reached (20 in. 

diameter deviator retained 54% of the guaranteed capacity while 40 in. diameter retained 58% of 

guaranteed capacity). 

Overall, previous research suggests that the reduction in the tensile capacity of the 

prestressing CFRP varies with prestressing CFRP type, harping angle, harping point radius and 

the contact surface between the harping point material and prestressing CFRP.  

A2.4.9. Transfer Length 

For prestressed concrete bridge beams, stresses in the prestressed reinforcement are 

transferred to the concrete member through bond (pretensioned beams) or mechanical 
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anchorages (post-tensioned beams). Proper design and detailing of both of these mechanisms is 

therefore essential to ensure the safety of the prestressed members. In pretensioned concrete 

elements, transfer length (ℓ𝑠𝑠) is defined as the length required to transmit the effective 

prestressing force from the prestressing tendon to the concrete. Transfer length for prestressing 

steel tendons is defined as 60 times tendon diameter in AASHTO-LRFD (2017), as illustrated in 

Figure A2.19.  

 

Figure A2.19 Idealized relationship between steel strand stress and distance from the free end 
(AASHTO-LRFD, 2017) 

The transfer length of prestressing CFRP cable or bar is related to several parameters 

such as size and type of prestressing tendon, level of jacking stresses in the tendon, the surface 

condition of the tendon, and concrete properties. Besides, gradual release of the tendon may be 

effective in reducing the transfer length (Soudki et al., 1997).  

Transfer length can be explained through three bond mechanisms (CEB-FIB, 2010): 

adhesion, friction, and mechanical interlock. Adhesion may be diminished bay a small relative 
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slip between prestressing tendon and concrete. Therefore, the friction mechanism and the 

mechanical action are responsible to generate frictional bond stresses. Furthermore, the transfer 

length was found to be affected by Hoyer effect, which is the wedge-shaped expansion of the 

prestressing tendon in transfer zone after prestressing release (Janney, 1954; Davoudi et al., 

2008). Hoyer effect is consequence of transverse (radial) deformation of prestressing tendon 

after release inside the concrete due to Poisson’s effect. This radial deformation induces radial 

pressure, applied from surrounding concrete to the prestressing tendon, which generates 

frictional resistance forces and enhances the bond. Figure A2.20 illustrates the generation of the 

normal pressure, P, and frictional bond stresses, u, at the interface between prestressing CFRP 

and concrete due to prestressing release and Hoyer effect.  

 

Figure A2.20 Illustration of the normal pressure induced at the interface between prestressing 
CFRP and concrete at prestress release 

The frictional bond stresses, u, induced surrounding the prestressing CFRP in an 

unconfined concrete can be obtained as 

𝑢𝑢 = 𝑃𝑃 × µ ,          (Eq. A2.42) 

𝑃𝑃 = 𝜈𝜈𝐿𝐿𝑇𝑇 𝜀𝜀𝐿𝐿
1
𝐸𝐸𝑐𝑐

(𝛽𝛽+𝜈𝜈𝑐𝑐)+ 1
𝐸𝐸𝑇𝑇

(1−𝜈𝜈𝑇𝑇𝑇𝑇)
 , and = 𝑓𝑓2+1

𝑓𝑓2−1
 ,       (Eq. A2.43) 
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where, µ is the coefficient of friction between prestressing CFRP and concrete, 𝜀𝜀𝐿𝐿 is the 

longitudinal strain shortening of the prestressing CFRP at the transfer length zone, 𝜈𝜈𝐿𝐿𝛥𝛥 and 𝜈𝜈𝛥𝛥𝛥𝛥 

are the major and in plane Poisson ratios of the prestressing CFRP, respectively; 𝜈𝜈𝑐𝑐 is the Poisson 

ratio of concrete, 𝐸𝐸𝑐𝑐 and 𝐸𝐸𝛥𝛥 are the modulus of elasticity of concrete and transverse modulus of 

elasticity of prestressing CFRP (ksi), respectively.   

On the other hand, expansion of the tendon can lead to the formation of the splitting 

cracks around the prestressing tendon. According to Davoudi et al. (2008), the maximum 

allowable jacking stress to prevent the formation of splitting cracks (𝜎𝜎𝑝𝑝,𝑚𝑚𝑒𝑒𝑚𝑚 ) in the concrete 

cover can be obtained by using the theory of thick wall hollow cylinders (Timoshenko & 

Goodier, 1969) as 

𝜎𝜎𝑝𝑝,𝑚𝑚𝑒𝑒𝑚𝑚 =
𝑓𝑓𝑐𝑐𝑡𝑡�

𝛽𝛽+𝜈𝜈𝑐𝑐
𝐸𝐸𝑐𝑐

+1−𝜈𝜈𝑇𝑇𝑇𝑇𝐸𝐸𝑇𝑇
�

𝛽𝛽𝜈𝜈𝐿𝐿𝑇𝑇
𝐸𝐸𝐿𝐿

 , and = 𝑓𝑓2+1
𝑓𝑓2−1

 ,      (Eq. A2.44) 

where, 𝑓𝑓𝑐𝑐𝑠𝑠 is the concrete tensile strength at prestress transfer (ksi). 

Long-term creep and shrinkage of the concrete may affect the induced radial compressive 

stresses applied to the prestressing tendon at the transfer length zone. For instance, concrete 

shrinkage increases the radial compressive stresses and consequently enhances the bond strength 

over time. However, creep of concrete and strand relaxation may reduce the bond stresses. 

According to Martí-Vargas et al. (2014) the average bond stress, 𝑢𝑢𝑠𝑠, along the transfer 

length,𝑂𝑂𝑠𝑠, of a prestressing strand can be expressed as  

𝑢𝑢𝑠𝑠 = 𝑝𝑝𝑒𝑒 

�43 𝜋𝜋𝑐𝑐�𝑒𝑒𝑡𝑡
 ,          (Eq. A2.45) 

where, 𝑃𝑃𝑝𝑝 is the effective prestressing force after prestress transfer and (4
3

 𝜋𝜋𝑑𝑑) is the actual 

seven-wire prestressing strand perimeter. 
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Martí-Vargas et al. (2014) investigated the effect of specimen cross-section size on the 

average bond stresses along the transfer length of the steel strand in prestressed prisms. The 

results showed that the increase of the cross-section size results in increase of the bond stress 

values in most cases. However, similar transfer length values were observed for prism specimens 

with cross-sections of 3×3 in. and 4×4 in. 

Krem (2013) studied the effect of concrete clear cover thickness or specimen size effect 

on the bond stress of prestressing CFRP bar by pull-out tests. Based on experimental results, 

reduction of the concrete clear cover thickness from 3×d (CFRP bar diameter) to 2×d reduced the 

average bond stress by 15%. However, reduction of the concrete cover thickness from 3×d to 

1×d resulted in 25% reduction of the average bond stress values. Finally, it was concluded that 

the minimum concrete clear cover tackiness of 3×d is required to prevent splitting tensile crack 

at the transfer zone of CFRP prestressed beams. 

The effect of specimen size or concrete clear cover thickness on transfer length and bond 

stresses is more significant for the smaller size of the specimens or smaller concrete cover 

thickness ranges (between1×d to 3×d). Increase of the concrete cover thickens from 3.3×d to 6×d 

did not affect the transfer length of prestressing CFRP cable or bar (Domenico et al., 1998) 

According to ElBatanouny & Ziehl (2012), effect of concrete confinement is appropriate 

to be considered as an increase on the average bond stress along the transfer length of a 

prestressing strand. Confinement decreases the potential for slipping of the prestressing tendon 

within the transfer zone and enhance the bond performance between prestressing tendon and 

concrete by increasing the bond stresses. If steel circular spirals are used as confining 

reinforcement, the lateral pressure, 𝑓𝑓𝑒𝑒 , can be induced surrounding the prestressing tendon due to 

the concrete confinement and can be obtained as 
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𝑓𝑓𝑒𝑒 = 2𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝𝑡𝑡
𝑏𝑏𝑐𝑐𝑆𝑆

 ,          (Eq. A2.46) 

where, 𝐴𝐴𝑐𝑐 is the circular spiral reinforcement area, 𝑓𝑓𝑦𝑦𝑠𝑠 is the yielding strength of steel spiral, 𝑆𝑆 is 

spiral spacing, and 𝑏𝑏𝑐𝑐 is outside diameter of the spiral.  

Finally, increase of the average bond stress along the transfer length due to confinement 

can be calculated by multiplying the confining pressure, 𝑓𝑓𝑒𝑒 , by the coefficient of friction between 

the prestressing tendon and concrete, µ (ElBatanouny & Ziehl, 2012).  

The effect of confinement on transfer length and bond stresses was studied for CFRP 

prestressed beams in the research conducted by Mahmoud et al. (1999). The experimental results 

showed that the use of the steel stirrups in rectangular CFRP prestressed beams with the concrete 

cover thickness of 4×d resulted in a reduction of the transfer length by 10% and 17% for 

prestressing CFRP bar and cable, respectively, compared to the specimens without confinement. 

 Abdelrahman (1995) measured transfer length in eight T-beams prestressed with 0.3 in. 

diameter prestressing CFRP bars (Leadline). At prestressing release, the concrete had strengths 

between 5.4 ksi and 7.3 ksi. The transfer lengths were measured by using the strain gauges 

installed on the prestressing bars along the end regions of the beams. The transfer length was 

reported as 14.2 in. or 46 times the bar diameters when stress in CFRP bar after release was 137 

ksi (39% of design tensile strength) and 19.7 in. or 64 bar times diameters when the stress after 

release was 190 ksi (57 % of design tensile strength). 

 Soudki et al. (1997) studied the instantaneous and long-term transfer length of 0.3 in. 

diameter prestressing CFRP bars (Leadline) up to 200 days after prestressing release. The 

experiments consisted of five large-scale T- and four rectangular beams. The concrete strength 

at release was between 3.6 ksi to 5 ksi. Three initial prestress levels were included (50%, 60% 

and 70% of design tensile strength) in the experimental program. Transfer length measurements 
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were conducted by monitoring the strain profiles in both prestressing CFRP bars and the 

concrete surface. The average measured transfer lengths for the CFRP bars were 80 and 90 

times CFRP bar diameter for 50% and 70% initial prestressing levels, respectively. 

Additionally, the transfer length with the passage of time did not change significantly.   

 Domenico et al. (1998) studied the bond characteristics and transfer length of seven-wire 

prestressing CFRP cable (CFCC). 0.5 in. and 0.6 in. diameter prestressing CFRP cables were 

used in 10 rectangular and 10 T-shaped pretensioned beams. The concrete strength at 

prestressing transfer was between 4.5 ksi to 8.7 ksi. Four levels of jacking stresses were tested 

(50%, 60%, 70% and 75 % of design tensile strength). The demountable mechanical strain 

gauges (DEMEC target points) attached to the concrete surface in addition to strain gauges 

installed on prestressing CFRP cables were used to obtain the transfer length. The concrete 

cover was varied between 3.3 to 6 times prestressing CFRP cable diameter. The measured 

transfer length was proportional to the diameter of the prestressing CFRP and the prestress level 

and varied from 5.5 in. to 16.0 in. or 9 to 32 times the cable diameters. Additionally, flexural 

bond lengths were measured by flexural testing of the same beams under different shear spans 

until bond slip failure was achieved. Based on experimental results, an equation was proposed 

to predict the transfer and flexural bond lengths. It was concluded that the transfer and flexural 

bond lengths of prestressing CFRP cables are proportional to the cable diameter. However, the 

diameter of prestressing CFRP cable did not change the average transfer bond strength and 

flexural bond strength. Moreover, it was reported that the concrete cover, within the range from 

3.3 to 6 times the strand diameter, has no major effect on the transfer length and transfer bond 

strength. The proposed equation for the transfer length of the prestressing CFRP is presented as 

below: 
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ℓ𝑠𝑠 = 𝑓𝑓𝑓𝑓𝑝𝑝𝑐𝑐𝑏𝑏
 𝛼𝛼𝑡𝑡𝑓𝑓𝑐𝑐𝑝𝑝

′ 0.67           (Eq. A2.47)  

where, fpi is the initial prestressing level in the prestressing CFRP before transfer (psi), db is the 

diameter of the prestressing CFRP (in.), fci (psi) is the concrete strength at transfer and αt is a 

coefficient varies based on the type of prestressing CFRP. 

 In continuation of the previous study, Mahmoud et al. (1999) conducted a comprehensive 

investigation on the transfer and development lengths of prestressing CFRP cables, bars, and 

steel strands in pretensioned concrete beams. A total of 52 pretensioned concrete beams and 

prisms were tested. Three diameters (0.413 in., 0.5 in. and 0.6 in.) were included for the 

prestressing CFRP cables and 0.3 in. diameter was used for the prestressing CFRP bar 

(Leadline). Additionally, 0.5 in. diameter prestressing steel strand was used for comparison. 

Transfer length measurements were conducted by using DEMEC target points and strain 

gauges. The prestressing level varied from 58% to 80% of the design tensile strength of the 

prestressing CFRP. The measured transfer length varied from 21.0 in. to 25.5 in. or 56 to 81 

times bar diameters for prestressing CFRP bars and from 12 in. to 16.5 in. or 20 to 40 cable 

diameters for prestressing CFRP cables. Additionally, by removing the transverse 

reinforcement, the average measured transfer length for CFRP cable and bars were increased by 

17% and 10%, respectively. Moreover, transfer length of the prestressing CFRP bars increased 

by 22% after one year. This may be attributed to radial creep of the concrete around the 

prestressing CFRP bar, which leads to a reduction of the contact pressure and bond stress at the 

interface. However, transfer length of prestressing CFRP cables and steel strands had no 

changes over one year. It was also mentioned that due to lower modulus of elasticity of CFRP 

compared to steel strands, the consequent longitudinal and lateral strains are higher for CFRP 

compare to steel strands with the same prestressing force. Therefore, the induced stresses 
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normal to the fibers are increased within the transfer zone. This may be attributed to the 

reduction of the transfer length for CFRP in comparison to equivalent steel wires and/or 

strands. On the other hand, the indentation of the prestressing CFRP bar (Leadline) surface and 

the wrap coating of the prestressing CFRP cable (CFCC) also enhance the frictional properties 

and, therefore, reduce the transfer length. Finally, they concluded that the proposed model by 

Domenico et al. (1998) (as presented above) is in good agreement with the measured values in 

their study and the limited data in the literature.  

 Grace (2000) experimentally studied the transfer length of 0.5 in. prestressing CFRP 

cables (CFCC) and 0.3 in. prestressing CFRP bars (Leadline) in double-T bridge girders. He 

investigated the effect of parameters such as level of prestressing, methods of release and the 

effect of time on transfer length. In slow release condition (34 seconds), the measured transfer 

length for prestressing CFRP cable was 33 to 47 times the diameter of the tendon and for 

prestressing CFRP bars the same was 66 to 73 times the bar diameter. However, sudden release 

condition (in 1 second), reduced the transfer length by 15% and 28% in prestressing CFRP 

cable and bar, respectively. Moreover, the variation of the initial jacking force had no 

significant change in the transfer length of prestressing CFRP cable and bar. After 391 days 

from prestressing release, the transfer length of prestressing CFRP cables and bars was 

increased by approximately 7% to 8%, which was considered a minor change. 

 Lu et al. (2000) conducted an experimental investigation to determine transfer length, 

development length and flexural behavior of three types of prestressing FRP materials, 

including Carbon Leadline (CL), Aramid Technora (AT), and a non-commercial carbon tendon 

material (CS). Forty rectangular specimens were cast with an eccentric prestressing tendon. The 

concrete had the average strength of 5.6 ksi at prestressing release. Transfer length 
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measurements were performed by using DEMEC target points attached to the concrete surface 

at the level of the prestressing tendons. The transfer length measurements continued up to 90 

days after prestress release. The measured transfer lengths were approximately the same for all 

three prestressing FRP materials and slightly lower than the steel strands. The following 

conclusions were drawn in their investigation: transfer length does not change over time, and a 

minimum transfer length of 50 tendon diameters may be used for prestressing FRP tendons. 

 Zou (2003b) investigated the transfer length of 0.3 in. diameter prestressing CFRP bar 

(Leadline) and evaluated the time effect on transfer length. Concrete strain profile was used to 

evaluate the transfer length over time. By increasing the concrete strength from 3.7 ksi to 9.1 

ksi, the transfer length immediately after prestress release was reduced from 31 in. to 12 in. 

Although the average concrete strain had increased due to concrete creep and shrinkage, 

transfer length did not change over time.  

 Krem (2013) performed experimental investigation about the transfer and flexural bond 

length of prestressing CFRP bars in self-consolidating concrete (SCC) beams. The initial 

prestressing level was changed from 30% to 60% of the ultimate tensile strength. The average 

reported transfer length for 0.5 in. diameter prestressing CFRP bars, with initial prestress level 

of 30%, 45% and 60%, were found to be 25, 40 and 54 times CFRP bar diameter, respectively. 

Moreover, the ability of SCC to deform reduces the bond strength and increases the transfer 

length, especially at high prestress level, which is associated with less bond strength at transfer.  

 Caro et al. (2013b) studied the time-dependent evolution of strand transfer length in 

pretensioned concrete members. They examined the effect of concrete strength, specimen cross-

section, the age of concrete at release, prestress transfer method, and embedment length as tests 
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variables. Instantaneous and long-term (one year) transfer length of 0.5 in. prestressing steel 

strand was evaluated by using a new test method developed by the authors. Results indicated 

that in some cases due to early prestress release and small concrete cross section size, transfer 

length increases over time. Furthermore, the transfer length change was more significant in 

specimens with greater concrete compressive stress levels at transfer. Furthermore, at prestress 

transfer, higher bond stresses were obtained from larger specimen cross sections. 

A2.4.10. Long-Term Deflection Behavior of Pretensioned Beams 

The long-term deflection behavior of FRP pretensioned beams depends on a number of 

factors such as the type of FRP used, level of sustained load, the age of loading, environmental 

condition and, to some extent, the prestressing level. The lower modulus of elasticity of 

prestressing FRP tendons than the prestressing steel leads to the lower long-term prestress losses 

for prestressed concrete structures with FRP tendons. Furthermore, the elastic shortening, 

concrete creep and shrinkage losses are primarily related to concrete rather than the prestressing 

strand itself, which are mostly the same as those for steel prestressed concrete. The majority of 

work on long-term deflection are focused on FRPs other than CFRP. The summary of the past 

experimental studies is presented below. 

Hall and Ghali (2000) experimentally investigated the long-term deflection behavior of 

concrete shallow beams reinforced with glass fiber reinforced polymer (GFRP) bars and 

compared to deflections of identical beams reinforced with steel bars. A total of four beams were 

tested in this study, first under short-term cyclic loading and then under sustained loading for 

approximately 8 months. The beams were rectangular with a cross-section of 11 in. by 7 in. and a 

total length of 11.5 ft. The variables were the level of sustained loading (1.4 to 2.8 times the 

cracking load) and the reinforcement materials: steel or GFRP. The experimental instantaneous 
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and long-term deflections of both steel- and GFRP- reinforced beams were compared to 

calculated deflections using the CEB-FIP Model Code 1990, and the ACI 318-95 guidelines 

using the recommendations of ACI Committee 209 (these references are for steel reinforced 

concrete members). The test results indicated that under similar loading conditions and the same 

reinforcement ratio, the GFRP-reinforced beams had long-term deflections, due to creep and 

shrinkage, about 1.7 times greater than those of the steel-reinforced beams. A comparison of the 

theoretical and experimental immediate and long-term deflections indicates that the CEB- FIP 

Model Code 1990 gives reasonable predictions for all beams and that the ACI 318-95, using the 

ACI Committee 209 recommendations, overestimates the deflections due to the combined effects 

of creep and shrinkage. 

Braimah et al. (2000) conducted a study to investigate the long-term behavior of concrete 

beams prestressed with CFRP. The test program consists of three beams prestressed with CFRP 

and one beam with steel for comparison purposes. The test beams were shaped in a T-section 

with a width of flange 19.7 in., the height of flange 2 in., the width of web 5.1 in., overall depth 

11.8 in. and the total length of 14.4 ft. The variables were the prestressing level in the three 

beams prestressed with CFRP (50%, 70% and the combination of both). The sustained loading 

was chosen to crack all the beams except one with 70% initial prestressing. A computer program 

was developed to model the time-dependent behavior of the prestressed beams. For the same 

amount of initial prestressing, CFRP prestressed beams had lower long-term deflection than the 

steel prestressed beam. The authors also concluded that the higher the initial prestress, the higher 

the ratio of long-term to instantaneous deflection will be. 

Zou (2003b) discussed the experimental results on the long-term deflection and cracking 

behavior of concrete beams prestressed with carbon fiber-reinforced polymer (CFRP) tendons, 
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under sustained long-term service load, including cracked and uncracked sections. Six full-scale 

beams were cast and tested. Beams were rectangular (5.9 in by 11.8 in cross-section) having a 

total length of 21 ft. The experimental parameters included the level of prestress (40% to 60% of 

the guaranteed strength), the level of sustained service loading (cracked/uncracked), and concrete 

strengths (5.4 ksi to 11.2 ksi). The experimental results showed that the performance of concrete 

beams prestressed with CFRP tendons meets the serviceability criteria in terms of deflection and 

cracking. The test results also showed that the long-term performance of concrete beams 

prestressed with CFRP tendons was comparable to those prestressed with steel tendons. 

Furthermore, the test results showed that with an increase of concrete strength, the serviceability 

performance also improves for beams prestressed with CFRP tendons. 

Youakim and Karbhari (2007) found that the combined effects of creep and shrinkage of 

concrete and relaxation of prestressing tendons cause gradual changes in the stresses in both 

concrete and prestressing tendons. They presented a simple method to calculate the long-term 

prestress loss and the long-term change in concrete stresses in continuous prestressed concrete 

members either with CFRP or AFRP tendons. The method satisfies the requirements of 

equilibrium and compatibility and avoids the use of any empirical multipliers. A simple graph is 

proposed to evaluate the reduced relaxation in AFRP tendons. It is shown that the prestress loss 

in FRP tendons is significantly less than that when using prestressing steel, mainly because of the 

lower moduli of elasticity of FRP tendons. The long-term changes in concrete stresses and 

deflection can be either smaller or greater than those of comparable girders prestressed with steel 

tendons, depending on the type of FRP tendons and the initial stress profile of the cross-section 

under consideration.  
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Atutis et al. (2015) experimentally investigated the service limit state aspects related to 

the flexural behavior of beams internally prestressed with GFRP bars. A total of four beams were 

cast and tested. The tested beams were rectangular with cross-section 5.9 in. by 11.8 in. and a 

total length of 6.6 ft. Two of them were reinforced with GFRP bars and two of them were 

prestressed with GFRP bars (27% of the ultimate guaranteed strength). They found that the 

decompression moment has to be included in the computation in order to predict the deflections 

accurately, they found that the ACI 440.4R-04 (2011) overestimated the stiffness of the beam 

resulting in the lower deflection than usual. 

Lou et al. (2016) studied the long-term performance of the bonded AFRP prestressed 

concrete beams. A finite element model was developed to predict the long-term behavior of 

AFRP prestressed concrete girders, which was the extension of the model developed for steel. 

The analytical results for the steel prestressed beams were compared with the experimental 

results from the work of Breckenridge and Bugg (1964). The same model was used to predict the 

long-term deflection behavior of reference beams prestressed with bonded AFRP. Four reference 

beams were designed: two without sustained load (with 40% and 60% initial prestressing) and 

two with sustained load (with the same amounts of initial prestressing). The normalized 

deflection after 650 days of loading for 40% and 60% initial prestressing was found to be 2.216 

and 1.552 respectively compared to 2.135 and 1.489 for steel prestressed beams.  

Zawam et al. (2017) investigated the long-term behavior of GFRP prestressed beams. 

They used the newly developed GFRP bars with improved mechanical properties and increased 

the jacking stress limitation given by CAN/CSA-806-12 ad ACI 440-4R-04. The current 

limitation is 25% of bar ultimate strength for prestressing stress at transfer. This limitation is 

mainly to prevent the creep rupture of the GFRP. A total of eight GFRP prestressed beams with 
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dimensions of 6 in. by 10 in. and a total length 11.8 ft were tested. All of the beams were 

prestressed with a single GFRP bar. The test parameters were the prestressing level (0% to 40% 

of the ultimate strength) and the sustained loading level (35% to 80% of the ultimate moment). It 

was found that the long-term deflection decreased as the prestressing level increased for the 

beams that were subjected to sustained load under service loading level. At higher sustained load 

level, there was no effect of prestressing as the behavior was dominated by significant creep and 

shrinkage. The long-term deflection also increased as the sustained loading level increased. The 

developed model for long-term behavior of GFRP prestressed beams using a layer by layer strain 

compatibility analysis correlated well with the experimental results.  

A2.5. Past Analytical Studies 

While the previous section presented a summary of the provisions experimental studies 

there have been a number of other models proposed by other researchers that have not yet been 

adopted by the current guidelines.  The following sections summarize these models. 

A2.5.1. Analytical Models for Flexural Capacity 

In addition to the design guidlines models described above, others have been proposed 

such as a model by Ng (2003) to estimate the bond reduction factor for steel tendons, which 

considered the second order effects. Ng (2003) indicated that span to depth ratio has an 

insignificant effect on the level of stress in tendons at the ultimate stage. Another model was 

proposed by Yang and Kang (2011) for evaluating the bond reduction factor of steel tendons at 

ultimate stage, which considers the effect of the loading type (e.g., single point loading, two-

point loading, and uniform loading) and tendon profile. The model requires a 2-D finite element 

analysis to calculate the ultimate capacity. Grace and Singh (2003) proposed a design approach 

for concrete beams prestressed with vertically distributed multiple layers of tendons or unbonded 



NCHRP 12-97 

A-126 
 

external draped CFCC strands. Their approach is based on the strain reduction coefficient 

method proposed by Alkhairi and Naaman (1991).  

A2.5.1.1. Analytical Work on Flexural Behavior of Pretensioned beams 
The concept of strain compatibility has been applied in concrete beam design for several 

decades. Because of the brittle nature of composites, Dolan (1991) suggested extending the strain 

compatibility to the design of tension reinforcement in addition to the limitation imposed on the 

concrete compressive strain. The state of the composite, i.e., being elastic or exceeding the 

ultimate strain capacity, depends on the location of the neutral axis, depth of the structure and the 

structural configuration. Figure A2.21 shows the possible stress-strain condition that may occur 

in a concrete section reinforced with the composite tendon. Additionally, by using the initial 

strain resulting from the prestressing “a brittle reinforcement ratio” is defined. This brittle 

reinforcement ratio is different than the balanced reinforcement ratio associated with reinforced 

concrete which is defined as simultaneous yielding of steel reinforcement and compressive 

failure of concrete.  

𝜌𝜌𝑓𝑓𝑏𝑏𝑓𝑓 = 0.85𝛽𝛽1
𝜀𝜀𝑐𝑐𝑢𝑢

𝜀𝜀𝑐𝑐𝑢𝑢+𝜀𝜀𝑓𝑓𝑢𝑢−𝜀𝜀𝑓𝑓𝑝𝑝

𝑓𝑓′𝑐𝑐
𝑓𝑓𝑓𝑓𝑢𝑢

             (Eq. A2.48)  

where, 𝜌𝜌𝑓𝑓𝑏𝑏𝑓𝑓 is the brittle reinforcement ratio, 𝛽𝛽1 is the stress-block factor, 𝜀𝜀𝑐𝑐𝑢𝑢 is the ultimate 

strain of concrete, 𝜀𝜀𝑓𝑓𝑢𝑢 is the ultimate strain of  FRP, 𝜀𝜀𝑓𝑓𝑖𝑖 is the initial prestressing strain, 𝑓𝑓′𝑐𝑐 is the 

compressive strength of the concrete and 𝑓𝑓𝑓𝑓𝑢𝑢 is the ultimate strength of FRP. 

Any concrete section design with the reinforcement less than the brittle reinforcement 

ratio will lead to a sudden failure of the section due to the rupture of the composite tendon. 

Dolan (1991) suggested that because of the lack of the extended yield zone than steel, sections 

designed with composite tendons should be treated differently than those with steel prestressing 
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materials. Some of the approaches suggested were to reduce the resistance factor or increase the 

load factor. 

 

(a) Ductile behavior i.e., compression-controlled failure 
 

 

(b) Brittle behavior i.e., tension-controlled failure 
Figure A2.21 Possible stress-strain distribution for FRP prestressed beams (Dolan, 1991) 

Burke and Dolan (2000) presented a unified approach for the flexural design of the FRP 

prestressed beams. This included the equation for the flexural strength, definition of failure mode 

and the recommendation of strength reduction factors. Although it is important to note that the 

equation through A2.45 to A2.47 uses the centroid of FRP. Because of the brittle nature of FRP, 

the farthest tendon will rupture first and hence the approach of using the moment arm at the CG 
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of the group of the composite tendons is not valid. This will be discussed in the subsequent 

paragraphs. Balanced reinforcement ratio previously called as brittle reinforcement ratio was the 

basis for strength design methodology. The beams were categorized as under reinforced and over 

reinforced based on the same ratio. The capacity of the FRP prestressed beams based on 

balanced reinforcement ratio can be calculated as: 

For tension-controlled section 

a) 𝜌𝜌 ≤ 0.5𝜌𝜌𝑏𝑏 

𝑀𝑀𝑛𝑛 =  𝜌𝜌𝑏𝑏𝑑𝑑2𝑓𝑓𝑓𝑓𝑢𝑢(1 − 𝑘𝑘 3)⁄                          (Eq. A2.49)  

where,  𝑘𝑘 = �(𝜌𝜌𝑛𝑛)2 + 2𝜌𝜌𝑛𝑛 − 𝜌𝜌𝑛𝑛, 𝑀𝑀𝑛𝑛 is the nominal moment capacity of the section,  𝜌𝜌 is the 
reinforcement ratio provided, 𝜌𝜌𝑏𝑏 is the balanced reinforcement ratio, 𝑏𝑏 is the width of the 
compression face of the beam, 𝑑𝑑 is the distance from CG of reinforcement to the extreme 
compression fiber and 𝑛𝑛 is the modular ratio 

b) 0.5𝜌𝜌𝑏𝑏 ≤ 𝜌𝜌 ≤ 𝜌𝜌𝑏𝑏 

𝑀𝑀𝑛𝑛 =  𝜌𝜌𝑏𝑏𝑑𝑑𝑓𝑓𝑓𝑓𝑢𝑢(𝑑𝑑 − 𝑂𝑂 2)⁄               (Eq. A2.50)  

where, 𝑂𝑂 is the depth of equivalent rectangular compression block 

c) 𝜌𝜌 > 𝜌𝜌𝑏𝑏 

𝑀𝑀𝑛𝑛 =  0.85𝑓𝑓′𝑐𝑐𝑏𝑏𝛽𝛽1𝑘𝑘𝑢𝑢𝑑𝑑
2 �1 − 𝛽𝛽1𝑘𝑘𝑢𝑢

2
�        (Eq. A2.51) 

where, 𝑘𝑘𝑢𝑢 = �𝜌𝜌𝜆𝜆 + �𝜌𝜌𝜆𝜆
2
�1 − 𝜀𝜀𝑓𝑓𝑝𝑝

𝜀𝜀𝑐𝑐𝑢𝑢
��
2
− 𝜌𝜌𝜆𝜆

2
�1 − 𝜀𝜀𝑓𝑓𝑝𝑝

𝜀𝜀𝑐𝑐𝑢𝑢
� 𝜆𝜆 is the material constant given by 𝜆𝜆 =

𝐸𝐸𝑓𝑓𝜀𝜀𝑐𝑐𝑢𝑢
0.85𝑓𝑓′𝑐𝑐𝛽𝛽1

, 𝐸𝐸𝑓𝑓 is the modulus of elasticity of prestressing FRP, 𝑓𝑓′𝑐𝑐 is the compressive strength of 

concrete and 𝜀𝜀𝑐𝑐𝑢𝑢 is the ultimate strain of concrete in compression. 

Balance ratio of the section for steel prestressed gives a measure of ductility of the 

section; however, given the brittle nature of FRP, it is the indicator of the failure mode. The 
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important issue of characterizing the tendon strength is also discussed here. The trend of using 

‘design strength’ which is less than the mean strength leads to under predicting the strength and 

can also have the direct effect on the failure mode. The proposed equation was then calibrated 

using available test data by varying the strength reduction factor between 0.7 to 1 and evaluating 

the number of specimens that can be safely predicted with each reduction factor. Based on the 

available test data, they recommended the value of 0.85 for CFRP and 0.75 for AFRP. The 

values were also validated with the help of the experimental program. The authors recommended 

the use of design strength as mean minus three standard deviation along with a strength reduction 

factor of 0.85(CFRP) and 0.75(AFRP) for the design of FRP prestressed beam. Results showed 

the combination of these two values meets the criteria of safe design i.e., failure load greater than 

predicted load.  

As mentioned before, Dolan and Swanson (2002) developed an equation for flexural 

strength of beams with vertically distributed tendons. Few assumptions were made such as the 

section is linearly elastic as well as the concrete stress distribution is linear. The equation was 

derived in terms of the depth ratio (𝜓𝜓𝑖𝑖) and the prestressing reinforcement ratio at each 

layer (𝜌𝜌𝑖𝑖). The equation takes the following form: 

𝑀𝑀𝑛𝑛 = 𝑏𝑏𝑑𝑑2 ∑ �𝜌𝜌𝑖𝑖 ��𝑓𝑓𝑓𝑓𝑖𝑖 + 𝑓𝑓𝑚𝑚 �𝜓𝜓𝑝𝑝−𝑘𝑘
1−𝑘𝑘

�� �𝜓𝜓𝑖𝑖 −
𝑘𝑘
3
���𝑚𝑚

𝑖𝑖=1                   (Eq. A2.52) 

where, 𝑀𝑀𝑛𝑛 is the nominal moment capacity of the section, 𝑏𝑏 is the width of the compression face 

of the beam, 𝑑𝑑 is the distance from extreme tension reinforcement to the extreme compression 

fiber , 𝑚𝑚 is the number of layer of FRP , 𝑓𝑓𝑓𝑓𝑖𝑖 is the initial prestressing stress, 𝑓𝑓𝑚𝑚 is the stress 

available for flexure, 𝑘𝑘 is the factor depending on prestressing level, reinforcement ratio, depth 

ratio and modular ratio. 



NCHRP 12-97 

A-130 
 

The advantage of the equation as stated by the author that it provides a means to optimize 

the structure prestressed with FRP tendons. The prestressing ratio (which 𝑘𝑘 is the function of) 

can be varied to obtain a uniform stress distribution. Also, the reinforcement ratio can be varied 

with depth to account for the beams with mixed strand patterns.   

One of the major concern for the CFRP prestressed beams is the deflection as the elastic 

modulus of the CFRP is typically lesser than steel. The accurate prediction of the deflection of 

CFRP prestressed beams is a much-needed step in understanding the behavior of CFRP 

prestressed beams. Researchers indicate that the exclusion of tension stiffening leads to the over-

estimation of the deflection of the CFRP prestressed beams. One of the easiest and the 

conventional way to include the effect of tension stiffening is the used of effective moment of 

inertia(Ie) in elastic deflection equation instead of gross moment of inertia(Ig). This approach to 

compute effective moment of inertia(Ie) was first developed by Branson (1965) for reinforced 

and prestressed steel and is given by 

𝐼𝐼𝑝𝑝 = �𝑀𝑀𝑐𝑐𝑓𝑓
𝑀𝑀𝑒𝑒
�
3
𝐼𝐼𝑙𝑙 + �1 − �𝑀𝑀𝑐𝑐𝑓𝑓

𝑀𝑀𝑒𝑒
�
3
� 𝐼𝐼𝑐𝑐𝑓𝑓 < 𝐼𝐼𝑙𝑙,      (Eq. A2.53) 

where, Mcr is the cracking moment, Ma is the moment at which deflection is to be computed, Ig 

and Icr is the gross and cracking moment of inertia respectively. 

Several researchers have then modified the original Branson’s equation to predict the 

deflection behavior of CFRP prestressed beams. Tadros et al. (1985) proposed a new deflection 

model for beam by softening the curve to four power curves and generalized the equation. The 

effective moment of inertia takes the form   

𝐼𝐼𝑝𝑝 = �𝑀𝑀𝑐𝑐𝑓𝑓
𝑀𝑀𝑒𝑒
�
4
𝐼𝐼𝑙𝑙 + �1 − �𝑀𝑀𝑐𝑐𝑓𝑓

𝑀𝑀𝑒𝑒
�
4
� 𝐼𝐼𝑐𝑐𝑓𝑓 < 𝐼𝐼𝑙𝑙,      (Eq. A2.54) 
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ACI 440.4R-04(11) also uses the original Branson equation by multiplying a softening 

factor to account for the lower modulus of elasticity of the CFRP to compute the effective 

moment of inertia as 

𝐼𝐼𝑝𝑝 = �𝑀𝑀𝑐𝑐𝑓𝑓
𝑀𝑀𝑒𝑒
�
3
𝛽𝛽𝑐𝑐𝐼𝐼𝑙𝑙 + �1 − �𝑀𝑀𝑐𝑐𝑓𝑓

𝑀𝑀𝑒𝑒
�
3
� 𝐼𝐼𝑐𝑐𝑓𝑓 < 𝐼𝐼𝑙𝑙,      (Eq. A2.55) 

where, 𝛽𝛽𝑐𝑐 = 0.5 �𝐸𝐸𝑓𝑓
𝐸𝐸𝑝𝑝

+ 1� is the softening factor. 

The applicability of this equation was investigated by Kim et al. (2010) and Gar et al. 

(2017). They found that the equation proposed by ACI is sensitive to the ratio of the gross to the 

cracking moment of inertia (Ig/Icr). This expression, although being empirical, provides a 

reasonable prediction for the CFRP prestressed concrete beams having inertia ratio less than 25. 

The Ig/Icr of the composite highway girders is generally a value less than 25. 

A2.5.1.2. Analytical Models for calculating the stress in unbonded tendons 
Most of the presented models were developed for steel strands unless otherwise 

mentioned or being verified for CFRP tendons. 

Naaman and Alkhairi (1991b), proposed an analytical model that is based on a strain 

reduction factor which is the ratio between the increase in the strain of the unbonded tendon and 

the increase in the strain of the equivalent bonded tendon as  

Ω =
�Δ𝜀𝜀𝑓𝑓𝑝𝑝𝑢𝑢 �𝑚𝑚
�Δ𝜀𝜀𝑓𝑓𝑝𝑝𝑏𝑏 �𝑚𝑚

=
�Δ𝜀𝜀𝑓𝑓𝑝𝑝𝑢𝑢 �𝑒𝑒𝑎𝑎
�Δ𝜀𝜀𝑐𝑐𝑓𝑓𝑝𝑝 �𝑚𝑚

        (Eq. A2.56) 

where, �Δ𝜀𝜀𝑓𝑓𝑐𝑐𝑢𝑢 �𝑚𝑚 is the increase in the strain of the unbonded tendon, �Δ𝜀𝜀𝑓𝑓𝑐𝑐𝑏𝑏 �𝑚𝑚 is the increase 

in the strain of the equivalent bonded tendon and �Δ𝜀𝜀𝑐𝑐𝑓𝑓𝑐𝑐 �𝑚𝑚  is the strain increase in the concrete 

at the level of the tendon beyond effective prestress. 
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The developed equations for the un-cracked and cracked states are, respectively,  

Ω = 2
∆𝑀𝑀𝑚𝑚𝑒𝑒𝑚𝑚(x)(𝑝𝑝0)𝑚𝑚𝑒𝑒𝑚𝑚

𝑅𝑅 ∫ ∆M(x)𝑂𝑂0(𝑥𝑥)𝑑𝑑𝑥𝑥𝐿𝐿/2
0        (Eq. A2.57a) 

Ω𝒄𝒄𝒄𝒄 = Ω 𝐼𝐼𝑐𝑐𝑓𝑓
𝐼𝐼𝑔𝑔

+ 2
𝐿𝐿
�1 − 𝐼𝐼𝑐𝑐𝑓𝑓

𝐼𝐼𝑔𝑔
� ∫ ∆M(x)𝑝𝑝0(𝑚𝑚)

∆𝑀𝑀𝑚𝑚𝑒𝑒𝑚𝑚(x)(𝑝𝑝0)𝑚𝑚𝑒𝑒𝑚𝑚

𝐿𝐿𝑐𝑐/2
0  𝑑𝑑𝑥𝑥     (Eq. A2.73b) 

Ω𝒄𝒄𝒄𝒄 = Ω 𝐼𝐼𝑐𝑐𝑓𝑓
𝐼𝐼𝑔𝑔

          (Eq. A2.57c) 

where,  𝛺𝛺 is the uncracked strain reduction factor, 𝛺𝛺𝒄𝒄𝒄𝒄 is the cracked strain reduction factor, 𝐼𝐼𝑐𝑐𝑓𝑓 is 

the cracked moment of inertia, 𝐼𝐼𝑙𝑙 is the gross moment of inertia, 𝑅𝑅 is the total length of the 

prestressing tendon, ∆𝑀𝑀𝑚𝑚𝑒𝑒𝑚𝑚 is the bending moment at the critical section and 𝑂𝑂0(𝑥𝑥) is the 

eccentricity of the tendons at different sections. Eq. A2.53b and A2.53c are valid as long as the 

behavior in one of the component materials is still elastic.  

For the ultimate state, they attempted to develop a rational analysis such as the uncracked 

and cracked states, but they decided to use the experimental results to determine the values of 

Ω𝑢𝑢. They used the experimental test results from 143 beam tests to find the best values of the 

strain reduction factor that gives the best correlation between the experimental and analytical 

results and presented the following equations: 

Ω𝑢𝑢 = 2.6

� 𝐿𝐿
𝑑𝑑𝑓𝑓𝑝𝑝

�
   for one-point loading      (Eq. A2.58a) 

Ω𝑢𝑢 = 5.4

� 𝐿𝐿
𝑑𝑑𝑓𝑓𝑝𝑝

�
  for third-point or uniform loading    (Eq. A2.58b) 

where, 𝑅𝑅 is the total length of the prestressing tendon and 𝑑𝑑𝑓𝑓𝑐𝑐is the distance from the extreme 

compression fiber to the centroid of the prestressing steel.  
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They recommended the following modifications on the strain reduction factors for the 

design to give more conservative results.  

Ω𝑢𝑢 = 1.5

� 𝐿𝐿
𝑑𝑑𝑓𝑓𝑝𝑝

�
   for one-point loading      (Eq. A2.59a) 

Ω𝑢𝑢 = 3.0

� 𝐿𝐿
𝑑𝑑𝑓𝑓𝑝𝑝

�
  for third-point or uniform loading    (Eq. A2.59b) 

The total force in the unbonded tendon can be obtained from: 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + ∆𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + Ω𝑢𝑢𝐸𝐸𝑓𝑓𝑐𝑐𝜀𝜀𝑐𝑐𝑢𝑢 �
𝑐𝑐𝑓𝑓𝑝𝑝−𝑐𝑐
𝑐𝑐
� 𝐿𝐿1
𝐿𝐿2

     (Eq. A2.60a) 

𝑓𝑓𝑓𝑓𝑐𝑐 ≤ 0.94𝑓𝑓𝑓𝑓𝑦𝑦           (Eq. A2.60b) 

where, L1 is the length of loaded span or the sum of lengths of loaded spans, affected by the 

same tendon,  L2 is the length of tendon between end anchorages,  𝑓𝑓𝑓𝑓𝑦𝑦 is the yield strength of 

prestressing steel and 𝐸𝐸𝑓𝑓𝑐𝑐 modulus of elasticity of prestressing steel. 

They put the limit on fpy to ensure that the stress in the steel remains as close as possible 

to the linear elastic range assumed in the analysis. It is uncommon to have third-point loading, 

and since this case simulates quite closely uniform loading, the value of Wu obtained for third-

point loading was recommended for uniform loading as well. The advantages of the proposed 

analytical model are presented in Naaman et al. (2002). One of the main advantages is that can 

be applied for the FRP tendons as it theoretically depends on the tendon profile and external load 

condition.  
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Yang et al. (2011), indicated that model proposed by Naaman and Alkairi (1991b) is 

moderately dependent on the loading type. In addition, the model underestimates the increase in 

the tendon force when the span-to-depth ratio is above 20.  

Au et al. (2009) numerically investigated the effect of different parameters on the 

behavior of unbonded post-tensioned beams; the amount of steel reinforcement, span-depth ratio, 

loading type, tendon profile, partial prestressing ratio, prestressing tendon depth, non-prestressed 

steel depth, size effect, effective prestressing ratio, concrete strength. The results showed that the 

effect of span-to-depth ratio, load type, tendon profile and the cross-sectional dimensions, on 

curvature ductility is not significant (1.2%) with the same reinforcement index. However, the 

depth of both non-stressed tension steel and prestressing tendon, the partial prestressing ratio, 

yield strength of non-stressed steel and concrete strength, have a significant effect on the flexural 

ductility.   

Yang et al. (2011) based on a developed 2-D nonlinear model, plotted the distributions of 

concrete strains at the level of the unbonded prestressed tendon. They found that the concrete 

strain at the tendon level is significantly affected by the type of loading and moderately by the 

tendon profile. Additionally, a higher strain resulted in a draped tendon than a straight one. 

Moreover, the equivalent strain distribution factor (𝛼𝛼𝑓𝑓) was introduced to have a uniform strain 

distribution within the cracked region, as the deformation within the uncracked elastic region can 

be neglected and the total elongation of the post-tensioning tendon can be assumed to be 

governed by the concrete deformation with in the cracked region. A simple equation was 

proposed to predict the tendon stress fps at ultimate as: 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + ∆𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 𝛼𝛼𝑓𝑓𝐸𝐸𝑓𝑓 �
𝑐𝑐𝑓𝑓𝑝𝑝−𝑐𝑐
𝑐𝑐
� 𝜀𝜀𝑐𝑐𝑢𝑢 ≤ 𝑓𝑓𝑓𝑓𝑦𝑦     (Eq. A2.61a) 
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𝛼𝛼1 = 0.016𝜁𝜁 �
𝜔𝜔𝑓𝑓𝑒𝑒+��𝜔𝜔𝑝𝑝−𝜔𝜔𝑝𝑝

′�

�𝐿𝐿/𝑐𝑐𝑓𝑓
�

−0.46

  for one-point loading    (Eq. A2.61b) 

𝛼𝛼2 = 2𝛼𝛼1𝐿𝐿𝑐𝑐𝑓𝑓+𝐿𝐿0
2𝐿𝐿𝑐𝑐𝑓𝑓+𝐿𝐿0

      for two-point loading   (Eq. A2.61c) 

𝛼𝛼𝑢𝑢 = 0.12𝜁𝜁 �
𝜔𝜔𝑓𝑓𝑒𝑒+��𝜔𝜔𝑝𝑝−𝜔𝜔𝑝𝑝

′�

�𝐿𝐿/𝑐𝑐𝑓𝑓
�

−0.21

    for uniform loading   (Eq. A2.61d) 

where, 𝛼𝛼𝑓𝑓 represents 1, 2, and u for one-point, two-point, and uniform loadings, wpe is the 

effective prestressing steel index, ws is the mild steel tensile index, ws’ is the mild steel 

compressive index, L/dp is the span-depth ratio, Lcr = 𝑅𝑅𝑐𝑐𝑓𝑓 = 𝑂𝑂 �1 −𝑀𝑀𝑐𝑐𝑓𝑓
𝑀𝑀𝑛𝑛
� �, 𝑀𝑀𝑐𝑐𝑓𝑓 is the 

cracking moment and 𝑀𝑀𝑛𝑛 is the calculated nominal moment (they assumed the tendon yielded). 

Moreover, ζ was used to take into account the tendon profile; 1.0 for straight and 1.05 for harped 

in a beam under one-point or two-point loading, and 1.12 for a draped tendon profile in a beam 

under uniform loading.  

They compared the prediction from their model with experimental data of 209 simply 

supported post-tensioned beams as well as the prediction from two design specifications 

(AASHTO (1998) and ACI 318-08) and five models previously developed in the literature. The 

comparison showed that ACI 318-08 is very conservative. On the other hand, AASHTO (1998) 

equations are generally non-conservative for beams with a span-to-depth ratio of 35 or less. In 

addition, both models have higher variability (standard deviations are 0.441 and 0.553, 

respectively). The accuracy of the existing models based on the equivalent plastic hinge length or 

bond reduction coefficient is highly sensitive to the loading type, indicating that the ratios of 
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predicted-to-measured increments generally decrease with the increase of the L/dp ratio. The 

proposed model is in better agreement with the test results and is independent of the loading type 

and only marginally dependent on the L/dp ratio. 

Mojtahedi and Gamble (1978) proposed a model assuming a triangular truss comprising 

of two symmetrical compressive members and a tie to simulate a cracked prestressed beam with 

unbonded tendons. They found that the strain in the tie decreases sharply with an increase of the 

span to depth ratio, see Figure A2.22. 

 

Figure A2.22 Steel strain versus span to depth ratio for a deflection = L/200 (Reproduced 

Mojtahedi and Gamble, 1978) 

Ozkul et al. (2008) proposed an approach for the analysis of prestressed concrete beams 

with unbonded tendons. The model considered the beams and the unbonded tendon as a trussed 

beam system. In addition, the model is applicable for any material (not only steel) and 

prestressing condition at any load level.  

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 𝐸𝐸𝑓𝑓
196

� 𝑝𝑝𝛽𝛽1𝑓𝑓𝑐𝑐′𝑏𝑏
𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝+𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑢𝑢

𝑘𝑘1� ≤ 𝑓𝑓𝑓𝑓𝑦𝑦      (Eq. A2.62a) 
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𝑘𝑘1 =  �1 − 2 𝐿𝐿ℎ
𝐿𝐿
− 𝐿𝐿𝑓𝑓2

𝐿𝐿𝐿𝐿𝐿𝐿
�         (Eq. A2.62b) 

where, 𝑅𝑅ℎ = 𝐿𝐿
2
−  𝐿𝐿

2𝑓𝑓
− (0.5𝑑𝑑 + 0.05𝑍𝑍), f = 10, 3, and 6 for one-point, two-point, and uniform 

loading, respectively,𝑍𝑍 is the shear span or the distance between the point of maximum moment 

and the point of contraflexure, 𝑅𝑅𝐿𝐿 is the distance from support to the applied load P/2 and equals 

𝑅𝑅ℎ + 𝑅𝑅𝑓𝑓 as 𝑅𝑅ℎ is the length from the support to the plastic hinge, 𝑅𝑅𝑓𝑓 is the plastic hinge length, e 

is eccentricity of load parallel to axis measured from centroid of section and 𝛽𝛽1 is the equivalent 

depth of the rectangular block. The advantages of the model are; it considers the effect of 

different parameters, and it does not depend on an empirical or calibrated coefficient. The model 

showed a good correlation with test results. They also, based on the literature review, identified 

the most influence factors on the increase of tendon load: 

• Concrete strength  

• Area of prestressed reinforcement  

• Area of non-prestressed reinforcement 

• Span to depth ratio  

• Effective prestress  

They tested 25 prestressed beams with prestressing steel under four-point loading. The 

results showed that the lower the partial prestressing ratio is, the more cracks developed and 

concrete crushing zone deepened. Also, few cracks (only three) were observed when no tension 

steel was used. Moreover, it was found that increasing the reinforcing index increases the 

number of flexural cracks outside the constant moment region. In addition, the concrete strength 

showed no significant effect on the number of cracks. Furthermore, the ultimate load increased 



NCHRP 12-97 

A-138 
 

with presence of the non-prestressed reinforcement. The most significant parameters were the 

area of the prestressing reinforcement and prestressing ratio. 

Lee et al. (2017) evaluated the balanced reinforced ratio for an unbonded post-tensioned 

beam with CFRP tendons. A concept of three equivalent rectangular curvature blocks was 

introduced for this evaluation. They calibrated their model by comparing its results with previous 

experimental tests from the literature. In addition, they conducted a parametric study to examine 

the effect of different parameters on the unbonded balanced reinforcement ratio. Based on 

regression analysis, they simplified their model and adopted the Naaman and Alkhairi (1991b) 

approach which uses a strain reduction factor of the equivalent bonded case. They proposed the 

following equations for unstressed bonded steel and CFRP bars: 

Ω𝑢𝑢 = 1.80 𝑐𝑐𝑓𝑓
𝐿𝐿

+ 0.47 𝐿𝐿𝑓𝑓
𝐿𝐿

+ 0.14               for auxiliary bonded steel bars  (Eq. A2.63a) 

Ω𝑢𝑢 = 2.15 𝑐𝑐𝑓𝑓
𝐿𝐿

+ 0.64 𝐿𝐿𝑓𝑓
𝐿𝐿

+ 0.21               for auxiliary bonded CFRP bars   (Eq. A2.63b) 

The results showed that the proposed formula correlated better than ACI 440-4R equation 

(Naaman and Alkhairi, 1991b) with the test results, regardless the type of auxiliary bonded bars. 

In addition, the predictions from Naaman and Alkhairi (1991b) showed significant deviations 

from the test results in case of using auxiliary bonded CFRP bars. In addition, the ratio between 

the balanced reinforcement of unbonded and bonded was in the range of 0.43 to 0.83, for the 

beams considered in the parametric study. The conducted parametric study showed that un-

bonded balanced reinforcement ratio is heavily increased with the increase of the distance 

between the loading points, depth of the unbonded tendons, concrete compressive strength and 

initial prestressing ratio. Furthermore, they evaluated the equation proposed by Naaman and 
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Alkhairi (1991b). Based on the result from a parametric study of 324 beams with bonded steel 

bars and another 324 bonded CFRP tendons, it showed that the prediction was scattered with a 

standard deviation and a mean of 0.83 and 0.63, respectively. The model gives conservative 

values for the force unbonded tendons when auxiliary bonded steel bars are present. The results 

showed that the model neglects the effect of the distance between the loading points. 

Lou et al. (2017), based on a calibrated nonlinear model, studied the effect of bond 

between composite tendons and concrete on the short-term behavior of FRP prestressed concrete 

beams. The study focused on: failure mode, crack pattern, deformation, stress in FRP tendon, 

neutral axis depth and moment redistribution in continuous beams. They found out that the 

failure is always attributed to concrete crushing, even at a prestressing reinforcement level that is 

significantly below the balanced ratio for the corresponding bonded FRP prestressed concrete 

beams. In addition, at a very low prestressing reinforcement ratio, the strain distribution in the 

unbonded FRP prestressed beam is rather irregular (i.e., the tensile strain is very big over the 

critical zone but very small over the noncritical zone), indicating a crack concentration in the 

beam. The tensile strains at the critical section reduced with the increase of the prestressing 

reinforcement ratio (see Figure A2.23). For unbonded FRP prestressed beams, the ultimate 

deflection decreases consistently with the increase of prestressing reinforcement ratio. 
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*x is the location along the beam length and L is the total length of the beam 

Figure A2.23 Ultimate Concrete strain distribution along the span for bonded and unbonded 
FRP prestressed concrete beams having different prestressing reinforcement levels (Reproduced 
from Lou et al., 2017). 

Based on a comparative study to evaluate the current AASHTO-LRFD (2017) provisions, 

Harajli (2011) proposed the following modification to the equation: 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝  420𝑁𝑁𝑓𝑓
𝐿𝐿𝑒𝑒 𝑐𝑐𝑓𝑓⁄ �1 − 𝑐𝑐𝑒𝑒

𝑐𝑐𝑓𝑓
� ≤ 0.95𝑓𝑓𝑓𝑓𝑦𝑦        (Eq. A2.64) 

where, 𝑁𝑁𝑓𝑓 is the factor for type of load application and member continuity, 𝑅𝑅𝑒𝑒 is the length of 

tendon between anchorages,  𝑑𝑑𝑓𝑓 is the depth of unbonded-prestressing steel and 𝑁𝑁𝑓𝑓 is the 

calculated from the  

𝑁𝑁𝑓𝑓 = �20.7
𝑓𝑓

+ 10. 5� 𝑛𝑛𝑓𝑓+ + 10.5𝑛𝑛𝑓𝑓−        (Eq. A2.65) 

where, f =∞ for single concentrated load and 6.0 for uniform load application and 𝑛𝑛𝑓𝑓+ ,𝑛𝑛𝑓𝑓− are the 

number of positive and negative plastic hinges, respectively. 

Harajli (1990) proposed a modification to ACI-318-83 (1983) equation to accommodate 

the effect of span-to-depth ratio. Based on a compatibility analysis, he proposed the model and 
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used it to study the effect of span-to-depth ratio. The model was able to capture the trend of 

reduction in the ∆𝑓𝑓𝑓𝑓𝑐𝑐, with the increase of span-to-depth ratio, and for different types of loading. 

He proposed the following equation to replace the ACI-318-83 (1983) equations. 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + �10,000 + fc′

100ρps
� �0.4 + 8

S dp⁄ � ≤
fpy

fpe + 60,000 psi    (Eq. A2.66) 

fps is the stress in the prestressing steel at the ultimate, 𝑓𝑓𝑓𝑓𝑝𝑝 is the effective prestressing stress, 

𝜌𝜌𝑓𝑓𝑐𝑐is the prestressing reinforcement ratio, fpy is the yield strength of the prestressing steel, ∆𝑓𝑓𝑓𝑓𝑐𝑐is 

the increase in the stress of the prestressing steel and 𝑓𝑓𝑐𝑐′ is concrete compression strength. 

The derivation of the equation was based on the case of one concentrated load at the 

middle as it results in the highest reduction in ∆fps. Therefore, the results from the other loading 

cases will be more conservative. The primary advantage of the proposed prediction equation is 

that it eliminates the discontinuity in the stress level at the span-to-depth ratio of 35 obtained 

using the ACI Building standards (ACI-318-83, 1983) equations.  

Lee et al. (1999) proposed an equation for calculating the unbonded tendon stress at the 

ultimate. The proposed equation was based on a theoretical study and all main parameters and 

their combinations were obtained. However, they used a regression analysis to find the 

coefficient of each parameter. The parameters in the following equations were obtained from the 

regression analysis that gives the best correlation with 167 experimental data. 

fps = 30,000 + 0.75fpe + 1
12

�𝐴𝐴𝑝𝑝′+𝐴𝐴𝑝𝑝�fy
𝐴𝐴𝑓𝑓𝑝𝑝

+ 82�ds
dp

fc′

ρp
�1
𝑓𝑓

+ 1
𝐿𝐿 dp⁄ �  𝑝𝑝𝑠𝑠𝑝𝑝   (Eq. A2.67) 

For design purposes, the authors recommended the following equation that provides a safety 

margin.  
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fps = 10,000 + 0.8fpe + 1
15

�𝐴𝐴𝑝𝑝′+𝐴𝐴𝑝𝑝�fy
𝐴𝐴𝑓𝑓𝑝𝑝

+ 80�ds
dp

fc′

ρp
�1
𝑓𝑓

+ 1
𝐿𝐿 dp⁄ �  𝑝𝑝𝑠𝑠𝑝𝑝   (Eq. A2.68) 

where, 𝐴𝐴𝑐𝑐 is the area of nonprestressed tensile steel. 𝐴𝐴𝑐𝑐′  is the area of nonprestressed compressive 

steel, 𝐴𝐴𝑓𝑓𝑐𝑐 is the area of prestressing steel, dp is the depth from concrete extreme compressive 

fiber to centroid of prestressing steel, ds is the depth from concrete extreme compressive fiber to 

centroid of nonprestressed tensile steel, L is span length between end anchorages and 𝑓𝑓 is the 

load geometry factor equals 3 for two equal 1/3 points concentrated loads and uniformly applied 

load, and 10 for single concentrated load. 

ACI 318-14 (2014) recommends a simplified equation for the calculating the stress in the 

cable at the ultimate state. The equation was originally proposed by Mattock et al. (1971). The 

ACI 318-71 and ACI 318-77 (1977) adopted the equation with a slight modification as 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 𝑓𝑓𝑐𝑐′

100𝜌𝜌𝑓𝑓𝑝𝑝
+ 10,000         (Eq. A2.69) 

𝑓𝑓𝑓𝑓𝑝𝑝 is the effective prestressing stress, 𝜌𝜌𝑓𝑓𝑐𝑐is the prestressing reinforcement ratio and 𝑓𝑓𝑐𝑐′ is 

concrete compression strength. 

Based on experimental results of post-tensioned slabs and proposed analytical truss 

model, Mojtahedi and Gamble (1978) found that the span-to-depth ratio has a significant effect 

on the stress increase in the unbonded tendons. The stress increase in the unbonded prestressing 

element decreases with an increase of the span-to-depth ratio. The equation overestimates the 

increase in the unbonded prestress tendon for higher values of span-to-depth ratios. ACI 318-83 

limited the use of that equation to span-to-depth ratio to less than 35 and recommended the use 

of the following equation for higher span to depth ratio. 
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𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 𝑓𝑓𝑐𝑐′

100𝜌𝜌𝑓𝑓𝑝𝑝
+ 10,000   𝐿𝐿

𝑐𝑐𝑓𝑓𝑝𝑝
> 35      (Eq. A2.70) 

ACI 318-14 recommends the use of the following equations for members prestressed 

with unbonded tendons if the effective prestressing stress is more than half of the ultimate 

strength of the prestressing tendons 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝐹𝐹 �
𝑓𝑓𝑐𝑐𝑝𝑝 + 𝑓𝑓𝑐𝑐′

100 𝜌𝜌𝑓𝑓
+ 10,000

𝑓𝑓𝑐𝑐𝑝𝑝 + 60,000
𝑓𝑓𝑓𝑓𝑦𝑦

� ≤ 35      (Eq. A2.71a) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝐹𝐹 �
𝑓𝑓𝑐𝑐𝑝𝑝 + 𝑓𝑓𝑐𝑐′

300𝜌𝜌𝑓𝑓
+ 10,000

𝑓𝑓𝑐𝑐𝑝𝑝 + 30,000
𝑓𝑓𝑓𝑓𝑦𝑦

� > 35      (Eq. A2.71b) 

where, 𝑓𝑓𝑐𝑐𝑝𝑝  is the effective stress in prestressing reinforcement, after all prestress losses in psi, 𝑓𝑓𝑓𝑓𝑐𝑐 

is the effective stress in prestressing reinforcement, after all prestress losses in psi, 𝑓𝑓𝑓𝑓𝑦𝑦 is the 

specified yield strength of prestressing reinforcement in psi, 𝜌𝜌𝑓𝑓 is the ratio of the 𝐴𝐴𝑓𝑓𝑐𝑐 to 𝑏𝑏𝑑𝑑𝑓𝑓 and 

𝐴𝐴𝑓𝑓𝑐𝑐 is the area of prestressed longitudinal tension reinforcement in 𝑝𝑝𝑛𝑛2. 

For unbonded post-tensioned beams, the increase in stress of the prestressing tendon can 

be obtained by finding the total deformation of the tendon between the anchorage ends. This 

deformation can be obtained as the summation of deformations at the tendon level in both elastic 

and plastic zones. However, the deformations of the elastic zones can be neglected compared to 

the deformation in the plastic zone.  

The current AASHTO-LRFD (2017) provisions for calculating the stress in the unbonded 

tendon at the ultimate state is based on a collapse mechanism model (concrete strain distribution) 
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shown in Figure A2.24 which was based on the work of MacGregor (1989). The developed 

equation for AASHTO-LRFD (2017) was clearly illustrated in Roberts-Wollmann et al. (2005).  

 

Figure A2.24 Assumed failure mechanism for unbonded simply supported beam (Maguire et al., 
2011) 

The model assumes only one crack opened at the critical section of the ultimate state. In 

addition, the elongation of the tendon is considered to occur at the location of the crack. Another 

assumption is that the tendon remains in the elastic stress range. Based on these assumption, 

geometry (see Figure A2.24) and tendon remains in the elastic range, the following equation 

holds: 

Δ𝑓𝑓𝑓𝑓𝑐𝑐 = 𝐸𝐸𝑓𝑓𝑐𝑐Δ𝜀𝜀𝑓𝑓𝑐𝑐 = 𝐸𝐸𝑓𝑓𝑝𝑝𝜃𝜃�𝑐𝑐𝑓𝑓𝑝𝑝−𝑐𝑐�
𝐿𝐿

        (Eq. A2.72) 

where, 𝜃𝜃 is the angle of rotation, L is the total tendon length, 𝑑𝑑𝑓𝑓𝑐𝑐 is the depth from the 

compression face to the centroid of the prestressing tendon and c is the neutral axis depth. The 

angle of rotation can be expressed in terms of the section curvature 𝜙𝜙 and plastic hinge length 

𝑅𝑅𝑓𝑓 as follow 

𝜃𝜃 =  𝑅𝑅𝑓𝑓𝜙𝜙 = 𝑅𝑅𝑓𝑓
𝜀𝜀𝑐𝑐𝑢𝑢
𝑐𝑐

         (Eq. A2.73) 
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where, 𝜙𝜙 is the sectional curvature, 𝑅𝑅𝑓𝑓 is the length of the plastic hinge and 𝜀𝜀𝑐𝑐𝑢𝑢 is the ultimate 

strain in the concrete. 

 𝑅𝑅𝑓𝑓 and 𝜙𝜙 can be determined from the moment-curvature relationship for beams, but the process 

is iterative and rather tedious for hand calculations. However, approximate values have been 

often obtained by limiting the concrete and steel strains, or from the test data (Roberts-Wollmann 

et al., 2002). 𝑅𝑅𝑓𝑓/𝐹𝐹 can be taken as 10.5, as recommended by Tam and Pannell (1976) and 

verified by tests done by MacGregor (1989). The increase in tendon stress can be expressed as:  

Δ𝑓𝑓𝑓𝑓𝑐𝑐 = 𝐸𝐸𝑓𝑓𝑐𝑐Δ𝜀𝜀𝑓𝑓𝑐𝑐 = (29,000 𝑘𝑘𝑠𝑠𝑝𝑝)(0.003)(10.5) �𝑐𝑐𝑓𝑓𝑝𝑝−𝑐𝑐�
𝐿𝐿

≈ 900 �𝑐𝑐𝑓𝑓𝑝𝑝−𝑐𝑐�
𝐿𝐿

  (Eq. A2.74) 

Δ𝑓𝑓𝑓𝑓𝑐𝑐 is the increase in tendon stress, 𝑅𝑅 is the tendon length between the anchorage, 𝑑𝑑𝑓𝑓𝑐𝑐is the 

tendon depth measured from the extreme compression fibers and c is the neutral axis depth. 

For continuous members, Equation 61 can be modified to reflect the increase in tendon 

stress for continuous beams. The same concept of the collapse mechanism can be assumed as 

proposed by MacGregor (1989). It was confirmed from tests that the rotation at the support hinge 

is only ½ of the rotation at the mid-span hinge. As shown in Figure A2.25, assuming at the 

ultimate state only one span will collapse, the total elongation can be obtained from:  

𝛿𝛿𝑠𝑠𝑡𝑡𝑠𝑠𝑒𝑒𝑒𝑒 = 𝛿𝛿𝑚𝑚𝑖𝑖𝑐𝑐𝑐𝑐𝑓𝑓𝑒𝑒𝑛𝑛(1 + 𝑁𝑁
2

)        (Eq. A2.75) 

where, 𝑁𝑁 is the number of support hinges required to form a flexural mechanism that are crossed 

by the tendon between points of discrete bonding or anchoring, 𝛿𝛿𝑚𝑚𝑖𝑖𝑐𝑐𝑐𝑐𝑓𝑓𝑒𝑒𝑛𝑛 is the elongation for the 

case of a simple span tendon, and the 𝛿𝛿𝑠𝑠𝑡𝑡𝑠𝑠𝑒𝑒𝑒𝑒is the total elongation of the tendon. 
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Figure A2.25 Failure mechanisms for continuous beams and slabs (Roberts-Wollmann et al. 
2002) 

AASHTO-LRFD (2017) recommends the following simplified equation for calculating 

the stress in the cable at the ultimate state. 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 900 �𝑐𝑐𝑓𝑓−𝑐𝑐
𝑒𝑒𝑒𝑒
� ≤ 𝑓𝑓𝑓𝑓𝑦𝑦        (Eq. A2.76a) 

in which, 

𝑂𝑂𝑝𝑝 = � 𝑒𝑒𝑝𝑝
1+𝑁𝑁𝑝𝑝 2⁄

�          (Eq. A2.76b) 

For T-section behavior: 

𝐹𝐹 = 𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑝𝑝+𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝−𝐴𝐴𝑝𝑝′𝑓𝑓𝑝𝑝′−0.85𝑓𝑓𝑐𝑐′(𝑏𝑏−𝑏𝑏𝑤𝑤)ℎ𝑓𝑓
0.85𝑓𝑓𝑐𝑐′𝛽𝛽1𝑏𝑏𝑤𝑤

       (Eq. A2.76c) 

For Rec-section behavior: 

𝐹𝐹 = 𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑝𝑝+𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝−𝐴𝐴𝑝𝑝′𝑓𝑓𝑝𝑝′

0.85𝑓𝑓𝑐𝑐′𝛽𝛽1𝑏𝑏
         (Eq. A2.76d) 

where, c is distance from extreme compression fiber to the neutral axis assuming the tendon 

prestressing steel has yielded (in.), ℓe is effective tendon length (in.), 𝑂𝑂𝑖𝑖 is length of tendon 

between anchorages (in.), 𝑁𝑁𝑐𝑐 is the number of support hinges crossed by the tendon between 

anchorages or discretely bonded points, fpy is the yield strength of prestressing steel (ksi), and 

fpe is the effective stress in prestressing steel at section under consideration after all losses (ksi). 
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Previous studies have shown that the current AASHTO-LRFD (2017) provisions for 

calculating the stress in unbonded tendons give conservative results, and it is more rational to 

current ACI-318 (2018) (Harajli, 2011). 

Most of the previously proposed design equations for calculating the stress increase of 

unbonded tendon at the ultimate encounter significant scatter in predicting experimental data. As 

the most common assumption is that the tendon will not reach the yielding stage and will remain 

elastic. It is also difficult to quantify accurately the equivalent plastic hinge length and the 

concrete compression strain at the ultimate (Harajli, 2006). 

Table A2-9 shows a summary of the previous studies and proposed equations for 

calculating the stress at ultimate for the unbonded tendon.  

Table A2-9. Analytical models for estimating the stress in unbonded tendon at the ultimate 

Author  Model 

Warwaruk et al. 
(1962) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + (30,000 −
ρps

fc′
𝑥𝑥 1010) psi 

 
𝑓𝑓𝑓𝑓𝑝𝑝 ≤ 0.6 𝑓𝑓𝑓𝑓𝑢𝑢  

ACI-63 (1963) 𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 15 ksi 

Mattock et al. 
(1971) 𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 1.4fc′ 

100ρps
+ 10,000  

Mojtahedi and 
Gamble (1978) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 10,000 + fc′ 
𝜇𝜇ρps

 psi 

 
𝜇𝜇 = 100 𝐿𝐿

𝑐𝑐𝑓𝑓𝑝𝑝
≤ 35 

 
𝜇𝜇 = 300 𝐿𝐿

𝑐𝑐𝑓𝑓𝑝𝑝
> 35 

ACI-71 (1971) and 
ACI-77 (1977)    

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + fc′ 
100ρps

+ 10,000 psi 

 
𝑓𝑓𝑓𝑓𝑐𝑐 ≤ 𝑓𝑓𝑓𝑓𝑦𝑦 + 60,000 psi 
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Pannell (1968) 
𝑓𝑓𝑓𝑓𝑐𝑐 = fc′ �

�
𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑒𝑒
𝑏𝑏𝑑𝑑𝑓𝑓𝑝𝑝𝑓𝑓𝑐𝑐′

�+𝜆𝜆

𝐿𝐿+𝜆𝜆 𝛼𝛼�
𝜌𝜌ps� �  

 
𝜆𝜆 = 𝜓𝜓𝜌𝜌ps𝜀𝜀𝑐𝑐𝑢𝑢𝐸𝐸𝑓𝑓𝑝𝑝𝑐𝑐𝑓𝑓𝑝𝑝

𝐿𝐿𝑓𝑓𝑐𝑐′
 , 𝜓𝜓 = 10.5,  𝛼𝛼 = 0.85𝛽𝛽1, Δ𝜖𝜖𝑐𝑐𝑓𝑓𝑐𝑐 = Δ𝐿𝐿

𝐿𝐿𝑓𝑓
  and  𝑅𝑅𝑓𝑓 = 10.5𝐹𝐹  

Tam and Pannell 
(1976) 

𝑓𝑓𝑓𝑓𝑐𝑐 = fc′

⎣
⎢
⎢
⎢
⎡�
𝐴𝐴𝑓𝑓𝑐𝑐𝑓𝑓𝑓𝑓𝑝𝑝
𝑏𝑏𝑑𝑑𝑓𝑓𝑐𝑐𝑓𝑓𝑐𝑐′

� + 𝜆𝜆

1 + 𝜆𝜆 𝛼𝛼�
−
�

𝐴𝐴𝑐𝑐𝑓𝑓𝑦𝑦
𝑏𝑏𝑑𝑑𝑓𝑓𝑐𝑐𝑓𝑓𝑐𝑐′

� ∗ 𝜆𝜆

𝛼𝛼 + 𝜆𝜆
𝜌𝜌ps�

⎦
⎥
⎥
⎥
⎤
  

 
𝜆𝜆 = 𝜓𝜓𝜌𝜌ps𝜀𝜀𝑐𝑐𝑢𝑢𝐸𝐸𝑓𝑓𝑝𝑝𝑐𝑐𝑓𝑓𝑝𝑝

𝐿𝐿𝑓𝑓𝑐𝑐′
 , 𝜓𝜓 = 10.5,  𝛼𝛼 = 0.85𝛽𝛽1, Δ𝜖𝜖𝑐𝑐𝑓𝑓𝑐𝑐 = Δ𝐿𝐿

𝐿𝐿𝑓𝑓
  and  𝑅𝑅𝑓𝑓 = 10.5𝐹𝐹 

Tao and Du (1985) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 114 −  278.46
𝑏𝑏𝑐𝑐𝑓𝑓𝑝𝑝𝑓𝑓𝑐𝑐′

(𝐴𝐴𝑓𝑓𝑐𝑐𝑓𝑓𝑓𝑓𝑝𝑝 + 𝐴𝐴𝑐𝑐𝑓𝑓𝑦𝑦) ksi 

�𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑒𝑒+𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝
𝑏𝑏𝑐𝑐𝑓𝑓𝑝𝑝𝑓𝑓𝑐𝑐′

� ≤ 0.3  

0.55𝑓𝑓𝑓𝑓𝑦𝑦 ≤ 𝑓𝑓𝑓𝑓𝑝𝑝 ≤ 0.6 𝑓𝑓𝑓𝑓𝑢𝑢  
𝑓𝑓𝑓𝑓𝑐𝑐 ≤ 𝑓𝑓𝑓𝑓𝑦𝑦  

Harajli (1990) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + �10,000 + fc′ 
100ρps

� �0.54 + 8
𝐿𝐿

𝑑𝑑𝑓𝑓𝑝𝑝

� psi 

  
𝑓𝑓𝑓𝑓𝑐𝑐 ≤ 𝑓𝑓𝑓𝑓𝑦𝑦  
 
𝑓𝑓𝑓𝑓𝑐𝑐 ≤ 𝑓𝑓𝑓𝑓𝑦𝑦 + 60,000 psi 

Naaman and 
Alkhairi (1991b) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + Ω𝑢𝑢𝐸𝐸𝑓𝑓𝑐𝑐𝜀𝜀𝑐𝑐𝑢𝑢 �
𝑐𝑐𝑓𝑓𝑝𝑝−𝑐𝑐
𝑐𝑐
� 𝐿𝐿1
𝐿𝐿2

 ≤ 0.94𝑓𝑓𝑓𝑓𝑦𝑦 

Best Correlation: 

Ω𝑢𝑢 = 2.6

� 𝐿𝐿
𝑑𝑑𝑓𝑓𝑝𝑝

�
 and 5.4

� 𝐿𝐿
𝑑𝑑𝑓𝑓𝑝𝑝

�
 for one-point loading and third-point or Uniform, 

respectively. 

Recommendation: 

Ω𝑢𝑢 = 1.5

� 𝐿𝐿
𝑑𝑑𝑓𝑓𝑝𝑝

�
 and 3.0

� 𝐿𝐿
𝑑𝑑𝑓𝑓𝑝𝑝

�
 for one-point loading and third-point or Uniform, 

respectively. 

Harajli and Kanj 
(1992) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 𝛾𝛾0𝑓𝑓𝑓𝑓𝑢𝑢 �1 −
𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑒𝑒+𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝

𝑏𝑏dpfc′
�  

𝛾𝛾0 = 𝑛𝑛0
𝑛𝑛
�0.12 + 2.5

𝐿𝐿/dp
�  

𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑒𝑒+𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝
𝑏𝑏dpfc′

 ≤ 0.23 
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Lee et al. (1999) 

Best Correlation: 

fps = 30,000 + 0.75fpe + 1
12

�𝐴𝐴𝑝𝑝′+𝐴𝐴𝑝𝑝�fy
𝐴𝐴𝑓𝑓𝑝𝑝

+ 82�ds
dp

fc′

ρp
�1
𝑓𝑓

+ 1
𝐿𝐿 dp⁄ �  𝑝𝑝𝑠𝑠𝑝𝑝  

Recommendation: 

fps = 10,000 + 0.8fpe + 1
15

�𝐴𝐴𝑝𝑝′+𝐴𝐴𝑝𝑝�fy
𝐴𝐴𝑓𝑓𝑝𝑝

+ 80�ds
dp

fc′

ρp
�1
𝑓𝑓

+ 1
𝐿𝐿 dp⁄ �  𝑝𝑝𝑠𝑠𝑝𝑝  

Roberts-Wollmann 
et al. (2005) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 420𝑁𝑁𝑓𝑓
𝐿𝐿𝑒𝑒 𝑐𝑐𝑓𝑓⁄ �1 − 𝑐𝑐𝑒𝑒

𝑐𝑐𝑓𝑓
� ≤ 0.95𝑓𝑓𝑓𝑓𝑦𝑦  

 
𝑁𝑁𝑓𝑓 = �20.7

𝑓𝑓
+ 10. 5� 𝑛𝑛𝑓𝑓+ + 10.5𝑛𝑛𝑓𝑓−  

Harajli (2006) 

Alternative (I): 

𝜀𝜀𝑓𝑓𝑐𝑐 = 𝜀𝜀𝑓𝑓𝑝𝑝 + 𝜀𝜀𝑐𝑐𝑢𝑢 �
dp−𝑐𝑐
𝐿𝐿𝑒𝑒 𝑛𝑛𝑓𝑓⁄ � �20.7

𝑓𝑓
+ 10.5�  

𝐹𝐹 = 𝐹𝐹𝑦𝑦  

𝐹𝐹𝑦𝑦 = 𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑒𝑒+𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝
0.85𝛽𝛽1fc′𝑏𝑏

  

Alternative (II): 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 𝜙𝜙𝑓𝑓𝑐𝑐𝐸𝐸𝑓𝑓𝑐𝑐𝜀𝜀𝑐𝑐𝑢𝑢 �
dp−𝑐𝑐𝑝𝑝
𝐿𝐿𝑒𝑒 𝑛𝑛𝑓𝑓⁄ � �20.7

𝑓𝑓
+ 10.5� ≤  𝑓𝑓𝑓𝑓𝑦𝑦  

Alternative (III): 

𝑓𝑓𝑓𝑓𝑐𝑐 =
𝑓𝑓𝑓𝑓𝑒𝑒+𝐾𝐾0𝐸𝐸𝑓𝑓𝑝𝑝𝜀𝜀𝑐𝑐𝑢𝑢�dp+

𝜌𝜌𝑝𝑝𝑑𝑑𝑝𝑝𝑓𝑓𝑝𝑝
0.85𝛽𝛽1fc

′ �

1+
𝐾𝐾0𝐸𝐸𝑓𝑓𝑝𝑝𝜀𝜀𝑐𝑐𝑢𝑢𝜌𝜌𝑓𝑓𝑑𝑑𝑓𝑓

0.85𝛽𝛽1fc
′

  

𝐾𝐾0 = 𝜙𝜙𝑓𝑓𝑐𝑐 �
20.7
𝑓𝑓

+ 10.5�  

Ozkul et al. (2008) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 𝐸𝐸𝑓𝑓
196

� 𝑝𝑝𝛽𝛽1𝑓𝑓𝑐𝑐′𝑏𝑏
𝐴𝐴𝑝𝑝𝑓𝑓𝑝𝑝+𝐴𝐴𝑓𝑓𝑝𝑝𝑓𝑓𝑓𝑓𝑢𝑢

𝑘𝑘1� ≤ 𝑓𝑓𝑓𝑓𝑦𝑦  

𝑘𝑘1 =  �1 − 2 𝐿𝐿ℎ
𝐿𝐿
− 𝐿𝐿𝑓𝑓2

𝐿𝐿𝐿𝐿𝐿𝐿
�  

𝑅𝑅ℎ = 𝐿𝐿
2
−  𝐿𝐿

2𝑓𝑓
− (0.5𝑑𝑑 + 0.05𝑍𝑍)  

f = 10, 3, and 6 for one-point, two-point, and uniform loading 
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Yang et al. (2011) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 𝛼𝛼𝑓𝑓𝐸𝐸𝑓𝑓 �
𝑐𝑐𝑓𝑓𝑝𝑝−𝑐𝑐
𝑐𝑐
� 𝜀𝜀𝑐𝑐𝑢𝑢 ≤ 𝑓𝑓𝑓𝑓𝑦𝑦  

𝛼𝛼1 = 0.016𝜁𝜁 �
𝜔𝜔𝑓𝑓𝑒𝑒+��𝜔𝜔𝑝𝑝−𝜔𝜔𝑝𝑝

′�

�𝐿𝐿/𝑐𝑐𝑓𝑓
�

−0.46

 - for one-point loading 

𝛼𝛼2 = 2𝛼𝛼1𝐿𝐿𝑐𝑐𝑓𝑓+𝐿𝐿0
2𝐿𝐿𝑐𝑐𝑓𝑓+𝐿𝐿0

                                  - for two-point loading 

𝛼𝛼2 = 0.12𝜁𝜁 �
𝜔𝜔𝑓𝑓𝑒𝑒+��𝜔𝜔𝑝𝑝−𝜔𝜔𝑝𝑝

′�

�𝐿𝐿/𝑐𝑐𝑓𝑓
�

−0.21

    - for uniform loading 

𝑅𝑅𝑐𝑐𝑓𝑓 = 𝑂𝑂 �1 −𝑀𝑀𝑐𝑐𝑓𝑓
𝑀𝑀𝑛𝑛
� �  

Harajli (2011) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 420𝑁𝑁𝑓𝑓
𝐿𝐿𝑒𝑒 𝑐𝑐𝑓𝑓⁄ �1 − 𝑐𝑐𝑒𝑒

𝑐𝑐𝑓𝑓
� ≤ 0.95𝑓𝑓𝑓𝑓𝑦𝑦  

𝑁𝑁𝑓𝑓 = �20.7
𝑓𝑓

+ 10. 5� 𝑛𝑛𝑓𝑓+ + 10.5𝑛𝑛𝑓𝑓−  

f   = ∞   for single concentrated load  

    = 6.0 for uniform load application. 

𝑛𝑛𝑓𝑓+ ,𝑛𝑛𝑓𝑓− = number of positive and negative plastic hinges, respectively. 

ACI 318-14 (2014) 

 𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝐹𝐹 �
𝑓𝑓𝑐𝑐𝑝𝑝 + 𝑓𝑓𝑐𝑐′

100 𝜌𝜌𝑓𝑓
+ 10,000

𝑓𝑓𝑐𝑐𝑝𝑝 + 60,000
𝑓𝑓𝑓𝑓𝑦𝑦

�  𝐿𝐿
𝑐𝑐𝑓𝑓𝑝𝑝

≤ 35 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑂𝑂𝑂𝑂𝑂𝑂𝑠𝑠𝐹𝐹 �
𝑓𝑓𝑐𝑐𝑝𝑝 + 𝑓𝑓𝑐𝑐′

300𝜌𝜌𝑓𝑓
+ 10,000

𝑓𝑓𝑐𝑐𝑝𝑝 + 30,000
𝑓𝑓𝑓𝑓𝑦𝑦

�   𝐿𝐿
𝑐𝑐𝑓𝑓𝑝𝑝

> 35 

 

AASHTO-LRFD 
(2017) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + 900 �𝑐𝑐𝑓𝑓−𝑐𝑐
𝑒𝑒𝑒𝑒
� ≤ 𝑓𝑓𝑓𝑓𝑦𝑦  

𝑂𝑂𝑝𝑝 = � 𝑒𝑒𝑝𝑝
1+𝑁𝑁𝑝𝑝 2⁄

�  
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Lee et al. (2017) 

𝑓𝑓𝑓𝑓𝑐𝑐 = 𝑓𝑓𝑓𝑓𝑝𝑝 + Ω𝑢𝑢𝐸𝐸𝑓𝑓𝑐𝑐𝜀𝜀𝑐𝑐𝑢𝑢 �
𝑐𝑐𝑓𝑓𝑝𝑝−𝑐𝑐
𝑐𝑐
� 𝐿𝐿1
𝐿𝐿2

  

Ω𝑢𝑢 = 1.80 𝑐𝑐𝑓𝑓
𝐿𝐿

+ 0.47 𝐿𝐿𝑓𝑓
𝐿𝐿

+ 0.14  For auxiliary bonded steel bars 

Ω𝑢𝑢 = 2.15 𝑐𝑐𝑓𝑓
𝐿𝐿

+ 0.64 𝐿𝐿𝑓𝑓
𝐿𝐿

+ 0.21    For auxiliary bonded CFRP bars 

 

A2.5.2. Analytical Models for Shear Capacity 

The shear behavior of concrete structures has been extensively investigated based on 

various theories including the strut and tie model (Schlaich et al., 1987), 45-degree truss model 

(Ritter, 1899), variable angle truss model (Neilsen, 1984), compression field theory (Mitchell & 

Collins, 1974), modified compression field theory (Vecchio & Collins, 1986), rotating-angle 

softened-truss model (Belarbi & Hsu, 1995), and fixed-angle softened-truss model (Pang & Hsu, 

1996). The plasticity based shear method is used in the 45-degree truss and variable angle truss 

models. Due to the linear elastic properties of FRP however, the plasticity-based shear method 

cannot be applied to CFRP prestressed beams (Burgoyne, 1997).  

Whitehead and Ibell (2005) proposed a model based on the shear rigid body rotation. In 

this method, equilibrium is satisfied across the shear discontinuity. The discontinuity starts from 

the inner edge of the support and propagates to the rotation point, creating a compression zone 

above this point. Equilibrium is satisfied based on the point and magnitude of the rotation and 

the stress induced in concrete reinforcements. The depth of the rotation point is incremented until 

equilibrium is achieved. Shear transfer mechanisms of aggregate interlock and dowel action are 

disregarded in the model due to large amplitude of displacements and rotations. The compressive 

capacity of the concrete is also reduced to account for the effect of simultaneously applied shear 
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and compression forces using the modified Coulomb failure criterion. Forces induced in the 

reinforcements are considered as a function of the slip of the bars across discontinuities.  

A2.5.3. Analytical Models for Development and Transfer Lengths 

Due to different bond characteristics of steel and CFRP, different models were proposed 

to determine the development length of CFRP tendons. Lu et al. (2000) proposed a model for 

CFRP tendons by modifying the formulation in ACI-318. The model is based on a nominal bond 

stress of 333 psi and the development length is calculated as: 

Ld=1/3fsedb+3/4(fr-fse)db        (Eq. A2.77) 

where, db, fr, and fse are the diameter (in.), the rupture strength (psi), and effective prestress of the 

tendon (psi). 

Another model was proposed by Mahmoud et al. (1999) to estimate the transfer length 

based on an experimental study on 52 pretensioned concrete beams and prisms. A review of 

Mahmoud et al.’s (1999) model is already provided above. 

Grace (2000b) proposed a modification on the formulation of Mahmoud et al. (1999), 

which was based on a regression analysis of experimental study and investigated the transfer 

lengths of two different types of CFRP. Different parameters such as level of prestress at release, 

creep, and the rate and method of release are considered. The difference between these two 

models is in the proposed value of the constant (αt), which was found equal to 10.2 and 11.2 for 

Leadline tendons and CFCC in the Grace model, respectively. The proposed value of (αt) is in 

close agreement with the Mahmoud et al. (1999) model in the case of Leadline tendons but 

differs significantly for CFCC strands (Grace, 2000b). 
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Zou (2003) proposed the following equation to predict the transfer length of CFRP 

Leadline tendons with a fiber spiral indented surface condition: 

Lt=480ϕ/fci
0.5             (Eq. A2.78) 

where, ϕ is the diameter of the CFRP tendon and fci is the concrete cylinder strength at transfer. 

A2.5.4. Analytical Models for Prestressing Losses 

Zou (2003a) proposed an alternative analytical method to estimate the short and long-

term deformations of FRP prestressed beams. Six full-scale rectangular concrete beams were 

tested. The beams were prestressed with CFRP, AFRP and steel strands. By observing the long-

term behavior of prestressed concrete beams experimentally, he concluded that the long-term 

deflection of the FRP prestressed beams (including CFRP and AFRP) is very close to the 

deflection of beams prestressed with steel strands. Additionally, for cracked beams, considering 

the tension stiffening of the concrete is an essential criterion in calculating the load deflection of 

the cracked beams. In a similar study, Youakim and Karbhari (2007) used analytical approaches 

to identify the factors influencing the long-term losses for FRP (aramid and carbon) tendons. 

They stated the reasons for poor estimation of long-term losses with available methods as (i) 

inaccurate estimation of long-term material properties such as concrete creep and shrinkage or 

prestress relaxation of FRP strands and (ii) inaccurate analysis methods. They proposed an 

analytical model for predicting long-term losses specifically to provide an improvement on the 

latter issue.   

Lou et al. (2016) conducted a numerical study on long-term performance of AFRP 

prestressed concrete beams. Comparisons were made with the case of prestressing with steel 

strands. The proposed model was in a good correlation with the previous experimental results of 
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tested prestressed concrete beams. The analysis demonstrated that if relaxation of the 

prestressing AFRP tendon was ignored, prestressing with steel strands would generate higher 

prestress losses compare to AFRP tendons. This was attributed to the lower modulus of elasticity 

of prestressing AFRP tendons than steel strands. Moreover, prestress losses corresponding to 

concrete creep and shrinkage are significantly lower for the case of prestressing AFRP tendon, 

which results in higher long-term camber at zero load and lower downward deflection under 

sustain load compare to steel strands. 

• Relaxation Losses 

Due to differences in the material properties of CFRP, different magnitudes of losses for CFRP 

tendons in comparison to steel is expected. A model was proposed by Saadatmanesh et al. (1999) 

to predict the relaxation losses of CFRP tendons as follow 

Relaxation = [P1/Pu – (a - b log(t))]×100/[P1/Pu]     (Eq. A2.79) 

where, P1/Pu is the stress ratio of the tendon 1 hour after the load release, a and b are constants 

determined from regression analysis, and t is the elapsed time in hours.  

In this model, all of the seating losses, including slip between the tendon and the grip, are 

assumed to take place within the first hour after stress release, therefore the measurement of 

relaxation loss starts after the first hour (P1). The value of P1 can be calculated based on the 

differences of the measured tendon strain at the time of release and 1 hour after release.  

There is another model for evaluating the relaxation losses of FRP tendons by Dolan et al. 

(2001). Based on their observation, total relaxation losses (R) in the FRP tendons derive from 

three different sources including resin matrix relaxation (R1), strengthening of fibers (R2), and 
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relaxation of fibers (R3). The details of this model are already presented as a part of guidelines’ 

review above. A second source of relaxation is a function of quality control of the pultrusion 

process. One to two percent is adequate to predict the strengthening of the fiber losses. Therefore 

R2 = 0.02.Fiber relaxation is a function of fiber types; which in the case of CFRP, can be 

assumed as zero.   

• Thermally Induced losses 

Increase of the temperature causes expansion of CFRP in longitudinal direction, compressive 

stresses in concrete and tensile stresses in the prestressing CFRP leads to prestressing gain. 

However, a reduction in temperature, tensile stresses in the concrete and compressive stresses in 

the prestressing CFRP causes prestressing loss. Assuming perfect bond between the concrete and 

prestressing CFRP, and considering strain compatibility and equilibrium, the thermally induced 

stresses in prestressing CFRP (σf) and concrete (σc) due to uniform temperature change (𝛥𝛥𝛥𝛥), in a 

concentrically prestressed concrete prisms, were derived by Elbadry et al. (2000) as: 

𝜎𝜎𝑓𝑓 = (𝛼𝛼𝑐𝑐 −  𝛼𝛼𝐿𝐿)𝛥𝛥𝛥𝛥 𝐸𝐸𝐿𝐿

1+
𝐴𝐴𝑓𝑓
𝐴𝐴𝑐𝑐

𝐸𝐸𝐿𝐿
𝐸𝐸𝑐𝑐

        (Eq. A2.80) 

𝜎𝜎𝑐𝑐 = −𝐴𝐴𝑓𝑓
𝐴𝐴𝑐𝑐
𝜎𝜎𝑓𝑓          (Eq. A2.81) 

where, 𝛼𝛼𝑐𝑐 is the CTE of concrete, 𝛼𝛼𝐿𝐿 is the longitudinal CTE of CFRP; 𝐴𝐴𝑓𝑓 and 𝐴𝐴𝑐𝑐 are the cross 

sectional areas of prestressing CFRP and concrete, respectively (in2 ); 𝐸𝐸𝐿𝐿 and 𝐸𝐸𝑐𝑐 are the 

longitudinal modulus of elasticity of the prestressing CFRP and concrete, respectively (ksi). 

• Other Losses 
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According to Dolan et al. (2001), other losses associated with prestressing CFRP tendons 

including elastic shortening, creep, and shrinkage losses can be determined in the same manner 

as for steel tendons. 

A2.5.5. Analytical Models for Long-term Deflections 

The long-term deflection of FRP reinforced/prestressed beams can be modelled using the 

three approaches; a) approximate time-step method (Branson and Ozell, 1977; Currier, 1995), b) 

sectional analysis (Braimah, 2000; Zou, 2003c), or c) layered sectional analysis (Zamblauskaite 

et al., 2005). The approximate time-step function was developed by Branson and Ozell (1977) to 

compute the deflection of the non-composite steel prestressed members. The function considers 

the effect of creep and the loss of prestress resulting from the creep while computing the 

deflection. Moreover, this equation is time-dependent and can be used to predict the long-term 

deflection of a prestressed member at any time t as: 

𝛿𝛿𝑖𝑖,𝑠𝑠 = 𝛿𝛿𝑓𝑓𝑖𝑖 − 𝛿𝛿𝑖𝑖𝑖𝑖 + 𝛿𝛿𝑓𝑓𝑖𝑖 �
∆𝑝𝑝
𝑝𝑝0

+ �1 − ∆𝑝𝑝
𝑝𝑝0
� (𝐾𝐾𝑓𝑓𝐶𝐶𝑠𝑠)� − 𝛿𝛿𝑖𝑖𝑖𝑖(𝐾𝐾𝑓𝑓𝐶𝐶𝑠𝑠)+𝛿𝛿𝐿𝐿 (Eq. A2.82) 

where, 

𝛿𝛿𝑓𝑓𝑖𝑖 = Upward camber due to prestress 

𝛿𝛿𝑖𝑖𝑖𝑖 = Downward deflection due to self-weight 

𝛿𝛿𝑓𝑓𝑖𝑖 �
∆𝑃𝑃
𝑃𝑃0

+ �1 −
∆𝑃𝑃
𝑃𝑃0
� (𝐾𝐾𝑓𝑓𝐶𝐶𝑠𝑠)� = Time-dependent camber of the beam due to creep and 

prestress loss due to creep 

𝛿𝛿𝑖𝑖𝑖𝑖(𝐾𝐾𝑓𝑓𝐶𝐶𝑠𝑠) = Time-dependent self-weight deflection of the beam due to 
creep  

𝛿𝛿𝐿𝐿 = Deflection due to live load 
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Currier (1995) discussed the above approximate time-step function developed by Branson 

and Ozell (1977) and performed sensitivity analysis of some of the parameter in the equations. 

The parameters chosen were the concrete strength, relaxation loss of prestressing tendon and 

variation of creep coefficient. It was found that the relaxation of the prestressing tendon and 

strength of concrete above 5 ksi (35 MPa) have no effect on the long-term behavior. However, 

creep coefficient has the most significant effect. Currier expanded the equation using a multiplier 

𝜶𝜶 for the time-dependent camber of the beam. The modifier for prestress was developed keeping 

constant the modifier for deflection due to self-weight and dead loads as given in PCI (1992) as: 

𝛿𝛿𝑖𝑖,𝑠𝑠 = 𝛿𝛿𝑓𝑓𝑖𝑖 − 𝛿𝛿𝑖𝑖𝑖𝑖 + 𝜶𝜶𝛿𝛿𝑓𝑓𝑖𝑖 �
∆𝑝𝑝
𝑝𝑝0

+ �1 − ∆𝑝𝑝
𝑝𝑝0
� (𝐾𝐾𝑓𝑓𝐶𝐶𝑠𝑠)� − 𝛿𝛿𝑖𝑖𝑖𝑖(𝐾𝐾𝑓𝑓𝐶𝐶𝑠𝑠)+𝛿𝛿𝐿𝐿 (Eq. A2.83) 

A model to calculate the immediate and long-term deflections of CFRP pre- stressed 

concrete beams was proposed by Zou (2003). A similar model ignoring the creep of the FRP was 

used before by Braimah (2000). Figure A2.26 shows a schematic of a beam section with the 

stress and strain profiles across the section assuming the stress-strain relationship of concrete to 

be linear. 

 

Figure A2.26 Beam schematic with stress and strain profiles (Reproduced from Braimah (2000)) 
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In above model, the stress changes in each material occurring during the given interval is 

calculated. The changes in top fibre strain and the curvature defines the change in strain during 

the interval. The change in strain due to creep and shrinkage of concrete and stress relaxation 

loss of prestressing reinforcement is then artificially restrained by the application of fictious axial 

force and bending moment (Strain state is frozen). Afterwards, these fictious restraining forces 

are removed by gradual application of equal and opposite forces on the section, resulting in a 

change in the top fiber strain and the section curvature. The effects of creep on concrete is 

modelled by age-adjusted effective modulus method. The fictitious external force (ΔN) and 

bending moment (ΔM) are given by: 

∆𝑁𝑁 = 𝐸𝐸𝑝𝑝(𝐹𝐹, 𝐹𝐹0)∅(𝐹𝐹, 𝐹𝐹0)[𝐴𝐴𝑐𝑐𝜀𝜀𝛥𝛥(𝐹𝐹0) + 𝑆𝑆𝑐𝑐𝜓𝜓(𝐹𝐹0)]− 𝐸𝐸𝑝𝑝(𝐹𝐹, 𝐹𝐹0)ɛ𝑐𝑐ℎ(𝐹𝐹, 𝐹𝐹0)𝐴𝐴𝑐𝑐
+ 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝�𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝜀𝜀𝛥𝛥(𝐹𝐹0) + 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑𝑛𝑛𝜓𝜓(𝐹𝐹0)� (Eq. A2.84) 

 

∆𝑀𝑀 = 𝐸𝐸𝑝𝑝(𝐹𝐹, 𝐹𝐹0)∅(𝐹𝐹, 𝐹𝐹0)�𝑆𝑆𝑐𝑐𝜀𝜀𝛥𝛥(𝐹𝐹0) + 𝐼𝐼𝑐𝑐𝛹𝛹(𝑠𝑠)� − 𝐸𝐸𝑝𝑝(𝐹𝐹, 𝐹𝐹0)ɛ𝑐𝑐ℎ(𝐹𝐹, 𝐹𝐹0)𝑆𝑆𝑐𝑐
+ 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝�𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑𝑛𝑛𝜀𝜀𝛥𝛥(𝐹𝐹0) + 𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓𝑑𝑑𝑛𝑛

2𝜓𝜓(𝐹𝐹0)� 
(Eq. A2.85) 

The change in the top fiber strain and the curvature is calculated as: 

∆𝜀𝜀𝑠𝑠𝑡𝑡𝑓𝑓(𝑠𝑠) =
−𝑆𝑆′(∆𝑀𝑀) + 𝐼𝐼′(∆𝑁𝑁)
𝐸𝐸𝑝𝑝(𝐹𝐹, 𝐹𝐹0)�𝑆𝑆′2 − 𝐴𝐴′𝐼𝐼′�

 (Eq. A2.86) 

 

∆𝛹𝛹(𝑠𝑠) =
𝐴𝐴′(∆𝑀𝑀) − 𝑆𝑆′(∆𝑁𝑁)
𝐸𝐸𝑝𝑝(𝐹𝐹, 𝐹𝐹0)�𝑆𝑆′2 − 𝐴𝐴′𝐼𝐼′�

 (Eq. A2.87) 

The change in the stress at any fiber is given by: 

∆𝑂𝑂′𝑠𝑠 = 𝐸𝐸𝑝𝑝(𝐹𝐹, 𝐹𝐹0)[∆𝜀𝜀𝛥𝛥(𝐹𝐹0) + ∆𝜓𝜓(𝐹𝐹0)𝑦𝑦] (Eq. A2.88) 

where, 𝐴𝐴𝑐𝑐  is the area of the concrete section, 𝑆𝑆𝑐𝑐 and 𝐼𝐼𝑐𝑐 are its first moment of area and moment of 

inertia of concrete about the reference axis, 𝐴𝐴′ is the area of age-adjusted transformed section, 
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and 𝑆𝑆′ and 𝐼𝐼′ are the first moment of area and the moment of inertia of the age-adjusted 

transformed area of the cross-section about the reference axis, 𝐸𝐸𝑝𝑝(𝐹𝐹, 𝐹𝐹0) is the age-adjusted 

elastic modulus of concrete, ∅(𝐹𝐹, 𝐹𝐹0) is the concrete creep coefficient, and 𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝 is the FRP 

effective modulus of elasticity. 

A3. Summary 

The comprehensive literature survey on the use of prestressing CFRP was conducted in 

this appendix. All the aspect of the design i.e., prestressing losses, flexural behavior, shear 

behavior, short-term and long-term deflection were reviewed based on the up-to-date 

publications, codes and guidelines. Reviewing different codes/guidelines enable the research 

team to annonate the outline for the proposed guide specifications as well as identifying the 

critical parameters affecting the design. Those parameters along the performance of the available 

design models is discussed in Appendix B. The additional product of the current appendix, 

Appendix A, i.e., database of CFRP prestressed beams is also used in Appendix B to evaluate 

various design model. 

Summary of Design Guidelines Provisions 

The design provisions of different guidelines in tabulated manner is provided here. Each 

specific design issue mentioned in Section A2.3 is presented as a separate table. 
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Table A-I STRESS LIMITS FOR CFRP TENDONS 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

At Jacking: 
 
Pretension      0.70ffrpu 

Post-tension    0.70ffrpu 

At Transfer : 
 
Pretension      0.60ffrpu   
Post-tension    0.60ffrpu 

Correction for 
Harped/Draped tendons: 
 
  Stress increase due to harping, 

ch

frp
h R

yE
=σ  

CSA/S806-12 
(2017) 

 
Pretension      0.70ffrpu 

Post-tension    0.70ffrpu 

 
Pretension      0.65ffrpu 

Post-tension    0.65ffrpu 

 
Clause (10.5.1) 
“Special attention shall be given 
when jacking draped strands to avoid 
local failure at the bends.” 

CSA-S6-06 
(2014) 

 
Pretension      0.70ffrpu 

Post-tension    0.70ffrpu 

 
Pretension      0.65ffrpu 

Post-tension    0.65ffrpu 
Clause (16.8.2.2) 
“For curved tendons, the maximum 
stresses at jacking and transfer shall 
be reduced by an amount determined 
from tests” 
 

JA
PA

N
 

JSCE CES23 
(1997) 

 
Clause 11.4.1 (2) 
“Limiting values for tensile stress in tendons shall be determined based on testing, according to the type of tendon used” 
 
For CFRP 
= 0.70 fpuk (at prestressing) 
= 0.65 fpuk(immediately after prestressing) 
 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
N/A 

 
Pretension      0.75ffrpu 

Post-tension    0.75ffrpu 

 
Same as CSA/S806-12 

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

 
Pretension      0.65ffrpu 
Post-tension    0.65ffrpu 

 
Pretension      0.60ffrpu 
Post-tension    0.60ffrpu 

 

R
RE

f tf
h =  

AASTHO-LRFD* 

*for steel tendons 
(2017) 

differs depending on tendon type: 
plain, deformed bars, low relaxation 
strands) 
 
For low relax. strand: 
Pretension 0.75 fpu 
Post-tension 0.9 fpy 
 

differs depending on tendon type: 
plain, deformed bars, low relaxation 
strands) 
 
For low relax. strand: 
Pretension 0.8 fpu 
Post-tension 0.8 fpy or 0.7 fpu 

 

Clause (5.9.1.6) and 
Clause (5.10.4.3) 
Stress concentration due to changes 
in direction of prestressing tendons 
shall be taken into account. 
 
In plane deviation force 

R
P

F u
inu =−
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Table A-II LOSSES 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Elastic shortening (ES) of concrete: 

cir
ci

p f
E
E

ES = ,             for pretensioned. 

cir
ci

p f
E
E

N
NES 






 −

=
2

1 ,for post-tensioned. 

where Ep, modulus of elasticity of tendons,  
fcir, concrete stress at centre of gravity of tendons. 
 

Creep (CR) of concrete: 

( )[ ] ( )cdscir
c

p
cr ff

E
E

KRHCR −−= 201.077.037.1  

where Kcr=2.0 (pretension), 1.6 (post-tensioned). 

CSA/S806-12 
(2017) 

 
for pretensioned strands: 

cpgPES fn ′=∆σ ,   
for post-tensioned strands: 

( )NNnfcpgPES 15.0 ' −=∆σ  

 
Clause (10.6.2.5) 
“The loss of prestress due to creep and shrinkage shall 
be calculated as in steel prestressed concrete, taking 

into account the modulus of elasticity of FRP.” 

CSA-S6-06 
(2014) 

Same as SIMTReC Design Manual  
 

Same as SIMTReC Design Manual 
 

JA
PA

N
 

JSCE CES23 
(1997) 

 
Pretensioning: 
 
Δσp = n.σ'cpg 
 
where n=Ep/ Ec 

 

Post-tensioning: 

N
Nn cpgp

1
2
1 −′=∆ σσ  

 
Prestressed concrete; 
 

( )






 +

′
+

′+′+′
=∆

2
1.1

.
ϕ

σ
σ

εσσϕ
σ

pt

cpt
p

cspcdpcptp
pcs

n

En
 

whereϕ is creep factor εcs is shrinkage strain of 
concrete. 
 
Prestressed reinforced concrete; 
 
Constraining effect of steel reinforcement shall be 
considered. 
 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
N/A 

 
N/A 

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

 
Can be calculated in the same manner as for prestressed steel 
tendons. 

 
Can be calculated in the same manner as for prestressed 
steel tendons. 

AASTHO-LRFD* 

*for steel tendons 
(2017) 

 
for pretension: 

cgp
ct

p
pES f

E
E

f =∆  

for post-tension: 

cgp
ci

p
pES f

E
E

N
Nf 






 −

=∆
2

1  

 
ididbcgp

ci

p
pCR Kttf

E
E

f ),(Ψ=∆
 

whereΨ is creep coefficient, t is the age, Kidis 
transformed section coefficient. 
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Table A-II LOSSES (Cont’d) 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Shrinkage (SH) of Concrete: 
SH = 117- 1.05 RH,for pretensioned 
SH =  94 – 0.85 RH  for  post-tensioned 

Relaxation (REL) Losses: 
REL = REL1 + REL2 + REL3          
(as % of transfer stress) 
 
 Relaxation of  Polymer,    REL1 = nr x vr 
 Straightening of fibres,   REL2 =  0.02 
 Relaxation of fibres,      REL3 = 0.0-5.0% for CFRP 
or 
REL (%) = 0.231 + 0.345 log(t)  for CFRP 
 

CSA/S806-12 
(2017) 

 
Clause (10.6.2.5) 
“The loss of prestress due to creep and 
shrinkage shall be calculated as in steel 
prestressed concrete, taking into account the 
modulus of elasticity of FRP.” 

 
for CFRP:  
relaxation (%) = 0.231 + 0.345 log(t) 

CSA-S6-06 
(2014) 

Same as (SH) formulation for SIMTReC Design 
Manual   
 

 
N/A  

JA
PA

N
 

JSCE CES23 
(1997) 

 
Prestressed concrete; 
 

( )






 +

′
+

′+′+′
=∆

2
1.1

.
ϕ

σ
σ

εσσϕ
σ

pt

cpt
p

cspcdpcptp
pcs

n

En
 

 
whereϕ is creep factor εcs is shrinkage strain of 
concrete. 
 
Prestressed reinforced concrete; 
 
Constraining effect of steel reinforcement shall 
be considered. 
 

 

ptpr γσσ =∆  
where 
γ = apparent relaxation rate in tendon 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
N/A 

 
Relaxation: 2-10 % after 50 years of Loading 

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

 
Can be calculated in the same manner as for 
prestressed steel tendons. 
 

REL = Rp+Rs+Rf (as % of transfer stress) 
 
Relaxation of  Polymer,   Rp= nr x vr 

Straightening of fibres,    Rs = 1-2% 
Relaxation of fibres,       Rf = 0.0%  for CFRP 
 

AASTHO-LRFD* 

*for steel tendons 
(2017) 

 
idpbidpSR KEf ε=∆  

 
where εbid is concrete shrinkage strain 

 











−=∆ 55.01

py

pt

L

pt
pR f

f
K
f

f
 

 
where KL is 30 for low relax strands, 7 for others. 
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Table A-II LOSSES (Cont’d) 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Friction Losses: 
Curvature friction coefficient for CFRP 
tendon in PVC duct is 0.25 (stick-slip) 
or 0.6 (no stick-slip) 
 
Friction loss at post-tensioning FRP 
tendons,  
Px=Pj e-(µα+λx) 

Anchorage Seating Loss: 
 

( )
L
E

P frpAS
AS

∆
=∆  

Temperature effects: 
 

( ) frpcfrpT ETP αα −∆=∆  

CSA/S806-12 
(2017) 

 
Friction loss at post-tensioning FRP 
tendons,  
 
Px=Pj e-(µα+λx) 

 
( )

L
EFAS

pAS
∆

=∆σ  
 

( ) FcFTp ET αασ −∆=∆  

CSA-S6-06 
(2014) 

 
N/A  
 

 
Clause (8.7.4.2.2) 
“The magnitude of the anchorage slip, 
ANC, shall be as required to control 
the stress in the tendons at 
transfer or as recommended by the 
manufacturer of the anchorage” 

 
N/A 

JA
PA

N
 

JSCE CES23 
(1997) 

 
Tensile force with friction loss; 
 
Px=Pj e-(µα+λx) 

 
no friction in between duct and 
tendons: 

pp ExA
l
lP ∆

=∆  

friction in between tendons and duct: 

pp

ep

EA
A

l =∆  

 
( ) fconfTp ET αασ −∆=∆  

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
Tensile force with friction loss; 
 
Px=Pj e-(µα+λx) 

 

friction (μ) and wobbling (λ/ μ) 
coefficients provided by the CFRP 
supplier 
 

 
N/A 

 
N/A 

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

:: Curvature friction coefficient for 
CFRP tendon in PVC duct is 0.25 
(stick-slip) or 0.6 (no stick-slip) 

 
N/A 

 
N/A 
 
 
 
 

AASTHO-LRFD* 

*for steel tendons 
(2017) 

 
:: for pretension 
Loss due to hold-down devices for 
draped prestressing tendons 
 
:: for post-tension; 

( )( )µα−−−=∆ Kx
pjpF eff 1 (internal 

tendons) 
 

( )( )04.01 +−−=∆ αµeff pjpF
 

 
where coefficients are given in Table 
5.9.5.2.2b-1 

 
Clause (5.9.5.2.1) 
“ the magnitude of anchorage set 
shall be the greater of that required to 
control stress in prestressing at 
transfer or that recommended by the 
manufacturer” 

 
N/A  
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Table A-III FLEXURAL DESIGN 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Material resistance factor for CFRP: 
ffrp= 0.85 (pretensioned), 
         = 0.85 (post-tension,    bonded) 
         = 0.80 (post-tension, unbonded) 
         = 0.75 (bridge tendons) 

Stress-Strain for FRP tendons: 
 
Linear 

ffrp= Efrpεfrpu(0<εfrp<εfrpu) 
 

CSA/S806-12 
(2017) 

 
 = 0.85 (pretensioned), 
 = 0.85 (post-tension,    bonded) 
 = 0.80 (post-tension, unbonded) 
 

 
Linear 

ffrp= Efrpεfrpu 
 

CSA-S6-06 
(2014) 

 
= 0.75  
 
(for reinforcement in concrete, in externally bonded 
applications or for tendons) 

 
Linear 

ffrp= Efrpεfrpu 
 

JA
PA

N
 

JSCE CES23 
(1997) 

 
It shall be in accordance with JSCE Standard 
Specification (Design) 

 
Clause (3.4.3) 
Tensile force-strain relationship is defined by a linear model. 

ffrp= Efrpεfrpu 
 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
Partial safety factors:0.8-1.0 (depending on design 
consideration) 

 
Linear 

ffrp= Efrpεfrpu 
 

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

 
Strength reduction factor f, for CFRP, 
   = 0.85 (Tension controlled) 
   = 0.65 ( Compression controlled) 

 
Linear 

ffrp= Efrpεfrpu 
 

AASTHO-LRFD* 

*for steel tendons 
(2017) 

 
For tension controlled prestressed concrete sections; 
 = 1.00 
 
For shear and torsion; 
 = 0.90 (norm. weight conc.) 

 
If more precise data are not available, modulus of elasticity Es 
based on cross-sectional area may be taken as; 
 
For strand = 28,500 ksi 
For bar     = 30,000 ksi 
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Table A- III FLEXURAL DESIGN (Cont’d) 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Failure modes considered: 
 Balanced strain 












−−−+
′

=
prdpefrpucu

cu

frpufrp

cc
b f

f
εεεεε

ε
f

fbαr 11
 

 
 Tension failure (r<rb ) 

(εfrp=εfrpu , εcu <0.0035) 









−=

2
c

dEAM frpfrpufrpfrpr

b
εf  

 
 Compression failure (r>rb ) 

(εfrp<εfrpu , εcu =0.0035) 







 −′=

2
1

11
cdcbfM ccr

bfbα  

Minimum Factored 
Flexural Strength: 
No immediate failure after 
cracking is allowed. Hence, 
Mr≥ 1.5 Mcr 
or 
Mr≥ 1.5 Mf 
 

CSA/S806-12 
(2017) 

 
Clause (10.3.1) 
 “Balanced failure strain conditions for FRP prestressed members exist at a cross-
section when the 
tensile FRP reinforcement reaches its ultimate strain just as the concrete in 
compression reaches its 
maximum strain of 0.0035” 
 
Note: Flexural design of CFRP- prestressed concrete beams follows the similar 
procedure as for steel prestressed beams with the exception that a linear stress-strain 
relationship is used for the FRP. 
 

 
At every section of FRP 
prestressed  
member; 
Mr≥ 1.5 Mcr 
or  
Mr≥ 1.5 Mf     
(if ultimate failure is in tension 
due to rupture of tendons) 

CSA-S6-06 
(2014) 

 
Clause (16.8.2) 
“The principles for calculating Mcr and Mr shall be consistent with those specified 
in Clause 8.8, except that stresses in FRP bars at different levels, if present, shall be 
calculated by assuming a linear distribution” 
 
Note: Flexural design of CFRP -prestressed concrete beams follow the similar 
procedure as for steel prestressed beams with the exception that a linear stress-strain 
relationship is used for the FRP. 
 

 
Clause (16.8.2.2) 
The factored resistance, Mr, 
shall be at least 50% greater 
than the cracking moment, Mcr 
or Mr,is at least greater than 
factor moment, Mf.. 
If ultimate failure is in tension 
due to rupture of FRP tendon, 
Mr≥ 1.5 Mf     

JA
PA

N
 

JSCE CES23 
(1997) 

 
It shall be in accordance with JSCE Standard Specification (Design). Redistribution 
of 
bending moment due to plastic deformation of structures shall not be considered in 
general. 
 

For fiber rupture flexural failure, the capacity when any reinforcement reaches 
design ultimate strain εfud and  
ε’< ε’cu 
 

In flexural compression failure, it is possible to calculate capacity in the same way 
as for steel, therefore calculation of capacity using the equivalent stress block 
method is allowed 
 

 
It shall be in accordance with 
JSCE Standard Specification 
(Design) 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
N/A 

 
N/A 
 
 
 
 
 
 



NCHRP 12-97 

A-166 
 

Table A- III FLEXURAL DESIGN (Cont’d) 

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

 Balanced ratio 












−−−+
′

=
prdpepucu

cu

pu

c
b f

f
εεεεε

εbr 185.0
 

 
 Tension controlled section(r<rb ) 
(εfrp=εfrpu , εcu <0.003) 









′

−=
c

pu
pun f

f
fbdM

7.1
12 r

r  

 
 Compression controlled section   
(r>rb) 







 −′=

2
185.0 12

1
u

ucn
kdkbfM bb  

Minimum 
reinforcement: 
The amount of reinforcement 
should be adequate enough to 
develop flexural resistance of, 
fMn> 1.5 Mcr or 1.5 Mf 

 

AASTHO-LRFD* 

*for steel tendons 
(2017) 

 
 Balanced case 
εt=εfy , εc =0.003 
 
 Tension controlled section 
εt≥ 0.005 , εc=0.003 
 
 Compression controlled section 
εt≤ 0.002 , εc=0.003 
 
Mr = f Mn 

+





 −=

2
adfAM ppspsn −






 −

2
adfA sss +






 −′′′

2
adfA sss ( ) 








−−′

22
85.0 f

fwc

hahbbf
 

 

 
Mr≥ 1.2 Mcr 
or 
Mr≥ 1.33 Mu 
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Table A-IV SERVICEABILITY LIMIT STATES 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Long term deflections: 
Modifiers for CFRP Tendons;  
               = 1.85   (due to self weight at erection) 
               = 2.70   (due to self-weight at final) 
               = 4.10    (due to applied loads at final 

Fatigue:  
-   No significant effect for uncracked members, 
 -  Gradual softening but no significant strength loss for 
cracked members. 

CSA/S806-12 
(2017) 

 
N/A 

 
N/A 

CSA-S6-06 
(2014) 

 
N/A 

 
N/A 

JA
PA

N
 

JSCE CES23 
(1997) 

 
N/A 

 
When CFRM is used as tendons in prestressed concrete, if 
cracking is not allowed, the variable stresses will be small 
and the effects of fatigue will be negligible, but if cracking is 
allowed, fatigue must be verified in the same way as if 
prestress was not present 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
N/A 

 
N/A 

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

 
Modifiers for CFRP Tendons;  
         = 1.85    (due to self-weight at erection) 
         = 2.70    (due to self-weight at final) 
         = 4.10     (due to applied loads at final) 
 

 
It is unlikely to have fatigue problem for uncracked 
members as stress range in the tendons is low. 

AASTHO-LRFD* 

*for steel tendons 
(2017) 

 
Unless a more exact determination is made, long-term 
deflection can be calculated by multiplying instantaneous 
deflections by; 
 
 4.0                (for Ig)   
 or  
 3.0 -1.2 (A’s / As ) ≥1.6 (for Ie) 

 
Constant amplitude fatigue threshold, ∆F for prestressing 
tendons; 
 
 =18.0 ksi if curvature > 30 feet 
 
 = 10.0 ksi if    curvature < 12 feet 
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Table A-V DUCTILITY/DEFORMABILITY 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Ductility: 
Differs from conventional definition of ductility for RC 
structures, since there is no yielding of FRP tendons, 
 









+= 1

2
1

el

tot

E
E

µ  

Deformability: 
Differs from conventional definition of deformability for RC 
structures, since there is no yielding of FRP tendons, 
 

( )

frps

frpu

ad

kdd

ε
b

ε
θ









−

−
=

1

 

 

CSA/S806-12 
(2017) 

 
No special definition of ductility is available for FRP 
prestressed  structures 

 
Clause (2.1)  
“Deformability is the ratio of energy absorption (area under 
the moment curvature curve) at the ultimate limit state to 
that at a defined service level” 

CSA-S6-06 
(2014) 

 
N/A 

 
Clause (16.8.2.1) 
For concrete components reinforced with FRP bars or grids, 
the overall performance factor, J, shall be at least 4.0 for 
rectangular sections and 6.0 for T-sections: 

cc

ultult

M
M

J
ψ
ψ

=  

Mc, is moment corresponding to maximum compressive 
concrete strain at 0.001 
 

JA
PA

N
 

JSCE CES23 
(1997) 

 
N/A 

 
N/A 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
N/A 

 
N/A 

U
N

IT
E

D
 S

T
A

T
E

S ACI440.4R-04 
(2011) 

 
No specific definition for ductility. Quasi-ductile 
behavior can be obtained by confining concrete in 
compression, partial prestressing or with limited bond 
slip 

 
Deformation index (DI) to measure and monitoring of 
performance with warnings, 
 

( )

ps

pu

d
a
k

DI
ε

b

ε









−

−
=

1

1

1  

where cpu fdf ′= 85.0/rα  
 

AASTHO-LRFD* 

*for steel tendons 
(2017) 

 
Conventional definition. 
Taken into account in load modifier 

 
N/A 
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Table A-VI SHEAR DESIGN 

C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

General Method: 
pFRPvvccpFRPstcr VdbfVVVV +′<++= f25.0 where; 

s
dAf

VV longvfrpvfrp
sFRPst

ααθf sin)cot(cot +
== factored shear resistance provided by FRP shear reinforcement,  

Avfrp, the area of FRP shear reinforcement within spacing s, mm. 









=

v

w
cvfrp f

sb
fA 06.0min,

 

VpFRP, component in the direction of the applied shear of all effective prestressing forces in the FRP tendons,

s

long
longvcrcc E

E
dbfV bf5.2=  ,  Elongis modulus of elasticity of FRP longitudinal tensile reinforcement, MPa 

CSA/S806-12 
(2017) 

 
The factored shear resistance for FRP shear reinforcement: 
 

psFcr VVVV 90.0++= where;
dbd

M
V

EfV w
f

f
Fwccc

3
1

035.0 









′= rλf

 ( dbfVdbf wcccwcc ′<<′ λfλf .2.01.0 ) 

s
dfA

V FuvF
sF

f4.0
= &Minimum shear reinforcement,

Fh

wc
V f

sbf
A

′
=

3.0  

CSA-S6-06 
(2014) 

 
Same as “General Method” for ISIS Manual:5  

JA
PA

N
 

JSCE CES23 
(1997) 

 
Vud= Vcd+ Vsd+ Vped 
 
where, 
Vcd design shear capacity of beam members not used in shear reinforcement 
 
Vsd, design shear capacity borne by shear reinforcement, 
 
Vped component of effective tensile force of axial tendons parallel to shear force, 
Vped= Pedsinαp/γb 

 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
VRd=VRd,c+ VRd,s +VEd      
Where VRd is the design shear resistance, VRd,ci s the design shear resistance attributed to the concrete, VRd,sis 
the design shear resistance provided by the shear reinforcement and VEdis the design value of the shear force. 
 

U
N

IT
E

D
 S

T
A

T
E

S ACI440.4R-04 
(2011) 

frppcn VVVV ++=  
where; 

dbfV wcc ′= 17.0 (in N), ( dbf wc′0.2 ,in lb) 

s
dAf

V vfb
frp = , (contribution of FRP stirrups) 

Vp is the shear resistance provided by vertical component of prestressing force. 
Minimum shear reinforcement,    











′=

fubend

w
cv f

sbfA
f16

1
min,

   (in mm2)    










′=

fubend

w
cv f

sb
fA

f
75.0min,

  (in in2)  

AASTHO-
LRFD* 

*for steel tendons 
(2017) 

frppcn VVVV ++= or 

pvvcn VdbfV +′= 25.0  

The components can be calculated either by General Procedure (5.8.3.4.2) or by Simplified procedure for prestressed and 
non-prestressed sections (5.8.3.4.3). in latter case, contribution of prestressing force, Vp should be taken as zero. 
 
 

Table A-VII BOND, DEVELOPMENT AND TRANSFER LENGTHS 
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C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Development Length: 
Ld= Lt + Lfb 
Transfer length, Lt 

67.0
cit

tpi
t f

df
L

′
=

α
(in mm)  for CFRP 

where dt diameter of the tendon, fpi  , the initial prestressing level in the FRP prestressing tendon, and fci, , the concrete 
strength at transfer. αt , coefficient.  
 
Flexural bond length, Lfb 

( )
67.0

cf

tpefrpu
fb f

dff
L

′
−

=
α

(in mm)  for CFRP 

where dt diameter of the tendon, ffrpu  , the ultimate tensile strength of FRP prestressing tendon, and fpe, , the increase in 
stress from the effective prestress level in the FRP prestressing tendon after allowance of all prestressing losses. αf , is a 
coefficient and fc , concrete compressive strength. 

CSA/S806-12 
(2017) 

ld=LT +Lfb where:: 
67.0

ct

bFpi
T f

df
L

′
=

α
>60db  (for CFRP rebar) 

( )
67.0

cf

bFpeFpu
fb f

dff
L

′
−

=
α

 

CSA-S6-06 
(2014) 

Development length, ld, 

A
f

f

E
EKd

kkl
cr

FRPu

s

FRP
trcs

d 
















+

= 4145.0

 

where k1 is bar location factor,  k4 is bar surface factor, Ktr transverse reinforcement index,  
Clause (16.8.4.1) 
“Bond strength of the FRP bar shall be determined by testing or taken to be the bond strength specified by the 
manufacturer of the bar” 

JA
PA

N
 

JSCE CES23 
(1997) 

Basic development length, ld 

fα
bod

d
d f

f
l

41=  

where  fbod is design bond strength of concrete 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
N/A 

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

Transfer length, Lt: 

67.0
ct

bpe
t f

df
L

′
=

α
 

Flexural bond length, Lfb: 

( ) bpepubped dffdfL −+=
4
3

3
1 or ( )

67.0
cfb

tpepu
fb f

dff
L

′
−

=
α

 

AASTHO-LRFD* 

*for steel tendons 
(2017) 

Transfer length: 
shall be taken as 60f where f is strand diameter. 
 
Bonded Strand development length: 
 

bpepsd dffl 





 −Κ=

3
2 where K is 1.0 for shallow prestressed members (< 24 in. depth) or 1.6 for deep members (>24 in. 

depth) 
 

Table A-VIII. UNBONDED AND EXTERNAL PRESTRESSING 
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C
A

N
A

D
A

 

SIMTReC Design 
Manual 
(2008) 

Stress at ultimate (internal post-tension, unbonded): 

frpu
u

p
cupupep f

c
d

Eff 8.01 ≤







−Ω+= ε  

Bond reduction factor,
( )p

u dL
K

=Ω  

where K=1.5 (one-point loading), 3.0 (two-point loading) 
External Prestressing ultimate stress: 









−Ω+= 1

u

e
cupupep c

d
Eff ε  

Effective depth of tendon with reduction factor Rd, pde dRd =  

CSA/S806-12 
(2017) 

















−Ω+=

2

11
L
L

c
d

Eff
u

Fp
cuFuFpeFpr ε  

 
Bond reduction factor, 

( )p
u dL

K
=Ω  

where K=1.5 (one-third point or uniform loading), 3.0 ( single point loading) 
 

CSA-S6-06 
(2014) 

 
N/A  

JA
PA

N
 

JSCE CES23 
(1997) 

 
“For structures or members having unbonded prestressing tendons ("unbonded CFRM") and structures or members 
wherein which CFRM is used as external cables, considerations other than those given here must be allowed for; these 
will include the increase in flexural cracking widths due to the lack of bond with the concrete members, the reduction of 
flexural capacity, the minimum reinforcement quantity, fatigue resistance of the anchoring devices etc.” 

E
U

R
O

PE
 

MODEL CODE 
2010 

(2012) 

 
The deviating devices should be placed between the tendons and the structure to deflect the tendon as needed. These 
devices and their fixing zones have to be designed to transfer the corresponding design action by taking the permissible 
installation tolerances into account.  

U
N

IT
E

D
 S

T
A

T
E

S 

ACI440.4R-04 
(2011) 

pu
u

p
cupupep f

c
d

Eff 8.01 ≤







−Ω+= ε

 

Bond reduction factor,
( )p

u dL
K

=Ω  

where K=1.5 (one-point loading), 3.0 (two-point or uniform loading) and applicable to beams with  CFRP tendons 
having unbonded length  greater that 15 times depth of beam 
 
Depth reduction factor, Rd to consider the effect of eccentricity on ultimate strength  for external unbonded prestressing, 

pde dRd =
 

 

AASTHO-
LRFD* 

*for steel tendons 
(2017) 

Components with unbonded tendons: 
Average stress in unbonded prestressing steel is; 
 








 −
+=

e

p
peps l

cd
ff 900

  

 
 

Notations 
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𝐴𝐴𝑣𝑣               Area of shear reinforcement perpendicular to the axis of a member within the 

distance  

𝐴𝐴𝑝𝑝   The transformed section area 

𝐴𝐴𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓        Area of FRP shear reinforcement within spacing 

𝐴𝐴𝑓𝑓𝑐𝑐  Area of prestressed longitudinal tension reinforcement 

Af  The cross sectional area of the FRP reinforcement 

𝐴𝐴𝑐𝑐  The cross sectional area of the concrete 

𝐴𝐴′  Area of age-adjusted transformed section 

a,b             Constants determined from the regression analysis (Saadatmanesh et al. (1999) ) 

𝑏𝑏𝑣𝑣            Effective web width 

𝑏𝑏𝑖𝑖  Width of the layer i measured from the top fibre of the section  

𝐶𝐶𝑅𝑅             Loss of prestress due to creep of concrete 

𝐶𝐶𝑢𝑢              Depth from the concrete extreme compressive fiber to neutral axis at ultimate 

C Constants values obtained from experimental results (Reinhardt and Gollas (1998)) 

c Concrete cover tickness (Aiello et al. (1999)) or the neutral axis depth  

d               distance from extreme compression fiber to centroid of tension reinforcement 

𝑑𝑑𝑏𝑏              Diameter of reinforcing bar 

𝑑𝑑𝑝𝑝 Effective depth from the concrete extreme compression fiber 

𝑑𝑑𝑒𝑒𝑡𝑡𝑛𝑛𝑙𝑙          Effective shear depth of the longitudinal reinforcement 

𝑑𝑑𝑓𝑓              Depth from the concrete extreme compressive fiber to the centroid of the tendon 

𝑑𝑑𝑣𝑣              Effective shear depth from the concrete extreme compressive fiber 

𝑑𝑑𝑛𝑛 The depth of the prestressing bar in a concrete cross-section 

𝑑𝑑𝑠𝑠               Diameter of the FRP tendon 

𝑂𝑂0(𝑥𝑥) The eccentricity of the tendons at the location x 

𝐸𝐸𝑐𝑐               Modulus of elasticity of concrete 

𝐸𝐸𝑝𝑝  Effective modulus of elasticity of concrete by considering creep effect  

𝐸𝐸𝑓𝑓                      Modulus of elasticity of fiber  

𝐸𝐸𝑖𝑖 Secant deformation modulus of the layer i 

𝐸𝐸𝛥𝛥   Transverse modulus of elasticity of FRP bar (Gentry and Husain (1999)) 
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𝐸𝐸𝐿𝐿  Longitudinal modulus of elasticity of the prestressing (Elbadry et al. (2000))    

Efrp             Modulus of elasticity of the FRP tendon 

𝐸𝐸𝑓𝑓𝑓𝑓𝑓𝑓𝑝𝑝       The FRP effective modulus of elasticity 

𝐸𝐸𝑓𝑓       Modulus of elasticity of the prestressed tendon 

𝐸𝐸𝑓𝑓              Modulus of elasticity of resin 

𝐸𝐸𝑠𝑠𝑡𝑡𝑠𝑠            The total energy under the load-deflection curve (Naaman and Jeong (1995)) 

𝐸𝐸𝑝𝑝𝑒𝑒𝑒𝑒   The elastic energy which is a part of total energy (Naaman and Jeong (1995)) 
'

cf              Compressive strength of concrete  

'
cif              Compressive strength of concrete at time of prestress transfer, MPa 

fci             Concrete cylinder strength at transfer (Zou (2003)) 

fct Tensile strength of the concrete (Aiello et al. (1999)) 

𝑓𝑓𝑐𝑐𝑖𝑖𝑓𝑓            Concrete stress at the center of gravity of the tendons due to the prestressing effect at 

transfer and the self-weight of the member at sections of maximum moment 

𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐           Stress in concrete at the center of gravity of the tendons due to all dead loads except 

the dead load present at transfer at the same section or sections 

𝑓𝑓𝑓𝑓𝑏𝑏             Stress in the bent FRP stirrup 

𝑓𝑓𝑓𝑓𝑢𝑢            Tensile strength of prestressing FRP tendons 

𝑓𝑓𝑓𝑓𝑝𝑝 Jacking stress of prestressing tendon 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑢𝑢         Ultimate tensile strength of FRP tendon 

𝑓𝑓𝑓𝑓               Tendon stress 

𝑓𝑓𝑓𝑓𝑠𝑠 Stress in prestressing strands after transfer (AASHTO-LRFD (2017)) 

𝑓𝑓𝑓𝑓𝑦𝑦  Yielding strength of prestressing steel strand (AASHTO-LRFD (2017)) 

𝑓𝑓𝑓𝑓𝑝𝑝             Effective stress in tendon (after allowance for all prestress losses) 

𝑓𝑓𝑓𝑓𝑖𝑖             The initial prestressing level in the prestressing FRP tendon 

𝑓𝑓𝑓𝑓𝑢𝑢             Design tensile strength of prestressed FRP tendon and anchorage system, MPa (psi)  

𝑓𝑓𝑝𝑝𝑢𝑢   Ultimate tensile strength of FRP reinforcement   

𝑓𝑓𝑓𝑓𝑐𝑐𝑖𝑖 Initial jacking stress in prestressing tendon (Magura et al. (1962)) 

𝑓𝑓𝑓𝑓𝑐𝑐𝑦𝑦 Yield stress of prestressing steel tendon (Magura et al. (1962)) 

fr                       Rupture strength of the tendon 
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fse              Effective prestress of the tendon  

fv                Stress in transverse reinforcement 

g               Resistance factor 

𝐼𝐼𝑐𝑐 Moment of inertia of concrete about the reference axis 

𝐼𝐼′ Moment of inertia of the age-adjusted transformed area of the cross-section about the 

reference axis 

𝐼𝐼𝑝𝑝 The moment of inertia of the transformed area about the top fiber 

𝐼𝐼𝑐𝑐𝑓𝑓 The cracked moment of inertia 

𝐼𝐼𝑙𝑙 The gross moment of inertia 

𝑘𝑘1 Shrinkage modification factor to account for curing conditions (ACI 209R-92) 

𝑘𝑘2 Shrinkage modification factor to account for relative humidity (ACI 209R-92) 

𝑘𝑘3 Shrinkage modification factor to account for member size (ACI 209R-92) 

𝑘𝑘4 Shrinkage modification factor to account for concrete composition (ACI 209R-92) 

𝑘𝑘5 Shrinkage modification factor to account for fine/coarse aggregate ratio (ACI 209R-

92) 

𝑘𝑘6 Shrinkage modification factor to account for air content ratio (ACI 209R-92) 

𝑘𝑘1
′ Shrinkage modification factor to account for curing conditions (ACI 209R-92) 

𝑘𝑘2
′ Shrinkage modification factor to account for relative humidity (ACI 209R-92) 

𝑘𝑘3
′ Shrinkage modification factor to account for member size (ACI 209R-92) 

𝑘𝑘4
′ Shrinkage modification factor to account for concrete composition (ACI 209R-92) 

𝑘𝑘5
′ Shrinkage modification factor to account for fine/coarse aggregate ratio (ACI 209R-

92) 

𝑘𝑘6
′ Shrinkage modification factor to account for cement content (ACI 209R-92) 

𝑘𝑘7
′ Shrinkage modification factor to account for air content ratio (ACI 209R-92) 

K               Coefficient for loading type (1.5and 3.0 for one-point and two-point loading 

respectively 

𝐾𝐾𝐿𝐿′ Factor accounting for type of prestressing steel, equal to 45 for low relaxation steel 

and 10 for stress relieved steel (AASHTO-LRFD (2017)) 

𝐾𝐾𝑐𝑐𝑓𝑓             Factor used to compute prestress loss due to creep of concrete (2.0 for pretensioned 

members, and 1.6 for post-tensioned members) 
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𝐾𝐾𝑓𝑓 Branson and Ozell (1977) 

L  Effective span of the beam or Length of the tendon between anchorages 

L1             The length of loaded span or sum of lengths of loaded spans (Naaman and Alkhairi 

(1991b)) 

L2        Length of tendon between end anchorages (Naaman and Alkhairi (1991b)) 

𝑅𝑅𝑐𝑐               Development length 

𝑅𝑅𝑠𝑠              Transfer length 

𝑅𝑅𝑓𝑓 Intrinsic stress relaxation of prestressing tendon (Magura et al. (1962)) 

 𝑅𝑅𝑓𝑓 Reduced relaxation value (Ghali (1985)) 

𝑅𝑅𝑓𝑓𝑐𝑐 The absolute value of change of stress in prestressing tendon due to the combined 

effect of creep, shrinkage and relaxation (Ghali (1985)) 

𝑅𝑅ℎ Length from the support to the plastic hinge (Ozkul et al. 2008) 

𝑅𝑅𝑓𝑓 Length of plastic hinge  

𝑅𝑅𝑒𝑒 Distance from support to the applied load P/2 and equals Lh + Lp(Ozkul et al. 2008) 

𝑅𝑅𝑒𝑒 The length of tendon between anchorages 

ℓ𝑝𝑝 Effective tendon length 

𝑀𝑀0.001  moment at concrete strain of 0.001 

𝑀𝑀𝑐𝑐𝑐𝑐          Decompression Moment 

𝑀𝑀𝑓𝑓            Applied moment due to factored load 

𝑀𝑀𝑢𝑢 The ultimate moment (Zou (2003a)) 

𝑀𝑀𝑐𝑐𝑓𝑓 The cracking moment (Zou (2003a)) 

𝑀𝑀𝑛𝑛 Calculated nominal momen capacity 

𝑁𝑁 Constants values obtained from experimental results (Reinhardt and Gollas (1998)) 

𝑁𝑁𝑐𝑐 The number of support hinges crossed by the tendon between anchorages or 

discretely bonded points 

𝑁𝑁𝑓𝑓 The factor for type of load application and member continuity 

𝑛𝑛𝑓𝑓              Modular ratio of the resin to the fiber 

𝑝𝑝               Radial pressure generated across the boundary of FRP bar and concrete due to 

temperature change 

𝑃𝑃𝑐𝑐𝑓𝑓 Cracking load 
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𝑃𝑃0 Branson and Ozell (1977) 

𝑃𝑃1 Load in prestressing tendon after 1 hour from load release (Saadatmanesh et al. 

(1999)) 

𝑃𝑃𝑢𝑢  Ultimate load or ultimate tensile capacity of the prestressing tendon (Saadatmanesh et 

al. (1999)) 

𝑃𝑃𝑝𝑝𝑐𝑐             Effective tensile force in axial tendons  

𝑃𝑃𝑝𝑝              Prestress force at jacking  

𝑃𝑃𝑚𝑚             Tensile force of tendon at design section  

𝑅𝑅               radius of curvature of harping device (Dolan et al. (2002))  

𝑅𝑅𝑠𝑠 Radius of prestressing tendon (Dolan et al. (2002)) 

𝑅𝑅𝑐𝑐ℎ            Radius of curvature of the harping saddle (radius of saddle or harping point), mm 

𝑅𝑅𝑐𝑐              Depth reduction factor 

𝑅𝑅𝐸𝐸𝑅𝑅          Total relaxation 

𝑅𝑅𝐸𝐸𝑅𝑅1         Relaxation of polymer 

𝑅𝑅𝐸𝐸𝑅𝑅2         Relaxation due to straightening of fibres 

𝑅𝑅𝐸𝐸𝑅𝑅3          Relaxation of fibres 

𝑅𝑅𝑅𝑅            Mean annual relative humidity, expressed as a percentage, load due to lateral earth 

pressure, including groundwater, and related internal moments and forces, collision 

load arising from highway vehicles or vessels  

𝑅𝑅𝑛𝑛           Nominal resistance as obtained from the proposed design equations (or from analysis 

models) 

𝑆𝑆                Stirrup spacing or pitch of continuous spirals or a modification factor coefficient for 

adjusting the long term deflection by multiplying it to the short term deflection 

𝑆𝑆𝑐𝑐       First moment of area of concrete about the reference axis 

𝑆𝑆𝑝𝑝       First moment of area of the transformed area about the top fibre 

𝑆𝑆′ Moment of the age-adjusted transformed area of the cross-section about the reference 

axis 

𝑆𝑆𝑅𝑅 Loss of prestress due to shrinkage of concrete 

𝐹𝐹                Time  

𝐹𝐹𝑖𝑖 Thickness of layer i measured from the top fibre of the section  

𝐹𝐹0 Age of concrete at loading 
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𝐹𝐹𝑐𝑐 Age of concrete at the end of the curing 

𝑉𝑉𝑐𝑐               Factored shear resistance provided by concrete  

𝑉𝑉𝑐𝑐𝑐𝑐             Design shear capacity of beam members not used in shear reinforcement  

𝑉𝑉𝐸𝐸𝑐𝑐        Factored shear demand  

𝑉𝑉𝑓𝑓                      Shear force due to factored loads  

𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓           Shear resistance provided by FRP stirrups  

𝑉𝑉𝑛𝑛               Nominal shear strength of the section considered   

𝑉𝑉𝑓𝑓               Component in the direction of applied shear of the effective prestressing force; 

positive if resisting the applied shear 

𝑉𝑉𝑓𝑓𝑝𝑝𝑐𝑐           Component of effective tensile force of axial tendons parallel to shear force 

𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓          Component in the direction of the applied shear of all the effective prestressing forces 

in the FRP tendons crossing the critical section, to be taken as positive if resisting 

the applied shear  

𝑉𝑉𝑓𝑓 Factored shear resistance  

𝑣𝑣𝑓𝑓               Volume of resin in the tendon 

VRd                 Design shear resistance 

𝑉𝑉𝑅𝑅𝑐𝑐,𝑐𝑐  Design shear resistance attributed to concrete 

𝑉𝑉𝑅𝑅𝑐𝑐,𝑐𝑐                Design shear resistance provided by the shear reinforcement 

𝑉𝑉𝑐𝑐𝑐𝑐             Design shear capacity borne by shear reinforcement 

𝑉𝑉𝑐𝑐𝑓𝑓             Factored shear resistance provided by FRP shear reinforcement 

𝑉𝑉𝑐𝑐𝑝𝑝𝑅𝑅𝑝𝑝         Factored shear resistance provided by the FRP shear reinforcement 

𝑉𝑉𝑐𝑐𝑠𝑠              Factored shear resistance provided by steel or FRP shear reinforcement 

𝑉𝑉𝑢𝑢𝑐𝑐            Design shear capacity  

𝑥𝑥                Distance from tensioned edge of tendon to design section 

𝑦𝑦               Radius of bent tendons (Dolan et al. 2000 ) 

𝑦𝑦𝑖𝑖 Depth of layer i measured from the top fibre of the section  

𝛼𝛼               Angular change in radians; or angle of inclination of shear reinforcement to the 

longitudinal axis of the member, degrees; the stress block reduction factor for 

concrete 

 𝛼𝛼𝑐𝑐             Thermal expansion coefficient of concrete 
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𝛼𝛼𝑓𝑓𝑓𝑓𝑓𝑓     Longitudinal thermal expansion coefficient of FRP 

𝛼𝛼𝑓𝑓 Angle formed by shear reinforcement and member axis 

𝛼𝛼𝑠𝑠              Coefficient for transfer length measurements based on the type of CFRP tendons 

𝛼𝛼𝛥𝛥 Transverse thermal expansion coefficient of prestressing FRP tendon (Gentry and 

Husain (1999)) 

𝛽𝛽𝑐𝑐              Softening factor for moment of inertia 

𝜃𝜃 The angle of rotation (Maguire et al. (2011)) 

Δ𝐴𝐴𝑆𝑆            Magnitude of anchor slip, mm 

∆𝑐𝑐𝑓𝑓 The deflection at first cracking (Zou (2003a)) 

Δfp Additional stress due to increased loading 

𝛥𝛥𝑢𝑢 The deflection of prestressed beam at ultimate (Abdelrahman et al. (1995)) 

𝛥𝛥𝑒𝑒 The equivalent deflection of an uncracked section for the same ultimate moment level 

(Abdelrahman et al. (1995)) 

ΔN Fictitious axial force to keep the strain state unchanged 

ΔM Fictitious bending moment to keep the strain state unchanged 

∆𝑀𝑀𝑚𝑚𝑒𝑒𝑚𝑚 Bending moment at the critical section (Naaman and Alkhairi (1991b)) 

∆𝑃𝑃 Branson and Ozell (1977) 

∆𝑃𝑃𝐴𝐴𝑆𝑆           Prestress loss due to anchorage slip  

∆𝑃𝑃𝛥𝛥   Thermally induced loss or gain in prestressing FRP tendon 

∆𝑃𝑃𝑐𝑐  Anchorage seating losses (Saadatmanesh et al. (1999)) 

∆𝛥𝛥              Temperature change 

Δ𝜀𝜀𝑓𝑓𝑐𝑐𝑢𝑢  The increase in the strain of the unbonded tendon (Naaman and Alkhairi (1991b)) 

Δ𝜀𝜀𝑓𝑓𝑐𝑐𝑏𝑏  The increase in the strain of the equivalent bonded tendon (Naaman and Alkhairi 

(1991b)) 

Δ𝜀𝜀𝑐𝑐𝑓𝑓𝑐𝑐  The strain increases in the concrete at the level of the tendon beyond effective 

prestress (Naaman and Alkhairi (1991b)) 

∆𝛥𝛥𝑐𝑐𝑓𝑓  Temperature increase that produces the first radial crack inside the concrete at the 

bar/concrete interface (Aiello et al. (1999)) 

∆𝑃𝑃𝑐𝑐𝑓𝑓  Temperature increase that related to the crack expansion to the outer surface (concrete 

spalling) (Aiello et al. (1999)) 
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Δσ𝑐𝑐𝑓𝑓𝑐𝑐         Loss of prestressing force in tendons due to stress relaxation 

Δ𝑓𝑓𝑓𝑓𝑅𝑅𝐿𝐿  Intrinsic stress relaxation loss (AASHTO-LRFD (2017)) 

𝛿𝛿𝑓𝑓𝑖𝑖 Upward camber due to prestress (Branson and Ozell (1977)) 

𝛿𝛿𝑖𝑖𝑖𝑖 Downward deflection due to self-weight (Branson and Ozell (1977)) 

𝛿𝛿𝐿𝐿 Deflection due to live load (Branson and Ozell (1977)) 

𝛾𝛾                Apparent relaxation rate in tendon          

𝛾𝛾𝑏𝑏               Generally, equals to 1.15 

𝜆𝜆 Friction parameter per unit length of tendon; or modification factor to account for 

density of concrete or Ratio of initial prestressing force after transfer to the ultimate 

tensile strength (Ghali (1985)) 

𝜆𝜆𝑓𝑓𝑐𝑐′ Bias factor of concrete compressive strength 

𝜆𝜆𝑓𝑓 Bias for professional factor 

νLT In- plane Poisson ratios of the FRP bar (Gentry and Husain (1999)) 

νTT Major Poisson ratios of the FRP bar (Gentry and Husain (1999)) 

νc Poisson ratio of concrete (Gentry and Husain (1999)) 

𝜇𝜇                Mean deviation or coefficient of friction; or ductility index or ductility index by 

taking into account deformation parameters (Abdelrahman et al. (1995)) 

𝜇𝜇𝑝𝑝𝑛𝑛 Ductility index by taking into account energy parameters (Naaman and Jeong (1995)) 

Φ               Diameter of CFRP tendon 

ϕ               Calibrating resistance factors for the target reliability of CFRP prestressed bridge 

beams 

∅0.001 Curvature at concrete strain of 0.001 

𝜙𝜙 The sectional curvature 

𝜙𝜙𝑐𝑐 Material resistance factor for concrete 

𝜙𝜙𝑝𝑝 Material resistance factor for FRP tendons 

𝜙𝜙𝑓𝑓𝑓𝑓𝑓𝑓 Material resistance factor for FRP tendons 

∅ Creep coeficient (ACI 209R-92) 

∅u  Curvature at ultimate 

∅∞ Ultimate creep coefficient (ACI 209R-92) 

𝜌𝜌                Reinforcement ratio 
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𝜌𝜌𝑖𝑖 Reinforcement ratio at the layer i (Dolan and Swanson (2002)) 

𝜌𝜌𝑏𝑏               Reinforcement ratio at balanced strain condition 

𝜌𝜌𝑓𝑓𝑏𝑏𝑓𝑓 Brittle reinforcement ratio 

𝜌𝜌𝑓𝑓𝑐𝑐 Prestressing steel ratio (ACI 318-77) 

hσ              Standard deviation 

σf Thermally induced stresses in prestressing FRP (Elbadry et al. (2000)) 

σc Thermally induced stresses in prestressed concrete (Elbadry et al. (2000))  

σpt             Tensile stress of tendons immediately after tensioning  

Ω𝑢𝑢              Strain or bond reduction coefficient at ultimate 

Ω Ratio of change of stress in prestressing tendon due to creep and shrinkage to the 

inital prestressing level in the tendon (Ghali (1985)) 

𝛺𝛺𝒄𝒄𝒄𝒄 cracked strain reduction factor (Naaman and Alkhairi (1991b)) 

𝜓𝜓𝑖𝑖 The depth ratio 

𝜀𝜀0 The initial elastic strain immediately after load release in prestressing tendon 

(Saadatmanesh et al. (1999)) 

𝜀𝜀1 The elastic strain after 1 hour from release of the prestressing tendon (Saadatmanesh 

et al. (1999)) 

ɛ𝑖𝑖 The instantenous strain due to applied load 

ɛ𝛥𝛥 Thermal strain 

ɛ𝑐𝑐ℎ The shrinkage strain (ACI 209R-92) 

ɛ𝑐𝑐ℎ∞ The ultimate shrinkage strain (ACI 209R-92) 

εcu The ultimate strain of the outermost fiber of concrete in compression  

𝜀𝜀𝑠𝑠𝑡𝑡𝑓𝑓 Strain at the top fiber of the concrete section 

𝜁𝜁 Tendon profile coefficien; 1.0 for straight and 1.05 for harped in a beam under one-

point or two-point loading, and 1.12 for a draped tendon profile in a beam under 

uniform loading (Yang et al. (2012))       

ξ Initial prestressing ratio 

ωf The reinforcement index 

ωpe Effective prestressing steel index (Keun et al. (2011))  

ωs Mild tensile steel index steel index (Keun et al. (2011)) 
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ω’
s Mild compressive steel index steel index (Keun et al. (2011)) 

𝜒𝜒r Stress relaxation reduction factor 

𝜏𝜏 Bond stress of the prestressing tendon (Reinhardt and Gollas (1998)) 
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B.1. Introduction 

Safe design of CFRP-prestressed concrete beams requires careful attention to several 

parameters including material properties of CFRP tendons, prestressing load transfer 

mechanisms, anchorage systems, sustained load effects, and environmental conditions. Several 

design guidelines throughout the world provide recommendations for design of CFRP 

prestressed bridge beams. A review of these design guidelines as well as the research efforts that 

form the basis for these guidelines, as discussed in Appendix A, provides valuable information 

for understanding the current state of practice and aids in identifying the research needed to draft 

comprehensive design specifications. This appendix briefly highlights the fundamental 

differences in behavior between steel- and CFRP-prestressed concrete girders. The key 

parameters that influence the behavior of CFRP-prestressed beams are enumerated. A database 

of previously tested CFRP-prestressed beams is summarized, and key factors that have not been 

rigorously studied in the published literature are identified. The parameters that are discussed 

herein include: 

• prestress transfer method (bonded or unbonded) 

• strand profile (straight and harped/draped tendons) 

• cross-sectional properties of strands (diameter) 

• shear reinforcement 

• beam geometry (cross-section depth and span length) 

• shear span-to-depth ratio 

• non-prestressed reinforcement 
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B.2. Behavior of CFRP Prestressed Concrete Beams 

The flexural behavior of CFRP-prestressed beams with bonded tendons has been 

extensively studied in the past. Test results consistently indicate that while the behavior of 

CFRP-prestressed and steel-prestressed concrete beams are similar in many regards, there are 

several important differences which must be considered. These differences are primarily due to 

the linear-elastic nature of CFRP reinforcement. Figure B.1 presents the load-deflection 

behavior of two pairs of prestressed concrete beams (Abdelrahman, 1995). In each pair of beams, 

one beam was prestressed with steel tendons and the other with CFRP tendons.  The first pair of 

beams was designed to exhibit a compression-controlled failure while the second pair of beams 

was designed to exhibit a tension-controlled failure. A comparison of the behavior of these 

beams highlights several key features regarding the similarities and differences between concrete 

beams with prestressing CFRP as compared to those with prestressing steel. 

 

   
(a) Flange width 8 in. – compression controlled b) Flange width 24 in. – tension controlled 

Figure B.1 Load-deflection curve of two sets of beams prestressed with steel and CFRP tendons 
(Reproduced from Abdelrahman et al., 1995) 

  
Inspection of Figure B.1 indicates that the initial behavior of the four beams is 

comparable.  All four beams exhibit a linear response prior to cracking. Further inspection of the 

Figure B.1 indicates that replacement of the prestressing steel with prestressing CFRP tendons 

had little impact on the uncracked stiffnesses and the cracking loads of the tested beams.  This is 
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expected if the beam geometry, total prestressing force, and eccentricity of the prestressing force 

are comparable. After cracking, the beams prestressed with CFRP exhibited slightly lower 

stiffnesses than their steel-prestressed counterparts.  This is due to the slightly lower modulus of 

elasticity of the CFRP tendons as compared to steel tendons.  The figure further illustrates that 

both of the steel-prestressed beams exhibit a distinct loading plateau after yielding of the 

prestressing  steel tendons during which time the load on the beams did not increase.  In contrast, 

the beams with CFRP prestressing did not exhibit this yielding plateau.  Rather, the load 

continued to increase and the stiffnesses of the beams did not change.  Figure B.1 (a) indicates 

that both of the ‘over-reinforced’ beams failed due to crushing of the concrete at similar 

deflection levels. This is expected since the failure was dominated by the strain at the 

compressive surface of the concrete.   

In contrast, however, the ‘under-reinforced’ beams exhibited distinctly different 

behaviors as illustrated in Figure B.1 (b).  The load on the steel beam remained more or less 

constant after yielding of the reinforcement and the beam continued to deflect until failure 

ultimately occurred due to crushing of the concrete followed by rupture of prestressing steel. The 

beam exhibited significant ductility as noted by the excessive deflection prior to failure.  In 

contrast, the capacity of the CFRP prestressed beam continued to increase until failure occurred 

due to rupture of the CFRP tendons.  The capacity of the CFRP-prestressed beam was 

approximately 1.5 times that of the steel-prestressed beam.  However, the deflection of the CFRP 

prestressed beam at failure was half of that of the steel-prestressed beam.  This behavior 

highlights two of the key differences between concrete beams that are prestressed with steel and 

CFRP. 
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The CFRP prestressed beams can be designed as fully prestressed beams or partially 

prestressed beams. The AASHTO design philosophy requires the beams to be uncracked during 

their service life using specified stress limits. The beams designed such that no cracks are 

allowed at service are known as the fully prestressed beams. The fully prestressed beams exhibit 

higher camber because of the higher prestressing force that will be amplified due to the creep of 

concrete. The beams designed such that limited cracks may occur at the service load either by 

jacking the prestressing CFRP lower than the specified stress limits or by providing non-

prestressing reinforcement in addition to the prestressing reinforcement are identified as partially 

prestressed beams. The crack widths, however, should not exceed the maximum width specified 

in the codes and the cracks should close upon removal of the service load. Partial prestressing is 

often referred to as the intermediate design between reinforced concrete and the prestressed 

concrete. Partial prestressing has several advantages and disadvantages.  Some of the advantages 

are higher deformability, economical, less camber, less prestress loss and less cracking in the end 

zones compared to full prestressing (Abdelrahman, 1995). The disadvantages are higher 

additional stress (due to applied load), durability and excessive deformation.  

The flexural behavior of post-tensioned beams with unbonded CFRP tendons has been 

less studied comparing to the bonded prestressed beams with CFRP tendons. The failure of 

unbonded post-tensioned beams is generally attributed to concrete crushing. The fact that the 

cables are unbonded leads to release of stresses at critical sections and average it out along the 

tendon’s length, so the load in the tendon will be less than their counter part in the bonded 

tendons. Therefore, the ultimate strength of the bonded specimens is higher than the unbonded 

specimens regardless of the tendon type. Figure B.2 presents the load-deflection behavior of two 

prestressed concrete beams with bonded and unbonded CFRP tendons (Maissen and De Smet, 

1995).  
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Figure B.2 Comparison between the load-deflection curves of post-tensioned beam with bonded 

and unbonded CFRP tendons (Reproduced from Maissen and De Smet, 1995) 

Inspection of Figure B.2 indicates that the initial behavior of the two beams is 

comparable.  All beams exhibit a linear response prior to cracking.  Further inspection of the 

Figure B.2 also indicates that the bond type of the CFRP tendons had little impact on the 

uncracked stiffnesses and the cracking loads of the tested beams. Again, this is expected if the 

beam geometry, total prestressing force, and eccentricity of the prestressing force are 

comparable. After cracking, the beams prestressed with unbonded CFRP exhibited lower 

stiffnesses than their bonded counterparts. Both beams continued carrying load without change 

of stiffness till failure. The bonded post-tensioned beam failed due to CFRP rupture; however the 

unbonded post-tensioned beam failed due to concrete crushing. That is due to the fewer cracks 

formed in the unbonded post-tensioned beams which lead to increase of concrete compression 

due to concentration of rotation at the location of the cracks.  

B.3. Experimental Database 

The research team compiled an experimental database of concrete beams that were 

prestressed with CFRP tendons.  The database includes 264 beams that were reported 
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independently in 41 publications around the world. The database was established based on an in-

depth review of the technical literature that was available prior to the 2018, including journals, 

research reports, proceedings of international symposia and conferences, and dissertations.  

The objectives of compiling this database were: 

• to assess the current progress of experimental research on concrete beams prestressed 

with CFRP, 

• to identify the parameters for the design of concrete beams prestressed with CFRP which 

have not been extensively studied thereby guiding the planned studies in phase II, 

• to establish a basis with background information for drafting a guide specification of 

concrete beams prestressed with CFRP, 

• to facilitate the validation of different predictive models with the experimental results, 

and  

• to serve as a basis for future model development. 

To the extent possible, for each beam, the data was validated from two sources. A 

primary source, and a secondary source. The primary sources (in order of preference) were 

journal papers, conference proceedings, and technical reports. The secondary sources were the 

officially published final report, thesis, or dissertation associated with a given research project. 

The validity of the data from primary sources was cross-checked with the secondary sources. 

When secondary sources were not available, the information collected from the primary source 

was deemed correct and final. The beams tested were also reviewed carefully in different papers 

from the same authors to prevent duplication of entries in the database. 

The information collected for the database was compiled according to the following 

categories: 
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• Author & published year 

• Loading and anchorage details 

• Concrete properties  

• Beam details 

• Reinforcement details (Pre/Post /Non-Prestressed/Shear) 

• Reported output (Load, Moment, Shear, Deflection, Failure Mode) 

In addition to the above mentioned details, the database also contains information on 

various parameters reported as secondary level data such as crack widths, rate of loading, models 

used for predicting a specific parameter, and predicted value. In order to better identify the 

beams, the unique beam ID as defined by the authors and a figure showing the beam geometry 

were also stored in the database for future reference. 

The information from the source was not altered, modified, or extrapolated. Only basic 

calculations were carried out when all necessary variables were available (i.e., moment capacity 

was calculated when failure load and shear span were reported). The database does not contain 

any analytical input from the research team. 

US customary units were used throughout the database for all collected data. Unit 

conversions were done with the conversion factors presented in Table B-1. 

 
Table B-1. Conversion factors used in the database 

Stress 6.895 MPa 1 ksi 

Load 4.448 kN 1 kips 

Length 25.4 mm 1 in 

 
The data classification of the database is shown in Table B-2 where the total numbers of 

beams corresponding to each identified subsection are also presented. 
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Table B-2. Parameters Investigated in Previous Tests of Concrete Beams Prestressed with CFRP 

 
 
Inspection of Table B-2 highlights several interesting trends related to the previously conducted 

tests: 

• Both pre-tensioned and post-tensioned beams have been investigated extensively. 

• 76% of the tested beams contained only bonded prestressing CFRP tendons while 17% 

included only unbonded prestressing CFRP tendons. This is consistent with the trend in 

highway bridges which predominantly use bonded tendons. 

• 89% of the tested beams contained only straight strands while 9% contained only harped 

or draped strands. This is consistent with the trend in bridge construction towards using 

straight strands for simplicity. However, due to the linear elastic characteristics of CFRP 

tendons, draping or harping can reduce the strain capacity of the tendons, and a more 

detailed study of the behavior of concrete beams prestressed with draped or harped CFRP 

tendons is merited. 

• 54% of the tested beams included tendons with diameters of ⅜ in. or less, while only 8% 

of the tested beams included tendons with diameters greater than ½ in. The trend in 

bridge construction is to move towards larger-diameter tendons.  ½ in. and ½ in. – special 
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low-relaxation steel strands are commonly used for prestressing in bridge construction 

with a tendency to adopt even 0.6in. diameter strands. To be consistent with this trend, 

additional testing on beams with larger diameter prestressing tendons should be 

conducted. This is particularly important since manufacturing techniques for CFRP 

tendons have not been standardized.  As such, the verification of mechanical properties of 

CFRP tendons for different diameters can be done. 

• Both partially-prestressed and fully-prestressed beams have been investigated in detail. 

36% of the tested beams were fully-prestressed and did not include any non-prestressed 

flexural reinforcements. Another 37% of the tested beams were partially-prestressed and 

included un-stressed steel flexural reinforcement. The use of steel reinforcement in 

partially-prestressed beams may lead to problems of corrosion of the unstressed 

reinforcement since partially-prestressed beams are typically cracked in service. As such, 

the use of unstressed steel reinforcement in combination with prestressed CFRP 

reinforcement may not be practical.  22% of the tested beams included unstressed CFRP 

flexural reinforcement. There is a trend among bridge engineers to move away from 

partial prestressing to ensure that prestressed beams remain uncracked in service. As 

such, further testing of partially prestressed beams may not be warranted. 

• 23% of the tested beams did not include any shear reinforcement. While shear 

reinforcement may not be needed from a capacity perspective, bridge girders cast without 

any shear reinforcement is uncommon. 55% of the tested beams included steel shear 

reinforcement.  However, due to concerns of corrosion of the stirrups, which have the 

least amount of concrete cover, the use of steel stirrups with CFRP prestressing tendons 

is inconsistent. 14% of the tested beams included CFRP shear reinforcement. CFRP is 

generally more expensive than other types of FRP, such as glass or aramid, and its use for 
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stirrups may not be justified.  However, only 3% of the tested beams in the database 

included other types of FRP stirrups (primarily glass). The research team believes the use 

of CFRP-prestressed beams with other FRP shear reinforcements has the potential to be 

adopted as a standard practice. As such, additional tests of beams with this reinforcement 

configuration are recommended. 

• 95% of the tested beams in the database had a total depth of less than 20 in. (56% less 

than 10 in.). However, 20 in. represents a practical lower bound for the depth of real 

prestressed concrete bridge beams. Additional testing of large-scale bridge beams is 

necessary to validate the behavior at so-called real scales and to evaluate the possible 

presence of a size effect. 

• 70% of the tested beams had rectangular cross sections.  I-shaped beams with a 

composite cast-in-place deck slab are most commonly used in bridge construction with a 

trend towards using decked bulb-type girders. Further testing of beams with cross-

sections that are similar to typical bridge girders is merited. Specifically, the behavior of 

beams with cast-in-place composite deck slabs should be evaluated in more detail. 

• 97% of the tested beams had spans of 30 ft. or less (81% with spans of 15 ft. or less).  

This is not representative of typical bridge construction. 

• Flexural behavior, both monotonic and fatigue have been predominantly studied with 

comparably little attention being given to shear behavior. This is likely due to the well-

documented fact that prestressed girders typically exhibit much higher shear capacities 

than their un-prestressed counterparts. Based on the need to test beams of more 

representative scales, the research team believes that evaluating all aspects of behavior is 

advisable. 
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• A wide range of shear span-to-depth ratios have been studied. Considering the need for 

additional large-scale testing, the research team recommends testing beams with shear 

span-to-depth ratios that are conducive to flexural and flexural-shear type failure modes. 

These would include shear span-to-depth ratios of greater than 5 and between 2.5 to 5 

respectively.  Achieving a web shear type failure in large-scale prestressed beams has 

traditionally proven to be extremely difficult due to the relatively high shear strength of 

prestressed beams with low shear span-to-depth ratios. Achieving this type of failure 

generally requires significant amounts of other reinforcements to prevent other failure 

modes, making the reinforcement scheme un-representative of typical construction. 

B.4. Evaluation of Existing Design Guidelines Using the Database of Test Results 

The data gathered from the literature produced forty three beams with sufficient data 

reported in order to perform predictions of flexural capacity according to the existing design 

models. The flexural capacities of these beams were predicted and compared with the ultimate 

moment at failure as reported in the experimental data. Of these, complete data was reported for 

twenty nine beams (completely reported data), and the remaining fourteen had sufficient 

information such that reasonable assumptions could be made in order to perform the 

computations (incompletely reported data). A sectional analysis was performed from a purely 

analytical basis, and a sectional analysis was performed utilizing four published design 

specifications in North America (SimTREC-Manual: 5 (2008), CAN/CSA S806-12 (2012), 

CAN/CSA S6-06 (2006), and ACI 440.4R-04(2011)). Since the three design specifications 

(SimTREC-Manual: 5 (2008), CAN/CSA S806-12 (2012), and CAN/CSA S6-06 (2006)) are 

essentially the same, only prediction using SimTREC Manual 5 (2008) is presented.  



NCHRP 12-97 
 

B-14 
 

B4.1. CFRP Pretensioned Beams 

For beams with bonded CFRP tendons, the results for flexure are tabulated in Table B-3.  

The first group represents the beams with completely reported data. One may immediately note 

the coefficient of variation (COV) for the incompletely reported data group requiring 

assumptions is about double that of the completely reported data group.   The plots that follow 

for this data set (Figure B.3 through Figure B.5) however indicate that the predictions for the 

lower capacity beams are closer to the actual ultimate moment and notably less accurate for 

beams of substantially larger capacity. In the figures the 45 degree line labeled “Experimental = 

Predicted” indicates where the values completely agree.  A bounding line is plotted parallel to 

and offset by the magnitude of the mean of the error for each data set (completely reported 

data/incompletely reported data) above and below the “Experimental = Predicted” line. The 

analytical (theoretical) predictions and the computations based on Canadian design specifications 

in this data produce a slightly better prediction than the ACI 440.4R-04 (2011).  All of the design 

specifications give comparable predictions of the flexural capacity which is expected since they 

all depend on an ultimate strength sectional analysis that satisfies equilibrium and compatibility.  

The primary differences are the ultimate strain of concrete and the stress-strain relationship of 

concrete. The relatively small magnitude of the COV indicates the formulations for flexure 

reasonably predicts the capacity.  

B4.2. CFRP Unbonded Post-tensioned Beams 

The results for unbonded post-tensioned beams with CFRP tendons have been tabulated 

in Table B-4. 20 beams including the beams that have been tested as a part of the experimental 

program in this project were considered. Most of the previously introduced analytical models, 

including the code provisions, were proposed for the steel unbonded tendons; however a main 

assumption was included that steel will not reach the yielding stress. Therefore, those models are 
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applicable for CFRP tendons. Three different models were used to estimate the stress in the 

unbonded tendons. Those models are ACI 440-04 (2011), AASHTO (2014) and ACI 318-14 

(2014). 

 For beams with unbonded CFRP tendons, the results for flexure capacities are tabulated 

in Table B-4. Additionally, the change of the stress during loading till the ultimate is presented 

in Table B-5. For all three provisions, the ultimate concrete strain was 0.003. One can notice that 

the three models have a close mean and COV, however, the results from ACI 440-4R (2011) 

showed better mean and average COV between the three models. The plots that follow for this 

data set (Figure B.6 through Figure B.9) however indicate that the predictions for the lower 

capacity beams are closer to the actual ultimate moment and notably less accurate for beams of 

substantially larger capacity. In the figures the 45 degree line labeled “Experimental = Predicted” 

indicates where the values completely agree. A bounding line is plotted parallel to and offset by 

the magnitude of the mean of the error for each data set (completely reported data/incompletely 

reported data) above and below the “Experimental = Predicted” line.  

The available data in the literature on testing of CFRP prestressed beams is insufficient 

for performing a statistical analysis and construct general conclusions on the predictive 

capabilities of the four design specifications evaluated herein.  
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Table B-3 Flexural capacity estimations for CFRP beams compiled in experimental database 
with completely reported data 

   
Analytical ACI 440-4R SiMTREC Manual 5 

Author Beam ID 
Experimental           

Moment      
(kip-in) 

M
n 
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-in
) 
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ex
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n 
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n 
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) 
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ip

-in
) 

M
ex

p/M
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Mutsuyoshi et al. 
A1 102 106 0.96 106 0.96 131 0.78 
B2 287 209 1.38 209 1.38 232 1.24 
C3 212 152 1.39 147 1.44 151 1.40 

Kakizawa 
CPC69B 90 71 1.26 70 1.27 70 1.28 
CPC58B 91 71 1.28 69 1.33 70 1.30 
CPC38B 63 45 1.40 45 1.41 44 1.41 

Abdelrahman et al 

T-4-5.H 1097 1123 0.98 1130 0.97 1131 0.97 
R-4-5.H 850 813 1.04 813 1.04 852 1.00 
T-4.5.V 1000 1030 0.97 1043 0.96 1046 0.96 
R-4-5.V 862 858 1.00 858 1.00 969 0.89 
T-4.7.V 1022 1049 0.98 1067 0.96 1069 0.96 
R-4-7.V 945 942 1.00 942 1.00 991 0.95 
T-2-5.V 572 549 1.04 559 1.02 559 1.02 
R-2-5.V 602 599 1.01 604 1.00 605 1.00 

Park And Naaman CS1 533 348 1.53 346 1.54 346 1.54 
Stoll et al. Beam 2 11370 11916 0.95 11911 0.95 11945 0.95 

Burke & Dulan 
CFCC1 308 221 1.39 229 1.35 229 1.35 

Strawman 2 348 365 0.95 369 0.94 369 0.94 
Strawman 3 169 154 1.10 154 1.10 154 1.10 

Dolan et al. 
C1-H 888 938 0.95 981 0.91 982 0.90 
C2-H 816 938 0.87 981 0.83 982 0.83 

Mertol et al. 

B1 78 79 0.99 80 0.97 81 0.97 
B2 99 79 1.26 80 1.23 80 1.23 
B3 99 78 1.27 80 1.24 81 1.23 
B4 96 78 1.23 80 1.20 81 1.20 
B5 99 78 1.27 80 1.24 81 1.23 
B6 93 78 1.19 80 1.16 80 1.16 
B8 94 78 1.21 80 1.17 80 1.17 
B9 89 78 1.14 80 1.11 80 1.11 

Yaman 
B1 1788 1589 1.12 1608 1.11 1607 1.11 
B2 1806 1589 1.14 1608 1.12 1607 1.12 

Shelvachandran et al. 

CFB1-2-H-0.61 402 430 0.93 395 1.02 403 1.00 
CFB3-1-H-0.35 230 220 1.04 221 1.04 223 1.03 
CFB4-1-H-0.70 231 217 1.07 221 1.04 223 1.04 
CFB2-1-V-0.48 393 397 0.99 394 1.00 401 0.98 

NCHRP 12-97 

CPrSM1 20803 17630 1.18 17660 1.18 17360 1.20 
CPrSM2 21507 17720 1.21 17720 1.21 17300 1.24 
CPrSF 21105 17750 1.19 17720 1.19 17320 1.22 

BPrSM1 20804 18680 1.11 18480 1.13 18410 1.13 
BPrSM2 21005 18650 1.13 18430 1.14 18370 1.14 
BPrSF 20804 18670 1.11 18450 1.13 18390 1.13 

BPrSM4 21055 18680 1.13 18480 1.14 18410 1.14 
CPoDM1 17587 14501 1.21 14777 1.19 14786 1.19 
CPoDM2 17487 14037 1.25 14308 1.22 14316 1.22 

   
Mean 1.13 Mean 1.13 Mean 1.11 

   
COV 0.13 COV 0.14 COV 0.15 
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Table B-3 (Contd.) Flexural capacity estimations for CFRP beams compiled in experimental 
database with incompletely reported data 

 

  
Analytical ACI 440-4R SiMTREC Manual 5 

Author 
Experimental           

Moment      
(kip-in) 
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M
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Kato et al. 

568 536 1.06 531 1.07 470 1.21 

480 439 1.09 436 1.10 423 1.13 

345 440 0.79 437 0.79 424 0.82 

548 536 1.02 531 1.03 470 1.17 

484 439 1.10 436 1.11 423 1.14 

326 439 0.74 436 0.75 423 0.77 

Wang et al. 134 165 0.81 161 0.83 136 0.98 

Zhao 
100 106 0.94 103 0.98 97 1.04 

89 106 0.84 102 0.87 96 0.93 

currier 418 245 1.70 243 1.72 216 1.93 

Fam et al. 
3452 4784 0.72 4765 0.72 4696 0.74 

4315 5402 0.80 5377 0.80 5293 0.82 

Stoll et al. 8907 9718 0.92 9677 0.92 9556 0.93 

Dolan et al. 528 1050 0.50 1049 0.50 1044 0.51 

  
Mean 0.93 Mean 0.94 Mean 1.01 

  COV 0.30 COV 0.30 COV 0.33 
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Table B-4 Flexural capacity estimation of unbonded post-tensioned beams with CFRP tendons 

from the compiled data base 

 
 

 ACI 440-4R (2011) AASHTO-LRFD (2017) ACI 318-14 (2014) 

Author 

 
Experimental           

Moment      
(kip-in) 
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Heo et al. 

RU50 195 186 1.05 171 1.14 172 1.13 
RU70 240 201 1.19 188 1.28 190 1.26 
RO50 327 327 1.00 328 0.99 322 1.01 
RO55 470 372 1.26 372 1.27 374 1.26 
TB45 640 561 1.14 541 1.18 529 1.21 

TB45/3 535 526 1.02 534 1.00 525 1.02 
TO45 809 644 1.26 634 1.28 646 1.25 

Maissen et al. B2-5 3480 3768 0.92 3008 1.16 2592 1.34 
Mutsuyoshi et al. A2 60 72 0.84 54 1.12 54 1.11 

Kato and 
Heshida 

UCP1 304 304 1.00 298 1.02 299 1.02 
UCP2 480 444 1.08 445 1.08 446 1.08 
UCP3 281 250 1.12 239 1.18 239 1.17 
UCP4 388 373 1.04 372 1.04 373 1.04 
UCP5 158 171 0.93 148 1.07 147 1.07 
UCP6 208 220 0.94 203 1.02 203 1.02 
UCP7 160 161 0.99 131 1.22 129 1.24 

Kakizawa et al. CPC58U 49 47 1.04 46 1.06 44 1.10 

NCHRP 12-97 
CPouSM 14860 14767 1.01 10472 1.42 11126 1.34 
CPouSF 13543 14767 0.92 10472 1.29 11126 1.22 
CPouDF 15673 14732 1.06 10422 1.50 11076 1.42 

   Mean 1.04 Mean 1.17 Mean 1.17 
   COV 0.11 COV 0.12 COV 0.10 

 

Table B-5 Change of stress in unbonded CFRP tendon during the test 

 
 

 ACI 440-4R (2011) AASHTO-LRFD (2017) ACI 318-14 (2014) 

Author 

 
Experimental           
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Heo et al. 

RU50 77 61 1.27 34 2.26 37 2.11 
RU70 71 56 1.26 34 2.11 71 1.00 
RO50 49 26 1.92 26 1.86 20 2.51 
RO55 72 28 2.58 27 2.66 34 2.13 
TB45 35 52 0.68 33 1.08 38 0.94 

TB45/3 43 27 1.58 43 1.00 37 1.16 
TO45 25 40 0.63 25 1.00 18 1.43 

NCHRP 12-97 
CPouSM 

86 80 1.08 32 2.70 60 1.44 
134 171 0.79 47 2.85 60 2.24 

CPouDF 
73 80 0.91 32 2.29 60 1.22 

119 172 0.69 47 2.53 60 1.99 

   Mean 1.22 Mean 2.03 Mean 1.65 
   COV 0.48 COV 0.33 COV 0.32 
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Figure B.3 Comparison of experimental moment capacities vs. predicted values by Analytical procedure for bonded CFRP prestressed beams in 
the data base



NCHRP 12-97 
 

B-20 
 

 
Figure B.4 Comparison of experimental moment capacities vs. predicted values by of SIMTReC Design Manual No. 5 (2008) bonded CFRP 

prestressed beams in the data base 
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Figure B.5 Comparison of experimental moment capacities vs. predicted values by ACI 440.4R-04 (2011) for bonded CFRP prestressed beams in 
the data base 
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Figure B.6 Comparison of experimental moment capacities vs predicted values according to ACI440.4R-04 for unbonded CFRP prestressed beams 
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Figure B.7 Comparison of experimental moment capacities vs predicted values according to AASHTO-LRFD (2017) for unbonded CFRP 
prestressed beams 
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Figure B.8 Comparison of experimental moment capacities vs predicted values according to ACI 318-14 (2014) for unbonded CFRP prestressed 
beams 
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Figure B.9 Comparison of experimentally measured increase in stress of unbonded tendons and predicted values from; ACI 440-4R, AASHTO 
LRFD, and ACI 318-14.



NCHRP 12-97 
 

B-26 
 

B.5. Summary and Gaps in Previous Experimental Work 

A review of the compiled experimental database supported with the findings of the 

review and synthesis of literature presented in Appendix A, indicates further research is 

warranted in order to develop a comprehensive design guideline. The additional research can be 

categorized into three areas: (i) material level testing, (ii) full-scale bridge beam tests, and (iii) 

numerical modelling and reliability analysis to support the LRFD formulation. 

B5.1. Material Level Testing 

The design and analysis of CFRP prestressed concrete beams is in most cases very similar to 

the design and analysis of steel prestressed concrete beams. Most of the key differences are 

related to specific detailing requirements and material parameters including: 

• Jacking stress limits for harped or depressed strands 

• Relaxation losses in prestressing tendons 

• Thermally induced prestressing losses 

• Detailing of anchorages and hold-down points 

The majority of these phenomena have been studied by individual researchers with a focus 

on individual materials and prestressing systems. Taken individually, these studies are 

insufficient to develop broadly applicable specifications related to the design and detailing of 

CFRP prestressed concrete beams, as discussed in Appendix A. Thus, additional testing is 

needed to develop reliable guide specifications to address these material specific design 

challenges.  

B5.2. Full-scale Beam Testing 

A review of the existing literature revealed a distinct lack of testing on large-scale and 

full-scale CFRP prestressed bridge beams, especially the ‘I’ shaped bridge beams, which are 
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more common in practice compared to other section types. The vast majority of reported tests 

have been conducted on small-scale, rectangular beams with spans and depths of less than 30 ft. 

and less than 20 in. respectively. These members are not representative of the behavior that can 

be expected from full-scale bridge beams. Specifically, the scale and geometry of the tested 

beams can affect the expected transfer length, development length, camber, stiffness, capacity, 

and failure mode of the tested beams. While the existing testing is valuable, it should be 

supplemented with comprehensive testing of full-scale bridge beams that are designed, detailed, 

and constructed using the same materials and methods that will be used in practice. 

B5.3. Reliability Analysis 

Furthermore, the review of the existing literature has identified a number of analytical 

models developed to predict the flexural behavior of members with bonded and unbonded 

prestressing CFRP and the shear behavior of CFRP prestressed beams. However, the validation 

of these models is done in a deterministic manner. That is, the statistical variability of the model 

parameters and the modelling uncertainty has not been considered in the validation. Hence, a 

rigorous probabilistic treatment is necessary in order to develop design equations in LRFD 

format that will provide a known and acceptable probability of failure comparable to the current 

approach used in the AASHTO LRFD Bridge Design Specifications and also provide for proper 

resistance factors for CFRP prestressing. 
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C1.  Overall Experimental Program 

The experimental program consists of six research subtasks that are specifically designed 

to cover the necessary aspects related to the design of concrete beams prestressed with CFRP 

systems. The technical aspects that will be investigated experimentally and analytically include:  

• Evaluation of jacking stress limits and hold-down devices for harped tendons 

• Characterization of prestress losses due to strand relaxation, anchorage seating, and thermal 

effects  

• Measurement of transfer lengths, deflections and camber  

• Evaluation of full-scale beams subjected to monotonic flexure, and flexural fatigue loads 

• Refinement of existing design models (or development of new models as necessary)  

• Reliability analysis, and calibration of resistance factors  

The findings of this research can be used to revise the provisions of the draft guide 

specification if needed. The identified critical parameters that were addressed individually under 

specific subtasks and the expected outcomes from this detailed investigation are summarized in 

Table C-1. The details of the testing, parameters considered, expected outcomes, and expected 

impact on the provisions of the guide specification are explained in the following sections.  
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Subtask Testing variables – critical 
parameters Expected outcome Impacted articles of proposed 

guide specification 

Subtask 6.1 
Jacking 
stresses 
Material 
properties 

• Prestressing CFRP system 
type 

• Harping angle 
• Hold-down device dimensions 
• Hold-down device material 
  

• Material properties including load-strain 
response of prestressing CFRP systems 

• Jacking limits for depressed prestressing 
CFRP systems 

• Details of hold-down points and devices 
 

1.4—MATERIAL PROPERTIES 
1.4.1—Prestressing CFRP 
1.4.1.1- General 
1.4.1.2- Tensile Strength and Strain 
1.4.1.3- Modulus of Elasticity 
1.4.4—Hold-Down Points and 
Deviators 
1.9—PRESTRESSING  
1.9.1—Stress Limitations for 
Prestressing CFRP 
1.9.1.1- Tendons with Angle Points 
or Curves 

Subtask 6.2 
Anchorages 

 
• Anchorage performances of 

various prestressing CFRP 
systems 

 
• Anchorage system strength limitations 

 
1.4—MATERIAL PROPERTIES 
1.4.2—Anchorages 

Subtask 6.3 
Relaxation 

 
• Prestressing CFRP system 

type 
• Jacking stress level 
• Prestressing CFRP length 
 

 
• Relaxation loss 
• Anchorage loss 

 

 
1.9—PRESTRESSING 
1.9.2—Loss of Prestress 
1.9.2.2- Instantaneous Losses 
1.9.2.2.1- Anchorage Set 
1.9.2.3- Approximate Estimate of 
Time-Dependent Losses 
1.9.2.4- Refined Estimate of Time-
Dependent Losses 
1.9.2.4.2- Relaxation of Prestressing 
CFRP 

Table C-1: Investigated parameters and expected outcomes of the experimental program 
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Subtask Testing variables – critical 
parameters Expected outcome Impacted articles of proposed 

guide specification 

Subtask 6.4 
Losses  

 
• Prestressing CFRP system 

type 
• Jacking stress level 
• Transverse reinforcement  
• Thermal fluctuations 

 

 
• Concrete creep & shrinkage losses 
• Transfer length 
• Losses due to thermal fluctuations 

 
 

 
1.9—PRESTRESSING 
1.9.2—Loss of Prestress 
1.9.2.1- Total Loss of Prestress 
1.9.2.3- Approximate Estimate of 
Time-Dependent Losses 
1.9.2.4- Refined Estimate of Time-
Dependent Losses 
1.9.2.5- Losses due to Temperature 
Changes 

Subtask 6.5  
Transfer 
length, 
camber, 
long-term 
deflections 

• Full scale concrete beams 
pretensioned with bonded 
strands: 

- Prestressing CFRP system 
type 

- Tendon profile 
 

• Scaled prestressed concrete 
beams: 

- Long term deflections 

• Camber 
• Transfer length 
• Short term deflection 

 
 

• Long term deflections 
 

 
1.7—DESIGN FOR FLEXURAL 
AND AXIAL FORCE EFFECTS 
1.7.3- Flexural Members 
1.7.3.4- Deformations 
1.7.3.4.1- General 
1.7.3.4.2- Deflection and Camber 
1.11—DEVELOPMENT OF 
PRESTRESSING 
REINFORCEMENT 
1.11.1-Development of Prestressing 
CFRP 
1.11.1.1- General 
1.11.1.2- Bonded Prestressing CFRP 

Table C-1: Investigated parameters and expected outcomes of the experimental program 
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Subtask Testing variables – critical 
parameters Expected outcome Impacted articles of proposed 

guide specification 

Subtask 6.6  
Full-scale 
beams 

• Prestressing CFRP system  
• Pre- or post- tensioning  
• Bonded or unbonded strands 
• Tendon profile  
• Monotonic or fatigue loading 
 

• Flexural design model for prestressed 
concrete bridge beams including 
service, fatigue and strength limit 
states.  

• Prestress losses 
• Specifications for ducts and  hold-

down devices 
• Deformations 

1.4—MATERIAL PROPERTIES 
1.4.2— Anchorages 
1.4.3—Ducts 
1.4.3.1-General 
1.4.3.2-Size of Ducts 
1.4.4—Hold-Down Points and 
Deviators 
1.5—LIMIT STATES 
1.5.1—Service Limit State 
1.5.2—Fatigue Limit State 
1.5.2.1-General 
1.5.2.2-Prestressing Tendons 
1.5.3—Strength Limit State 
1.5.3.1-General 
1.5.3.2-Resistance Factors 
1.7—DESIGN FOR FLEXURAL 
AND AXIAL FORCE EFFECTS 
1.7.3-Flexural Members 
1.7.3.1-Stress in Prestressing CFRP 
at Nominal Flexural Resistance 
1.7.3.2-Flexural Resistance 
1.7.3.3-Limits for CFRP 
Reinforcement 
1.7.3.4-Deformations 
1.8—SHEAR  
1.9—PRESTRESSING  
1.9.1-Stress Limits for Prestressing 
CFRP 
1.9.2-Loss of Prestress 
1.10—DETAILS OF 
REINFORCEMENT  

Table C-1: Investigated parameters and expected outcomes of the experimental program 
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Subtask Testing variables – critical 
parameters Expected outcome Impacted articles of proposed 

guide specification 
1.11—DEVELOPMENT OF 
PRESTRESSING 
REINFORCEMENT 
1.11.1—Development of Prestressing 
Strand 

Subtask 6.7 
Analytical 
methods 

• All major and minor 
parameters of other 
experimental subtasks 

• Supplement and validate experimental 
results 

• Stresses in anchorage zones 
• Minimum reinforcement ratio 

requirements 
• Verify proposed design methods 

 
All relevant articles 

Subtask 6.8 
Reliability 

• All major and minor 
parameters of the 
experimental subtasks 

• Resistance factors 1.5.0—LIMIT STATES 
1.5.3.2—Resistance Factors 

 

 

Table C-1: Investigated parameters and expected outcomes of the experimental program 
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C2.   Anchorage 

C2.1. Anchorage Types 

Two types of anchorage systems were utilized in the experimental program as below: 

• wedge type   

• expansive potted type 

The wedge type anchorage systems were implemented for fabrication of the full-scale 

pre-tensioned beams. However, the expansive potted type anchors were used in production of 

full-scale post-tensioned beams. Also, for material testing (tension tests, relaxation and harping 

tests) the expansive potted type anchors were utilized and the process is explained under 

corresponding sections. 

C2.1.1. Installation Procedures for Wedge Type Anchors 

Prestressing CFRP Cable 
For pre-tensioning applications of the prestressing CFRP cables, a wedge/barrel type 

anchorage system was utilized. The research team pre-installed the anchorages at the ends of 

prestressing CFRP cable before transferring the cables to the precast plant. The installation of the 

anchorages was done by using a special device that was provided by the manufacturer. The 

installation device came with a metal frame and a hand held hydraulic jack. The ends of the 

prestressing CFRP cables were first wrapped with mesh material starting from one inch away 

from the end of the cable and a stainless-steel braid was then placed to cover the mesh forming 

the buffer material together. The buffer material consisted of a multi-layer spiral with alternating 

layers of stainless steel mesh and a high-density polymeric mesh. The rolled and braided mesh 

iwas placed around the prestressing CFRP cable, and fixed in place with a general purpose tape. 

A thin layer of molybdenum grease was applied to the inner surface of the anchorage sleeve to 
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reduce the friction between the wedges and the sleeve. The wedges were placed and aligned on 

the buffer material by using a plastic guide and carefully seated in the sleeve by hand as shown 

in Figure C.1a. After the wedges were seated by hand, the assembly was placed into custom 

designed fixture and fully seated using a hydraulic jack as shown in Figure C.1b.  

    

    a) wedge/barrel type anchorage                     b) hydraulic jack to install the anchorage  

Figure C.1 Anchorage assembly for prestressing CFRP cable 

Prestressing CFRP Bars 

For pre-tensioning applications, the prestressing CFRP bars utilize a wedge/barrel type 

anchorage system, which is different than the anchorage system of the tension test specimens.  

The wedge/barrel system consists of four main components, a soft copper sleeve, three steel 

wedges, a steel barrel, and a rubber O-ring. A hydraulic pre-seating device is used to assemble 

the components with the prestressing CFRP bars.  The research team received all the components 

of this anchorage system from the manufacturer. 

The following procedure is recommended by the manufacturer for anchorage assembly: 

i) Reshape the copper sleeve using tapered tool (see Figure C.2a). 

ii) Clean all the components of the anchor using a clean rag and acetone. 

iii) Place the copper sleeve at the end of the prestressing CFRP bars where no sand coating is 

Sleeve 

Wedges 

Cable end with buffer 
material 

Guide 

Hydraulic device 
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applied.  

iv) Spray the dry lubricant inside the barrel and also outside of the wedges (see Figure C.2b). 

v) Slide the steel barrel over the copper sleeve without any contact so as not to contaminate 

the surface of the sleeve. 

vi) Place the wedges over the copper sleeve and align them with the help of the plastic O-ring 
(see Figure C.2c). 

vii) Slip the steel barrel over the wedges while maintaining the alignment of the wedges.  

viii) Place the barrel and wedge into the hydraulic pre-seating device (Figure C.2d) and seat the 
anchorage components using the specified hydraulic pressure. 

ix) Once the pre-seating is achieved, handle the anchorage carefully to prevent damage (see 
Figure C.2e). 

The assembled wedge/barrel type anchorage system for prestressing CFRP bars is shown in  

Figure C.2f. 

       

       

 

(a) Copper sleeve and tapered tool (b) Coating the wedges with lubricant 

(c) Aligning the wedges inside the barrel (d) Hydraulic pre-seating device 

Copper sleeve 

Tool for aligning the 
wedges  

Plastic O-ring  

Steel barrel  

wedges 

Hydraulic pre-seating 
device  
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Figure C.2 The assembly of the anchorage system for pre-tensioning applications of the 
prestressing CFRP bars 

C2.1.2. Installation Procedures for Expansive Potted-Socket Type Anchors 

The potted type anchorage system consists of wedge and sleeve grips and a steel pipe as 

shown in Figure C.3. The prestressing CFRP is fixed inside the steel pipe with a proprietary 

highly expansive material (HEM). The HEM is poured in steel pipes in vertical position and 

cured for 6 hours at room temperature. After initial curing, the anchorage is exposed to heat 

curing for 24 hours at a temperature of 150oF.  

  

 (a) Wedge and sleave grip   (b) Steel pipe field with HEM 

Figure C.3 Potted type anchorage components 

The internal pressure of the HEM is calculated by using measurements from strain gages 

attached on the surface of the steel pipes.  When the target internal pressure of 5.8 ksi was 

achieved the curing was stopped. Figure C.4 a and b show the preparation of the anchorage at 

one end of the prestressing CFRP specimen by pouring the HEM and the location of strain gages 

(e) Handling of anchorage (f) Assembled anchorage 

Wedges 

Steel sleeve 
Rubber ring 12 in. 
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installed on the surface of the steel pipes to monitor the progress of curing, respectively. This 

anchorage system is used for tensile testing of prestressing CFRP and harping tests. 

         

         (a) Pouring the HEM inside the anchor        ( b) monitoring the internal pressure 

Figure C.4 Installation process of potted type anchors  

The socket type anchorage system consists of a threaded steel socket and nut as shown in 

Figure C.5. The steel socket is threaded on both outer and inner surfaces. Similar to a wedge 

type system, the prestressing CFRP is fixed inside the socket using the HEM where the internal 

threads provide additional resistance against the slipping of the prestressing CFRP. The 

installation of the anchorage follows the same procedure for pouring of the HEM and heat curing 

as for the former anchorage type. This anchorage system is used for post-tensioning applications 

and for long term relaxation testing. 

Pouring of HEM 

Strain gages on the surface 
of steel pipe 
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Figure C.5 Socket type anchorage system with threaded socket, nut and HEM (TOKYO ROPE 
MFG. CO., LTD) 

C2.2. Laboratory Testing 

A complete prestressing CFRP system consists of a prestressing CFRP bar or cable, 

associated anchorage and load transfer mechanism (prestressing steel to prestressing CFRP). 

Prestressing CFRP cables is commercially available as a complete system. However, for the 

prestressing CFRP bars, the load transfer mechanism (transfer box also referred as a coupler) 

does not come as the part of the system. Based on a suggestion provided by the manufacturer, 

transfer boxes for prestressing CFRP bars were fabricated in the current study. The prestressing 

CFRP bars utilize a similar anchorage system to prestressing CFRP cables, which is a box 

coupling prestressing CFRP with prestressing steel. 15 in. long, 31/8 in. wide box as shown in 

Figure C.6 were fabricated.   

 

Figure C.6 Transfer box for prestressing CFRP bar 

These transfer boxes were tested in tension (Figure C.7a) to the load level of 80% of the 

rupture strength of the prestressing CFRP bar (40 kips). This load was applied for 24 hours to 
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make sure that the box could maintain long duration loads during the test specimens 

manufacturing process.  The transfer box performed satisfactorily for the duration of test with no 

sign of bending, weld cracking or noticeable deformation (Figure C.7b).  

                   

 

Figure C.7 Tensile test set-up of the transfer box and post-test observation 

C2.3. Field Application 

C2.3.1. Prestressing CFRP Cable 

Once the anchor for prestressing CFRP cable has been assembled, pre-tensioning is 

applied through the steel strands and transferred to the prestressing CFRP strands with couplers 

provided by the manufacturer. The couplers are connected just outside the beam end regions in a 

staggered manner. An initial seating load is applied to each prestressing CFRP to make the 

strands taut and aligned. The locations of the couplers are adjusted to keep them properly 

staggered. The prestressing steel and the prestressing CFRP cable couplers and the position of 

the prestressing CFRP just after the initial loading are shown in Figure C.8a-b. 

(a) Transfer box under tension test (b) Transfer box after testing 

No sign of bending of 
plates and weld cracking  
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Figure C.8 Application of the couplers in pretensioning of the CFRP cables  

C2.3.2. Prestressing CFRP bar 

Once the anchor for prestressing CFRP bar has been assembled, it is placed inside the 

transfer box with a prestressing steel chuck and cable on the other side as shown in Figure C.9.  

The transfer box is placed on both side of the prestressing CFRP bar with anchorage and is 

coupled with the prestressing steel.  Then from the live end, prestressing steel is jacked which 

also tension the prestressing CFRP bar. 

 

Figure C.9  Close-up view of transfer box 

This whole process is easy to implement and plenty of space for the transfer box to fit if 

the spacing between the cables is large. However, for a constrained spacing, this process is 

(b) Staggering of the couplers 

Prestressing CFRP 

Prestressing 
steel 

Coupler 

Steel chucks 
CFRP anchor 

(a) Alignment of the prestressing CFRP 
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difficult considering the movement and rotation of the transfer boxes.  One might stagger the 

location of the transfer boxes depending on the length of the prestressing CFRP bar available as 

shown in Figure C.10.  Whatever the case is, the arrangement should be decided before ordering 

the material. 

 

Figure C.10 Staggering of transfer boxes for the beam 

C2.4. Anchorage Seating Losses 

For post-tensioned beams with straight prestressing CFRP cables, the socket type anchors 

are pre-attached to the cable’s end. The loss in the cable load after seating of the nut at the live 

end on the bearing plates was measured.  The same process utilized in the relaxation tests was 

used to apply the jacking force as shown in Figure C.11 .  The dimensions of the members of 

this setup are different to accommodate a larger diameter cable anchor and the limited space 

available at the end face of the beam. 

The test was performed two times on the upper tendon that has a 100-kip load cell 

attached to its dead end.  The load at the live end was measured by a 50-kip load cell.  Each of 

these two load cells were connected to a data acquisition system (DAQ) that measures the load at 

the cable ends.  The cable was stressed to 60% of its design tensile strength reported in the 

Isometric view 
 

Riser for upper bars 
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manufacturer data sheet of the prestressing CFRP.  After reaching the target load, the nut was 

tightened and the anchor was released.  The drop in the cable load was measured by the load cell 

at the dead end using the DAQ system.  The percentages of the drop in the DAQ measurement 

were 0.41% and 0.41% for the two trials.  Another record of this seating loss was measured after 

stressing of the middle CFRP cable in the bottom row of cables.  The percentage of drop was 

0.71%. 

     
  (a) live end                     (b) Dead end 

Figure C.11 Stressing of CFRP cables in the full scale post-tensioned beams 

C2.5. Challenges and Recommendations 
 

Recommendation and conclusion on overall performance of anchorages used for 

prestressing: 

• Both prestressing CFRP cable and prestressing CFRP bar anchorage systems showed a good 

performance in transferring load (Steel to CFRP (i.e., coupler, transfer box), Anchor to CFRP 

(i.e., wedge and sleeve) without any damage to the prestressing CFRP. 

• Installing anchorage system for both cables and bar is meticulous and standard procedure 

which requires trained personnel. 

• Technical assistance for first few anchors was provided by the manufacturer of prestressing 

CFRP cable which was very helpful to understand and apply the system in field. 

Hydraulic jack  

DAQ  

Load Cell  
Load Cell 
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• Everything was produced, fabricated and assembled by Research team for prestressing CFRP 

bar following the guidelines from the manufacturer.  

• Coupler system for prestressing CFRP bar (i.e., transfer box) is not very convenient to use 

when the spacing between the prestressing CFRP bars is small. 

C3.   Mechanical Properties of Materials Used in the Experimental Program 

C3.1. Concrete 

The concrete used in this research was provided by a precast plant with an expected 28-

day target strength of 9000 psi for the deck and girder concrete. During each casting, 16 standard 

cylinders (4 inches in diameter and 8 inches in height) were cast to monitor the concrete strength 

for each beam in accordance with ASTM C39/C39M (2005).  

C3.2. Prestressing CFRP 

Within the scope of the experimental program, two types of prestressing CFRP, namely 

CFRP bars and CFRP cables were used for testing. For the sake of clarity, the following 

definitions will be employed for prestressing CFRP bars and cables. A prestressing CFRP bar is 

defined as prestressing reinforcement with a monolithic, prismatic cross-section, typically 

circular which may be referred as “Rod” by manufacturers in some cases. While, a prestressing 

CFRP cable is defined as prestressing reinforcement which consists of multiple individual 

straight or twisted CFRP wires, which may also be referred as “Strand” according to some 

manufacturers. The main motivation for including different prestressing systems in this study is 

to investigate the effect of cross-sectional properties and surface pattern of prestressing CFRP on 

the behavior of concrete beams prestressed with various CFRP systems. The prestressing CFRP 

systems (including anchorage) were acquired from two manufacturers, namely Pultrall Inc., and 

Tokyo Rope Mfg. The material characteristics and the cross-sectional properties of each 
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prestressing CFRP system that were tested in this study, as provide in manufacturer’s 

specifications are presented in Table C-2. 

Table C-2  Comparison of the material properties of the prestressing CFRP used in this 
investigation (provided by the manufacturer) 

 Cable  Bar 

Cross-section 

 

 

Effective cross-sectional area, in2 0.179 0.196 
Resin type Epoxy Vinylester 
Fiber volume fraction 0.65 N/A* 
Longitudinal tensile strength, ksi 340 250 
Longitudinal elastic modulus, ksi 22,480 20,880 
Maximum longitudinal strain, % 1.70 1.32 

* Not reported in the publicly available literature 

A total of ten specimens with a total length of 60 in. were prepared from the batch of 

CFRP received.  In accordance with the manufacturer’s specification for anchorages, Highly 

Expansive Material (HEM) was cast inside steel tubes in which the prestressing CFRP was 

placed. For prestressing CFRP cable, HEM was provided by the manufacturer whereas for the 

prestressing CFRP bar, commercially available expansive material was used. These steel tubes 

served as the anchorage system at the ends of the test samples. The specimens with installed 

anchorages for CFRP cable are shown in Figure C.12a. Figure C.12b show the schematics of 

the specimen with the length of anchorages for both CFRP cable and bar. Each specimen was 

instrumented with one strain gage and an extensometer to measure the elongations up to failure. 

An MTS loading frame which has a tensile loading capacity of 110 kips was used for testing. 

Applied load versus the specimen elongation was recorded by a data acquisition system (Micro 

Measurements System 7000). The applied load was also recorded using the built-in data 

acquisition system of the MTS test frame. Figure C.13 shows the test setup and the test 
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specimen just before the initiation of the testing. Besides the tensile strength and tensile strain, 

the failure mode of the specimens was also recorded and the modulus of elasticity of the 

prestressing CFRP was calculated after testing based on measured data as described in ASTM 

D7205-06(2011). The specimens were tested up to failure and the tensile strength, ultimate 

tensile strain and modulus of elasticity of the prestressing CFRP system were identified. 

 

 

Figure C.12 CFRP cable specimens with installed anchorage  

 

Figure C.13 Test set-up for tensile testing of prestressing CFRP 

C3.3. Reinforcing Steel 

Shear reinforcement for the test specimens consisted of #4, and #6 reinforcing bars of 

Grade 60. All longitudinal reinforcement was Grade 60 steel, with #5 and #6 bars for 

36 in. 12 in. 12 in. 

Anchorage CFRP Anchorage 

Extensometer for deformation 
measurement 

   SG for strain measurement 

Load cell 

Internal LVDT to 
measure deformation 
of the CFRP system 

(a) Tension test specimens (b) Schematic view of tension test specimens 
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compression reinforcement in the deck and top flange of the beam. All steel reinforcement was 

tested in accordance with ASTM A370 (2008) to obtain the mechanical properties. 

C3.4. Grout 
High strength cementitious non-shrinkable grout was used for grouting the prestressing 

CFRP cables of two full-scale post-tensioned beams. The grout has a target compressive 

strength of 15,000 psi after 28 days. 16 standard cylinders (4 inches in diameter and 8 inches in 

height) were cast to monitor the grout strength for each beam in accordance with ASTM 

C39/C39M (2005).  

C4.   Stress Relaxation Loss 

C4.1. Introduction 

Stress relaxation behavior of two types of prestressing CFRP materials was examined for 

one year. The main parameters that were investigated were the type of the prestressing CFRP 

system (CFRP cable and CFRP bar), initial stress level (0.5, 0.6 and 0.7 times the design tensile 

strength of prestressing CFRP (fpu) provided by manufacturer) and the length of the relaxation 

specimens (10 ft., 15 ft. and 20 ft.). 

C4.2. Test Matrix 

Beside the abovementioned parameters that were investigated experimentally, the amount 

of anchorage loss was quantified and subtracted from total measured losses in order to obtain 

pure stress relaxation losses of prestressing CFRP cable and bars. The test matrix is given in 

Table C-3. Three repetitions of each test configurations were included.  

 

 

 



C-23 
 

 

 

Table C-3 Test matrix for evaluation of prestressing CFRP relaxation losses 

Prestressing Type Prestress Level Prestressing CFRP Length 

CFRP Bar 
0.5 f*

pu 15 ft. 
0.6 fpu 1 in.** - 10 ft. - 15 ft. - 20 ft. 
0.7 fpu 15 ft. 

CFRP Cable 
0.5 fpu 15 ft. 
0.6 fpu 1 in. - 10 ft. - 15 ft. - 20 ft. 
0.7 fpu 15 ft. 

 *      Design tensile strength  
 ** 1 in. long prestressing CFRP is tested to quantify the anchorage losses of prestressing 
CFRP 
 

C4.3. Specimens Preparation 

First the prestressing CFRP cables or bars were cut to the desire length. Then the prestressing 

CFRP were fixed inside (at the centroid) of the socket type anchors (threaded steel pipes) with a 

proprietary highly expansive material (HEM). The HEM was poured in threaded steel pipes in 

vertical position and cured for 6 hours at room temperature (see Figure C.14a-b). After initial 

curing, the anchorages were exposed to heat curing for 24 hours at a temperature of 150 OF.    
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a) Vertical positioning  b) Pouring the HEM  c)  Final product 
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Figure C.14 Anchorage Preparation for relaxation test specimens 

 

 

The test specimens with different length are illustrated schematically in Figure C.15. 

 

Figure C.15 Schematic representation of the test specimens 

C4.4. Testing Equipment and Methodology 

Prestressing CFRP cables or bars were subjected to a sustained load under a constant 

strain condition in a self-reacting configuration as illustrated schematically in the Figure C.16. 

Also overall test setup is presented in Figure C.17 a. The test setup was designed to simulate, as 

closely as possible, the fixed strain conditions experienced by a prestressing tendon in a concrete 

beam, while isolating the effect of strand relaxation from other time-dependent effects including 

concrete creep and shrinkage. The specimens were stressed to the certain initial stress levels and 

lucked inside the hollow structural steel section (HSS) by utilizing the threaded anchors (using 

HEM) and nuts as presented in Figure C.17 b and c.  Strand relaxation loses were measured over 

time using a load cell located at the dead end. Furthermore, a total of four strain gauges were 

installed on the HSS (one on each side) to measure the axial deformation of the test setup and 

provide with supplemental load reading. The strain and load measurements were continuously 

recorded at intervals of 24 hours for the first 10 days and every 10 days for the first month and 

every month afterward for one year. Therefore, the stress relaxation of the CFRP system 

(including anchors) over time was determined by measuring the reduction of the compressive 

strain of the HSS or by direct measurements (for some of the specimens) with a load cells at the 

 

 

 

Socket type anchor  

HEM CFRP specimens  

CFRP clear length [10, 15, and 20 ft.] 
 

14 in. for Cables 
22in. for Bars 
 

14 in. for Cables 
22in. for Bars 
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dead end. In addition, anchorage loses were measured separately and was subtracted from stress 

relaxation of the system in order to obtain the stress relaxation of prestressing CFRP only. 

 
Figure C.16 Schematic representation of the test setup 

 
(a) Relaxation test setup 

 

    
(b) Stressing chair with a hydraulic jack  (c) the load cell at that live end 

 

Figure C.17.  Overall relaxation test setup 

Nut 

Coupling adapter 

Threaded rod 

Load cell 

Hydraulic jack 

Strain gages 

DAQ system 

20 ft. HSS 
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In order to quantify anchorage losses, including long term losses due to interaction of the 

prestressing CFRP and expansive material inside the steel anchors and creep of the expansive 

material, three specimens for each of the prestressing CFRP cables and bars, were prepared and 

stressed inside a HSS. The length of these specimens was 1 in. of the prestressing CFRP between 

two end anchorages to minimize the relaxation of the CFRP as shown in Figure C.18. The 

results from these specimens were subtracted from the losses of longer specimens to obtain the 

losses due the prestressing CFRP only. These losses are also relevant for post-tensioned beams 

as these types of anchors are typically kept on the prestressing CFRP for the lifetime of the 

structure. 

 
 

Figure C.18. Schematic representation of specimen used for loss quantification at the 
anchors 

Figure C.19 a and b show the specimens before and after tensioning, respectively.  After 

stressing the specimens to the target load level (60% of design tensile strength provided by the 

manufacturer) the strain and load measurements were continuously recorded. 

    
 (a) Specimen before stressing   (b) Specimen are stressed inside the HSS 

Figure C.19 Anchorage specimens to quantify the anchorage losses 

14 in. for CFRP cable 
22 in. for CFRP bar 
 

CFRP clear length [1 in.] 
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C5.   Concrete Creep, Shrinkage and Thermal Losses  

C5.1. Introduction  

Experimental program includes testing of 10 ft. long concrete prisms with a cross-section of 

6×6 in. Each prism was pretensioned with a single prestressing CFRP tendon placed at the 

centroid of the cross-section. Two types of prestressing CFRP: 0.6 in. cables and 0.5 in. bars and 

three levels of jacking stresses were included in the experimental program. Twenty-seven 

pretensioned concrete prisms of each type of prestressing CFRP tendon (cable and bar) and 

twenty small non-prestressed (plain concrete) shrinkage prisms (4×4×12 in.) were fabricated at a 

precast plant using a self-consolidating concrete (SCC) mixture. 

C5.2. Test Matrix 

 The testing included two types of prestressing CFRP: 0.6 in. cables and 0.5 in. bars. The 

influence of confinement due to transverse reinforcement on transfer length and the thermally 

induced prestressing losses were also considered. Additionally, three different levels of jacking 

stresses were included. The test matrix for the experimental program is presented in Table C4-4. 

Table C-4 Test matrix for concentrically prestressed prisms 

Prestressing Type Jacking Stress 
Number of 

Specimens with 
Confinement 

Number of 
Specimens without 

Confinement 

CFRP Bar 
0.50 fpu 3 6 
0.60 fpu 3 6 
0.70 fpu 3 6 

CFRP Cable 0.50 fpu 3 6 
0.60 fpu 3 6 
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0.70 fpu 3 6 
 

C5.3. Specimens Preparations 

The study involved testing of series of concrete prisms with a cross-section of 6 in. by 6 

in., each prestressed with a single prestressing CFRP at the centroid as illustrated in Figure 

C.20. Each prism was instrumented with an electrical resistance strain gauge and a thermocouple 

bonded to the prestressing CFRP to monitor the change in strain and temperature, respectively.  

 
Figure C.20 Schematic representation of the concentrically prestressed concrete prisms 

 

C5.4. Specimen Fabrication and Test Method 

Twenty-seven prisms for each prestressing CFRP materials and twenty small non-

prestressed plain concrete prisms (4’’×4’’×12’’) were produced using a self-consolidating 

concrete (SCC) mixture at a precast plant. Among the twenty-seven specimens, nine of the prism 

specimens (3 from each prestressing level) were produced with confining reinforcement with a 

volumetric ratio of 1.63 %. The confining reinforcements were fabricated from 3/16 in. diameter 

un-deformed round steel bars. The bars were bent to a spiral shape with an outer diameter of 4 

in. so that a clear concrete cover of 1.0 in. is provided.  

 The forms on the precast bed were aligned in such a way that all prisms with the same 

initial prestressing level were in the same line. Since the test matrix for this subtask 

Prestressing CFRP  

Strain gauge bonded to CFRP 

Thermocouple bonded to strand 

10 ft. 

6 in. 
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contained three different initial prestressing level (50, 60 and 70% of the design tensile 

strength of prestressing CFRP), three lines were formed with 9 prisms on each. Three of those 

nine prisms were fabricated with confinement reinforcement and the rest were without 

confinement reinforcement. The formwork and the lines of prestressing are shown in Figure 

C.21.  

 

  
(a) Prestressing CFRP cable     (b)Prestressing CFRP bars 

 
Figure C.21 Wooden forms alignment for prisms prestressed with prestressing CFRP cables 

and bars 
 

After aligning the forms and placing the transverse reinforcement, the prestressing CFRP 

were pulled through the forms and connected to the steel strands at each end with couplers as 

shown in Figure C.22. The end of prestressing CFRP, where the anchorage was installed, and 

the equipment used to install this anchorage are presented in Figure C.22. 

Three prestressing lines for 
three initial prestressing levels Three prestressing lines for 

three initial prestressing levels 
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Figure C.22 Coupling of prestressing CFRP and steel strands at both ends of the prestressing 
lines 

Before pulling the prestressing CFRP through the forms, the locations of the strain gages 

were measured and surface preparations were conducted. Then, the strain gauges were installed. 

Two strain gages per prism were installed on the prestressing CFRP and were coated for 

protection during casting. For each prism, a third strain gage was bonded to a separate piece of 

prestressing CFRP and was placed in the prisms for thermal compensation of strain 

measurements. A single thermocouple was also attached to the surface of the prestressing CFRP 

for each prism as shown in Figure C.23.  Once the prestressing CFRP was placed and connected 

to the steel strands with couplers, they were initially pulled to keep them taut.  

CFRP Cable 

CFRP Bar 
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Figure C.23 Strain gages and thermocouple installed on the surface of the prestressing CFRP 

After installation of the instruments, the prestressing CFRP for each of the three lines was 

stressed up to the target prestressing level individually. Figure C.24a shows the lines just before 

stressing. The stress level for each prestressing CFRP was monitored by calibrated pressure 

gages at the precast plant and also with load cells that were attached at the dead end of the 

prestressing lines as shown in Figure C.24b. 

      

Figure C.24 Alignments of prestressing CFRP cables before tensioning and application of the 
load cells at the dead end to monitor the prestressing force 

Once all lines were stressed to desired level, concrete was poured into each prism. A total 

of 60 concrete cylinders (4”x8” cylinders) and 20 prisms (4”x4”x14”) were cast simultaneously 

Strain gage Thermocouple 

Load cells at the 
dead end 
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for material testing. The concrete had average measured 28 days strength of 12 ksi and strength 

of 5.4 ksi at prestressing transfer. Two days after casting and curing, the side forms were 

detached and 16 demountable mechanical strain gauge points (DEMEC target points) were 

attached to the concrete surface along the total length of the prisms at a spacing of 8 in. as shown 

in Figure C.25. Simultaneously, DEMEC target points were attached along the length of the 

small plain concrete specimens in order to obtain concrete shrinkage. A DEMEC gauge with a 

gauge length of 8 in. was used to take strain measurements. The differences between the 

measurements before and after the release of the prestressing CFRP tendons were used to 

calculate the concrete longitudinal strain profile at prestress release. Also, the concrete strain 

measurements were continued for one year from prestress transfer to obtain concrete creep and 

shrinkage effect. 

 
  
 
 
 

Figure C.25 Schematic representation of prisms specimen instrumented with DEMEC target 
point along their length 

After releasing of the prestressing force, the specimens were stored for one year under 

constant laboratory temperature and humidity conditions (see Figure C.26). The strain 

measurements were taken continuously to obtain concrete creep and shrinkage effect. As time 

passed, the concrete longitudinal compressive strains became greater due to concrete creep and 

shrinkage effects resulting in prestressing losses in the prestressing CFRP tendons. At any 

arbitrary chosen time, by assuming strain compatibility between the concrete and the prestressing 

CFRP tendon, the effective prestressing force thus, was calculated from the average concrete 

DEMEC target point 

Transfer zone Transfer zone Constant strain zone 



C-33 
 

compressive strains in the constant strain region (after transfer length zone in the middle region 

along the length of the specimens). 

 
Figure C.26 Specimens configuration for long term creep and shrinkage measurements 

 After completion of one-year period from prestressing release, the specimens were 

subjected to thermal fluctuation cycles to verify the thermally-induced losses in addition to the 

temperature effect on the bond performance in mature concrete prisms prestressed with CFRP 

cables and bars.  

 In this study, prism specimens were exposed to the thermal fluctuations ranging 

between 0oF and 140oF in a controlled environmental chamber (Figure C.27a).The range of 

temperature change in thermal fluctuation cycles was specified based on the minimum and 

maximum design temperature of a prestressed concrete bridge in accordance with article 3.12.2 

of AASHTO-LRFD (2017). In addition, in the research conducted by Roeder (2002), the 

statistical variations of the temperature for bridge structures in different climate conditions 

(cold, intermediate, and mild) are reported. The number of occurrence of the extreme minimum 

and maximum design temperatures, during the service life of the bridge, varies for bridges 

located in different climate conditions. For instance, for a bridge located in an intermediate 

Prestressed prisms 

Plain concrete prisms 
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climate condition, the occurrence of temperature change ranging between 20°F and 100°F can 

be estimated as 100 times during the service life. However, this number for a temperature 

change ranging between 0°F and 100°F can be as high as 200 times in cold climate condition. 

The number of occurrence of the investigated range of the temperature change in this research 

(between 0oF and 140oF) during the service life of the bridge is expected to be less than 50 

times. Therefore, 30 thermal fluctuation cycles for prisms prestressed with CFRP cables and 50 

thermal cycles for prisms prestressed with CFRP bars were considered. Each cycle consisted of 

3 hours of heating up to the 140° F, three hours of soaking at 140°F, three hours of cooling 

down to 0° F and three hours of soaking at 0°F, as shown in Figure C.27b. The time intervals 

were selected to assure that the temperature inside the concrete prism is balanced with the 

temperature in the environmental chamber (Figure C.28). As mentioned before, all the 

specimens had been instrumented with a thermocouple inside the concrete to monitor the inside 

temperature of concrete continuously during the thermal cycles. Figure C.28 shows the 

variation of the temperature, obtained from thermocouples inside the concrete, for three CFRP 

prestressed prisms under exposure to the thermal fluctuation cycles. Also, the temperature 

change inside the environmental chamber is presented in this figure.  
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Figure C.27 Thermal fluctuation cycles inside the environmental chamber 

 
Figure C.28 Variation of the temperature inside the prism specimens due to the thermal cycles 

inside the environmental chamber 

The temperature and strain of the prestressing CFRP cable and bar were monitored to 
characterize the expected thermally-induced prestress losses (or gains). Additionally, three 

specimens at each level of prestressing were secured under constant laboratory temperature for 
comparison purposes. Strain measurements from the DEMEC gages were taken at different 

temperatures of -10, 20, 40, and 60 ºC for the total length of the specimens after subjection to 
every 10 thermal fluctuation cycles.  

Figure C.29 shows the specimens configuration and strain measurements inside the 

environmental chamber.  
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      (a)Test specimen’s configuration   (b) strain measurements inside the chamber 

Figure C.29 Thermal fluctuation test specimens under strain measurements 

C5.5.  Transfer Length Determinations 

In addition to evaluate the transfer lengths for concentrically prestressed prisms (as 

explained in section 4.5), transfer lengths of five full-scale pre-tensioned bridge girders 

(AASHTO type І) were examined in the experimental program. Transfer length was evaluated 

at both ends of the beams (live and dead ends). Concrete strain profiles were used to estimate 

the transfer length by using the 95% Average Maximum Strain Method (AMS). In this method, 

DEMEC target points were glued to the concrete surface at the level of the prestressing tendon 

before prestress release. The initial readings between DEMEC points were recorded, as 

presented in Figure C.30. After release of the prestressing force, another set of readings 

between DEMEC points were recorded. The concrete strains were calculated by measuring the 

change in the DEMEC gauge readings relative to the initial readings. The calculated strain 

values were smoothed to remove local noise in the measurements, using below equation: 

     εi = ε(i−1)+εi+ε(i+1)

3
                             (Eq. C4.1) 

Small plain concrete prisms 

DEMEC measurements 
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where, 𝜀𝜀𝑖𝑖 is measured strain at corresponding DEMEC point (i), i is DEMEC point number. The 

procedure to determine the transfer length based on longitudinal concrete strain profile is 

summarized as:  

• Plot the smoothed strain values along the beam’s longitudinal axis (strain profile)  

• Determine the (AMS) by computing the average of all the strains within the constant 

strain zone  

• Take 95% of the AMS and draw a horizontal line  

• The transfer length is determined as the intersection of the 95% AMS line with the 

smoothened strain profile 

 
 (a) Pretensioned prisms    (b) Full-scale girders 
 

Figure C.30 DEMEC target points illustration along the length of specimens  
 

C6.   Harping Tests 

C6.1. Introduction 

Internal application of prestressing CFRP materials (or in external post-tensioning) with 

harped profile requires the CFRP tendons to be bent around the hold-down points, as presented 

in Figure C.31. The curvature of prestressing tendons around hold-down points causes stress 

concentrations and local bending. Since prestressing CFRP materials are brittle, stress 

8 in. 4 in. 

εi 

εi+1 

εi−1 
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concentrations lead to premature rupture of the harped tendons at reduced jacking load levels. On 

the other hand, the friction between the prestressing CFRP and the hold-down device degrade the 

tendon characteristics. Furthermore, contact pressure and transversal stresses applied to 

prestressing CFRP may result in crushing and splitting of the tendon. Application of cushioning 

materials made of Teflon sheets or Polyethylene between the prestressing CFRP and steel 

deviator can effectively increase the tensile capacity of a harped tendon.  

 
Figure C.31 Prestressing CFRP with harped profile  

C6.2. Test Matrix 

The main parameters studied in the research included the hold-down device geometry, 

application of cushioning materials, harping angle, and prestressing CFRP type. Two types of 

prestressing CFRP were considered: 0.60 in. diameter CFRP cables with and 0.50 in. diameter 

CFRP bars. To investigate the effect of friction between the prestressing CFRP and the hold-

down point; two conditions were included: a) with application of cushioning material, b) without 

any cushioning material between prestressing CFRP and steel deviator. Additionally, the radius 

of curvature of the prestressing CFRP was varied by changing the diameter of the hold-down 

point. Finally, three different harping angles were considered, which were selected for optimal 

representation of the range of harping angles commonly used in practice. Based on previous 

studies, tensile capacity of prestressing CFRP bars drastically decreases in harping angles higher 

than 15 degrees. Therefore, harping angles for prestressing CFRP bars were limited to 15 

degrees. 

Harping device (deviator) Prestressing CFRP  

Harping angle (θ) 



C-39 
 

First, the feasibility of the application of the deviators used in common practice of steel 

strands in harping of prestressing CFRP cable and bars were examined. As shown in Figure 

C.34a and b,1 in. diameter  steel and 2 in. diameter plastic deviators, respectively, were tested. 

             

 

Figure C.32 Application of the 1 in. steel deviator and2 in. plastic deviator 

Table C-5  presents the test matrix for the preliminary investigation.  

Table C-5  Test matrix for preliminary harping tests 

Prestressing 
Type 

Hold-Down Device 
Diameter 

(in.) 
Harping Angle 

CFRP Bar 1” steel 5o  - 10o-15 o 
2” Plastic 5o  - 10o-15 o 

CFRP Cable 1” steel 10o - 15o-20 o 
2” Plastic 10o - 15o-20 o 

 

Based on the findings of the preliminary investigations and due to infeasibility of the 

harping of the prestressing CFRP bars, the research team conducted the supplementary harping 

tests only on prestressing CFRP cables. Two new harping devices were developed and fabricated 

as shown in Figure C.33. The main goal of developing new harping devices was to increase the 

contact surface to avoid local failure of the CFRP at the location of the deviator.  

 

(a) 1 in. steel deviator (b) 2 in. plastic deviator 

 

6 in. 

20 in. diameter curve 40 in. diameter curve 

10 in. 

(a) 20 in. deviator (b) 40 in. deviator 
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Figure C.33 Newly developed harping devices 

Table C-6 presents the test matrix for the supplemental harping tests. 

Table C-6 Test matrix for supplementary harping tests 

Prestressing 
Type 

Hold-Down Device 
Diameter 

(in.) 
Harping Angle 

CFRP Cable 20”  10o - 15o-20 o 
40”  10o - 15o-20 o 

C6.3. Specimen Preparations 

First the prestressing CFRP were cut to the desire length. Then the prestressing CFRP 

were fixed inside (at the centroid) of the potted type anchors (steel pipes) with a proprietary 

HEM. In order to use the available wedge grip system, 18 inch-long, 1 in. diameter schedule-40 

steel pipe was used. While the expansive material was mixed with water and poured inside the 

steel tube for curing, the steel tube was adjusted in upright position to provide uniformly 

distribution of the expansive material around the prestressing CFRP inside the anchor. Due to 

straight nature and long length (15 ft.) of the prestressing CFRP bars, it was harder to maintain 

the vertical position during the process of pouring expansive material inside one end while the 

other end had been already fixed inside the anchor. For this purpose, the top side of the specimen 

was tied to a higher support while the bottom side was curing as shown in Figure C.34. After the 

HEM was poured in steel pipes in vertical position and cured for 6 hours at room temperature, 

the anchorage was exposed to heat curing for 24 hours at a temperature of 150 OF.  
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Figure C.34 Anchorage preparation for harping test specimens 

The wedge grip anchor system was obtained from one of the manufacturers.  For 

convenience, the same anchorage grip system was used for both prestressing CFRP types. The 

wedge grip anchorage system consists of one barrel, three wedges, and a rubber ring to keep the 

wedges in place as shown in Figure C4.28: No slippage of the anchor was observed at both 

jacking and dead ends during the test. 

  

(a) Disassembled     (b) Assembled 

Figure C.35 Wedge grip anchorage system  

The test specimen with the total end of 15 ft., anchored at both ends is schematically 

illustrated in Figure C.36. 

Wedges 
Steel sleeve Rubber 

ring 
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Figure C.36 Schematic presentation of the test specimens 

 

C6.4. Testing Equipment and Methodology 

The test setup and specimen configuration details are shown schematically in Figure 

C.37. The test frame had been designed to facilitate testing of different types of prestressing 

CFRP tendons, with different harping angles, and different types of hold-down devices. Load 

was applied using a hydraulic jack. The harping angle of the prestressing CFRP was varied by 

raising or lowering the dead end anchor of the specimen until the desired harping angle was 

achieved. The test specimens were locked on both sides by the wedge type grips. Angle blocks 

were provided to ensure that the anchorage device remains co-axial with the CFRP tendon to 

prevent the formation of stress concentrations due to localized kinking of the tendon near the 

anchorage device. The prestressing CFRP specimens were instrumented with three strain gauges 

to measure the increase in strain due to harping configuration of the prestressing CFRP.  One of 

the strain gauges was located directly under the harping point and the next one was 2 in. away 

from the harping point on the inclined leg of the tendon. The third strain gauge was located on 

the straight portion of the specimen away from the harping point. Further, two load cells were 

used at both ends (dead and live ends) to continuously monitor the prestressing load and 

determine any probable loss due to friction between prestressing CFRP and deviator. A Vishay 

DAQ was used from the very start to record all loads and strains during testing.   
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Figure C.37 Schematic presentation of test specimen and test setup 

The harping test reaction frame is shown in Figure C38. The load was applied from the 

jacking end using a hydraulic jack as shown in Figure C.39a. The prestressing CFRP at the 

harping point is as shown in Figure C.39b. The specimen was loaded at the same rate as used in 

the precast plant until the failure.  

 

Figure C38 Test reaction frame for harping test 
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(a) Jacking end components (side view)  (b) Harping point (top view) 

Figure C.39 Close up view of harping test setup 

C7.   Long-Term Deflection 

C7.1. Test Matrix 

The test matrix for long-term deflection measurements is presented in Table C-7. The 

influence of prestressing CFRP type on long-term deflection constituted the main testing 

parameter. 

Table C-7 Proposed test matrix for long-term deflection measurements 

 

C7.2. Specimen Fabrication  

The tested beams were 12 ft. long, with 6 in. by 10 in. rectangular cross-sections as 

shown in Figure C.40. A total of eight beams were pretensioned, either with prestressing CFRP 

cables or bars. All the beams were reinforced with two-legged shear stirrups of diameter 3/16 in. 

Beam 
Number Designation Prestressing 

CFRP Type 

Sustained Loads 
(% of Service 

load) 

Jacking 
Stress 

Beam 1a Beam Set 1 
CFRP cable 

60 0.6 fpu 

Beam 1b 
Beam 2a Beam Set 2 Beam 2b 
Beam 3a Beam Set 3 

CFRP bar Beam 3b 
Beam 4a Beam Set 4 Beam 4b 

CFRP cable 
 End anchor 

Hydraulic jack Steel deviator 
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The longitudinal and shear reinforcement detail is shown in Figure C.41. The target concrete 

compressive strength of the beams was 9 ksi. Matched pairs of beams were constructed. 

 

Figure C.40 Geometry of test specimen 

The productions of the test beams for long-term deflection were conducted in the 

equivalent manner as prism specimens and shown in Figure C.42a. The production of the beams 

was done in two batches, first batch with prestressing CFRP cable and the second batch with 

prestressing CFRP bar. Four prisms for each prestressing CFRP materials were produced using a 

self-consolidating concrete (SCC) mixture. The forms were made up of wood for the first batch. 

They were assembled in the lab at University of Houston and were transported to the precast 

plant for production. All the four forms were laid on the same line on the precast bed as shown in 

Figure C.42a. The line was stressed with a jacking force of 36 kips which is 60% of the design 

tensile strength provided by the manufacturer. 
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Figure C.41 Cross-section and reinforcement details of the specimens 

    

                a) Arrangement of forms                                    b) Placement of steel stirrups  

Figure C.42 Forms arrangement and placement of stirrups and prestressing CFRP 

Before stressing, the wedge and sleeve anchor was installed on the CFRP cables as 

described in the section before. The couplers were also placed at the both end of the CFRP cable 

with anchor.  

C7.3. Testing Equipment and Methodology 

During stressing, the strain gages Figure C.42b attached to the CFRP were used to 

monitor the strain. Two load cells, one at the dead end and one at the live end were used to 

monitor the jacking and release force. After removing the form, the research team placed the 

beams sideways as two pair such that the top part of the beams face each other as shown in 

2 legged 3/16” @ 2 in 2 legged 3/16” @ 4 in 

Prestressing CFRP 

Steel stirrups 
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Figure C.43. To apply the sustained load, a self-reacting frame system made of four HSS and 

four ¾ in. threaded steel rods was used. In between the two beams, two rollers made of 3 in. 

diameter solid steel bar were used. The rollers were placed 1 ft. apart from the mid-span of the 

beams. The HSS frames with threaded rods were placed at each end of the beams. To apply the 

load, nuts on all threaded rods were sequentially tightened until a targeted point load at each end 

of the beam was achieved (2.45 kips for CFRP cable prestressed beam and 2 kips for CFRP bar 

prestressed beam). The load was monitored using donut type load cells placed at both ends 

between HSS and the bottom part of the beam on one side. The total sustained load corresponded 

to 36% of the nominal capacity and 60% of the service load of the CFRP prestressed beams.  

Figure C.43 Details of test setup 

 
The deflection of the beams was measured at both ends at the locations of the load 

application points, and at the mid-span. The measurement locations denoted as L, M and R are 

shown in Figure C.44.The deflection measurements were taken by a digital caliper (with an 

accuracy of ±0.001 in and a resolution of 0.0005 in) just before the application of the load, and 

immediately after the initial loading (t=0). The measurement locations on the surface of the 

beams were marked precisely to be able to take the measurements from the same point at each 

measurement interval.  

12.0 ft. 
2.0 ft. 4.5 ft. 4.5 ft. ½ ft. 

Threaded 
rods HSS Roller 

supports 

Load 
Cell 
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Figure C.44 The measurement points for long-term deflection of the small-scale beams 

After the initial measurement, the deflection of the beams was measured at the regular 

interval for a period of one year. At each deflection measurement, the sustained load was also 

monitored and slightly adjusted by tightening the threaded rods to keep the load at a constant 

level, and the measurements were taken after the load is adjusted. The tolerance for the constant 

load was taken as the ±2.5% of the applied load at each load point (±0.06 kips).  

C8.   Full-Scale Beams 

A review of the existing literature revealed a distinct lack of data on large-scale and full-

scale CFRP prestressed ‘I’ shaped concrete bridge beams. The majority of reported tests have 

been conducted on small-scale, rectangular beams with spans and depths less than 30 ft. and 20 

in., respectively. In fact, these members are not representative of the actual behavior that can be 

expected in full-scale bridge beams. Specifically, the scale and geometry of the tested beams can 

affect the expected transfer length and development, camber, stiffness, strength, and failure 

Deflected shape before loading 

L1 M1 R1 

L2 M2 R2 

Deflected shape after loading 

 

 

  

   

Camber 
Side view 

Deflection = M-(L+R)/2 
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mode. While the existing data is valuable, this data should be supplemented with testing of full-

scale bridge beams that are designed, detailed, and constructed using the same materials, 

methods, and techniques that will be used in practice. 

C8.1. Test Matrix 

The experimental program includes design, construction, testing, and analysis of 12 full-

scale CFRP prestressed concrete bridge beams under flexural loading. Two different loading 

conditions were considered: (i) monotonic flexure and (ii) flexural fatigue. The proposed test 

matrix for the full-scale flexure tests is given in Table C-8. Two different types of prestressed 

CFRP reinforcement were considered: CFRP bars with solid circular cross sections (0.5 in 

diameter), and CFRP cables (0.6 and 0.76 in. diameter) which have a cross-section similar to that 

of traditional prestressing steel strands. Eight of the test beams were prestressed with CFRP 

cables while the remaining four were prestressed with CFRP bars. Five out of 12 beams were 

post-tensioned and the remaining seven beams were pretensioned.  

The post-tensioned beams were constructed either with straight or parabolic draped 

prestressing CFRP cables with 0.76 in. diameter. Two beams were grouted to represent the fully 

bonded case while the other three beams remained unbonded. Unbonded post-tensioning was 

applied only for beams with CFRP cables. 

Eight beams were tested monotonically to failure without any prior fatigue loading. The 

other four of the 12 beams were tested in flexural fatigue under four-point bending to achieve a 

stress range that was determined based on the Fatigue I limit state specified in the AASHTO 

LRFD Bridge Design Specifications for steel prestressed concrete beams. The fatigue loading 

was stopped intermittently and a monotonic flexural test was conducted within the elastic range 
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to evaluate the probable stiffness degradation of the beams due to cyclic loading. The beams 

were tested until failure or up to 2 million cycles. In most of the published studies, beams 

reaching this limit would be identified as ‘run-out’ tests with an apparently infinite fatigue life 

(Abdelrahman et al., 1995; Braimah et al., 2006; Elrefai et al., 2012). After 2 million cycles, the 

beams were tested monotonically to failure to evaluate their residual capacities.  

Four of the 12 beams were tested as repetitions of the selected parameters with beam that 

may be considered more critical in terms of behavior. Existing research studies and design 

guidelines suggest that flexural fatigue is not expected to be a governing limit state in the design 

of CFRP prestressed concrete beams. This is attributed to the fact that under service loading 

conditions the beams are expected to remain uncracked. Therefore, two repetitions were with 

monotonic loading while only one repetition of fatigue loading was done. The four beams that 

were tested under fatigue include one beam prestressed with straight CFRP cables, one beam 

with straight CFRP bars, one beam with straight unbonded CFRP cable and one beam 

prestressed with unbonded draped CFRP cables as summarized in Table C-8. 

All prestressed concrete beams were produced at a precast concrete plant (Heldenfels 

Entr. Inc. at San Marcos/Texas), where the AASHTO Type-I beam formwork is available. The 

test beams are 28 in. deep AASHTO Type-I shaped bridge beams with a cast-in-place composite 

deck. The test beams have a total span of 39.5 ft. and the cross-sectional geometry of the test 

beams is presented in Figure C.45. The beam cross-section and span would result in a shear span 

to depth ratio (a/d) of approximately 7.0 which is sufficient to study the flexural behavior of such 

system. The beams were prestressed with different configurations of prestressing CFRP. All the 

beams were reinforced in shear with steel stirrups to prevent premature shear failures.  
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Table C-8 Test matrix for flexural tests 

Prestressing 
CFRP Types 

Type of 
Prestressing 

Prestressin
g CFRP 
Profile 

Loading 
Types 

Number of 
Specimens Beam  ID 

CFRP Cable 
(C) 

Pretension 
(Pr) Straight (S) 

Monotonic(M) 2 CPrSM(#) 
Flexural 
fatigue (F) 1 CPrSF 

Post-tension (Po) Draped (D) Monotonic(M) 2 CPoDM(#) 

Post-tension, 
unbonded 

(Pou) 

Straight (S) 
Flexural 
fatigue (F) 1 CPouSF 

Monotonic(M) 1 CPouSM 

Draped (D) Flexural 
fatigue (F) 1 CPouDF 

CFRP Bar 
(B) 

Pretension (Pr) Straight 
Monotonic(M) 2 BPrSM(#) 
Flexural 
fatigue(F) 1 BPrSF 

Pretension, 
partially debonded 

(Prp) 
Straight (S) Monotonic(M) 1 BPrpSM 

 

Figure C.45 a) Isometric view of non-composite test beam b) Isometric view of composite test 
beam (with 8 in. deck slab) c) Cross-section of the test beams (AASHTO Type-I Beam) 

a) 

b) 

c) 
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C8.2. Pre-tensioned Beams  

C8.2.1. Beam Configuration 
 

Total of seven pre-tensioned beams were fabricated as shown in the Table C-8 above. 

Three beams were pre-tensioned with 8 number of 0.6 in. prestressing CFRP cables. The 

remaining four beams were pre-tensioned with 12 numbers of 0.5 in. prestressing CFRP bars. 

The prestressing reinforcement layout along with the shear reinforcement is shown in Figure 

C.46. 

 

(a) Elevation and reinforcement details 
 

 

         (b) Bars       (c) Cables 
 

Figure C.46 Pre-tensioned beam configurations  
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C8.2.2. Production of Test Beams  

All the pre-tensioned beams were fabricated at the precast plant in San Marcos, Texas. 

The production of the beams was done in different batches. Because of the restriction of the 

length of the prestressing CFRP, the beams pre-tensioned with prestressing CFRP bars were 

fabricated separately. However, for the beams pre-tensioned with prestressing CFRP cables, 

two out of three beams were stressed and fabricated together on a single line. For all the 

pretensioned beams, the girder was poured and released and a composite deck was added on top 

of it. Whenever possible, the deck for the two girders were formed and poured at the same time. 

All the beams were fabricated separately except the beam CPrSM#2 and CPrSF. The research 

team received one batch of prestressing CFRP cables for the entire scope of the testing with 

prestressing CFRP cables having 0.6 in nominal diameter. According to the handling 

instructions received from the manufacturer, the prestressing CFRP cables were uncoiled from 

the spool and cut in required length using a grinder. The prestressing CFRP bars, however, 

came in a fixed length with the end uncoated to facilitate the installation of the anchorage. In 

order to minimize the production time at the prestressing plant, anchorages for couplers and 

most of the strain gages for the prestressing CFRP bars were pre-installed in the laboratory as 

described in Section 4.2. The prestressing CFRP cables were then transported to the plant and 

laid on the prestressing bed for coupling with the steel strands. Figure C.47a and b show the 

coiled CFRP cables at the laboratory after strain gage installation, and an uncoiled cable at the 

precast facility, respectively. Again, because of the length and transportation issue, it was not 

feasible to install the anchor for the prestressing CFRP bar in the laboratory. All the installation 

processes described in Section 4.2 were performed at the precast plant. 
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(a) Coiled CFRP cable with pre-installed 

anchorage 

 
(b) Un-coiled CFRP cable in precast plant with 

protection 

Figure C.47 Prestressing CFRP cables to be used in pretensioned beams 

Pre-tensioning was applied through the steel strands and transferred to the prestressing 

CFRP with couplers provided by the manufacturer as described in Section 4.2. The couplers 

were connected just outside the beam end regions in a staggered manner. The pre-installed 

strain gages as shown in Figure C.48 were monitored using a data acquisition system during 

the whole prestressing process. An initial seating load was applied to each prestressing CFRP 

cable to make the strands taut and aligned. The locations of the couplers were adjusted to keep 

them properly staggered as shown in Figure C.8.  

 

Figure C.48 Location of strain gauges installed on CFRP cables 

After alignment of the couplers, all prestressing CFRP cables and bars were stressed to 

the target stress level (60% of the design tensile strength of the prestressing CFRP provided by 

the manufacturer) in a sequential manner. Elongation of the steel strands at the bulkhead was 
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monitored during the stressing. 

The steel stirrups were placed and tied to the prestressing CFRP strands with plastic zip 

ties after all the strands were stressed to the target stress level (Figure C.49). The reinforcement 

detail for transverse reinforcement and the spacing for regions of the beam is presented at the 

end of this appendix. 

   
(a) Placement of the steel stirrups   (b) plastic zip ties to fix the stirrups in place 

Figure C.49 Steel stirrups installation 

After stressing, the formwork was attached to the prestressing bed and the concrete was 

cast (Figure C.50). During the whole process of preparations, starting from initial stressing to 

concrete pouring, measurements were taken from instruments that were installed on the 

prestressing CFRP cables (i.e., strain gages and load cells). Standard concrete cylinders and 

prism specimens were also taken for the material testing. A thermocouple was placed inside the 

concrete beam to match the curing temperature in the cylinder specimens to ensure that the 

concrete gained sufficient strength for release.  
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Figure C.50  Concrete casting process 

Steel inserts were placed on the top surface of the fresh concrete beam to hold the 

formwork for the composite concrete deck. The beam was covered with a curing blanket for 12 

hours. The formwork was removed approximately 16 hours after casting and additional 

instrumentation, namely DEMEC points installed to measure the transfer length of the 

prestressing CFRP cables. Before releasing the strands, all the instruments that were installed on 

the strands were reconnected to the data acquisition systems and the measurements restarted. The 

prestressing CFRP cables were released sequentially. The steel strands that were coupled at the 

ends of the prestressing CFRP cables were torch cut at both ends of the beam simultaneously, to 

reduce the movement of the beam due to sudden release of the stress from one side. Two weeks 

after casting, the first beam was transported to the UH to cast the deck at the university lab. The 

camber of the beam was measured with a surveying level in the laboratory. Since the beam was 

produced without the deck at the precast plant, the research team prepared the formwork for the 

deck and placed the reinforcement at UH (Figure C.51a). The spacing of the transverse deck 

reinforcement was reduced to 3in. at the loading points to prevent premature failure due to stress 

concentrations. Ready mix concrete with design strength of 4 ksi was ordered for the deck of the 

beam. All remaining decks for the six pre-tensioned beams were casted at the plant. The 

(a) Formwork placement for girder (b) Concrete casting 
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reinforcement detail for the decks of the beams was the same as the first beam that was 

mentioned above. The placement of deck reinforcement in the precast plant is shown in Figure 

C.51. After curing of the deck concrete, the beams were moved out of the prestressing bed and 

transported to University of Houston. 

 
(a) UH laboratory 

 
(b) Precast plant 

Figure C.51 Location of casting of composite deck 
 

C8.3. Post-tensioned Beams  

C8.3.1. Beam Configuration  

Five post-tensioned beams were included in the experimental program; three beams were 

prestressed with unbonded cables and two with bonded cables. Only 0.76 in. CFRP cables were 

used in the post-tensioned beams. Three of the beams were prestressed with parabolic draped 

cables while the other beams are prestressed with straight cables. Figure C.52 and Figure C.53 

show typical schematic drawings for the post-tensioned beams with straight and draped cables, 

respectively. Detailed drawings for the dimensions and reinforcement are presented at the end of 

this appendix. 

Deck reinforcement 
#5 steel rebars 
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Figure C.52 Schematic drawing for full-scale post-tensioned beams with straight cables 

 
Figure C.53 Schematic drawing for full-scale post-tensioned beams with draped cables 

C8.3.2. Production of Test Beams  
 

The prestressing CFRP cables have pre-attached sockets to their ends. The research team 

procured duct that fits the socket diameter as shown in Figure C.54. Depending on the available 

lengths of the ducts, therefore, couplers were used to connect the ducts and heat shrinkable 

tubular sleeves were used for sealing the connection. 

The cables were uncoiled and laid down at the concrete precast plant and were inserted 

inside the ducts, as shown in  

Figure C.55. The ducts were available in 20-ft long sizes, therefore, plastic couplers 

were used to connect two of these ducts together. The connection was sealed using heat 

shrinkable tubular sleeves (Figure C.56a). Then, the ducts were laid down in the casting bed as 

(a) Cross-Sectional Dimensions (b) Elevation and reinforcement details 

(a) Cross-Sectional Dimensions (b) Elevation and reinforcement details 
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shown in Figure C.56b. In order to insure the ducts are in their right positions, as in the 

drawings, short steel pieces were added every 2.0 ft. (Figure C.57a). The prefabricated end 

plates were also used to ensure the right positioning after alignment of the plastic ducts (Figure 

C.57b). 

          

     (a) End socket with cables                 (b) Duct radial dimensions       

 

(c) Insertion of the CFRP through the duct 

Figure C.54 Details of the post-tensioned elements 

 

 

 

 

 

 

 

 

 

          

 

(a) Instrumentation of prestressing CFRP 
cables with strain gages 

(b) Insertion of the prestressing CFRP 
cables in the ducts 
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Figure C.55 Preparation of the prestressing CFRP cables in the precast plant 

 

 

 

 

 

 

             

 

Figure C.56 Preparing and placing the ducts on the precast bed 

         

          

Figure C.57 Positioning of the ducts in the beams cross section 

Both longitudinal (compression) and transversal steel were inserted around the ducts.  

After completing the reinforcement cage, the lifting points were added and the steel forms were 

inserted to the precast bed in order to start casting of the two beams. Figure C.58 and Figure 

C.59 show the reinforcement cage and ducts after inserting one side of the steel forms into the 

casting bed, for post-tensioned beams with straight and draped prestressing CFRP cables, 

respectively. 

(b)  Plastic and steel chairs (a) Position of the tendons using the steel end plates 

Heat gun 

(a) Sealing the connection of the ducts 
using the heat shrinkable tabular sleeves 

(b) Laying the ducts on the casting bed 

Duct Heat shrink 
sleeves  
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Figure C.58 Distribution of reinforcement in the post-tensioned beams with straight prestressing 
CFRP cables before casting 

 

 

  

 

Figure C.59 Distribution of reinforcement in the post-tensioned beams with draped and straight 
prestressing CFRP cables before casting 

(a) Reinforcement distribution along the 
beam length 

(b) Reinforcement distribution in the 
anchorage zone 

(a) Reinforcement distribution along the beam length 

(b) Reinforcement distribution in the anchorage zone and placement of forms 
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For bonded post-tensioned beams, grouting saddles were attached to the ends of each 

duct and the middle to provide the inlet and outlet points along the duct, as shown in Figure 

C.60. The ends of each duct were connected to a slip-on coupler as the available space between 

the duct and the socket is not enough to capsulate the socket with grout and also to allow the air 

to come out freely (Figure C.60a-b). Two outlets and one inlet were installed on the ducts. The 

inlet location is in the middle of the beam and the outlet locations are at the ends of the duct. 

Figure C.61 shows the locations of the inlet and outlet points along with grout flow direction.  

   

 

                        

 
 

Figure C.60 Insertion of the grouting inlet and outlet accessories on the ducts 

(a) Schematic drawing for the grouting 
outlet points at the ends of the duct (b) Duct’s end after installation of the grout saddle 

and the coupler 

(c) Schematic drawing for the grouting inlet (d) The grout inlet after installation of the grout 
saddle   



C-63 
 

 
Figure C.61 Location of the inlet and outlet points along the duct length 

Two electric resistance strain gauges were attached to each of the five cables to monitor 

the strain of these cables during both the post-tensioning process and testing of the beam. The 

strain gages were inserted in the cables (Figure C.62), such that they are located in the middle of 

the beam after the elongation due to post-tensioning. 

 
 

Figure C.62 Strain gauges attached to the CFCC cables 

The beams were casted along with standard concrete cylinders and prism specimens for 

material testing. Steel inserts were placed on the top surface of the fresh concrete beam to hold 

the formwork for the composite concrete deck (Figure C.63). The beam was covered with a 

curing blanket.   

 

 

Inlet 
Outlet 



C-64 
 

 
 

 
Figure C.63 Casting of the two post-tensioned beams 

After removing the beam forms, the ducts were cut to be flush with the beam end. Then 

the steel end plates were inserted in their position, and the anchors were adjusted at both ends to 

match the design drawing. 

Post-tensioning process 

The post-tensioning process was done at the precast plant, immediately after removing 

the forms and before starting the installation of the deck forms. The same setup that had been 

used in applying the jacking force in the relaxation tests setup was used with minor changes in 

the dimensions of the connecting items to accommodate the anchor diameter and the limited 

available space between cables (Figure C.64).  The target load in each of the CFCC cable was 

60% of the design breaking load, provided by the manufacturer.  

 
 
 
 
 
 
 
 
 
 
 
 

(a) Dead end and its schematic drawing before starting of the post-tensioning process. 

DAQ 
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Figure C.64 Live and dead ends of the post-tensioned beams with CFRP cables. 

The design breaking load of the 0.76 in. prestressing CFRP cables is 100.4 kips.  As such, 

the cable prestressing load is calculated as 60 kips.  During the stressing operation, the cable 

strain gauges were connected to data acquisition system in order to record the strain in the 

cables, as shown in Figure C.65. The cable load was computed based on the average 

measurement of the two strain gauges attached to each cable. 

 
 

Figure C.65 Measuring the strain in CFRP cable during the post-tensioning process. 

(b) Live end and its schematic drawing before starting of the post-tensioning process. 

(c) Live end and its schematic drawing after the post-tensioning process. 

DAQ 
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For bonded post-tensioned beams, grouting of the two beams was done by a contractor at 

the precast plant under the supervision of the research team as shown in Figure C.66. The 

compressive strength of the grout after 24 hours was 9.5 ksi. 

              
(a) injection of the grout from the inlet (b) grout coming out from the outlets 

Figure C.66 Grouting of the bonded post-tensioned beams with prestressing CFRP cables 

Casting of the decks 

The composite decks were casted at the precast plant. The placement of deck 

reinforcement and casting are shown in Figure C.67. After curing of the deck concrete, the 

beams were moved out of the casting bed and transported to the structural lab at University of 

Houston. 

 

   

(a) Deck reinforcement                (b) Casting of the deck  

Figure C.67 Steel reinforcement and casting of the composite deck for the post-tensioned beams 
with prestressing CFRP cables 
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C8.4. Test Setup and Loading Protocol 

The beams for both monotonic flexure and flexural fatigue were tested under four-point 

bending using a servo-hydraulic actuator and a spreader beam as illustrated in Figure C.68. The 

beams were simply supported with elastomeric bearing pads under both ends to represent the 

actual case on site. The safety structures were placed under the beams to provide a safe 

environment for the testing crew and for instrumentations that are attached on the test beam, 

particularly at collapse stage. 

 

a) Schematic of test set-up for flexural tests 

 

b) Actual test set-up with specimen ready for testing 

Figure C.68 Test setup for flexure tests 

235 kips Actuator 

Test beam 
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C8.4.1. Monotonic Loading Test 

A seating load of 32 kips (approx. 1/3 of cracking load) was applied to the beam to 

eliminate the initial slack of the load application system and to seat the beam specimen on its 

supports.  The load was then released to 18.2 kips to finalize the seating and actual loading 

protocol is initiated. The beam was tested in displacement control with a rate of 0.033 in./min.  

After passing the cracking point, the loading rate was increased to 0.167 in./min.  Then, the rate 

decreased to 0.1 in./min. After that, the rate was increased to 0.67 in./min. Figure C.69 shows 

the loading protocol for the monotonic loadings. 

 

 Figure C.69 Loading protocol for static loading 
 

C8.4.2. Fatigue Loading Test 

Pre-tensioned beams 
The testing of the beams in flexural fatigue loading in stages is described below: 

• The beam was loaded monotonically until the fourth crack in order to simulate the 

accidental overload as shown in Figure C.70a . 
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• The load was then removed and the beam was allowed to return to its original position. 

• The beam was then loaded to 72 kips (upper limit of fatigue loading) which is the 

loading that induces 6√f’c psi stress in the bottom fiber for the beams pretensioned with 

CFRP cables, which is the tensile limit of the extreme concrete fiber in service loading 

condition. For the beams pretensioned with prestressing CFRP bars, this induced stress 

was smaller. The gross moment of inertia was used for the calculation.  

• The lower limit of the fatigue loading is 20 𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘, which was computed by subtracting the 

fatigue truck moment(Using GDF=1)  from the cracking moment . 

• The frequency of the fatigue loading was 1 Hz. The beam was loaded to 2.3 million 

cycles with the above-mentioned load range and then statically loaded to failure.  

• Every 0.5 million cycles, the fatigue test was paused and the beam was tested under 

monotonic loading up to the fatigue upper limit load (72 kips). The applied load, vertical 

deflections, prestressing tendon strains, and crack widths were monitored during testing. 

• The fatigue test was continued till the target number of fatigue cycles. 

• The beams were tested to failure under monotonic loading after the completion of fatigue 

cycles.  

 
(a) Loading protocol and      (b) initial crack pattern of CPrSF 

Figure C.70 Flexural fatigue tests of pretensioned beam 
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Post-tensioned beams 
The loading protocol followed the same concept as the pretensioned beams. The only 

change was the upper limit for fatigue loading that was taken as the cracking load of the beam. 

As the cracking load was less than the upper service limit state of the bottom fiber. 

 The testing procedures are described below: 

• The beam was loaded monotonically until the first crack, in order to simulate the 

accidental overload as shown in  Figure C.71a. 

• The load was removed and the beam was allowed to return to its original position. 

• The beam was loaded to the upper limit of fatigue loading, which is the cracking load 

Figure C.71b. 

• The lower limit of the fatigue loading was computed by subtracting the fatigue truck 

moment (Using GDF=1)  from the cracking moment.  

• The frequency of the fatigue loading was 1 Hz. The beams were loaded to 2.3 million 

cycles with the above-mentioned load range and then statically loaded to failure.  

• Every 0.5 million cycles, the fatigue test was paused and the beams were tested under 

monotonic loading up to the fatigue upper limit. 

• The applied load, vertical deflections, prestressing tendon strains, and crack widths were 

monitored. 

• The fatigue test was resumed until the target number of cycles. 

• The beams were tested to failure under monotonic loading after completing the target 

cycle number. 
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(a) Loading protocol   (b) initial crack pattern 

Figure C.71 Flexural fatigue tests of post-tensioned beams  

 
C8.5. Instrumentation Scheme 

All beams were instrumented with various types of instruments to monitor behavior 

under different types of loading. Conventional load cells, LVDTs, string pots, and strain gages 

were used in different configurations to measure the capacities, deformations, crack widths, and 

strains, respectively. The research team installed strain gages on the prestressing strands before 

application of the stress and concrete casting. For pre-tensioned beams, each CFRP was 

instrumented with two strain gages (one at the mid-span and one at the quarter span). For post-

tensioned beams, each CFRP cable was instrumented with two strain-gages (both at the middle 

span). Additionally, a total of 12 strain gauges were installed on six stirrups (one on each leg) 

located at different locations along the beam length. The first two locations “S1 and S2” are the 

middle (approximately the center of the design bursting force) and end (approximately d from 

the support) of the anchorage zone.  The third and fourth location “S3 and S4” are 1-ft from the 

quarter span.  The last two locations “S5 and S6” are located 1 ft. from loading points toward the 

ends. Figure C.72 shows a schematic drawing of the locations of these strain gauges along the 

beam and on the stirrup. After testing two pre-tensioned and two post-tensioned beams, the 

research team decided not to install the strain gauge in the stirrups as the beams failed in flexural, 
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and the measured strains were not significant. All the full-scale beam tests were supplemented by 

companion material tests. Concrete cylinders were cast and co-cured with the specimens. 

Tension coupons of all internal 31 reinforcement were tested to obtain material properties, which 

served as input parameters for the proposed design models. 

 
(a) Location of the strain gauges along the beam length 

 
(b) Location of the strain gauges on the stirrup 

 

Figure C.72 Schematic drawing for the distribution of the strain gauges along the beam post-
tensioned with CFRP cables 

Besides conventional instruments, innovative non-contact measurement systems were 

also utilized to monitor the local or global behavior of the beams. The University of Houston has 

two unique non-contact measurement systems, namely ARAMIS and KRYPTON. ARAMIS is a 

non-contact measurement system manufactured by GOM which is based on the digital image 

correlation (DIC) technique. In this technique, images are taken before and after the object are 
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deformed. The surface under consideration is covered with speckle pattern as shown in Figure 

C.73. A small surface (facet) of the image taken before the deformation is compared and 

matched with the image taken after deformation. By repeating this process over the entire surface 

under consideration, a 3-D shape of the object, 3-D displacement and the strain field is obtained. 

This system will be referred as the DIC system from now on. KRYPTON is another 

measurement system manufactured by METRIS N.V. This is a camera-based measurement 

approach where digital LEDs are glued to the surface under consideration as shown in the 

Figure C.73. The KRYPTON system is capable of measuring both 3D and 6 degree of freedom 

(DOF) of an object. The main measurement device is a camera system which is equipped with 

three cameras. Each camera measures the 1D position of the LED attached on the surface under 

consideration. By combining the measurement from all three cameras, the 3D position of the 

LEDs is obtained. This system will be referred as LED system from now on. Both systems were 

utilized to support the measurements of conventional measuring devices. Typical locations of 

both ARAMIS and KRYPTON are shown in Figure C.74 and Figure C.75.  

 

Figure C.73 Location of noncontact instrumentation and string potentiometers 
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Figure C.74 Typical camera position and the prepared surface for DIC system 

  

Figure C.75 Typical camera position and the prepared surface for LED system 

C9.  Summary  

This appendix summarized all the research activities including test methodologies, 

equipment used and investigated parameters to achieve the specific objective of each 

experimental task. The experimental results along with the detailed discussion of the data are 

provided in Appendix D. 

 

Camera position 

Prepared surface 

Constant moment region 

Camera position 
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D1.   Introduction 

In this section the results and discussion will be provided separately under each experimental 

subtask. In the segment below a brief introduction of each experimental subtasks and the 

corresponding expected results and impact on design guide specifications will be reviewed: 

(i) Stress relaxation losses of prestressing CFRP cables and bars:  

One of the primary objectives of this task is to provide detailed information for the 

development of design guidelines for the calculation of relaxation and anchorage losses for 

different types of prestressing CFRP tendons. The main parameters that were investigated, which 

contributed in development of the design guidelines are the effect of the level of initial 

prestressing, effect of the length and type of the prestressing CFRP. Additionally, the effect of 

anchorage losses due to interaction of the prestressing CFRP and expansive material inside the 

anchor on long term relaxation losses of the prestressing CFRP systems was investigated. Each 

of the aforementioned parameters are discussed in detail with the results in this appendix. 

(ii) Concrete creep, shrinkage and thermal fluctuation losses: 

Since concrete creep and shrinkage losses are primarily related with concrete behavior 

rather than the type of prestressing strand itself; hence the prediction of these losses can be in 

congruence with the conventional methods proposed for prestressing with steel tendons. 

Therefore, one of the primary objectives of this subtask is to evaluate the accuracy of the current 

AASHTO-LRFD (2017) provisions about concrete creep and shrinkage predictions. 

Correspondingly, it has been observed that the fluctuations in temperatures induce prestressing 

losses (or gains) due to the widely different coefficients of thermal expansion between concrete 

and CFRP materials. Consequently, temperature drops or gains results in corresponding changes 

in the effective prestress levels in CFRP strands due to differential thermal expansion and 
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contraction. Moreover, thermal cyclic loading can deteriorate the bond between the prestressing 

CFRP and concrete, which can cause further reduction in effective prestress force and increase in 

the transfer length. In this subtask, effect of initial prestressing level, confinement, and type of 

prestressing CFRP materials on the thermally induces losses are presented and discussed.  

(iii) Jacking stresses for harped prestressing CFRP cable and bars  

Curvature of prestressing tendons around hold-down points (deviators) induces localized 

stress concentrations. These stress concentrations increase with a decrease in the radius of 

curvature of harped prestressing CFRP. Since CFRP materials are linear, elastic, anisotropic, and 

brittle, this localized concentration of stresses could lead to premature rupture of the tendons at 

reduced jacking load levels. The experimental task investigated the effect of deviator size, 

harping angles and type of prestressing CFRP materials on application of the harped prestressing 

CFRP tendons in prestressed beams. The results provided information to develop guidelines and 

material specifications for the design of hold-down devices and to determine maximum 

allowable jacking forces for depressed strands.  

(iv)  Transfer length  

The CFRP prestressed concrete prisms and full-scale girders were investigated to 

evaluate the transfer length of the prestressing CFRP cable and bars. Effect of the level of initial 

prestressing, concrete transverse reinforcement and type of prestressing CFRP materials on 

transfer length were specifically studied in this subtask and the results and discussions are 

provided in this appendix. Additionally, the experimental results were used to validate the 

previous research findings and to develop design guidelines for transfer length determination of 

the prestressing CFRP cables and bars. 
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(v) Friction losses 

Post-tensioning application of the prestressing CFRP tendons requires a precise 

prediction of the amount of friction losses between prestressing CFRP and the duct. The 

experimental program investigated the friction losses and corresponding friction and wobble 

coefficients in full-scale bridge girders during the jacking process. The experimental results 

provided valuable information to develop design guidelines for friction losses  

(vi)  Long-term deflection 

Under this experimental program, long term deflections of the concrete beams prestressed 

with CFRP systems under sustained loads will also be investigated. Currently, AASHTO LRFD 

Design Specifications and other FRP-related guidelines employ a coefficient method by utilizing 

the modular ratio, n for calculating long-term deflections based on short-term deflections. The 

modular ratio, n derived for steel prestressed concrete beams is however not directly applicable 

to CFRP prestressed concrete beams. Moreover, the existing specifications and guidelines 

implement different coefficients, which are inconsistent with each other. As such, the long-term 

deflections of concrete beams prestressed with CFRP systems should be investigated to validate 

the existing calculation methods.  

(vii) Full scale- beams 

The objective of the experimental program is to design, construct, test, and analyze 12 

full-scale CFRP prestressed concrete bridge beams under flexural loading with two different 

loading conditions: monotonic flexure and flexural fatigue. Seven of those beams were 

prestressed with straight or harped prestressing CFRP. Out of seven prestressed beams, three 

beams were fabricated using prestressing CFRP cable and four beams were fabricated using 

prestressing CFRP bar. The remaining five beams were post-tensioned and constructed either 

with straight or parabolic draped prestressing CFRP. The experimental results provided valuable 
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information to develop design guidelines for flexural design and impacted the following articles 

of the design guide specifications: 

D2.   Tensile Testing of Prestressing CFRP 

The average of the 10 tensile tests compared to the manufacturer data are shown in Table 

D-1, Table D-2 and Table D-3 for CFRP cable and bar, respectively. The detail results can be 

found in the supplemental information document. Both prestressing CFRP exceeded the 

manufacturer provided design load (mean minus three standard deviation). However, because of 

the different definition of the area (taken as the area of equivalent steel diameter), the modulus of 

elasticity differs from the manufacturer data for prestressing CFRP cables. The latest guide 

specification refers to the use of manufacturer specified area for the prestressing CFRP cables. 

The difference in modulus of elasticity of prestressing CFRP bars was not significant as the area 

were close to each other. 

Table D-1 Test results for prestressing CFRP cable (diameter=0.6 in.) 

 

Sample 
Af 

 (in.
2
) 

PDesign (Pu)  
(kips) 

PRupture  
(kips) 

ε
Rupture

 

(in/in) 
Ef 

 (ksi) 
Manufacturer N/A 0.180 60.7 77.6 0.020 22,500 
Current study 10 0.217 66.8 73.7 0.019 17,650 

 

Table D-2 Test results for prestressing CFRP cable (diameter=0.76 in) 

 

Sample 
Af 

 (in.
2
) 

PDesign (Pu)  
(kips) 

PRupture  
(kips) 

ε
Rupture

 

(in/in) 
Ef 

 (ksi) 
Manufacturer N/A N/A N/A N/A N/A 22,700 

NCHRP-12-97 10 0.352 105.2 109.2 0.017 18,510 
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Table D-3 Test results for prestressing CFRP bar (diameter=0.5 in) 

 

Sample 
Af 

 (in.
2
) 

PDesign (Pu)  
(kips) 

PRupture  
(kips) 

ε
Rupture

 

(in/in) 
Ef 

 (ksi) 
Manufacturer N/A 0.196 50.3 54.1 0.014 20,900 
Current study 10 0.200 50.9 54.9 0.013 20,630 
 

 

Figure D.1 Load-strain curve for 0.6 in. prestressing CFRP cable  

 

 

Figure D.2 Load-strain curve for 0.76 in. prestressing CFRP cable  
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Figure D.3 Load-strain curve for 0.5 in. prestressing CFRP bar  

D3.   Prestress Relaxation Loss  

The relaxation specimens were stressed to the certain initial stress levels and locked 

inside the hollow structural steel section (HSS) by utilizing the threaded anchors (using HEM), 

nuts and end plates. Strand relaxation loses were measured over time using a load cell located at 

the dead end. Furthermore, a total of four strain gauges were installed on the HSS (one on each 

side) to measure the axial deformation of the test setup and provide with supplemental load 

readings. The strain and load measurements were continuously recorded at intervals of 24 hours 

for the first 10 days and every 10 days for the first month and every month afterward for one 

year. Therefore, the stress relaxation of the CFRP system (including anchors) over time is 

determined by measuring the reduction of the compressive strain of the HSS or by direct 

measurements (for some of the specimens) with a load cells at the dead end. In addition, 

anchorage loses were measured separately and subtracted from stress relaxation of the system in 

order to obtain the stress relaxation of prestressing CFRP only. Overall, the effect of level of 

initial prestressing, length and type of prestressing CFRP, and anchorage losses on relaxation of 
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prestressing CFRP systems were separately studied through the experimental program and the 

results are provided as follows: 

 Effect of Prestress Level D3.1.

In Figure D.4 and Figure D.5, the stress ratios with respect to time (including long term 

anchorage losses) are plotted for all 15 ft. long prestressing CFRP cables and prestressing CFRP 

bars, respectively, with three level of initial prestressing (0.50, 0.6 and 0.7 fpu). Besides, based on 

regression analysis, the best fit lines to the experimental results are plotted in the same graph. 

Vertical axis shows the ratio of prestressing at time t (ft) to the design tensile strength (fpu) and 

horizontal axis denotes the logarithm of the time in hours. The tests were continued for both 

prestressing CFRP cables and bars for over one year. The relaxation loss for the specimens with 

the same length and level of initial prestressing (test repetitions) are within the same range (less 

than 2% difference). A linear relationship between stress ratio and logarithm of the time was 

observed for all the specimens. Higher initial prestressing levels resulted in higher relaxation 

losses and greater slope of aforementioned linear relationship between stress ratio and log (time).  
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Figure D.4 Stress ratio with respect to the time for various initial prestressing levels for 15 ft. 
long prestressing CFRP cables 

 

Figure D.5 Stress ratio with respect to the time for various initial prestressing levels for 15 
ft. long prestressing CFRP bars. 

 Effect of Specimen Length D3.2.

The stress relaxation loss was found to be invariant of the length (10 ft., 15 ft. or 20 ft.) 

for the specimens with same level of initial prestressing (0.60 fpu), see Figure D.6 and Figure 

D.7, which show the results for prestressing CFRP cables and bars, respectively, with 0.60 fpu 

Initial prestressing ~0.7 fpu  

Initial prestressing ~0.6 fpu  

Initial prestressing ~0.5 fpu  

Initial prestressing ~0.7 fpu  

Initial prestressing ~0.6 fpu  

Initial prestressing ~0.5 fpu  
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initial prestressing and different lengths. Vertical axis shows the ratio of prestressing at time t (ft) 

to the design tensile strength (fpu) and horizontal axis is the logarithm of the time in hours. In 

Figure D.6, stress ratio with respect to time is plotted for the average of three prestressing CFRP 

cables with the same length. It is observed that the relaxation losses over time are independent of 

their length and are within the same range (less than 1% difference) and slope. Similarly, the 

same conclusion can be drawn from Figure D.7.  

 

Figure D.6 Average stress ratio with respect to time for prestressing CFRP cables with various 
lengths stressed up to 0.60 fpu. 

 
Figure D.7 Average stress ratio with respect to time for prestressing CFRP bars with various 

lengths stressed up to 0.60 fpu. 
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 Effect of Anchorage Loss D3.3.

In order to quantify anchorage losses, including long term losses due to interaction of the 

prestressing CFRP and expansive material inside the steel anchors and creep of the expansive 

material, three specimens for each of the prestressing CFRP cables and bars, were prepared and 

stressed up to 60 % of design tensile strength of the prestressing CFRP, as mentioned in 

Appendix C. The results from these specimens were subtracted from the losses of longer 

specimens to compute the losses related to prestressing CFRP only. Figure D.8 shows the 

average anchorage losses with respect to time for both prestressing CFRP cables and bars. Note 

that the seating losses that happen during and immediately after stressing are not included in 

these graphs. Vertical axis shows the ratio of prestressing at time t (ft) to the design tensile 

strength (fpu) and horizontal axis is the logarithm of the time in hours.  

 

Figure D.8 Average stress ratios of the anchorage systems with respect to time for three 
prestressing CFRP cables and bars. 
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 Stress Relaxation Equations D3.4.

Based on experimental results and by regression analysis, intrinsic stress relaxation of 

prestressing CFRP systems (ΔfpR) (by including anchorage effects) for cables and bars can be 

obtained as below equations: 

CFRP Cables ( ∅ = 0.6 in.) 

Δ𝑓𝑓𝑝𝑝𝑝𝑝 = �0.020 �𝑓𝑓𝑝𝑝𝑝𝑝 
𝑓𝑓𝑝𝑝𝑝𝑝
� − 0.0066� log (24 𝑡𝑡)𝑓𝑓𝑝𝑝𝑝𝑝     (Eq. D.1) 

CFRP Bars (∅ = 0.5 in.). 

Δ𝑓𝑓𝑝𝑝𝑝𝑝1 = �0.016 �𝑓𝑓𝑝𝑝𝑝𝑝 
𝑓𝑓𝑝𝑝𝑝𝑝
� − 0.0057� log (24𝑡𝑡)𝑓𝑓𝑝𝑝𝑝𝑝     (Eq. D.2) 

fpt = stress in prestressing CFRP immediately after transfer (ksi) 

𝑓𝑓𝑝𝑝𝑝𝑝= design tensile strength of prestressing CFRP (ksi) 

t = time immediately after prestress transfer (days) 

Furthermore, by considering the anchorage losses, the stress relaxation of prestressing 

CFRP cable and bars (after excluding the anchorage effect) can be expressed as below equations: 

CFRP Cables ( ∅ = 0.6 in.) 

Δ𝑓𝑓𝑝𝑝𝑝𝑝 = �0.019 �𝑓𝑓𝑝𝑝𝑝𝑝 
𝑓𝑓𝑝𝑝𝑝𝑝
� − 0.0066� log (24𝑡𝑡)𝑓𝑓𝑝𝑝𝑝𝑝        (Eq. D.3) 

CFRP Bars (∅ = 0.5 in.) 

Δ𝑓𝑓𝑝𝑝𝑝𝑝1 = �0.013 �𝑓𝑓𝑝𝑝𝑝𝑝 
𝑓𝑓𝑝𝑝𝑝𝑝
� − 0.0057� log (24𝑡𝑡)𝑓𝑓𝑝𝑝𝑝𝑝      (Eq. D.4) 

Based on above mentioned equations, the stress relaxation losses (%) with respect to the 

time for prestressing CFRP cables and bars initially stressed up to 0.60 fpu (with and without 

anchorage losses) as computed and compared in Figure D.9. The relaxation loss of prestressing 

CFRP bar was found to be less than that of cable. 
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Figure D.9 Average stress relaxation loss of prestressing CFRP (%) compared with steel strand. 

As illustrated in this figure, the extrapolated one million hours prestress relaxation of the 

CFRP bar systems is computed as 3.9 % of the initial prestressing, and this value for CFRP cable 

(system) is 1.4 times greater than CFRP bar (5.4%). Additionally, after subtraction of the 

anchorage effects and due to higher presstress loss of the CFRP bar’s anchor than CFRP cable’s 

anchor, the pure one million hours prestress relaxation of the CFRP cable computed as 3.6% of 

the initial prestressing level which is 2.4 times higher than that value for CFRP bars. Since one 

of the important sources of the relaxation in CFRP composites is due to the fiber straightening, 

higher prestress relaxation of the CFRP cable than CFRP bar attributes to different distribution 

and alignment of the carbon fibers in the micro-structure of the CFRP cables and bars. 

D4.  Concrete Creep, Shrinkage and Thermal Fluctuation 

Fifty-four concrete prisms (6’’×6’’×120’’) prestressed with prestressing CFRP cables and 

bars were fabricated and maintained under constant laboratory condition. Three levels of initial 

prestressing (50, 60 and 70% of the design tensile strength of prestressing CFRP) were 

5.4 %- With anchorage (system) 

3.9 % -With anchorage (system) 
4.8 % -Only CFRP Cable  

1.5 % Only CFRP Bar 
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considered in the test program. Additionally, the effect of transverse reinforcement was studied 

as a part of research program. The concrete creep and shrinkage strain measurements were 

conducted by using the DEMEC target point attached to the concrete surface before prestress 

release at the precast plant. After about one year from prestress transfer, the specimens were 

subjected to thermal fluctuation cycles to verify thermally-induced loses in mature concrete 

prisms, which had already experienced significant creep and shrinkage. The experimental results 

and discussion are provided in the following sections. 

 Concrete Creep and Shrinkage Results D4.1.

The CFRP prestressed concrete prisms were kept under constant laboratory environment 

for over one year from prestress transfer. The concrete strain profile measurements were taken 

continuously for all CFRP prestressed concrete prisms over the one year period of testing. With 

progress of time, the concrete longitudinal compressive strains measured from the DEMEC 

target points become greater due to creep and shrinkage effect. Figure D.10 a and b present the 

increase of the average concrete strain profiles over time in prisms initially prestressed at 0.5 fpu 

with prestressing CFRP cable and bar, respectively. Similarly, Figure D.11 and Figure D.12 

illustrate the results for prisms initially prestressed at 0.6 fpu and 0.7 fpu, respectively. Increase 

of concrete compressive strain over time resulted in prestressing losses in the prestressing CFRP 

cables and bars inside the prisms.  
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Figure D.10 Evolution of concrete strain profiles with respect to time in prisms prestressed (at 
initial prestress level of 0.5 fpu) with prestressing CFRP cable and bar 
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Figure D.11 Evolution of concrete strain profiles with respect to time in prisms prestressed (at 
initial prestress level of 0.6 fpu) with prestressing CFRP cable and bar 
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Figure D.12 Evolution of concrete strain profiles with respect to time in prisms prestressed (at 
initial prestress level of 0.7 fpu) with prestressing CFRP cable and bar 

In addition to concrete strain profile measurements in CFRP prestressed prisms, 

shrinkage measurements were collected from the plain concrete specimens. Also, by subtracting 

instantaneous shortening strains (at prestress transfer), total strains due to concrete creep and 

shrinkage at each time can be determined. Figure D.13 and Figure D.14 show the average 

concrete strains (after subtracting the measured instantaneous strains) at plateau zone (after 

transfer length zone) with respect to the time for all the specimens prestressed at three levels of 
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initial prestressing (0.5, 0.6 and 0.7 fpu) with prestressing CFRP cables and bars, respectively. 

Additionally, the average concrete shrinkage strains, measured from plain concrete specimens, 

with respect to the time are plotted in the same graph.  

 
Figure D.13 Increase of the concrete total strains and shrinkage strain in prisms prestressed with 

prestressing CFRP cables. 

 
Figure D.14 Increase of the concrete total strains and shrinkage strain in prisms prestressed with 

prestressing CFRP bars. 
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The accuracy of the creep and shrinkage prediction model proposed by AASHTO-LRFD 

(2017) was compared with the actual measured creep and shrinkage strains. Figure D.15 and 

Figure D.16 are the comparisons of the experimental results of the average total strain of the 

specimens prestressed with CFRP cables and bars, respectively, at different time stages and three 

levels of initial prestressing with the AASHTO-LRFD (2017) prediction for total creep and 

shrinkage strains.  

 
Figure D.15 Evolution of total experimental strains due to time in prisms prestressed with 

CFRP cables and comparisons with AASHTO prediction 
 

 

Figure D.16 Evolution of total experimental strains due to time in prisms prestressed with 
CFRP bars and comparisons with AASHTO prediction 

 
 

Experimental total strain values 

AASHTO prediction 

Experimental shrinkage 
AASHTO prediction 

R2=0.845 

R2=0.918 
AASHTO prediction 

AASHTO prediction 
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Finally, after subtraction of the shrinkage strains from total strain measured from 

prestressed specimens, concrete strains due to only creep can be obtained. Figure D.17 and 

Figure D.18 are comparisons of the experimental results of the average concrete creep strains 

of the specimens prestressed with CFRP cables and bars, respectively, at different time stages 

and three levels of initial prestressing with the AASHTO-LRFD (2017) prediction for creep 

strains. 

 
Figure D.17 Evolution of the creep strains due to time in prestressed prisms prestressed with 

CFRP cables and comparisons with AASHTO creep prediction  
 

 
Figure D.18 Evolution of the creep strains due to time in prestressed prisms prestressed with 

CFRP bars and comparisons with AASHTO creep prediction 
 

Overall, based on the regression analysis and comparison with AASHTO-LRFD (2017) 

code, it was concluded that experimental measurements were found to be in a good agreement 

R2=0.971 

R2=0.939 

AASHTO prediction 
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with the AASHTO estimation for concrete creep and shrinkage strains. Therefore, calculations 

of the prestress losses for creep and shrinkage can be conducted in the same method presented 

in AASHTO-LRFD (2017) without any changes. 

 Thermally Induced Losses D4.2.

D4.2.1. Prestressing CFRP Cable 

After completion of one year period from prestressing release and by reducing the 

concrete creep and shrinkage effect, the specimens were subjected to 30 thermal fluctuation 

cycles inside the environmental chamber. Strain measurements (DEMEC target point readings) 

were taken for the total length of the specimens before and after subjection to thermal fluctuation 

cycles. Figure D.19, Figure D.20 and Figure D.21 show the average strain profile of the 

specimens with 0.5, 0.6 and 0.7fpu initial prestressing, respectively, before and after subjection to 

thermal cycles, with and without transverse reinforcement.  

 

(a) with confinement     (b) without confinement 
Figure D.19 Average strain profile of specimens with 0.5fpu initial prestressing  

16 in. 8 in. 
16 in. 

8 in. 

Transfer length increase Transfer length increase 
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(a) with confinement     (b) without confinement 

Figure D.20 Average strain profile of specimens with 0.6fpu initial prestressing 

 
(a) with confinement     (b) without confinement 

Figure D.21 Average strain profile of specimens with 0.7fpu initial prestressing  

As illustrated in above figures, after 30 thermal fluctuation cycles, transfer lengths for all 

of the specimens prestressed with prestressing CFRP cables had an increase ranging between 8in. 

and 16 in. However, the strain values before and after the thermal cycles did not change at the 

constant strain zone. Therefore, the applied thirty thermal fluctuation cycles did not affect the 

effective prestressing force level; however, the bond deterioration between prestressing CFRP 

cable and concrete at the transfer zone has led to increase of the transfer length. In other words, 

changing the temperature and higher value of the transversal coefficient of thermal expansion of 

CFRP cable compared to concrete, resulted in induced circumferential tensile stresses at the 

16 in. 16 in. 8 in. 16 in. 

16in. 16in. 
8 in. 8 in. 

Transfer length increase Transfer length increase 
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interface between the prestressing CFRP and concrete. Consequently, the formation of cracks in 

the radial direction at the interface resulted in bond deterioration and increase of the transfer 

length.  

The increase of the transfer length after exposure to the thermal fluctuation cycles has 

occurred for both confined and unconfined specimens. The results have shown that the use of 

spiral reinforcement in prism specimens does not have a considerable effect on enhancing the 

bond between prestressing CFRP and concrete. The concrete compressive stress in prisms at 

prestress transfer was very small (about 0.1f′c). Correspondingly, the induced hoop stress in 

spiral reinforcement was very small. Therefore, the small confining pressure in the prism 

specimens did not have a considerable effect on increasing the frictional bond stresses. 

Moreover, strain measurements, at every 10 cycles, were conducted at 14,104 and 140 ° F 

(-10, 40 and 60 °C) for both prestressed prisms and plain concrete specimens to obtain the 

longitudinal elongation/contraction of the specimens due to the temperature change. Figure D.22 

a and b exhibit the average change of strain with respect to the temperature change (ΔT (°C)) for 

prestressed prisms with prestressing CFRP cable and plain concrete specimens, respectively. 

Besides, based on regression analysis, the best fit lines to the experimental results are plotted in 

same graph. Therefore, the longitudinal coefficient of thermal expansion of the prestressed 

prisms obtained as 11.96×10-6 (1/°C) and for plain concrete specimens found to be 12.24×10-6 

(1/°C). The difference between those values is due to different coefficient of thermal expansion 

of the CFRP and concrete (lower longitudinal coefficient of thermal expansion of the 

prestressing CFRP cables than plain concrete) which resulted in lower thermal expansion in 

prestressed prisms as compared to plain concrete. 
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(a) prestressed prisms     (b) plain concrete 

Figure D.22 Variation of the concrete longitudinal strain due to temperature change  

Due to incompatible longitudinal coefficient of thermal expansion of prestressing CFRP 

cable and plain concrete and by changing the temperature, thermal forces were induced in both 

concrete and prestressing CFRP. By increasing the temperature, the induced thermal forces led to 

prestressing gain and by reducing the temperature, the induced thermal forces caused 

prestressing loss. If αcm is the longitudinal coefficient of thermal expansion of the prestressed 

prism with prestressing CFRP cables inside (composite) and αcfrp and αc are the longitudinal 

coefficient of thermal expansions of the CFRP cable and plain concrete, respectively, the 

following equations can be driven: 

• Induced forces in prestressing CFRP cable inside the concrete prisms (Fcfrp) due to 

temperature change of ΔT: 

Fcfrp= (𝛼𝛼𝑐𝑐𝑐𝑐 - 𝛼𝛼𝑐𝑐𝑓𝑓𝑐𝑐𝑝𝑝) ΔT 𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐𝑝𝑝 𝐴𝐴𝑐𝑐𝑓𝑓𝑐𝑐𝑝𝑝       (Eq. D.5) 

• Induced forces in the prestressed concrete (Fc) due to temperature change of ΔT: 

Fc= (𝛼𝛼𝑐𝑐𝑐𝑐 - 𝛼𝛼𝑐𝑐) ΔT 𝐸𝐸𝑐𝑐 𝐴𝐴𝑐𝑐        (Eq. D.6) 

Due to equilibrium of the induced thermal forces in the prestressed prisms: 

Fc + Fcfrp=0         (Eq. D.7) 
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Finally based on Equation (5-6), (5-7) and (5-8) the following relationship between 

longitudinal coefficients of thermal expansions is driven: 

 𝛼𝛼𝑐𝑐𝑐𝑐 = 𝛼𝛼𝑐𝑐𝑓𝑓𝑐𝑐𝑝𝑝  ×   𝐸𝐸𝑐𝑐𝑓𝑓𝑟𝑟𝑝𝑝 𝐴𝐴𝑐𝑐𝑓𝑓𝑟𝑟𝑝𝑝
𝐸𝐸𝑐𝑐 𝐴𝐴𝑐𝑐+𝐸𝐸𝑐𝑐𝑓𝑓𝑟𝑟𝑝𝑝 𝐴𝐴𝑐𝑐𝑓𝑓𝑟𝑟𝑝𝑝 

+ 𝛼𝛼𝑐𝑐 ×   𝐸𝐸𝑐𝑐 𝐴𝐴𝑐𝑐
𝐸𝐸𝑐𝑐 𝐴𝐴𝑐𝑐+𝐸𝐸𝑐𝑐𝑓𝑓𝑟𝑟𝑝𝑝 𝐴𝐴𝑐𝑐𝑓𝑓𝑟𝑟𝑝𝑝 

    (Eq. D.8)  

where, 𝐸𝐸𝑐𝑐𝑓𝑓𝑐𝑐𝑝𝑝 and 𝐸𝐸𝑐𝑐 are the modulus of elasticity of the prestressing CFRP and plain concrete, 

respectively, and 𝐴𝐴𝑐𝑐𝑓𝑓𝑐𝑐𝑝𝑝 and 𝐴𝐴𝑐𝑐 are the cross-sectional areas of the prestressing CFRP and plain 

concrete, respectively. 

D4.2.2. Prestressing CFRP Bar 

 The prism specimens prestressed with prestressing CFRP bars were subjected up to 50 

thermal fluctuation cycles. Strain measurements (DEMEC target point readings) were taken for 

the total length of the specimens before and after subjection to 30 and 50 thermal fluctuation 

cycles. Figure D.23, Figure D.24 and Figure D.25 show the average strain profile of the 

specimens with 0.5, 0.6 and 0.7fpu initial prestressing, respectively, before and after subjection to 

thermal cycles, with and without transverse reinforcement.  

  

(a) with confinement    (b) without confinement 

Figure D.23 Average strain profile of specimens with 0.5fpu initial prestressing  
 

16 in. 16 in. 
24 in. 16 in. 
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(a) with confinement    (b) without confinement 

Figure D.24. Average strain profile of specimens with 0.6fpu initial prestressing  
 

     
  (a) with confinement    (b) without confinement 

Figure D.25 Average strain profile of specimens with 0.7fpu initial prestressing  

As illustrated in above figures, after thermal fluctuation cycles, transfer lengths of the 

specimens prestressed with prestressing CFRP bars had an increase ranging between 8 in. to 24 

in. In compare to the prisms prestressed with CFRP cable, the damages at the interface between 

CFRP bar and concrete and bond deterioration (transfer length increase) in prestressed prisms 

with CFRP bars due to thermal cycles are more significant. Moreover, the concrete longitudinal 

strain values at the constant strain zones, after thermal cyclic loading, significantly reduced 

(0.0002 in/in for initial prestress of 0.6fpu, and 0.0003 in/in for initial prestress of 0.7fpu). These 

strain reductions are attributed to the loss of prestressing force that occurred in prestressing 

8 in. 8 in. 

0.0003 
16 in. 18 in. 

0.0002 0.0002 
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CFRP bars after thermal fluctuation cycles. Additionally, the strain gauge measurements before 

and after thermal fluctuation cycles revealed the reduction of the longitudinal strain for 

prestressing CFRP bars inside the concrete prisms with initial prestressing of 0.6fpu and 0.7fpu . 

These strain reductions resulted in average prestress loss of 35% and 40% of initial jacking stress 

after exposure to thirty 50 thermal cycles. Table D-4 presents the results of strain reductions (Δε ) 

and calculated prestress loss for prism prestressed with prestressing CFRP bar after thermal 

fluctuation cycles. 

Table D-4 Summary of the strain reductions (Δε) and calculated prestress loss for prestressing 
CFRP bar after thermal fluctuation cycles 

Confinement Jacking 
Stress Range of Δε (in/in) ×10-6 Average 

Δε (in/in) ×10-6 
Prestress loss 

(kips) 
Prestress 
Loss (%) 

With 
confinement 

0.5fpu [-239]-[+73] -90 0.35 1.40 
0.6fpu [-2979]-[-2308] -2724 10.68 34.90 
0.7fpu [-3721]-[-3671] -3696 14.49 40.60 

Without 
confinement 

0.5fpu [-652]-[+679] 256 0.00 0.00 
0.6fpu [-3608]-[-2128] -2773 10.87 35.50 
0.7fpu [-4073]-[-1258] -2405 9.43 26.40 

 Higher initial prestressing levels resulted in greater loss of the prestressing force due to 

the applied thermal cycles. For instance, in specimens with initial prestressing level of 0.5 fpu, no 

reduction in the effective prestressing force (strain drop) after subjection to the thermal cycles 

was observed. However, prisms with initial prestressing of the 0.7 fpu and 0.6 fpu experienced 

(17-41) and (12-35) percent prestress loss after thermal cycles, respectively.  

After examination of the prism specimens exposed to the thermal fluctuation cycles, bond 

deterioration and slippage of the prestressing CFRP bar inside the prestressed prisms at the end 

zone were observed. This observation confirms the fact that due to the thermal fluctuation cycles 

and because of poor bond performance between prestressing CFRP bars and concrete, the 

occurrence of the thermal crack at the interface between the prestressing CFRP bar and concrete 
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resulted in increase of the transfer length and prestress loss. Figure D.26 and illustrate the bond 

deterioration and slippage of the prestressing CFRP bar at the end zone of the CFRP prestressed 

prisms with 0.6fpu and 0.7fpu initial prestressing, respectively. 

  

a) Without confinement 

 

b) With confinement 

Figure D.26 Bond deterioration and slippage of the prestressing CFRP bars after exposure to 
thermal fluctuation cycles inside the prisms with initial prestressing of 0.6fpu 

 

Slippage of the prestressing CFRP bar  

Slippage of the prestressing CFRP bar 
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a) Without confinement 

 

b) with confinement 

Figure D.27 Bond deterioration and slippage of the prestressing CFRP bars after exposure to 
thermal fluctuation cycles inside the prisms with initial prestressing of 0.7fpu 

The increase of the transfer length and slippage of the prestressing CFRP bar after 

exposure to the thermal fluctuation cycles has occurred for both confined and unconfined 

specimens. The results have shown that the use of spiral reinforcement in prism specimens does 

not have a considerable effect on enhancing the bond between prestressing CFRP and concrete. 

The concrete compressive stress in prisms at prestress transfer was very small (about 0.1f′c). 

Slippage of the prestressing CFRP bar 

Slippage of the prestressing CFRP bar 



NCHRP 12-97 

D-32 
 

Correspondingly, the induced hoop stress in spiral reinforcement was very small. Therefore, the 

small confining pressure in the prism specimens did not have a considerable effect on increasing 

the frictional bond stresses and enhancing the bond. 

Also, strain measurements, at every 10 cycles, were conducted at different temperatures 

of 14,104 and 140 °F (-10, 40 and 60 °C) for both prestressed prisms and plain concrete 

specimens to obtain the longitudinal elongation/contraction of the specimens due to the 

temperature change. Figure D.28 a and b exhibits the average change of strain with respect to 

the temperature change (ΔT (°C)) for prestressed prisms with prestressing CFRP bars and plain 

concrete specimens, respectively. Additionally, based on regression analysis, the best fit lines to 

the experimental results are plotted in same graph. Therefore, the longitudinal coefficient of 

thermal expansion of the prestressed prisms obtained as 10.59×10-6 (1/°C) and for plain concrete 

specimens was found to be 11.10×10-6 (1/°C). The difference between those values is due to 

lower longitudinal coefficient of thermal expansion of the prestressing CFRP bars than plain 

concrete. 

 

(a) prestressed prisms     (b) plain concrete 
Figure D.28 Increase of concrete strain due temperature change for (a) prestressed prisms (b) 

plain concrete 

D5.   Harping Characteristics  
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 Preliminary Tests D5.1.

The feasibility of the application of the deviators used in common practice of steel 

strands in harping of prestressing CFRP cable and bars were examined. As shown in  

Figure D.29 a and b,1 in. diameter steel and 2 in. diameter plastic deviators, respectively, 

were tested. 

   

 

Figure D.29 Application of the 1 in. steel deviator and2 in. plastic deviator 

When harped at an angle of 15 degrees with 1 in. diameter steel, prestressing CFRP bar retained 

only 6.66% of the design capacity and 6.17% of the ultimate capacity. However, the prestressing 

CFRP cable retained 29.82% of the design capacity and 23.58% of the ultimate capacity. At a 

harping angle of 5 degree with 2 in. diameter of a deviator made of plastic, both prestressing 

CFRP bar and cable retained higher tensile capacity than before. The prestressing CFRP bar 

retained 31.16% of the design capacity and 28.85% of the ultimate capacity. Alternatively, CFRP 

cable retained 55.65% of the design and 44% of the ultimate capacity. Overall, prestressing 

CFRP cable showed higher retention of tensile capacity than the CFRP bar. All four specimens 

failed at the harping point at different load levels and no anchorage failure was observed. The 

failure of the prestressing CFRP bar was sudden and loud. Moreover, the failure of the 

(a) 1 in. steel deviator (b) 2 in. plastic deviator 
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prestressing CFRP bar started from splitting of the specimens at a very small load (around 40-50 

percent of the final failure load during testing) because of induced shear stresses at the contact 

surface of the prestressing CFRP bar and deviator. The prestressing CFRP bar specimen broke 

into two pieces at failure (Figure D.30 a) during the first test, which used steel 1 in. diameter 

deviator at an angle of 15 degrees. Also, the second test on bar at a lower angle (5 degree) and 

plastic 2 in. diameter deviator produced splitting of the bar at a small load resulting in a final 

failure of the specimen at the middle. On the other hand, the prestressing CFRP cable did not fail 

completely. 

Figure D.30 b) during the test, only 2 out of 7 and 4 out of 7 wires broke during the first 

and second tests, respectively. All of the wires that broke were under high contact pressure 

producing due to the small contact surface between the prestressing CFRP and deviator.  

 

 

 

 

 
Figure D.30 Failure mode of prestressing CFRP bar and cable after harping test 

In order to increase the contact surface and reduce the highly concentrated contact 

pressure at the location of the deviator, 20 in. diameter steel deviator was fabricated as shown in 

Figure D.31. 

(a) prestressing CFRP bar (b) prestressing CFRP cable 
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Figure D.31 20 in. diameter steel deviator 

Two tests were conducted with 5 degrees harping angles on both prestressing CFRP cable 

and bar. By increasing the deviator diameter to 20 in., both prestressing CFRP bar and cable 

showed to retain higher tensile capacity than before. The prestressing CFRP bar retained 44.2% 

of the design capacity and 40.93% of the ultimate capacity however splitting was initiated again 

at a very small load. Alternatively, prestressing CFRP cable retained 69.2% of the design and 

54.72% of the ultimate capacity. Figure D.32 a and b present the harping test configuration and 

failure mode of prestressing CFRP bar, respectively. Summary of the preliminary test results is 

presented in Table D-5. 

 

(a) Harping test with 20 in. deviator and 5 degree angle (prestressing CFRP bar) 

20 in. deviator 

5 ° Harping 
angle 

Harping test Reaction frame 



NCHRP 12-97 

D-36 
 

 

(b) Close up view of failure mode 

Figure D.32 Application of 20 in. deviator with 5 degrees harping angle of CFRP bars 

 

Table D-5 Summary of the preliminary harping test results 

Material 
Deviator 
Diameter 

(in.) 

Harping 
Angle 

(Degree) 

Breaking 
Load 
(kips) 

% of Design 
Tensile 

Strength 

CFRP Bar 

Ø= 0.50 in. 

1 15 3.3 6.70 

2 5 15.6 31.2 

20 5 22.1 44.2 

CFRP Cable 

Ø= 0.60 in 

1 15 18.2 29.8 

2 5 33.9 55.7 

20 5 42.1 69.2 

 

Overall, the preliminary test results showed that prestressing CFRP cables exhibited 

higher retention of tensile capacity than the CFRP bars in all cases. Moreover, due to highly 

Final rupture of the prestressing 
CFRP bar, initiated by splitting 
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concentrated contact pressure at the location of the deviators, the splitting failure of the 

prestressing CFRP bars occurred at a small load. Therefore, it was concluded to not use the 

prestressing CFRP bars for bridge girder applications.  

 Supplementary Tests D5.2.

Based on the findings of the preliminary investigations and due to infeasibility of the 

harping of the prestressing CFRP bars, the research team conducted the supplementary harping 

tests only on prestressing CFRP cables. Two new harping devices were developed and fabricated 

as shown in Figure D.33. The main goal of developing new harping devices was to increase the 

contact surface to avoid local failure of the CFRP at the location of the deviator.  

 

 

  

 

 

Figure D.33 Newly developed harping devices 

The result showed that the new developed harping devices increased the harping capacity 

up to 97% and 115 % of design tensile capacity of prestressing CFRP cable by using 20 and 40 

in. diameter deviators, respectively. Also, the local failure of the prestressing CFRP due to high 

contact pressure did not occur. The summary of the harping test results is presented in Table 

D-6.  

 

 

6 in. 

20 in. diameter curve 40 in. diameter curve 

10 in. 

(a) 20 in. deviator (b) 40 in. deviator 
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Table D-6 Summary of the supplementary test results on the prestressing CFRP cables 

Harping 
Device Size 

(in) 

Harping Angle 
(Degree) 

Breaking 
Load 
(kips) 

% of Design 
Tensile 

Capacity 

% of 
Ultimate 
Capacity 

20 in. Dimeter 
Deviator  
(Steel) 

10 56.8 93.6 77.1 

15 56.1 92.4 76.1 

20 55.8 91.9 75.7 

40 in. Dimeter 
Deviator  
(Steel) 

10 68.6 113.1 93.1 

15 64.1 105.7 87.0 

20 61.3 101.0 83.1 
 

Figure D.34 and Figure D.35 exhibit the harping test configuration of the prestressing 

CFRP cables with 20 and 40 in. harping devices, respectively, under 20 º and 15 º harping 

angles. 

                                                                         

 

 

 

 

 

 

Figure D.34 Harping test of prestressing CFRP cable under 20 º harping angles with 
20 in. diameter deviator 

Figure D.35 Harping test of prestressing CFRP cable under 15 º harping angle 
with 40 in. diameter deviator 

15 º 

 
20 º 
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Overall, experimental results presented a higher retention of tensile capacity in harped 

prestressing CFRP cables than bars in all the test configurations. In addition to the low retention 

of the tensile capacity, premature failure of CFRP bars (splitting cracks) at the location of 

deviators was another factor that limited the application of this material in prestressed concrete 

beams. On the other hand, the newly developed harping devices, presented above, was able to 

retain more than 94% of design tensile capacity of the prestressing CFRP cables in harping angle 

ranges between  10° and 20°.   

D6. Transfer Length  

Transfer length determinations of the prestressing CFRP cables and bares were conducted on 

total of fifty-four pretensioned prisms in addition to the five full-scale bridge girders. The 

experimental results are presented in this section. 

 Pretensioned Prisms with CFRP Cables D6.1.

 Total of twenty seven concentrically prestressed concrete prisms each pretensioned with 

a prestressing CFRP cable were produced. Three levels of initial prestressing (0.5, 0.6 and 0.7 

fpu) were considered. Nine prism specimens per each level of prestressing were fabricated. Three 

specimens out of the nine prisms at each level of prestressing, were reinforced with transverse 

reinforcement (spiral confinement).  Transfer length evaluations were conducted by using 

concrete strain profile measurements (DEMEC target point readings) along the total length of the 

specimens. The average strain profiles (at prestressing transfer) of the prism specimens 

pretensioned with prestressing CFRP cable, with three levels of initial prestressing, (with and 

without contentment indicated by T and N, respectively) are plotted in Figure D.36 a, b, and c, 

respectively.  95% AMS method was utilized to determine the transfer length. The intersection of 
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the 95% AMS line with the average strain profile was defined as the transfer length at each end, 

as shown in Figure D.36. 

 
(a) Average strain profile at transfer with initial prestress of 0.5 fpu with (T) and without 

(N) confinement 

 
(b) Average strain profile at transfer with initial prestress of 0.6 fpu with (T) and without 

(N) confinement 
 

28 in. 19.5 in. 21 in. 

24 in. 29 in. 24 in. 

27 in. 
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(a) Average strain profile at transfer with initial prestress of 0.7 fpu with (T) and without 

(N) confinement 
 

 Pretensioned Prisms with CFRP Bars D6.2.

 Total of twenty seven concentrically prestressed concrete prisms each pretensioned with 

a prestressing CFRP bar were produced. Three levels of initial prestressing (0.5, 0.6 and 0.7 fpu) 

were considered. Nine prism specimens per each level of prestressing were fabricated. Three 

specimens out of the nine prisms at each level of prestressing were reinforced with transverse 

reinforcement (spiral confinement). Transfer length evaluations were conducted by using 

concrete strain profile measurements (DEMEC target point readings) along the total length of the 

specimens. The average strain profiles (at prestressing transfer) of the prism specimens 

pretensioned with prestressing CFRP bar, with three levels of initial prestressing, (with and 

without confinement indicated by T and N, respectively) are plotted in Figure D.37 a, b, and c, 

respectively.  95% AMS method was utilized to determine the transfer length. The concrete 

compressive strength at prestress transfer for confined specimens (𝑓𝑓𝑐𝑐𝑐𝑐′ =2.9 ksi) was lower than 

that value for specimens without confinement (𝑓𝑓𝑐𝑐𝑐𝑐′ =5.6 ksi). This resulted because of lower 

modules of elasticity, higher longitudinal compressive strain, and longer transfer length for 

Figure D.36 Transfer length evaluation of prestressing CFRP cables in pretensioned 
prisms 

23 in. 

28 in. 
26 in. 
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confined specimens compared to unconfined ones. 95% AMS method was utilized to determine 

the transfer length. The intersection of the 95% AMS line with the average strain profile was 

defined as the transfer length at each end. 

 

 
(b) Average strain profile at transfer with initial prestress of 0.5 fpu with (T) and without 

(N) confinement 

 
(c) Average strain profile at transfer with initial prestress of 0.6 fpu with (T) and without 

(N) confinement 

20.5 in. 

20 in. 

16 in. 

𝒇𝒇𝒄𝒄𝒄𝒄′ ~5.6 ksi (without 
confinement) 

25 in. 

20 in. 

25 in. 

32 in. 

𝒇𝒇𝒄𝒄𝒄𝒄′ ~2.9 ksi (with confinement) 
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(d) Average strain profile at transfer with initial prestress of 0.6 fpu with (T) and without 

(N) confinement 
 

  

 The transfer length results, determined from pretensioned prisms, for both prestressing 

CFRP cable and bar, are summarized in Table D-7. Also, based on the experimental results, the 

values of αt were calculated for each case and are presented in the same table. The average 

values of the αt, obtained from CFRP prestressed prisms, for prestressing CFRP bars is 0.96 and 

1.02 for prestressing CFRP cables. 

The transfer length results has shown that the use of spiral reinforcement or confinement 

in prism specimens does not have a considerable effect on the transfer length of prestressing 

CFRP cable or bar. The concrete compressive stress in prisms at prestress transfer was very 

small (about 0.1fc). Correspondingly, the induced hoop stress in spiral reinforcement was very 

small. Therefore, the small confining pressure in the prism specimens did not have a 

considerable effect on increasing the frictional bond stresses or reducing the transfer length. 

 

Figure D.37 Transfer length evaluation of prestressing CFRP bar in pretensioned 
prisms 

24 in. 

28 in. 

36 in. 

27 in. 
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Table D-7 Summary of the transfer length measurements in pretensioned prisms 

Items Experimental 
lt  (in.) 

fci′ 
(ksi) 

fpi 
(ksi) 

Experimental 
αt 

Average 
αt 

CFRP Bar  
(Ø = 0.5 in) 

28.75 5.60 177.07 0.97 
0.96 25.50 5.60 152.14 0.94 

20.5 5.60 126.20 0.97 

CFRP Cable  
(Ø = 0.6in) 

25.75 9.50 250.45 1.3 
1.23 25.00 9.50 222.91 1.2 

21.50 9.50 193.12 1.2 
 

 Full-scale Beams D6.3.

Total of five pretensioned full-scale (AASHTO type 1) beams were fabricated. Two of 

the five full-scale beams were pretensioned with eight prestressing CFRP cables. The remaining 

three beams were pretensioned with 12 prestressing CFRP bars. The initial level of prestressing 

was set to be equal to 60 percent of the design tensile strength of the prestressing CFRP in all the 

beams. The transfer length measurements were conducted by using concrete strain profile 

(DEMEC target point readings) at the level of prestressing CFRP. The concrete strain profiles at 

both live and dead ends of the full-scale beams pretensioned with prestressing CFRP cables and 

bars are presented in Figure D.38 and Figure D.39 respectively. As shown in these figures, 95% 

AMS method was utilized to determine the transfer length.  
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(a) Beam 1 

 

(b) Beam 2 

 

 
(a) Beam 1 

Figure D.38 Strain profile of the full-scale beams prestressed with prestressing CFRP cables 

lt= 32 in. 

lt= 27 in. 

lt= 26 in. 
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(b) Beam 2 

 
(c) Beam 3 

Figure D.39 Strain profile of the full-scale beams prestressed with prestressing CFRP 
bars 

The transfer length results, determined from pretensioned beams, for both prestressing 

CFRP cable and bar, are summarized in Table D-8. Additionally, based on the experimental 

results, the values of αt were calculated for each case and presented in the same table. The 

average value of the αt, obtained from CFRP prestressed full-scale beams, for prestressing CFRP 

bar is 0.99 and 1.2 for prestressing CFRP cables. 

 

lt= 30 in. 

lt= 22 in. 
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Table D-8 Summary of the transfer length measurements in pretensioned full-scale beams 

Items Experimental 
lt  (in.) 

fci
′ 

(ksi) 
fpi 

(ksi) 
Experimental 

αt 
Average 

αt 
CFRP Bar  
(∅ = 0.5 in) 

22.0 5.20 147.60 1.11 
1.00 30.0 4.10 151.63 0.98 

32 4.10 152.70 0.92 
CFRP 
Cable  
(∅ = 0.6 in) 

26 5.60 217.96 1.58 
1.55 27 5.60 217.96 1.53 

The accuracy of the transfer length equation proposed by ACI440.4R-04 (2011), 

CAN/CSA S806-12 (2012) and SimTREC (2008) Manual: 5, adopted from Mahmoud et al. 

(1999) (Eq.F.9), are evaluated based on the experimental results and presented in Figure D.40. 

Moreover, considering the average values of αt (obtained from CFRP prestressed prisms and 

full-scale beams) equal to 1.12 and 1.36 for prestressing CFRP cable and bar, respectively, are in 

good agreement with experimental measurements.  

The proposed transfer length equation for prestressing CFRP cables and bars is as below: 

                   (Eq. D.9) 

where fpi is the initial prestressing level in the CFRP tendons before transfer (ksi), dt is the 

diameter of the CFRP tendon (in.), fci is the concrete strength at transfer (ksi) and αt is a 

coefficient based on the type of CFRP tendons . 

67.0
cit

tpi
t f

df
L

′
=
α
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The proposed transfer length equation (Eq. D.9) is related to initial prestressing level 

before transfer (fpi).  Where, fpi is determined as the prestressing CFRP force before transfer 

divided by the area of the prestressing CFRP.  Therefore, the definition of the area of the 

prestressing CFRP cable affects the transfer length calculation and the proposed transfer length 

coefficient αt . The effect of the proposed area definition by NCHRP 12-97 project for CFRP 

cable on the outcome of transfer length coefficient is shown in tables Table D-9. The results are 

compared with the case that manufacturer definition of the area is used for transfer length 

calculation. 

 

 

 

 

Figure D.40. Comparison of the experimental values of the transfer length with 
proposed calculated values for prestressing CFRP 

lt=40-50 db 

 

R2=0.82 
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Table D-9 Transfer length measurements and proposed αt based on manufacturer and NCHRP 
12-97 project definition of area for CFRP cable 

Area Definition Experimental 
lt (in.) 

fci
′ 

(ksi) 
fi 

(ksi) 
Calculated 

αt 
Average  

αt 

NCHRP 12-97 
project 

 

26.00 5.60 180.8 1.31 

1.12 
27.00 5.60 180.8 1.27 
25.75 9.5 207.7 1.07 
25.00 9.5 184.9 0.98 

21.50 9.5 160.2 0.99 

Manufacturer 
of CFRP Cable 

 

26 5.60 217.96 1.58 

1.36 

27 5.60 217.96 1.53 

25.75 9.50 250.45 1.3 

25.00 9.50 222.91 1.2 

21.50 9.50 193.12 1.2 

  
As presented in Table D-9, the proposed value of αt for calculation of the transfer length 

is 1.1 based on NCHRP 12-97 definition of the area for prestressing CFRP cable. However, the 

value of αt based on the manufacturer area was obtained as 1.3 which is close to the value 

proposed by NCHRP 12-97 project. 

The effect of thermal fluctuation cycles on transfer length of the prestressing CFRP 

cables and bars was also studied in CFRP prestressed concrete prisms. After 30-50 thermal 

cycles with temperatures ranging between 0° F and 140° F, as explained previously, the transfer 

length was observed to increase compared to un-weathered specimens. This increase was as high 

as 70% and 100% for prestressing CFRP cables and bars, respectively.  

D7. Friction Loss 

Friction tests were conducted on two full-scale post tensioned beams in order to quantify 

the wobble (K) and friction coefficients (µ ) of the duct/prestressing CFRP cable. Based on 
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AASHTO-LRFD (2017), the prestressing loss due to friction (ΔfpF) can be obtained based on the 

following equation: 

ΔfpF=fpj (1-e-(µα+Kx))         (Eq. D.10) 

where, μ = coefficient of friction, K = wobble friction coefficient per unit length of tendon (1/ft.), 

fpj = Jacking stress (ksi), x= total length of prestressing CFRP from the jacking end to dead end 

(ft), and α =total angular change between the jacking point and dead end (rad.) 

 Wobble Friction Coefficient D7.1.

In order to obtain the wobble friction coefficient, the friction tests were conducted on 

straight prestressing CFRP (total angular change =0). Two load cells were used to monitor the 

prestressing force at both jacking and dead ends of the prestressing CFRP during jacking. Figure 

D.41 illustrates the friction test setup for a straight prestressing CFRP cable inside the ducts to 

obtain wobble friction coefficients.  

 

 

    

 

Jacking 

α= 0, x= 40.4 ft. 

(a) Post-tensioned beam used for friction tests  

(b) Dead end configurations  (c) Live end configuration  
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Figure D.41 Friction tests configurations at live and dead ends 

The wobble friction coefficient (𝐾𝐾) was obtained based on the following equation:  

𝐾𝐾 =
𝐿𝐿𝐿𝐿(

𝑓𝑓𝑝𝑝𝑝𝑝
𝑓𝑓𝑝𝑝𝑝𝑝

)

𝐿𝐿
            (Eq. D.11) 

where, 𝑓𝑓𝑝𝑝𝑝𝑝 and 𝑓𝑓𝑝𝑝𝑝𝑝 are stress in CFRP cable at jacking and dead end measured by load cells, 

respectively, and L is total length of the prestressing CFRP under investigation. Figure D.42 

presents the variation of the wobble friction coefficient due to applied jacking force in three 

different prestressing CFRP cables that were subjected to the friction test. Based on the 

experimental results, the average value of the wobble friction coefficient determined as 0.00022 

(1/ft.).  

 

   (a) Test cable 1     (b) Test Cable 2 

K~0.00015  
K~0.00023  
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(c) Test Cable 3 

Figure D.42 Calculated wobble friction coefficient versus applied jacking force 

 Coefficient of Friction D7.2.

After determination of the wobble coefficient of friction (k=0.00022), the friction tests 

were conducted on three draped prestressing CFRP cables. The total angular change (α ) of the 

draped prestressing CFRP cable between the jacking side and dead end is 0.17 rad. The 

coefficient of friction (µ ) was obtained in the same manner as wobble coefficient (presented in) 

based on below equation:  

µ =
Ln�

𝑓𝑓𝑝𝑝𝑝𝑝
𝑓𝑓𝑝𝑝𝑝𝑝

�−𝐾𝐾𝑥𝑥

α 
            (Eq. D.12) 

Figure D.43 presents the variation of the friction coefficient due to applied jacking force in 

three draped prestressing CFRP cable used in post-tensioned beams. Based on the test results, the 

average value of friction coefficient was found to be as 0.19. In order to maintain conservatism, 

the value of 0.21 is suggested to be used as the coefficient of friction for polypropylene ducts.  

K~0.0003  
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(a) Test Cable 1     (b) Test Cable 2 

 

(c) Test Cable 3 

Figure D.43 Calculated coefficient of friction versus applied jacking force 

 

D8. Long-Term Deflection  

The research team continued monitoring deflections of the small-scale beams prestressed 

with prestressing CFRP cable. During the 355 days of loading, the normalized deflections (ratio 

of deflection at time 𝑡𝑡 to initial deflection) of two sets of beams (Beam Set 1 and Beam Set 2) in 

are shown in Figure D.44. The deflection of first set of beams (Beam Set 1) increased by 34% 

from the initial day of loading. The deflections of the other set of beams (Beam Set 2) increased 

by 40% from the day of loading.  

(µ ~0.18)  

(µ ~0.17)  (µ ~0.21)  
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Figure D.44 Time versus normalized deflection 

The research team also continued monitoring deflections of the small-scale beams 

prestressed with prestressing CFRP bars. During the 365 days of loading, the normalized 

deflections (ratio of deflection at time 𝑡𝑡 to initial deflection) of two sets of beams (Beam Set 3 

and Beam Set 4) are shown in Figure D.45. The deflection of first set of beams (Beam Set 3) 

increased by 28% from the initial day of loading. The deflections of the other set of beams 

(Beam Set 4) increased by 40% from the day of loading.  

 
Figure D.45 Normalized deflection versus time for the beams prestressed with prestressing 

CFRP bars 
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The deflection obtained the test was compared with the deflection obtained from the 

approximate time-step method discussed in Section A2.6.5 of this report.  Relaxation loss was 

calculated using the equations presented in Section A5.3 of this report. Creep and shrinkage 

losses were estimated using AASHTO-LRFD (2017) equations as they were verified in Section 

A5.4 that they are valid for CFRP prestressed beams.  Figure D.46 and Figure D.47 show 

comparison between the calculated change in camber and experimentally obtained change in 

camber.  

 

Figure D.46 Comparison between experimental and calculated change in camber for beams 
prestressed with CFRP cable 
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Figure D.47 Comparison between experimental and calculated change in camber for beams 
prestressed with CFRP bars  

Table D-10 presents the average initial and final deflection for the tested beams. The 

ratio of final and initial deflection for CFRP prestressed beams varies from 1.28 to 1.44 as shown 

in the table. 

Table D-10 Initial and final reading for the deflection of the CFRP prestressed beams 

Prestressing 
CFRP Type Beam Set 

Average 
initial 

deflection 
(in.) 

Average 
final 

deflection 
(in.) 

ratio 

Cable 
1 0.074 0.099 1.34 

2 0.083 0.117 1.40 

Bar 
3 0.077 0.097 1.28 

4 0.056 0.080 1.44 

One beam from each set (Beam Set-3 and Beam Set-4) was cracked and subjected to a 

sustained loading in addition to a one year of sustained load. The sustained load level was taken 

as the cracking load of the beam. The research team is continuously monitored the deflections of 

the cracked small-scale beams prestressed with prestressing CFRP bars for 95 days. During the 
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95 days of loading, the normalized deflections (ratio of deflection at time 𝑡𝑡 to initial deflection) 

of two beams are shown in Figure D.48. The deflection of both beams increased by 20% from 

the initial day of loading.  

 

Figure D.48 Time vs normalized deflection 

ACI 440.4R-04 (2011) used different multiplier for self-weight, camber and applied load to 

compute the long-term deflection for a member without the composite topping. The multiplier 

takes the value of 2.70 for self-weight, 1 for camber and 4.10 for deflection due to the applied 

load. Similarly, AASHTO-LRFD (2017) specifies a multiplier 4.0 to compute the long-term 

deflection from the instantaneous deflection. The observed long-term multiplier for CFRP 

prestressed beams (both cracked and uncracked) is less than 1.5. Therefore, the limitation 

provided in the design codes are very conservative. 

D9. Full-scale Beams 

 Introduction D9.1.

Several instrumentations were used from the time of production to the final testing of full-

scale pretensioned beams. Load cells and strain-gauges were attached to the cable at the time of 
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stressing to measure the initial prestressing strain and prestressing force. The measurement was 

continued until the release of the beams. After release, the cambers of the prestressed beams 

were measured with the use of either caliper or string-potentiometer. Following which the 

composite deck was casted on top of the beam and the beam was transported to the laboratory of 

University of Houston. The final measurement of camber and the flexural testing of the beams 

were performed in the laboratory. 

 Initial Prestressing Force D9.2.

D9.2.1. Pretensioned Beams  

The initial prestress force was calculated from the measured strain at the mid length of 

the prestressing CFRP. The measured strain was multiplied with the modulus of elasticity 

obtained from the tension test performed on the same prestressing CFRP and the area to obtain 

the force. Load cells were attached to the dead end of the beam. The value measured from the 

load cells is provided whenever applicable. The measured prestressing force at two stages are 

shown in Table D-11.  

Table D-11 Jacking and prestressing force at release for pretensioned beams 

 Initial jacking force 
(kips) 

Prestress force at 
release 

Beam Load cell Strain gage Load cell Strain gage 

CPrSM1 N/A 39.4 N/A 39 
CPrSM2 37.6 38 N/A 37 
CPrSF 37.6 38 N/A 37 

BPrSM1 N/A 27 N/A 25 
BPrSM2 N/A 31 N/A 30 
BPrSF 32.5 30.7 28.3 28.5 

BPrpSM 29.1 32 28.5 30.5 
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D9.2.2. Post-tensioned Beams 

The values of the cable loads were measured from the load cells at the live end and dead 

ends with the use of the data acquisition system, whenever a load cell was presented. Figure 

D.49 shows the cable label and configurations of the post-tensioned beams. The values and the 

difference between the measured loads from both ends are presented in Table D-12. During the 

stressing operation, the cable strain gauges were connected to data acquisition system in order to 

record the strain in the cables. The cable load was computed based on the average measurement 

of the two strain gauges attached to the each cable; the values are also presented in Table D-12. 

 

  (a) straight and draped tendons    (b) all straight tendons 

Figure D.49 Cable configuration for straight and draped post-tensioned beams 

Table D-12 Measured cable loads after post-tensioning 

Cable 

CPouSM CPouSF CPouDF CPoDM#1 CPoDM#2 

LE 
(kips) 

DE 
(kips) 

(LE –DE) 
(kips) 

LE 
(kips) 

LE 
(kips) 

DE 
(kips) 

(LE –DE) 
(kips) 

Strain 
gauge

s 

LE 
(kips) 

LE 
(kips) 

T1 61.0 61.3 -0.24 61.6 62.2 64.1 -1.9 67.5 62.0 62.0 

M1 60.5 N/A N/A 61.3 63.4 N/A N/A 63.6 61.7 60.2 

B1 60.6 N/A N/A 62.6 61.6 N/A N/A 64.7 60.3 62.3 

B2 60.1 59.1 0.96 64.2 59.3 60.5 -1.2 60.9 60.1 62.3 

B3 61.2 N/A N/A 61.8 62.5 N/A N/A N/A 60.4 62.0 

B3 

M1 

T1 

B2 
B1 

T1 

M1 

B3 

B2 

B1 
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 Camber D9.3.

The camber measurements of all full-scale beams were taken after release, subsequent to 

the casting of the decks of the beams, and before testing. Whenever possible, each of these 

measurements was taken using two different approaches: one using a laser based device or string 

potentiometer, and the other approach is by using a conventional ruler measurement. The 

measurements of the camber and the calculated values are presented in Table D-13. 

Table D-13 Camber measurement of full-scale beams 

Beam 
After release  After deck placement Analytical (in.) 

Ruler  Potentiometer Ruler  Potentiometer Before deck 
placement 

After deck 
placement 

CPrSM1 0.96 N/A 0.40 N/A 0.62 0.50 
CPrSM2 0.62 N/A 0.44 N/A 0.62 0.50 
CPrSF 0.57 N/A 0.45 N/A 0.62 0.50 

BPrSM1 0.69 N/A 0.57 N/A 0.73 0.60 
BPrSM2 0.73 N/A 0.60 N/A 0.73 0.60 
BPrSF 0.85 N/A 0.73 N/A 0.73 0.60 

BPrpSM 0.5 0.47 0.38 N/A 0.53 0.41 
CPouSM 0.25 0.31 N/A N/A 

0.3 0.16 
CPouSF 0.38 0.32 N/A 0.87 
CPouDF N/A 0.52 0.58 N/A 0.29 0.19 
CPoDM#

01 
N/A 0.25* N/A N/A 

0.26 0.16 
CPoDM#

02 
0.44 N/A 0.69 0.62 
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Figure D.50 The measured camber profile during the post-tensioning process of the unbonded 
post-tensioned beam “CPouDF” 

 Elastic Shortening D9.4.

D9.4.1. Pretensioned Beams 

At prestress transfer, the prestressing CFRP shortens along with the beam. This 

shortening phenomenon of the beam is called elastic shortening. The prestressing CFRP loses 

some portion of its prestressing force due to this shortening, which is called elastic shortening 

loss. The elastic shortening loss shown in Table D-14 was measured from the strain gages 

attached (as shown in Figure D.51) to the prestressing CFRP before stressing the cable at mid-

span.  

 

Figure D.51 Location of installed strain gages on prestressing CFRP 

 

 

Strain gages 

Mid-span 
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Table D-14 Measure elastic shortening loss in pretensioned beams 

Beam 
Elastic shortening loss 

(ksi) 
% of prestressing force 

before release 
CPrSM1 9.3 5.2 
CPrSM2 N/A N/A 
CPrSF N/A N/A 
BPrSM1 10.58 8.5 
BPrSM2 15.2 10.0 

BPrSF 11.25 7.9 

BPrpSM 9.74 6.4 
 

As per the discussion in Section F2 of this appendix, the area definition of prestressing 

CFRP cable in this study is different to the manufacturer. The manufacturer of CFRP cables uses 

the effective area which is the total area of fiber excluding resin and any sacrificial windings. 

The area does not affect the design since it is based on load that is attained directly from tests.  

Stresses are computed using areas.  Then in design, stress is multiplied by areas to get the 

original load.  However, area is needed in computation of elastic shortening. The effect of the 

proposed area definition on the outcome of those expressions is shown in the Figure D.52. The 

figure shows that the calculated elastic shortening stress loss using the two different definitions 

of area will give slightly different values of stress however this loss as expressed in load rather 

than stress will not be different and is not affected (0.15% difference in percentage) by the 

definition of the area. 
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Figure D.52 Comparison between the predicted elastic shortening loss for pretensioned beams 

using two definitions of area 

D9.4.2. Post-tensioned Beams  

 Since the cables were prestressed in a sequence, the cables lost some of the stressing 

force, attributing to the elastic shortening of the beam during the post-tensioning of the 

subsequent cables. The expected loss for each cable was added to the jacking load to have a total 

prestress load of 60 kips after release. The calculation was based on the AASHTO-LRFD (2017) 

design specifications. Figure D.53 shows a comparison between the predicted changes in the 

cable load of T1 during the stressing of the other cables and the measured values from the load 

cells attached to the dead end of that cable. As shown in Figure D.53, the difference between the 

measured and the predicted losses are negligibly small. The expected losses of the other cables 

for the two post-tensioned beams are presented in Figure D.54. 
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Figure D.53 Comparison between the predicted and measured load of cable T1 during the post-
tensioning sequence 

 

 

(a) CPouSM     (b) CPouSF 

Figure D.54 Predicted cables load during the post-tensioning sequence  
 

 Monotonic Tests of the Full-scale Beams D9.5.

As mentioned in Appendix C, total of 13 prestressed beams with prestressing CFRP were 

included in the experimental program, 8 pretensioned beams and 5 post-tensioned beams. For the 

pretensioned beams, Six beams were tested under static monotonic loading. Two beams 

pretensioned with prestressing CFRP cables were repetition of each other. Similarly, two beams 

pretensioned with prestressing CFRP bar were also repetition to each other. The last beam 
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pretensioned with prestressing CFRP bar was also identical except two of the strands, which 

were debonded at the end of the beams. The level of prestressing was same for all the cables 

(60% of their respective design strength provided by the manufacturer). For the post-tensioned 

beams, three beams were prestressed with unbonded cables and two with bonded cables. Only 

CFRP cables were used in the post-tensioned beams. Three of the beams were prestressed with 

parabolic draped cables while the other beams are prestressed with straight cables.  

D9.5.1. Load-deflection  

Figure D.55 shows the load-deflection behavior of all the beams pretensioned with 

prestressing CFRP. As evident from the graph, all the beams tested under monotonic loading 

failed at the similar range of ultimate load as expected. The total ultimate force (number of cable 

x rupture load of cable) is similar for both types of prestressing CFRP. The post-cracking 

behavior, however, shows that the beams prestressed with CFRP bar presented higher stiffness as 

compared to the CFRP cables. This can be attributed to the difference in material properties of 

the cable and bar. Correspondingly, Beam CPrSM#2 presented a higher cracking load than 

CPrSM#1, as the effective prestressing force and the concrete strength of the beam CPrSM#1 

was lower than CPrSM#2 at the day of testing. Both the beams failed at the close ultimate load 

(~5 kips difference) with the deflection of beam CPrSM#1 being higher than CPrSM#2. Also, 

Beam BPrSM#2 presented a higher cracking load than BPrSM#1, as the effective prestressing 

force of the beam BPrSM#1 was lower than BPrSM#2 at the day of testing. Both beams failed at 

the close ultimate load (~1 kips difference) with the deflection of beam BPrSM#1 being higher 

than BPrSM#2. 

The load-deflection curves from the monotonic tests of all five post-tensioned beam are 

presented in Figure D.56. As mentioned earlier, the parameters included in the experimental 
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program were the bond condition, cable profile and types of loading. The load was obtained from 

the load cell attached to the actuator. The net deflection was calculated based on the average of 

the results from two potentiometers. The camber and own beam weight are not included in the 

resultant graphs, as provided in the report.  

All the unbonded post-tensioned beams reached almost the same peak load level except 

the beam CPouSF, which has a reduced capacity by almost 10% compared to the similar beam 

CPouSM. This depicts the effect of the fatigue loading cycles. Also, the effect of having draped 

cables on the capacity was not significant as the capacities were comparable despite the higher 

capacity of the beam with draped cables. That is because the effective prestressing forces were 

higher in the draped case. In addition, the effect of the bond condition can be clearly seen in 

Figure D.56. The beams with bonded cables “CPoDM#01 and CPoDM#02” presented higher 

capacity than the similar unbonded beam “CPouDF. The capacity of the bonded beam was 

almost 22% higher. Finally, the effect of the effective prestressing force was obvious when 

comparing the bonded post-tensioned beams. The beam with higher effective prestressing force 

presented a higher cracking load and less deflection, despite same peak loads. 

As the beam survived the full fatigue cycles, the beam was tested under monotonic 

loading to failure. The overall behavior of the beam was piece-wise linear with two distinct 

stiffnesses up to failure. The initial stiffness of the beam reduced after the crack opening and 

remained almost constant up to ultimate load. Similar to the previously tested full-scale post-

tensioned beams, a brittle compression failure due to concrete crushing was observed at the 

ultimate load. Further, the beam was loaded for 0.5 in. more and the research team decided to 

stop the test.  
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Figure D.55 Load-deflection behavior of CFRP pretensioned beams  

 
Figure D.56 Load-deflection behavior of CFRP post-tensioned beams  

D9.5.2. Deformations  

The deflection profile is obtained from the string potentiometers located along the beam 

length. Where a potentiometer is located at both sides, the average displacement between the two 

potentiometers of the beam was used to calculate the deflection.  

BPrpSM 

BPrSM#2 

BPrSF 

CPrSF 

CPrSM#1 

CPrSM#2 BPrSM#1 
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Figure D.57a shows a comparison between the deflections of the two pretensioned 

beams prestressed with prestressing CFRP cables (CPrSM#1, #2 and CPrSF) at the ultimate load.  

The deflection profiles of the two beams are also similar at the ultimate stage. Figure D.57b 

shows a comparison between the deflections of the two pretensioned beams prestressed with 

prestressing CFRP bars (BPrSM#1, #2) at the ultimate load.  The deflection profiles of the two 

beams were also similar at the ultimate stage. 

   

 (a) Prestressing CFRP Cables   (b) Prestressing CFRP Bars 

Figure D.57 Deflection profile of CFRP pretensioned beams at ultimate load 

Figure D.58 shows the deflection profiles for each post-tensioned beam at two stages of 

the experimental test; the first stage is at mid-span net deflection equals 5 in. and the peak load 

stage. The results showed a concentration of rotation at the constant moment region for all tested 

beams. For mid-span net deflection equals 5 in. (Figure D.58a), the deflection profiles for 

unbonded and bonded beams were comparable with slight increase for the bonded beams at other 

locations. For the peak load stage (Figure D.58b), the unbonded post-tensioned beams failed at a 

higher deflection, acting like a shallow tied arch, which was similar to unbonded post-tensioned 

with prestressing steel (Mattock et al., 1971). The bonded post-tensioned beams maintained its 

deflected shape till the ultimate, the deflection at the peak thus was dependent on the prestressing 

level.  
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(a) Deflection profile at 5 in.   (b) Deflection profile at the peak load 

Figure D.58 Deflection profiles of the CFRP post-tensioned beams at mid-span  

Table D-13 presents a summary of the experimental results for the full-scale beam 

testing. The load and maximum deflection at the ultimate along with the cracking load and 

concrete strength for the girder and deck on the texting day are presented as well. 

Table D-15 Summary of the test results of the full-scale beams  

Beam ID 
Concrete strength 

Cracking 
Load (kips) 

Ultimate 
load 

(kips) 

Deflection 
(in.) 

Failure 
mode Girder Deck 

CPrSM1 11.2 4.20 75 206 8.0 

Cable 
rupture 

CPrSM2 12.2 11.7 88 214 7.6 

CPrSF 10.9 10.2 76 210 7.7 

BPrSM1 9.4 10.4 76 207 6.0 

BPrSM2 11.0 8.9 86 209 5.8 

BPrSF 9.4 10.1 84 207 5.6 

BPrpSM 10.8 8.3 85 209 5.2 

CPouSM 10.4 9.7 61 135 9.9 
Concrete 
crushing CPouSF 10.9 8.2 65 122 7.4 

CPouDF 10.9 9.8 72 143 8.9 

CPoDM#01 
10.9 11.5 

81.4 175 5.2 Cable 
rupture CPoDM#02 62.8 174 6.7 
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Two methods were used to calculate the deformability of the tested full-scale beams. The 

first method is proposed by Naaman and Jeong’s Model (1995) which is based on the energy 

calculations. The second method is proposed by Abdelrahaman et al. (1995) which is based on 

the deformation. The results for the full-scale beam testing are shown in Table D-14. 

Table D-16 Defomability indeses for the full-scale beam testing 

Beam ID Abdelrahman et al. 
(1995) 

Naaman and Jeong’s 
Model (1995) 

CPrSM#1 8.4 1.18 

CPrSM#2 8.1 1.17 

CPrSF 8.21 1.18 

BPrSM#1 6.41 1.17 

BPrSM#2 6.42 1.19 

BPrSF 6.23 1.20 

BPrpSM 6.36 1.20 

CPouSM 14.4 1.21 

CPouSF 10.8 1.33 

CPouDF 12.4 1.26 

CPoDM#01 6.4 1.23 

CPoDM#02 9.5 1.26 
 

Additionally, the deflection provisions in proposed AASHTO-CFRP Guide 

Specifications were used to predict the deflection of the test beams. The provisions for short-

term deflection proposed in the ASHTO-CFRP Guide Specifications are adopted from ACI 

440.4R-04 (2011) in which the softening factor accounts for the lower modulus of elasticity of 

the prestressing CFRP. Figure D.59 shows the comparison between the experiment and the 

deflection obtained from the proposed provisions. The results show that the proposed provision 
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of AASHTO-CFRP Guide Specifications prediction is in good agreement with the experimental 

results. 

 

(a) CPrSM#1 

 

(b) CPrSM#2 

 

(c) BPrSM#1 

 

(d) BPrSM#2 
Figure D.59 Comparison of experimental Vs proposed prediction model for instantaneous 

deflection 

D9.5.3. Fatigue Behavior 
 

Four prestressed beams with CFRP systems were subjected to cyclic fatigue loading. 

Two beams were pretensioned by CFRP cables and Bars. The other two are unbonded post-

tensioned with prestressing CFRP cables; one with straight cables “CPouSF” and one with 

straight and draped cables “CPouDF”. All the beams were subjected to 2.3 million cycles. 

During the fatigue cycles, the tests were paused to conduct monotonic tests to track the changes 
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of stiffnesses of the beams, as well as the changes in prestressing force and crack width. All the 

beams survived the fatigue cycles and were monotonically tested to failure. 

The comparison of the load displacement response of the pretensioned beams (with 

prestressing CFRP bars (BPrSM#1, BPrSM#2, BPrpSM and BPrSF) and cables (CPrSM#1,#2 

and CPrSF), indicates that the 2.3 million cycles fatigue loading had no effect on the overall 

behavior of the beam. Even after 2.3 million cycles, the post-cracking and pre-cracking 

stiffnesses, and the ultimate strength of the fatigued beam (BPrSF) were identical to those tested 

under monotonic with no prior fatigue loading. The same observation can be obtained by 

comparing the load displacement response of the post-tensioned beams (Figure D.56) (CPouSM, 

CPouSF and CPouDF). Figure D.61 shows the effect of fatigue loading on the stiffness of the 

four beams during the fatigue cycles. The stiffnesses measured during the fatigue cycles were 

presented in Table D-15. Moreover, Figure D.61 shows the ultimate moment capacities of the 

final monotonic tests of the fatigued beams that were plotted against the corresponding capacity 

of the beams tested under only monotonic loading. 
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Figure D.60 Effect of fatigue loading on beam stiffness 

 

Figure D.61 Effect of fatigue loading on moment capacity 
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Table D-17  Computed stiffnesses of the post-tensioned beam “CPouSF” during the fatigue 
loading 

No. 
Cycles 
(106) 

ID 
Stiffness (kips/in.) 

CPouSF CPouDF CPrSF BPrSF 

0 
F0-1 (Initial) 213 246 240 240 
F0-2 (Initial) 213 232 238 246 

0.5 
F0.5M-1 N/A 237 236 239 
F0.5M-2 N/A 230 242  

1.0 
F1.0M-1 N/A 221 238 229 
F1.0M-2 N/A 233 239  

1.5 
F1.5M-1 201 220 241 234 
F1.5M-2 206 227 244  

2.0 
F2.0M-1 202 222  235 
F2.0M-2 199 229 240  

2.3 F2.3M (Final) 206 233 238 240 
 

D9.5.4. Force in the Unbonded CFRP Cables 

Figure D.63 shows the cables’ configuration for the post-tensioned beams. Figure D.63a 

shows the case wherein some cables are draped and others straight. Figure D.63b shows the case 

wherein all the cables are straight. The cable ID is shown in Figure D.63 also.  

 

   (a) straight and draped  (b) all straight 

Figure D.62 Cable configuration for straight and draped CFRP post-tensioned beams 

B3 

M1 

T1 

B2 
B1 

T1 

M1 

B3 

B2 

B1 
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During the experimental test, the cable force was recorded through a load cell attached to 

the dead end of some of the unbonded cables while the strain of the bonded cables were 

measured through a preattached strain gauge. Figure D.64 shows the increase in cable force 

during the test for different cases; bottom straight cable and top straight or draped cable. The 

results are plotted against the applied load and net deflection.  

At a same applied load level the bonded cables evidenced less increase in cable force 

compared to the unbonded cables (Figure D.64a-b). However, for the same net deflection the 

increase in cable load was found to be higher for the bonded cables (Figure D.64c-d).  

The inrease in cable load for the unbonded cables at the bottom was the same for both 

beams (CPouSM and CPouDF) (Figure D.64d). However, for the top cables, which are straight 

in CPouSM and draped in post-tensioned beam CPouDF, the increase in the cable force was 

higher in the straight case (Figure D.64c). 

     

 (a) Top cable (T1) against applied load   (b) Bottom cable (B1) against applied load 
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 (c) Top cable (T1) against net deflection   (d) Bottom cable (B1) against net deflection 

Figure D.63 Increase in cable force for different cables for post-tensioned beams with the 
applied load and net deflection 

D9.5.5. Failure Mode 

For all bonded prestressed beams (pretensioned and bonded post-tensioned), the failure 

was due to rupture of the cables and the load carrying capacity dropped to zero immediately. 

Alternatively, in all the unbonded post-tensioned beams the failure was due to concrete crushing 

and once the beams reached the ultimate load, there was a drop, but the beams had a reserved 

load carrying capacity. Table D-16 shows the failure mode for all the 13 full-scale prestressed 

beams. 

Table D-18 Failure modes of full-scale CFRP prestressed beams 

Beam ID Failure Mode 

CPrSM#1 

 

 

 

Crack at failure  
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CPrSM#2 

 

 

 

CPrSF 

 

 

 

BPrSM#1 

 

 

BPrSM#2 

 

Crack at failure  

Crack at failure  
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BPrpSM 

 

 

BPrpSF 

 

 

CPouSM 

 

    

CPouSF 
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CPouDF 

 

CPoDM#01 

 

 

CPoDM#02 

 

 

 

D9.5.6. Crack Distribution, Spacing and Crack Width 

The monotonic tests of the full-scale beams were done on stages to allow drawing of the 

crack propagation and take the crack width measurement as well as take pictures. The cracks of 

the unbonded post-tensioned beams were concentrated in few wide cracks, which forked with the 

loading during the test. This behavior was in corroboration with the unbonded post-tensioned 

with prestressing steel as in the study by Mattock et al. (1971). However, for bonded prestressed 

beams, the cracks were spread over more than a quarter of the length from the center of the beam 
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on each side. Table D-17 shows the crack distribution for all the full-scale prestressed beams at 

the ultimate, along with the maximum cracking width. 

Table D-19 Crack pattern for the monotonic tests of the full-scale CFRP prestressed beams at 
the ultimate load 

Beam ID Crack Pattern 

CPrSM#1 

 

Maximum crack width=0.1 in 

CPrSM#2 

 

Maximum crack width=0.08 in 

CPrSF 

 

Maximum crack width=0.08 in 
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BPrSM#1 

 

Maximum crack width=0.04 in 

BPrSM#2 

 

Maximum crack width=0.04 in 

BPrpSM 

 

Maximum crack width=0.06 in 

BPrpSF 

 
Maximum crack width=0.06 in 

CPouSM 

 

Maximum crack width=N/A  
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CPouSF 

 

Maximum crack width=0.81 in. 

CPouDF 

 

Maximum crack width=0.83 in. 

CPoDM#01 

 

Maximum crack width=0.09 in. 

CPoDM#02 

 

Maximum crack width=0.12 in. 

 

D9.5.7. Non-contact Measurements 

As mentioned in Appendix C, two non-contact instruments were used; Digital Image 

Correlation (DIC) system and Krypton LEDs during the monotonic tests of the full-scale testing. 
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In this appendix, only two beams are presented in detail; one pretensioned beam “BPrSM#01” 

and one post-tensioned beams “CPoDM#01”.  

BPrSM#1 

Deformations  
Location of both ARAMIS view field and Krypton LEDs along with distribution of 

cracks are shown in Figure D.65. The figure shows the crack distribution at stage when the 

applied load is equal to 206 kips. The displacement field can be obtained from ARAMIS at any 

load stage as shown in Figure D.67 . Points were assigned along the bottom of the beam to 

obtain the displacement at these locations. Also, the displacement can be obtained from tracking 

the deformations of the LEDs. The net deflection at the mid-span was plotted from DIC, LEDs 

and Potentiometer, against the loading time as shown in Figure D.66.  

 

Figure D.64 Location of both DIC system and LED system along with the crack distribution for 
pretensioned beam BPrSM#1 

E D 

E 
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Figure D.65 Load against net deflection obtained from DIC, LEDs and Potentiometer for 
pretensioned beam “BPrSM#1” 

Crack width and spacing 
For ARAMIS, points were assigned on both sides of the cracks, as shown in Figure 

D.67. Based on the change in length between those points, the crack width was calculated. One 

cracks “D” were formed within the DIC system view field, as shown in Figure D.65 and Figure 

D.67, the change in the crack width for different location along crack length during the test was 

plotted against the applied load from the load cells as shown in Figure D.68 . 

For the LEDs, the change in length between two LEDs in the same level was assumed to 

occur due to the crack opening between them. This assumption neglects the concrete strain 

between those LEDs. Figure D.65a shows that also two cracks “E and F” crossed the LEDs’ 

grid. The change in the crack width for different location along crack length during the test was 

plotted against the applied load from the load cells and shown in Figure D.69 . 
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Figure D.66 Crack location DIC system for bonded post-tensioned beam “BPrSM#1” 

 

Figure D.67 Crack width from DIC system for pretensioned beam “BPrSM#1” 

 

D-01 

D-02 
D-03 

D-04 



NCHRP 12-97 

D-86 
 

 

Figure D.68 Crack width from LED system for pretensioned beam “BPrSM#1” 

The crack width obtained at final stage from various measurement systems is presented in 

Table D-18. Since none of the measured crack crossed the field of view of DIC system, no direct 

comparison was made. Based on the manual measurement as well as the non-contact 

measurement system, the maximum crack width obtained at failure for beam BPrSM#1 is 0.06 

in. 

 

Table D-20 Crack width measurement manually for bonded pretensioned beam “BPrSM#1” 

 Crack width 

Location A B C 

5 0.020 0.027 0.013 

4 0.020 0.027 0.024 

3 0.024 0.024 0.024 

2 0.024 0.027 0.031 



NCHRP 12-97 

D-87 
 

1 0.031 0.037 0.039 
 

CPoDM#01 

Deformations 
Location of both DIC system (ARAMIS) view field and Krypton LEDs along with 

distribution of cracks are shown in Figure D.70. The figure shows the crack distribution at stage 

when the applied load is equal to 149.6 kips as the DIC system was removed at that load level for 

safety consideration. The displacement field can be obtained from the DIC system at any load 

stage, as shown in Figure D.72. Points were assigned along the bottom of the beam to obtain the 

displacement at these locations. Also, the deformation can be obtained from tracking the 

displacement of the LEDs. The net deflection at the mid-span was plotted from the DIC system, 

LEDs and Potentiometer, against the load obtained from the actuator load cell (Figure D.71). 

 

(a) Schematic drawing for DIC system location, LEDs and crack distribution 
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(b) Crack location from DIC system 

Figure D.69 Location of both Aramis and Krypton along with the crack distribution for bonded 
post-tensioned beam “CPoDM#01” 

 

* The DIC system was removed at load level 164 kips for safety consideration 

Figure D.70 Load against net deflection obtained from DIC, LEDs and Potentiometer for 
bonded post-tensioned beam “CPoDM#01” 

Crack width and spacing 
The crack measurements were obtained from the non-contact measurement systems 

“LEDs and DIC” and compared with direct manual measurements from the DEMEC points.  

For the DIC system, points were assigned on both sides of the cracks, as shown in Figure 

D.72. Based on the change in length between those points, the crack width was calculated. Two 

cracks “D and B” were formed within the DIC system view field, as shown in Figure D.70 b. 

The change in the crack width for different location along crack length during the test was 
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plotted against the applied load from the load cells, as shown in Figure D.73. The average 

spacing between the two cracks was found to be 12 inch. 

For the LEDs, the change in length between two LEDs in the same level was assumed to 

occur due to the crack opening between them. This assumption neglects the concrete strain 

between those LEDs shows that also two cracks “D and E” crossed the LEDs’ grid. The change 

in the crack width for different location along crack length during the test was plotted against the 

applied load from the load cells, as shown in Figure D74.  

Figure D.75 shows the maximum crack opening, at the bottom of the beam, for four 

cracks; A, B, E and D. Both A and E results were obtained from LEDs system and the other two 

cracks; B and D, were obtained from the DIC system.  

As mentioned earlier, the crack width was measured manually by attaching DEMEC 

target points on both sides of some cracks. The length between those two DEMEC points was 

measured at different stages during the test.  Table D-21 shows a comparison between the crack 

width measurements from different instrumentations at load stage with applied load equal 140.7 

kips. The average crack spacing within the constant moment region is equal 12 in. 
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Figure D.71 Crack location and points of measurement from DIC system for bonded post-
tensioned beam “CPoDM#01” 

  

(a) Crack width of crack-D                 (a) Crack width of crack-B 

Figure D.72 Crack width from DIC system for bonded post-tensioned beam “CPoDM#01” 

 

(a) Crack width of crack-A                  (a) Crack width of crack-E 

Figure D.73 Crack width from LEDs for bonded post-tensioned beam “CPoDM#01” 

B-01 
B-02.. 

.. . . . . . . . ..  

..B-08 
B-09 

D-01 
D-02.. 

.. . . . . . . . ..  

..D-08 
D-09 
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Figure D.74 Maximum crack open obtained from DIC system and LEDs against the load for 
bonded post-tensioned beam “CPoDM#01” 

Table D-21 Comparison between the crack width measurements from different instrumentations 
for bonded post-tensioned beam “CPoDM#01” at load stage 140.7 kips 

Crack width (in.) 
C D** E* 

Location A A* B B** 

1 0.07 0.069 0.06 0.054 0.05 0.061 0.046 

2 N/A N/A 0.05 0.051 0.04 0.047 N/A 

3 0.04 0.047 0.03 0.030 0.03 0.032 0.036 

4 0.03 0.025 0.02 0.017 0.02 0.027 0.02 

5 0.03 0.010 0.01 N/A 0.01 N/A 0.009 
DEMEC points, *LEDs and **DIC system 

 
Figure D.75 shows the maximum crack width measurement for the post-tensioned beams 

measured by DIC system or LEDs, plotted against the applied load. It is obvious from the figure 

that the unbonded beams have a higher cracking width that reached 7 times the bonded case.  
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Figure D.75 Maximum crack width measurements for post-tensioned beams obtained from DIC 
system or LEDs against the applied load 

 Individual Beam Test Results D9.6.

D9.6.1. Monotonic Test of Beam CPrSM#1 
 

The load-deflection behavior of the CFRP prestressed beam CPrSM#1 was piece-wise 

linear with two distinct stiffnesses up to failure as shown in Figure D.76. The behavior can be 

described using two distinct point as shown in the figure. The first crack appeared on the beam 

inside the constant moment region at a load of 75 kips as shown in the figure as point 1. Shortly 

after increasing the load, more cracks appeared to form in the constant moment region and 

expanded outwards. The initial stiffness of the beam reduced after the cracking and remained 

almost constant up to failure. The failure of the beam started when one of the prestressing CFRP 

cable on the bottom layer ruptured at a load of 206 kips and deflection of 8 inches as shown as 

point 2 in the graph. The load dropped to 180 kips and the beam continued to carry load until 

another prestressing cable ruptured. The load dropped to 154 kips and the rupturing of the 
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prestressing CFRP cable continued until the failure. No significant support settlement and the 

bond-slip were observed for the tested beams. Figure D.77 presents the load-strain response of 

the prestressing CFRP cable. The figure indicates that the strain in the prestressing CFRP cable 

at ultimate loading is 1.94% which is equal to the rupture strain (2%). The concrete strength at 

the day of testing was found to be 11.83 ksi for the girder and 4.20 ksi for the deck. The crack 

distribution is shown in the Figure D.78. 

 
Figure D.76 Applied load-deflection response of the beam “CPrSM#1” 

1: Onset of cracking 
2: Rupture of prestressing CFRP  

1 

2 
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Figure D.77 Applied load-strain response of the beam “CPrSM#1” 

 

 
Figure D.78 Schematic of crack distribution at failure 

The deflection of the beam along its length at selected load stages is presented in Figure 

D.79.  
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Figure D.79 Deformation of the beam along its length at selected load stages 

 

D9.6.2. Monotonic Test of Beam CPrSM#2 
 

The overall load-deflection response of the beam CPrSM#2 is presented in Figure D.80. 

Beam CPrSM#2 cracked at the load of 88 kips. The first crack appeared inside the constant 

moment region. Shortly after increasing the load, more cracks appeared to form in the constant 

moment region and expanded outwards. The failure of the beam started when one of the 

prestressing CFRP cable on the bottom layer ruptured at a load of 214 kips and deflection of 7.6 

inches. The load dropped to 188 kips and shortly another prestressing cable ruptured as the load 

was increased. The beam failed after this stage with a large crack formed in the middle of the 

beam. Figure D.81bpresents the load-strain response of the prestressing CFRP at the time of 

ultimate load. The figure indicates that the prestressing CFRP cable reached the strain level of 

2.07% which is the rupture strain of the cable. 
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The schematic of crack distribution at failure for this beam is also shown in Figure D.82. 

No significant cracking was observed outside of this region. The concrete strength at the day of 

testing was found to be 12.20 ksi for the girder and 11.73 ksi for the deck. The deflection of the 

beam along its length at selected load stages is also presented in Figure D.83. 

 
Figure D.80 Applied load- mid-span deformation response of the test beam CPrSM#2 
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Figure D.81 Applied load-strain response of the test beam CPrSM#2 

 

 
Figure D.82 Crack distribution of the CPrSM#2 at failure 

 

8300 μe 

12,434 μe 
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Figure D.83 Deformation of the beam along its length at selected load stages 

Beam CPrSM#2 was instrumented with DIC system only at the constant moment region. 

Location of ARAMIS view field along with distribution of cracks is shown in Figure D.84. The 

displacement field can be obtained from ARAMIS at any load stage. Points were assigned along 

the bottom of the beam to obtain the displacement at these locations as shown in Figure D.86. 

The net deflection at the mid-span was plotted from DIC system, potentiometer, against the 

applied loading in Figure D.85.  

 
Figure D.84 Location of Aramis along with the crack distribution for pretensioned beam 

CPrSM#2 

D E 
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Figure D.85 Load-deflection response obtained from DIC and potentiometer for pretensioned 

beam CPrSM#2 

For DIC system, points were assigned on both sides of the cracks, as shown in Figure 

D.86. Based on the change in length between those points, the crack width was calculated. One 

major crack “B” was formed within the DIC system view field, as shown in Figure D.84. The 

change in the crack width for different location along crack length during the test was plotted 

against the applied load from the load cells and showed in Figure D.87. 

 
Figure D.86 Crack location and points of measurement from DIC system for bonded 

pretensioned beam CPrSM#2 
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Figure D.87 Crack width from DIC system for pretensioned beam CPrSF 

The comparison of crack width obtained from various measurement systems is presented 

in Table D-22. Based on the manual measurement as well as from the DIC system, the 

maximum crack width is found to be 0.08 inches. 

Table D-22 Crack width measurement from manual (A, B,C) and DIC (B*) 

 Crack width (in) 

Location A B B* C 

5 0.01 0.01 N/A 0.01 

4 0.02 0.02 0.04 0.03 

3 0.05 0.02 0.05 0.05 

2 0.06 0.03 0.07 0.05 

1 0.08 0.04 N/A 0.06 

D9.6.3. Fatigue and Final Monotonic Test of Beam CPrSF 

Beam CPrSF was tested under fatigue loading for 2.3 million cycles. The fatigue loading 

was stopped at ≈500 k cycles to perform a monotonic test. The load deflection response for the 
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intermediate monotonic test is presented in Figure D.88. The corresponding stiffness is 

presented in Table D-21.  

 
Figure D.88 Load-deflection response of beam prestressed with prestressing CFRP during 

fatigue loading 

Table D-23 Computed stiffness of the beams during fatigue loading 

Stage Stiffness (kips/in) 

M-0 (Initial) 239.17 

M-1 (426 k) 238.95 

M-2 (925 k) 238.55 

M-3 (1325 k) 242.60 

M-4 (1725 k) 241.30 

F5 (Final) 236.8 

Range of fatigue 
loading 
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Figure D.89 shows the variation of the strain measured during the fatigue loading of 

CPrSF.The total change of strain of 284 μe was observed which is equal to 5 ksi of induced 

stress. 

 

Figure D.89 Variation of strain in prestressing CFRP during fatigue loading 

Beam CPrSF survived 2.3 million of fatigue loading. From Figure D.88 and Table D-23, 

it can be concluded that the fatigue loading has little or no significant effect on the stiffness of 

the beam pretensioned with prestressing CFRP cable. After 2.3 million cycles, the beam was 

loaded monotonically to failure. Figure D.90 presents the load-deflection behavior of beam 

CPrSF. The failure of the beam started when one of the prestressing CFRP bar on the bottom 

layer ruptured at a load of 210 kips and deflection of 7.7 inches. At this stage, a large crack 

formed in the middle of the beam. The schematic of crack distribution at failure for this beam is 

shown in Figure D.91. The concrete strength at the day of testing was found to be 10.90 ksi for 

the girder and 10.20 ksi for the deck.  

Stress induced=5 ksi 
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Figure D.90 Applied load- mid-span deformation response of the test beam CPrSF after the 

conclusion of 2.3 million cyclic fatigue loading 

 

Figure D.91 Crack pattern of the beam CPrSF at failure 

The deflection of the beam along its length at selected load stages is also presented in 

Figure D.92. 
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Figure D.92 Deformation of the beam along its length at selected load stages 

Location of both DIC system view field and LED system along with distribution of 

cracks are shown in Figure D.93. Points were assigned along the bottom of the beam to obtain 

the displacement at these locations as shown in Figure D.95. The net deflection at the mid-span 

was plotted from ARAMIS, LEDs and potentiometer, against the applied load as shown in 

Figure D.94.  

 
Figure D.93 Location of both DIC system and LED system along with the crack distribution for 

pretensioned beam CPrSF 
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Figure D.94 Load against net deflection obtained from DIC, LEDs and Potentiometer for 

pretensioned beam CPrSF 

For ARAMIS, points were assigned on both sides of the cracks, as shown in Figure 

D.95. Two cracks “B and D” were formed within the DIC system view field, as shown in Figure 

D.93. Among the two cracks, crack ‘B’ was measure manually. The change in the crack width 

for different location along crack length during the test was plotted against the applied load from 

the load cells and showed in Figure D.96. 

Figure D.93a show that also two cracks “C and E” crossed the LEDs’ grid. The change 

in the crack width for different location along crack length during the test was plotted against the 

applied load from the load cells and showed in Figure D.97. 
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Figure D.95 Crack location and points of measurement from DIC system for bonded 

pretensioned beam CPrSF 

 
Figure D.96 Crack width from DIC system for pretensioned beam CPrSF 
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Figure D.97 Crack width from LED system for pretensioned beam CPrSF 

The comparison of crack width obtained from various measurement systems is presented 

in Table D-24. The maximum crack-width obtained was 0.1 for beam CPrSF. 

Table D-24 Crack width measurement from manual (A, B, C), DIC (B*) and LEDs (C**) 

Crack width (in.) 

Location A B B* C C** 

5 0.011 0.009 N/A N/A N/A 

4 0.032 0.023 N/A N/A N/A 

3 0.040 0.037 0.066 N/A 0.046 

2 0.056 0.040 0.067 N/A 0.089 

D9.6.4. Monotonic Test of Beam BPrSM#1 
 

Beam BPrSM#1 is the first beam pretensionsed with prestressing CFRP bars. The load-

deflection behavior of beam BPrSM#1 is bi-linear as shown in Figure D.98 and can be described 

by two distinct point (cracking and failure) similar to the beam pretensioned with prestressing 
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CFRP cables. Beam BPrSM#1 cracked at the load of 77.5 kips. The first crack appeared inside 

the constant moment region. More cracks appeared to form in the constant moment region and 

expanded outwards with the increasing load. The failure of the beam started when one of the 

prestressing CFRP bar on the bottom layer ruptured at a load of 207 kips and deflection of 6 

inches. The load dropped to 191 kips and the beam continued to carry load until another 

prestressing bar ruptured. The load dropped to 168 kips and the rupturing of the prestressing 

CFRP bar continued. At this stage a large crack formed in the middle of the beam and the beam 

wasn’t able to carry more load. Figure D.99 shows the load-strain response of the beam. The 

rupture strain at the time of failure was found to be 1.23 % which is in less than the rupture strain 

(1.3 %).The beam and the crack distribution at failure is shown in the Figure D.100. The 

concrete strength at the day of testing was found to be 9.4 ksi for the girder and 10.4 ksi for the 

deck.  

 
Figure D.98 Applied load- mid-span deformation response of the test beam BPrSM#1 
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Figure D.99 Applied load-strain response of the test beam BPrSM#1 

 

 
 Figure D.100 Crack distribution of the BPrSM#1 at failure 

The deflection of the beam along its length at selected load stages is also presented in 

Figure D.101. 
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Figure D.101 Deformation of the beam along its length at selected load stages 

D9.6.5. Monotonic Test of Beam BPrSM#2 
 

Figure D.102 presents the overall load-deflection behavior of beam BPrSM#2. The first 

cracked appeared on the beam at the load of 86 kips. Similar to the previous beams, the first 

crack appeared inside the constant moment region. As the applied load was increased, more 

cracks appeared to form in the constant moment region and expanded outwards. The failure of 

the beam started when one of the prestressing CFRP bar on the bottom layer ruptured at a load of 

209 kips and deflection of 5.8 inches. The load dropped to 193 kips and the beam continued to 

carry load until another prestressing bar ruptured. The load dropped to 173 kips and the rupturing 

of the prestressing CFRP bar continued. The beam reached to the stage that it couldn’t carry 

more load. At this stage a large crack formed in the middle of the beam. Figure D.103 shows the 

load-strain response of the prestressing CFRP bar at both layers. It can be seen from the figure 

that the strain at the upper layer (layer 2) is less than the strain at the lower layer. The strain at 



NCHRP 12-97 

D-111 
 

failure in the prestressing CFRP was found to be 1.17% which is considerably less than the 

rupture strain of 1.33%. The beam at failure as well as the crack distribution as shown in Figure 

D.104. The concrete strength at the day of testing was found to be 11.0 ksi for the girder and 8.9 

ksi for the deck.  

 
Figure D.102 Applied load- mid-span deformation response of the test beam BPrSM#2 
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Figure D.103 Applied load-strain response of the test beam BPrSM#2 

 

 
Figure D.104. Crack distribution of the BPrSM#2 at failure 

The deflection of the beam along its length at selected load stages is also presented in 

Figure D.105. 

5800 μe 

5862 μe 
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Figure D.105 Deformation of the beam along its length at selected load stages 

Location of both ARAMIS view field and Krypton LEDs along with distribution of 

cracks are shown in Figure D.106. The net deflection at the mid-span was plotted from DIC, 

LEDs and Potentiometer, against the applied load as shown in Figure D.107.  

 
Figure D.106 Location of both DIC system and LED system along with the crack distribution 

for pretensioned beam BPrSM#2 

D 
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Figure D.107 Load against net deflection obtained from DIC, LEDs and Potentiometer for 

pretensioned beam BPrSM#2 

For DIC system, points were assigned on both sides of the cracks, as shown in Figure 

D.108. Three cracks “B, C and D” were formed within the DIC system view field, as shown in 

Figure D.106. Among the three cracks, crack ‘C’ was measure manually. Hence, the change in 

the crack width for crack ‘C’ along the crack length during the test was plotted against the 

applied load from the load cells and showed in Figure D.109. 

Figure D.106a show that also two cracks “A and E” crossed the LEDs’ grid. Among the 

two cracks, crack ‘A’ was measured manually. Hence, the change in the crack width along crack 

length during the test was plotted against the applied load from the load cells and showed in 

Figure D.110. 
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Figure D.108 Crack location and points of measurement from DIC system for bonded 

pretensioned beam BPrSM#2 

 
Figure D.109 Crack width from DIC system for pretensioned beam BPrSM#2 



NCHRP 12-97 

D-116 
 

 
Figure D.110 Crack width from LED system for pretensioned beam BPrSM#2 

The comparison of crack width obtained from various measurement systems is presented 

in Table D-25. The maximum crack width obtained for beam BPrSM#2 was 0.04 inch. 

Table D-25 Crack width measurement from manual (A, B, C), DIC (B*) and LEDs (A**) 

Crack width (in.) 

Location A A** B C C* 

5 0.020 N/A 0.027 0.013 N/A 

4 0.020 0.020 0.027 0.024 N/A 

3 0.024 0.022 0.024 0.024 0.025 

2 0.024 0.037 0.027 0.031 0.032 

1 0.031 0.033 0.037 0.039 0.026 
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D9.6.6. Monotonic Test of Beam BPrpSM 
 

Beam BPrpSM is the third beam pretensioned with prestressing CFRP bars. The beam 

has an identical number of bars (i.e., 12) as the previous two beams. The only difference is that 

two out of 12 prestressing CFRP bars are debonded for a length of five ft. from each end of the 

beam. The load-deflection response of this beam is similar to the previous two and is shown in 

Figure D.111. Beam BPrpSM cracked at the load of 85 kips with the first crack being appeared 

inside the constant moment region. The failure load of the beam was not reached because of 

some problems with the test set-up. The test was stopped at a load level of 175 kips and a 

deflection of 3.6 in. The deflected shape of the beam along with the distribution of cracks just 

before the test was stopped is shown in the same figure. After fixing the set-up, the beam was 

loaded again until failure. The beam reached an ultimate capacity of 209 kips at deflection of 5.2 

in. The crack distribution is shown in the Figure D.112a. The rupture of the CFRP bars at failure 

is shown in Figure D.112b. 

The deflection of the beam along its length at selected load stages is also presented in 

Figure D.113. 
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Figure D.111. Load-deflection response of “BPrpSM” until the last stage of loading. 

a) Crack distribution and deflected profile of 
the beam BPrpSM  

 
b) CFRP bar rupture at mid-span 

Figure D.112. Crack distribution and the rupture of prestressing CFRP bar at failure 

 

Drop in load due to the 
problem with the test set 
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Figure D.113 Deformation of the beam along its length at selected load stages 

 

D9.6.7. Fatigue and Final Monotonic Test of Beam BPrSF 
 

Beam BPrSF was tested under fatigue loading for 2.3 million cycles. The fatigue loading 

was stopped at ≈500 k cycles to perform a monotonic test. The load-deflection responses for the 

intermediate monotonic tests are presented in Figure D.114. The corresponding stiffnesses are 

presented in Table D-26.  
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Figure D.114 Load-deflection response of beam prestressed with prestressing CFRP bars during 

fatigue loading 

Table D-26. Computed stiffness of the beams during fatigue loading 

Stage Stiffness (kips/in) 

M-0 (Initial) 242.69 

M-1 (500 k) 239.33 

M-2 (1000 k) 229.31 

M-3 (1500 k) 233.73 

M-4 (2000 k) 234.89 

F5 (Final) 240.13 

Figure D.115 shows the variation of the strain measured during the fatigue loading of 

BPrSF. The total change of strain of 196 μe was observed which is equal to 4 ksi of induced 

stress. 

Range of fatigue 
loading 
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Figure D.115 Variation of strain in prestressing CFRP during fatigue loading 

Beam BPrSF survived 2.3 million of fatigue loading. From Figure D.114 and Table D-

26, it can be concluded that the fatigue loading has little or no significant effect on the stiffness 

of the beam pretensioned with prestressing CFRP bar. At the conclusion of 2.3 million cycles, 

the beam was loaded monotonically to failure. Figure D.116 presents the load-deflection 

behavior of beam BPrSF. The failure of the beam started when one of the prestressing CFRP bar 

on the bottom layer ruptured at a load of 207 kips and deflection of 5.6 inches. The load dropped 

to 190 kips and the beam failed shortly after a small increase in load. Figure D.117 presents the 

load-strain response of the beam. The figure shows that the strain in the prestressing CFRP bar 

reached 1.17% at failure which is less than rupture strain. The concrete strength at the day of 

testing was found to be 9.40 ksi for the girder and 10.10 ksi for the deck. The crack distribution 

of the beams at final stage is shown in Figure D.118. 

Stress induced=4 ksi 
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Figure D.116. Load-deflection response of “BPrSF” after the completion of fatigue loading 

 
Figure D.117 Load-strain response of the beam BPrSF during monotonic loading 

 

5829 μe 

5800 μe 
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Figure D.118 Crack pattern of the beam BPrSF during monotonic loading 

The deflection of the beam along its length at selected load stages is also presented in 

Figure D.119. 

  
Figure D.119 Deformation of the beam along its length at selected load stages 
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Location of both ARAMIS view field and Krypton LEDs along with distribution of 

cracks are shown in Figure D.120. Points were assigned along the bottom of the beam to obtain 

the displacement at these locations. The net deflection at the mid-span was plotted from DIC, 

LEDs and Potentiometer, against the applied load as shown in Figure D.121.  

 
Figure D.120 Location of both Aramis and Krypton along with the crack distribution for 

pretensioned beam BPrSF 

 

Figure D.121 Load against net deflection obtained from DIC, LEDs and Potentiometer for 
pretensioned beam BPrSF 

For ARAMIS, points were assigned on both sides of the cracks, as shown in Figure 

D.122. One crack ‘C’ was formed within the DIC system view field. The crack ‘C’ was also 

measured manually. The change in the crack width for different location along crack length 
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during the test was plotted against the applied load from the load cells and showed in Figure 

D.123. 

Figure D.120 shows that also crack ‘A’ which was manually measure crossed the LEDs’ 

grid. The change in the crack width for different location along crack length during the test was 

plotted against the applied load from the load cells and showed in Figure D.124. 

 
Figure D.122 Crack location and points of measurement from DIC system for pretensioned 

beam BPrSF 

 
Figure D.123 Crack width from DIC system for pretensioned beam BPrSF 
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Figure D.124 Crack width from LEDs system for pretensioned beam BPrSF 

The comparison of crack width obtained from various measurement systems is presented 

in Table D-27. The maximum crack width obtained for the beam was 0.06. 

Table D-27 Crack width measurement from manual (A, B,C), LED (A**) and DIC (C*)  

 Crack width (in) 

Location A A** B C C* 

5 N/A 0.019 N/A N/A N/A 

4 0.012 0.037 0.014 0.013 N/A 

3 0.065 0.038 0.062 0.064 0.05 

2 0.057 N/A 0.031 0.042 0.04 

1 0.062 0.056 0.056 0.038 0.04 
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D9.6.8. Monotonic Test of Post-tensioned Beam CPouSM 

The beam CPouSM was tested under static monotonic loading. The beam was unbonded 

post-tensioned beam with five 0.76 in. prestressing CFRP cables. All the five cables were 

straight. 

For this beam, DEMEC target points were placed at one side of the live end to monitor 

the strain and crack, if any.  A total of 28 DEMEC target points were attached to the concrete 

surface with a gage length of 7.98 in.  They were divided into three groups; the first two groups 

are two lines at the level of the bottom cables and one at the middle of the upper flange, and the 

third group is a group of rosettes. ARAMIS was used to measure the deformations and crack 

patterns at the mid-region of the beam. A grid of 44-LED sensors with a horizontal spacing of 8 

in. was installed on one face of the beam at one of the quarter spans.  Four parallel rows of LED 

sensors were installed at distances of 3.0 in. (lower line), 11 in., 19 in. and 26 in. (upper line) 

from the bottom of the beam. 

The load and imposed displacement were recorded during the monotonic test. The load-

displacement response of the tested beam is presented in Figure D.125. The load was obtained 

from the recorded actuator load and the displacement was the average of the recorded 

displacments from two potentiometers at the middle of the beam. The measured values from the 

load cells at the support showed the same values with negligible differences. 

The overall behavior of the beam was piece-wise linear with two distinct stiffness’s up to failure.  

The initial stiffness of the beam reduced after the cracking and remained almost constant up to 

failure.  A brittle compression failure due to concrete crushing is observed at the ultimate load.  

Then, the beam was loaded till the beam reached the floor and subsequently the research team 

has stopped the test and the beam was unloaded.  
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The cracking load of the beam was 61.2 kips at imposed displacement of 0.287 inch. The 

ultimate capacity of the beam 134.7 kips at net displacement of 9.87 inch. Once the concrete 

crushed, the load dropped to 124 kips.  

 

Figure D.125. Load displacement response of the unbonded CFRP post-tensioned beam 
“CPouSM”. 

 
The deflection of the beam along its length at selected load stages is presented in Figure 

D.126.  As it can be seen from the figure, the rotations are mostly concentrated in the constant 

moment region. Only few cracks were formed with rapidly increased width and depth during 

loading. The cracks were forked at their upper ends as shown in Figure D.127a. The concrete 

crushed at the top of the widest crack within the constant moment region as shown in Figure 

D.127b.  

1: Cracking 
2: Onset of concrete crushing 
3: After concrete crushing 

3 

1 

2 
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Figure D.126 Deflection along the beam length at selected load stages 

 

(a) Schematic drawings for the Crack distribution at the ultimate load 134.7 kips 
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(b) Crack distribution at 121.9 kips                             (c) Crushing of concrete at the ultimate 

Figure D.127 Crack distribution and crushing of concrete for the post-tensioned beam 
“CPouSM” 

The results of the DEMEC target points showed no significant deformation at the end of 

the beam. The two load cells that were attached to the dead end of two cables; upper cable "T1" 

and the middle bottom cable "B2", were recording the change in the cable force during the test.  

Figure D.128 shows the change in the cables load versus the displacement from the 

potentiometers and the applied load. The expected change cable force (M2) was computed by 

linearly interpolating the values from the upper (T1) and bottom (B2) cable, and was plotted in 

the same figure. As the cables; B1, B2 and B3 are located in the same level, the increase in cable 

force during the test is expected to be the same.  
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(a) Change in the cables forces Vs the net deflection  
 

 

 

 

 

 

 

 

(b) Change in the cables force Vs the applied load  

Figure D.128 Change in the cables forces during testing of the post-tensioned beam with CFRP 
cables “CPouSM” 

Also, the strain in the cables was measured using strain gauges, as mentioned before.  

Unfortunately, only four of the strain gauges were working.  The increase in cable strain the test 

was recorded and plotted against the imposed displacement. A trend line of these curves were 

plotted in order to extrapolate the values after the failure of the strain gauges.  Figure D.129 

shows an example of this extrapolation. Based on the strain from the strain gauges, the increase 

First crack 

Drop in the applied 
load at failure 
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in the cables load at the ultimate load and maximum displacement were computed and presented 

in Table D-28. The average increase in cable forces; B1 and B3 were computed and include as 

the increase in cable force of all cables in the same location (B1, B2 and B3).  The increase in 

cable loads measured from the load cells are presented too.  The increase in cable force of the 

middle cable was computed by interpolating the values from the upper and bottom cables (T1 

and B1-3).As the beam failed due to the crushing of the concrete, the load in the cables were 

recorded in the unloading process also and the final loads were 60 kips and 58.75 kips, in cable 

B2 and cable T1, respectively. 

 

Figure D.129. Increase in the cable strain measured from the strain gauges 

Table D-28. The increase in cable load measured from the strain gauges and load cells 

Cable 
Increase in cable load (kips) 

Strain gauge Load cell 
T1 36.54 30.78 
M1 46.49* 39.8* 
B1 

56.43** 48.82 B2 
B3 

 
* The values are interpolated from the increase of the upper and bottom cables 
** The average of the strain gauges measurements. 
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Additional test was made on the post-tensioned beam; CPouSM, after the monotonic test. 

As the cables were still intact without rupture, the research team decided to break some of the 

cables to measure the rupture load. Three cables were destressed and pulled out of the beam. The 

remaining cables were B2 and T1 which have been equipped with 100 kips load cells at the dead 

end as shown in Figure D.130. The beam was tested with those two cables only (B2 and T1) 

under monotonic flexural loading.  The beam reached the floor (Figure D.131b) without failing 

any of the two cables.  The bottom cable reached a load of 111.33 kips.  It is worth to mention 

that the cable reached this load level with angle equal to 7.4°as shown in Figure D.131a.  

 

Figure D.130 Location of the cables equipped with load cells 

 

 

 

 

 

 

 

Figure D.131 Deflection and schematic illustration of the formed angle   

Dead End 

T1  

(a) Schematic illustration of the 
formed angle   

(b) The deflection of the beam at the 
end of the test  

B2 
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Due to the limitation of the test setup, the research team decided to shorten the span in 

order to test the broken beam with two cables (B2 and T1) under monotonic flexural loading till 

the rupture of the bottom cable (B2).  The cable broke at 122.37 kips.  Figure D.132a shows the 

test setup with the shorter span and the failure of the cable.  It is worth to mention that the cable 

reached this load level with angle equals to 4.4°as shown in  Figure D.132a. 

  

(a) Test setup after shortening the span   (b) Rupture of the bottom cable  

 

 

Figure D.132 Test setup after shortening the span of the tested beam and the rupture of the 
bottom prestressing CFRP cable 

D9.6.9. Fatigue and Final Monotonic Testing of Post-tensioned Beam CPouSF 

The beam CPouSF was tested under flexural fatigue loading. The beam was unbonded 

post-tensioned beam with five 0.76 in. prestressing CFRP cables. All the five cables were 

straight. The beam is identical to the previous tested post-tensioned beam “CPouSM” which was 

(c) Cable after taking it out from the beam 

4.4 ° 
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tested under monotonic flexural loading. 

As per fatigue loading protocol for post-tensioned beams, mensioned in Appendix C, the 

beam was monotonically loaded to simulate accedintal cracking.  Figure D.133 shows the load-

displacement curve for the monotonic loading before applying the fatigue cycles. The load was 

obtained from the recorded actuator load and the displacement was the average of the recorded 

displacments from two potentiometers at the middle of the beam. Then, the beam was unloaded 

and fatigue cycles were applied. Figure D.134a shows the fatigue cycles over the testing time, 

also the crack pattern of the beam is shown (Figure D.134b). 

 

Figure D.133 Load-displacement curve of post-tensioned beam CPouSF before applying the 
flexural fatigue cycles 

The above mentioned protocol was applied to the beam and the beam survived the 2.3 M 

cycles without failure. It is worth mentioing that after 10000 cycles the test was accidentally 

stopped which resulted in increase of the applied load to 75.5 kips and another crack opened 

Range of fatigue 
loading 
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(marked in green), as shown in Figure D.134b. 

  

        (a) Load versus time plot of fatigue loading    (b) Cracking before starting of fatigue loading 

Figure D.134 Fatigue loading and cracked post-tensioned beam “CPouSF” 

Fatigue response 
Every 0.5M cycle, the cyclic loading was paused and the beam was tested in 

displacement control up to the upper limit of the fatigue load. The applied load versus mid-span 

displacement responses of the tested beam CPouSF for the intermediate monotonic tests are 

presented in Figure D.135. The displacements presented in the figure are the average of two 

potentiometers at mid-span and the applied load is measured from the load cell on the actuator. 

The presented load does not consider the weight of the beam and deck.  Also, the measured 

values from the load cells at the support showed the same values with negligible differences. The 

corresponding elastic stiffnesses (between the applied load of 10 and 40 kips) were calculated 

and presented in Table D-29. Also, the variation of stiffness to the initial stiffness is presented in 

Figure D.136b. 
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Figure D.135 Load-deflection response of the post-tensioned beam “CPouSF” during the fatigue 
loading 

Table D-29  Computed stiffnesses of the post-tensioned beam “CPouSF” during the fatigue 
loading 

ID Stiffness (kips/in.) No. Cycles 
(106) 

F0-1 (Initial) 213.4 
0.0 

F0-2 (Initial) 213 

F1.5M-1 201.1 
1.5 

F1.5M-2 205.7 

F2.0M-1 201.8 
2.0 

F2.0M-2 199.3 

F2.3M (Final) 206.2 2.3 
 

Range of fatigue 
loading 
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Figure D.136 Stiffness Vs No of cycles for the post-tensioned beam “CPouSF” during the 
fatigue loading 

Final Monotonic test 
As the beam survived the fatigue cycles, the beam was test under monotonic loading to 

failure. Similar to the first tested full-scale post-tensioned beam, the overall behavior of the beam 

was piece-wise linear with two distinct stiffnesses up to failure. The initial stiffness of the beam 

reduced after the crack openings and remained almost constant up to ultimate load. A brittle 

compression failure due to concrete crushing is observed at the ultimate load. Then, the beam 

was loaded till the beam reached the maximum available displacement and subsequently the 

research team has stopped the test and the beam was unloaded.  

The original cracking load of the beam was 72 kips at imposed displacement of 0.42 inch. 

For the last monotonic test to failure, the beam was already cracked and exhibited a smooth 

transition between the two distinct stiffnesses. The ultimate capacity of the beam 142.9 kips at 
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net displacement of 8.95 inch. Once the concrete crushed, the load dropped to 119 kips. 

 As mentioned above, the cracking load of the beam was 65 kips at imposed displacement 

of 0.35 inch. The ultimate capacity of the beam 121.7 kips at net displacement of 9.8 inch. Once 

the concrete crushed, the load dropped to 119 kips.  

 

Figure D.137 Final Load-displacement curve for the post-tensioned beam “CPouSF”  

The deflection of the beam along its length at selected load stages is presented in Figure 

D.138.  As it can be seen from the figure, the rotations are mostly concentrated in the constant 

moment region. Similar to the first tested full-scale post-tensioned beam, only few cracks were 

formed with rapidly increased width and depth during loading. The cracks were forked at their 

upper ends as shown in Figure D.139a. The concrete crushed at the top of the widest crack 

within the constant moment region as shown in Figure D.139b.  

1: Cracking load 
2: Onset of concrete crushing 
3: After concrete crushing 

3 

1 

2 
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Figure D.138 Deflection along the length of the beam at different loading stages 

 

(a) Schematic drawings for the crack distribution at the ultimate load  
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                        (a) Crack distribution at 121.7 kips                              

Figure D.139 Final crack distribution and concrete crushing at ultimate load of the post-
tensioned beam “CPouSF”  

Non-contact measurements system for CPouSF 

Deformations: 
Location of both DIC system (ARAMIS) view field and Krypton LEDs along with 

distribution of cracks are shown in Figure D.140a. The displacement field can be obtained from 

the DIC system at any load stage. Points were assigned along the bottom of the beam to obtain 

the displacement at these locations. Also, the deformation can be obtained from tracking the 

displacement of the LEDs. The net deflection at the mid-span was plotted from the DIC and 

Potentiometer, against the load Figure D.141. 

 

(a) Schematic drawing for DIC system location, LEDs and crack distribution 

(b) Concrete Crushing 
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(b) Crack location from DIC system 

Figure D.140 Location of both Aramis and Krypton along with the crack distribution for 
unbonded post-tensioned beam “CPouSF” 

 

Figure D.141 Load against net deflection obtained from DIC and Potentiometer for unbonded 
post-tensioned beam “CPouSF” 

Crack width and spacing: 
The crack measurements were obtained from the non-contact measurement systems 

“LEDs and DIC” and compared with direct manual measurements from the DEMEC points.  

For the DIC system, points were assigned on both sides of the cracks, as shown in Figure 

D.142. Based on the change in length between those points, the crack width was calculated. Only 

one crack “A” was formed within the DIC system view field, as shown in Figure D.140b. The 
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change in the crack width for different location along crack length during the test was plotted 

against the applied load from the load cells and showed in Figure D.143.  

Table D-30 shows a comparison between the crack width measurements from different 

instrumentations at load stage with applied load equal 96.4 kips. The average crack spacing 

within the constant moment region is equal 12 inch.  

 

Figure D.142 Crack location and points of measurement from DIC system for bonded unbonded 
post-tensioned beam “CPouSF” 

    

Figure D.143 Crack width from DIC system for unbonded post-tensioned beam “CPouSF” 

A-01 

A-02 

A-05 

A-06 

A-04 

A-03 
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Table D-30 Comparison between the crack width measurements from different instrumentations 
for unbonded post-tensioned beam “CPouSF” at load stage 96.4 kips 

 Crack width (in.) 

Location A A* B 

1 0.474 0.437 0.241 

2 0.389 0.397 0.187 

3 0.252 0.379 0.157 

4 0.209 0.359 0.112 

5 0.142 0.300 0.074 

6 0.047 0.245 0.055 

7 N/A N/A 0.018 
DEMEC points, *DIC system 

D9.6.10. Fatigue and Final Monotonic Testing of Post-Tensioned Beam CPouDF  

The beam CPouDF was tested under flexural fatigue loading. The beam was unbonded 

post-tensioned with five 0.76 in. prestressing CFRP cables. Three cables were straight and the 

other two cables were draped with parabolic profile. The beam is identical to the previous tested 

post-tensioned beam “CPouSM” which was tested under monotonic flexural loading. 

As per fatigue loading protocol for post-tensioned beams, mensioned in Appendix C, the beam 

was monotonically loaded to simulate accedintal cracking.  Figure D.144 shows the load-

displacement curve for the monotonic loading before applying the fatigue cycles. The cracking 

load was 72 kips at a displacment of 0.35 inch. Then, the beam was unloaded and fatigue cycles 

were applied. a shows the fatigue cycles over the testing time, also the crack pattern of the beam 

is shown (Figure D.145b).  
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Figure D.144 Load-displacement curve of post-tensioned beam “CPouDF” before applying the 
flexural fatigue cycles 

  

(a) Load versus time plot of fatigue loading     (b) Intial crack pattern 

Figure D.145 Fatigue loading and initial cracking of post-tensioned “CPouDF” 

Fatigue response: 
Every 0.5M cycle, the cyclic loading was paused and the beam was tested in 

displacement control up to the upper limit of the fatigue load. The applied load versus mid-span 

displacement responses of the tested beam CPouDF for the intermediate monotonic tests are 

Range of fatigue 
loading 
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presented in Figure D.146. The displacements presented in the figure are the average of two 

potentiometers at mid-span and the applied load was measured from the load cell on the actuator. 

The presented load does not consider the weight of the beam and deck. Additionally, the 

measured values from the load cells at the support showed the same values with negligible 

differences. The corresponding elastic stiffness values (between the applied loads of 10 kips and 

50 kips) were calculated and presented in Table D-31. The variation of stiffness with respect to 

the initial stiffness is also presented in Figure D.147. 

 

Figure D.146 Load-deflection response of the post-tensioned beam “CPouDF” during the fatigue 
loading 

 

 

 

 

Range of fatigue 
loading 
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Table D-31 Computed stiffnesses of the post-tensioned beam “CPouDF” during the fatigue 
loading 

ID Stiffness 
(kips/in.) 

Average Stiffness 
(kips/in.) No. Cycles (106) 

F0-1 (Initial) 246 
239 0 

F0-2 (Initial) 232 

F0.5M-1 237 
233.5 0.5 

F0.5M-2 230 

F1.0M-1 221 
227 1 

F1.0M-1 233 

F1.5M-1 220 
223.5 1.5 

F1.5M-2 227 

F2.0M-1 222 
225.5 2 

F2.0M-2 229 

F2.3M (Final) 233 233 2.3 

 

Figure D.147 Stiffness Vs no of cycles of the post-tensioned beam “CPouDF” during fatigue 
loading 
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As the beam survived the full fatigue cycles, the beam was tested under monotonic 

loading to failure. The overall behavior of the beam was piece-wise linear with two distinct 

stiffnesses up to failure. The initial stiffness of the beam reduced after the crack opening and 

remained almost constant up to ultimate load. Similar to the previously tested full-scale post-

tensioned beams, a brittle compression failure due to concrete crushing was observed at the 

ultimate load. Further, the beam was loaded for 0.5 in. more and the research team decided to 

stop the test.  

The original cracking load of the beam was 72 kips at imposed displacement of 0.42 inch. 

For the last monotonic test to failure, the beam was already cracked and exhibited a smooth 

transition between the two distinct stiffnesses. The ultimate capacity of the beam 142.9 kips at 

net displacement of 8.95 inch. Once the concrete crushed, the load dropped to 119 kips.  

 
Figure D.148. Load-displacement curves for the post-tensioned beam “CPouDF” at initial 

cracking and final monotonic loading 

1: Cracking load 
2: Onset of concrete crushing 
3: After concrete crushing 

3 

1 

2 
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(a) Schematic drawings for the Crack distribution at the ultimate load  

  

(b) Crack distribution and concrete crushing at the ultimate 

Figure D.149 Schematic of the final crack distribution and concrete crushing of the post-
tensioned beam “CPouDF”  

The two bonded post-tensioned beams were tested in four-point bending. The load was 

applied through a 235 kips. Two 200-kips load cell were placed under the supports to measure 

the applied load. The deflection profile of the beam was measured by the string potentiometer 

distributed along the length of the beam. A grid of krypton LEDs and ARAMIS was also used on 

the other side to measure the surface deformations in the constant moment region. The 

prestressing CFRP cables were also instrumented with strain gauges, two on each cable to 

monitor the strain of the bars during the test. All the instruments were connected to a Vishay 

DAQ during the test to continuously monitor and record the data. Two loads cells were attached 

to the dead end of two cables; T1 and B2 . The changes in the cable loads during the final 
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monotonic test is presented in Figure D.151. 

 

Figure D.150. Load cells attached to the cables; T1 and B2 of the post-tensioned beam 
“CPouDF”. 

 

Figure D.151. Change of load in cables T1 and B2 during the final monotonic loading of the 
post-tensioned beam “CPouDF”. 

Drop in the applied 
load at failure 

T1 

B2 
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Non-contact measurements system for CPouDF 

Deformations 
Location of both DIC system (ARAMIS) view field and Krypton LEDs along with 

distribution of cracks are shown in Figure D.152. The Figure shows the crack distribution at 

ultimate load stage The displacement field can be obtained from the DIC system at any load 

stage. Points were assigned along the bottom of the beam to obtain the displacement at these 

locations. Also, the deformation can be obtained from tracking the displacement of the LEDs. 

The net deflection at the mid-span was plotted from the LEDs and Potentiometer, against the 

load (Figure D.153). 

 

(a) Schematic drawing for DIC system location, LEDs and crack distribution 

                     

(b) Crack from the DIC                      (c) Distribution of the LEDs 

Figure D.152 Location of both Aramis and Krypton along with the crack distribution for 
unbonded post-tensioned beam “CPouDF” 
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* The DIC system and LEDs were removed at load level 120 kips for safety consideration 

Figure D.153 Load against net deflection obtained from DIC, LEDs and Potentiometer for 
unbonded post-tensioned beam “CPouDF” 

Crack width and spacing: 
The crack measurements were obtained from the non-contact measurement systems 

“LEDs and DIC” and compared with direct manual measurements from the DEMEC points.  

For the DIC system, points were assigned on both sides of the cracks, as shown in Figure 

D.154. Based on the change in length between those points, the crack width was calculated. Only 

one crack “A” was formed within the DIC system view field, as shown in Figure D.152a. The 

change in the crack width for different location along crack length during the test was plotted 

against the applied load from the load cells and showed in Figure D.155.  

For the LEDs, the change in length between two LEDs in the same level was assumed to 

occur due to the crack opening between them. This assumption neglects the concrete strain 
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between those LEDs. Figure D.152 shows that the crack B crossed the LEDs’ grid. The change 

in the crack width for different location along crack length during the test was plotted against the 

applied load from the load cells and showed in Figure D.156. Figure D.157 shows the 

maximum crack opening, at the bottom of the beam, for two cracks; A and B. As mentioned 

before, the results for crack A were obtained from DIC system and the other crack; B, were 

obtained from the LEDs system.  

 

Figure D.154 Crack location and points of measurement from DIC system for unbonded post-
tensioned beam CPouDF 

  

Figure D.155 Crack width obtained from DIC system for unbonded post-tensioned beam 
CPouDF 

A-01 
A-02 

A-08 

.. . . . . . . . . . ..  

A-09 
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Figure D.156 Crack width obtained from LEDs for unbonded post-tensioned beam “CPouDF” 

 

Figure D.157 Maximum crack open obtained from DIC system and LEDs against the load for 
unbonded post-tensioned beam CPouDF 

As mentioned earlier, the crack width was measured manually by attaching DEMEC 

target points on both sides of some cracks. The length between those two DEMEC points was 

measured at different stages during the test. The results for selected stages are shown in 

supplemental document. Table D-32 showed a comparison between the crack width 
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measurements from different instrumentations at load stage with applied load equal 96.7 kips. 

The average crack spacing within the constant moment region is equal 12 in..  

Table D-32 Comparison between the crack width measurements from different instrumentations 
for unbonded post-tensioned beam “CPouDF” at load stage 96.7 kips 

 Crack width (in.) 

Location A A** B B* 

1 0.319 0.319 0.221 0.281 

2 0.261 0.277 0.228 N/A 

3 0.219 0.206 0.187 0.2 

4 0.075 0.137 0.092 0.097 

5 0.017 N/A N/A 0.018 
DEMEC points, *LEDs and **DIC system 

D9.6.11. Monotonic Test of Post-Tensioned Beam CPoDM#01&02  

The two beams; CPoDM#01&02, were tested under monotonic loading. The beams are 

bonded post-tensioned beams with five 0.76 in. prestressing CFRP cables. Three cables were 

straight and the other two cables are draped with parabolic profile. The two beams are identical 

to the previous tested post-tensioned beam “CPouDF”, except the cables’ bonding condition.  

For the beam CPoDM#02, it was tested under displacement control till cracking. Due to a 

problem with the inner LVDT of the actuator, the test was done under load control. At the first 

stage, the loading rate was 3 Kips/min. until the cracking load of the beam. After passing the 

cracking point, the loading rate was increased to 5 kips/min. up to 75% of the estimated capacity. 

Then, the loading rate was decreased to 3 kips/min. A seating load of 15 kips was initially 

applied to the beam to eliminate the initial slack of the load application system and to seat the 

beam specimen on its supports. The load was then released to 5 kips to finalize the seating and 

actual loading protocol was initiated. 
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Load-displacement response: 
The applied load versus mid-span displacement responses of the tested beams 

CPoDM#01&02 are presented in the following sections. The behavior of the beam prestressed 

with prestressing CFRP cables is linear up to cracking and also after cracking with reduced 

stiffness up to failure. Unlike the three unbonded post-tensioned beams, the two bonded post-

tensioned beams failed due to cable rupture.  

The cracking loads for CPoDM#01 and CPoDM#02 were 81.4 kips and 62.8 kips, respectively. 

The first crack appeared inside the constant moment region. The failure was due to rupture of the 

cables and the load carrying capacity dropped to zero immediately. The failure loads were 175.2 

kips and 173.8 kips, and a deflection of 5.15 in. and 6.7 in. for CPoDM#01 and CPoDM#02, 

respectively. As shown in Figure D.158 Load-deflection curves for the bonded post-tensioned 

beams CPoDM#01 and CPoDM#02, the ultimate loads of both beams were almost the same, 

however the corresponding deflections were different due to the difference cracking loads of 

both beams.  
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Figure D.158 Load-deflection curves for the bonded post-tensioned beams CPoDM#01 and 
CPoDM#02 

Deformation: 
 Figure D.159 shows the deflection as measured from the string potentiometers and 

plotted along the length of the beams. Except at the support, deflection at each length is 

measured on the both side of the beam. In this plot, the average of the two potentiometers at each 

location was taken. 

1: Onset of cracking 
2: Cable Rupture 
 

1 

2 2 

1 
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(a) CPoDM#01 

 

(b) CPoDM#02 

Figure D.159 Deflection along the beam length at different loading stages 
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Cracking and mode of failure: 
Shortly after increasing the load, more cracks appeared to form in the constant moment 

region and expanded outwards. The crack distribution is shown in the Figure D.160. Both 

bonded post-tensioned beams failed due to cable rupture.  

(a) Schematic drawing for the crack distribution for bonded post-tensioned beam “CPoDM#01” 

(b) Schematic drawing for the crack distribution for bonded post-tensioned beam “CPoDM#02” 

 

  

   (a) CPoDM#01      (b) CPoDM#02  

Figure D.160 Crack distribution of the bonded post-tensioned beams CPoDM#01 and 
CPoDM#02 at the ultimate load 
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Non-contact instruments’ measurement for CPoDM#02 

Deformations 
Location of both DIC system (ARAMIS) view field and Krypton LEDs along with 

distribution of cracks are shown in Figure D.161a. The Figure shows the crack distribution at 

stage when the applied load is equal to 136.2 kips as the DIC system was removed at that load 

level for safety consideration. The crack location along with the strain field can be obtained from 

the DIC system at any load stage, as shown in Figure D.161b. Points were assigned along the 

bottom of the beam to obtain the displacement at these locations. Also, the deformation can be 

obtained from tracking the displacement of the LEDs. The net deflection at the mid-span was 

plotted from the DIC system, LEDs and Potentiometer, obtained from the actuator load cell 

(Figure D.162).  

(a) Schematic drawing for DIC system location, LEDs and crack distribution 
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(b) Crack location from DIC system 

Figure D.161 Location of both Aramis and Krypton along with the crack distribution for bonded 
post-tensioned beam “CPoDM#02” 

 

* The DIC system was removed at load level 136.2 kips for equipment safety consideration 

Figure D.162 Load against net deflection obtained from DIC, LEDs and Potentiometer for 
bonded post-tensioned beam “CPoDM#02” 
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Crack width and spacing: 
The crack measurements were obtained from the non-contact measurement systems 

“LEDs and DIC” and compared with direct manual measurements from the DEMEC points.  

For the DIC system, points were assigned on both sides of the cracks, as shown in Figure 

D.163. Based on the change in length between those points, the crack width was calculated. 

Three cracks “E, A and D” were formed within the DIC system view field, as shown in Figure 

D.161b. The change in the crack width for different location along crack length during the test 

was plotted against the applied load from the load cells and showed in Figure D.164. The 

average spacing between the two cracks is 8 inch. 

For the LEDs, the change in length between two LEDs in the same level was assumed to 

occur due to the crack opening between them. This assumption neglects the concrete strain 

between those LEDs. Figure D.161 shows that also two cracks “F and G” crossed the LEDs’ 

grid. The change in the crack width for different location along crack length during the test was 

plotted against the applied load from the load cells and showed in Figure D.165. 

Figure D.166 shows the maximum crack opening, at the bottom of the beam, for five 

cracks; A, D, E, F and G. Both A, D and E results were obtained from LEDs system and the 

other two cracks; F and G, were obtained from the DIC system. The average crack spacing 

within the constant moment region is equal 8 inch.  
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Figure D.163 Crack location and points of measurement from DIC system for bonded post-
tensioned beam “CPoDM#02” 

    

(a) Crack width of crack-A                 (a) Crack width of crack-D  

 
(a) Crack width of crack-E  

Figure D.164 Crack width from DIC system for bonded post-tensioned beam “CPoDM#02” 
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 (a) Crack width of crack-F                  (a) Crack width of crack-G 

Figure D.165 Crack width from LEDs for bonded post-tensioned beam “CPoDM#02” 

 

Figure D.166 Maximum crack width obtained from DIC system and LEDs Vs load for bonded 
post-tensioned beam “CPoDM#02” 

D10. Summary 

This appendix presented comprehensive results of the experimental program conducted in 

this research project. The following appendix (Appendix E) contains the numerical simulations 

and finite element analysis of the conducted experimental test presented in this appendix. The 

experimental results were used to calibrate the finite element models and to conduct parametric 

studies to investigate wide range of parameters.  
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E1. Introduction 
This appendix includes a comprehensive analysis of the finite element modeling of 

chosen full-scale beams using GID software and its calibration procedures. The results from the 

experimental tests were compared with the finite element analysis. In addition, a parametric 

study was conducted to investigate the effect of different parameters on the flexural behavior of 

full-scale beams.  

Additionally, the numerical simulations for harping characteristics of the prestressing 

CFRP are included in this appendix. The numerical simulations were compared with the 

experimental results of the harping tests under different configurations. Two sizes of the harping 

devices besides there different harping angles were studied. The model was able to predict the 

tensile capacity of the prestressing CFRP due to tension rupture. The retention of the tensile 

capacity at each harping configuration is discussed. 

Moreover, A three-dimensional non-linear Finite Element Model (FEM) was built using 

the commercial finite element package ABAQUS v. 6.14-3 (Dassault Systèmes Simulia Corp., 

2013) to investigate the effect of temperature change on concentrically CFRP prestressed prisms. 

The results of the numerical simulations are presented in this appendix. 

For the calibration of the finite element model, the test results from the five tests of post-

tensioned beams and seven pre-tensioned beams were used. The step by step procedure for 

constructing the finite element model was also described. In addition, a detailed description for 

each parameter used for materials definition was included, with a presentation of the used 

distribution and size of the mesh for each element. Finally, the results for each beam were 
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presented and compared with the experimental results. The results include load-deflection 

curves, deformation, strain distribution and crack spacing and width. 

The parametric study of the pretensioned beam includes the investigation of six 

parameters, i.e, modulus of elasticity of prestressing CFRP, level of prestressing, prestressing 

reinforcement ratio, span to depth ratio, concrete strength, and composite deck. For unbonded 

post-tensioned beams, seven parameters were included: loading type, cable profile, effective 

prestressing ratio, auxiliary bonded reinforcement, span to depth ratio, reinforcement ratio, and 

concrete strength. The same finite element software was used to conduct this study. A summary 

of the results was presented and discussed. 

E2. Numerical Analysis  
E2.1. Finite Element Analysis for Harping Test of Prestressing CFRP  

E2.1.1. Introduction 

A three-dimensional non-linear Finite Element Model (FEM) was built using the 

commercial FE program ABAQUS (Dassault Systèmes Simulia Corp., 2013).  The main goal of 

the Finite Element (FE) study is to predict the tensile capacity (jacking capacity) of the deviated 

prestressing CFRP under different harping configurations. The program is based on finite 

element method and fracture mechanics. Two steel deviator sizes (20 in. and 40 in. diameter) and 

three harping angles (5, 10 and 15 degrees) were included in the analytical investigations. During 

the experiments, the failure load of the prestressing CFRP and distribution of the longitudinal 

stresses at the location of the deviator were evaluated at each deviated configuration, and the 

results were then compared with the experimental investigations. 

E2.1.2. Material Models 

Two types of material were included in the FE program. 
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E2.1.2.1. Prestressing CFRP 
The prestressing CFRP bar was modeled as a solid element (transversely isotropic) with 

0.5 in. diameter. The mechanical properties of the prestressing CFRP used in the model are 

presented in Table E-1. The prestressing CFRP was fixed at one end (end of the harped portion) 

and stressed at the other end (end of the straight portion). 

Table E-1 Mechanical properties of the prestressing CFRP for FE analysis 

E1 (ksi) E2 (ksi) E3 (ksi) υ12 υ12 υ12 G12 (ksi) G13 (ksi) G23 (ksi) 

20880 950 950 0.3 0.3 0.23 400 400 600 

E2.1.2.2. Steel deviator: 
A linear model “3D Elastic Isotropic” with a modulus of elasticity equals to 29,000 ksi 

was used for the steel deviator.  This steel plate was fixed at the middle of the test setup, in the 

standard frictionless surface to surface contact with the prestressing CFRP. 

E2.1.3. Meshing and Solution Parameters 

The total length of the prestressing CFRP was 15 ft. Similar to the experimental study, 

two types of steel deviators were included in the simulation (20 in. and 40 in diameter). The 

prestressing CFRP and steel deviators were meshed with the 3D solid element. The contact 

between the prestressing CFRP was assumed to be frictionless. The geometry of the harping test 

setup and meshing details are presented in Figure E.1.  
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Figure E.1 modeling of the prestressing CFRP bar on ABAQUS 
 

E2.1.4. Finite Element Results and Comparison with Experimental Results 

For each of the test configurations, a three-dimensional non-linear FEM was built. The 

model was able to predict the failure load of the prestressing CFRP due to only tensile rupture of 

the prestressing CFRP. The tensile capacity of the prestressing CFRP was 270 ksi. However, 

other types of failure of the prestressing CFRP such as shear failure or compression failure 

cannot be predicted due to unavailability of the information regarding shear and compression 

strength of the prestressing CFRP. Table E-2 presents the results of the harping test simulations 

with two deviator sizes (20 in. and 40 in. diameter) under three harping angles of 5, 10 and 15 

degrees. Additionally, distribution of the longitudinal stresses (S11) at the location of the deviator 

presented for each harping configurations is provided in the same table. 

 

 

 

 

 

Heaping Angle 

Steel Deviator 

Jacking End 

Fixed End 
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Table E-2 FE analysis results for harping test 

Test Details Stress Contours  at Failure 

 
 

Deviator size : 
20 in. diameter 

 
Harping angle: 

5° 
FE failure load: 

39 kips 
(78 % of fpu) 

 
Experimental 
failure load: 

38 kips 
( 76% of fpu) 

 
Experimental 
failure mode: 
CFRP Tensile 

Rupture 
 

 
 

 
 

 

Contact Pressure Contours (ksi): CFRP Tensile Rupture 

Longitudinal Stress Contours (ksi): 
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Deviator size : 
20 in. diameter 

 
Harping angle: 

10° 
 

FE failure load: 
30.5 kips 

(61 % of fpu) 
 

Experimental 
failure load: 

31 kips 
( 62% of fpu) 

 
Experimental 
failure mode: 
CFRP Tensile 

Rupture 
 

 

 
 
 

 

Deviator size : 
20 in. diameter 

 
Harping angle: 

15° 
 

FE failure load: 
21 kips 

(40 % of fpu) 
 

Experimental 
failure load: 

9 kips 
( 18% of fpu) 

 
Experimental 
failure mode: 

CFRP Splitting 
 
 

 
 

 
 
 

 

Longitudinal Stress Contours (ksi): 

Contact Pressure Contours (ksi): CFRP Tensile Rupture 

Longitudinal Stress Contours (ksi): 

Contact Pressure Contours (ksi): 
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Deviator size : 
40 in. diameter 

 
Harping angle: 

5° 
 

FE failure load: 
39.7 kips 

(79 % of fpu) 
 

Experimental 
failure load: 

40.5 kips 
( 81% of fpu) 

 
Experimental 
failure mode: 
CFRP Tensile 

Rupture 
 

 
 
 
 
 

Deviator size : 
40 in. diameter 

 
Harping angle: 

10° 
 

FE failure load: 
33.7 kips 

(67 % of fpu) 
 

Experimental 
failure load: 

32.3 kips 
( 65% of fpu) 

 
Experimental 
failure mode: 
CFRP Tensile 

Rupture 
 

 

 
 
 

 

CFRP Tensile Rupture 

 
Contact Pressure Contours (ksi): 

Contact Pressure Contours (ksi): 

Longitudinal Stress Contours (ksi): 

Longitudinal Stress Contours (ksi): 

CFRP Tensile Rupture 
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Deviator size : 
40 in. diameter 

 
Harping angle: 

15° 
 

FE failure load: 
29.5 kips 

(59% of fpu) 
 

Experimental 
failure load: 

11.8 kips 
( 24% of fpu) 

 
Experimental 
failure mode: 

CFRP Splitting 
 

 
 
 

 

 

Figure E.2 shows the comparison between FE analysis and experimental results for 

tensile strength retention of the harped prestressing CFRP bars with the use of two new harping 

devices at three different harping angles. Good agreements between the numerical and 

experimental results can be concluded at harping angles of less than 10º. However, at the harping 

angle of 15º, due to the premature failure of the CFRP at the location of the deviators (splitting 

failure), a large reduction in tensile capacity of the prestressing CFRP was observed, which was 

not captured through FE model as a result of unavailability of precise information about shear 

capacity of the CFRP bars 

CFRP Tensile Rupture 

 Contact Pressure Contours (ksi): 

Longitudinal Stress Contours (ksi): 
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Figure E.2 Comparison between experimental and analytical jacking capacity of the prestressing 
CFRP due to harping 

Due to the weakness of prestressing CFRP in the transverse direction, application of the 

prestressing CFRP bars in harping angles is higher than 10 ° results in premature failure (shear or 

compression) and a significant reduction in tensile capacity. Therefore, it can be inferred that the 

FE analysis is only valid to predict the reduction in tensile capacity of the prestressing CFRP 

bars under harping angles lower than 10 degrees. Correspondingly, the use of prestressing CFRP 

in harping angles higher than 10 degrees should be prohibited. 

E2.2. Finite Element Analysis for Prestressed Prisms Due to Temperature Change  

E2.2.1. Introduction 

In concentrically CFRP prestressed prisms, by temperature change and due to thermal 

incompatibility between prestressing CFRP tendon and concrete, radial stresses will be induced 

at the boundary of the prestressing CFRP and concrete. These thermal stresses in addition to the 

Poisson’s effect result in circumferential tensile stresses and formation of tensile cracks in the 

radial direction across the boundary of prestressing CFRP and concrete. A three-dimensional 

15 degrees harping angle- 
premature failure 
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non-linear Finite Element Model (FEM) was built using the commercial finite element package 

ABAQUS v. 6.14-3 (Dassault Systèmes Simulia Corp., 2013). General static solution method, 

which uses full-Newton approach, was selected as a solution technique. The model accounted for 

material and geometric non-linearity. The main goal of the finite element study is to calculate 

and visualize the stresses that are induced in CFRP pre-tensioned concrete prisms due to the 

prestressing force in addition to subjection to the temperature changes. The program is based on 

finite element method and fracture mechanics. According to the experimental investigation 

conducted in this research, temperature change ranges between 45 ºC to -30 ºC was considered.  

E2.2.2. Material Models 

E2.2.2.1. Prestressing CFRP: 
The prestressing CFRP bar was modeled using as a 3D solid element (linear-elastic and 

transversely isotropic) with 0.5 in. diameter. Mechanical and thermal properties of the 

prestressing CFRP was selected in accordance with CFRP manufacturer recommendation, as 

listed in Table E-3.  

Table E-3 Mechanical properties of the prestressing CFRP bar for FE analysis 

E1 

(ksi) 

E2 

(ksi) 

E3 

(ksi) 
υ12 υ13 υ23 

G12 

(ksi) 

G13 

(ksi) 

G23 

(ksi) 

𝛼𝛼𝑇𝑇 

(1/ºC) 

𝛼𝛼𝑙𝑙 

(1/ºC) 

20880 950 950 0.3 0.3 0.23 400 400 600 38×10-6 -2.3×10-6 

 

E2.2.2.2. Concrete 
As discussed previously, thermal incompatibility between prestressing CFRP and 

concrete in addition to release of prestressing force cause radial expansion and tangential tensile 

stresses across the boundary of CFRP and concrete. According to the thermo-elastic predictions, 
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induced tangential tensile stresses exceed the concrete tensile strength which results in radial 

cracks at the interface between the prestressing CFRP and concrete. Therefore, post-cracking 

behavior of concrete should be considered in the concrete material model.  

The concrete constitutive model used in this analysis is the concrete damage plasticity 

(CDP) model implemented in ABAQUS v. 6.14-3 (Dassault Systèmes Simulia Corp., 2013). The 

model makes use of the yield function of Lubliner et al. (1989), with modifications proposed by 

Lee and Fenves (1998) to account for the different evolution of strength under tension and 

compression (Dassault Systèmes Simulia Corp., 2013). 

Jankowiak and Lodygowski (2005) presented a method to identify parameters of CDP 

model. In their method, the range of concrete elasticity in compression was supposed to be up to 

0.3 fʹc and in tension was considered as 0.7 fct. Additionally, the damage variables were defined 

based on experimental test results. Finally, for the identification of constitutive parameters of 

CDP model, the following laboratory tests were conducted by Jankowiak and Lodygowski 

(2005):  

- uniaxial compression 

- uniaxial tension 

- biaxial failure in-plane state of stress 

- triaxle test of concrete 

The material parameters of the CDP model used for concrete are listed below:  

- dilation angle, β =35°  

- an eccentricity of the plastic potential surface, m = 0.1 

- ratio of the biaxial compressive strength and uniaxial compressive strength of the 

concrete, f = fbo/fc  =1.16 
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- 𝐾𝐾𝑐𝑐 = 2
3
 

The concrete behavior in tension was model as linear elastic up to its tensile strength (fct 

=0.56 ksi). The post-cracking behavior of concrete was modeled by using Hillerborg's fictitious 

cracking concept (1976), assuming linear tension softening. Hillerborg defines the energy 

required to open a unit area of crack, Gf, as a material parameter, using brittle fracture concepts. 

With this approach, the concrete's brittle behavior is characterized by a stress-displacement 

response rather than a stress-strain response. The fracture energy, Gf, can be specified directly as 

a material property; as formulated in CEB-FIB (2010) in the expression below: 

𝐺𝐺𝑓𝑓 = 73 × 𝑓𝑓′𝑐𝑐
0.18 ,         (Eq. E.1) 

where, 𝑓𝑓′𝑐𝑐 is the compressive strength of the concrete (MPa).  

Figure E.3 shows the post cracking stress-displacement behavior of the concrete in 

tension used for FE analysis.  

 

Figure E.3   Post cracking behavior of the concrete in tension 

𝑓𝑓𝑡𝑡 = 0.2𝑓𝑓𝑐𝑐𝑡𝑡 

Displacement: 𝑓𝑓𝑐𝑐𝑐𝑐
𝐺𝐺𝑓𝑓

= 0.0016 𝑖𝑖𝑖𝑖. 
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The stress-strain behavior of the concrete in compression used for FE analysis based on 

the concrete parabolic model is presented in Figure E.4.  

 

Figure E.4  concrete stress-strain curve in compression 

E2.2.3. Geometry 

The prestressing CFRP bar with 0.5 in. diameter has located at the center of the concrete 

prism (6 in.×6 in. ×60 in.) as presented in Figure E.5. The total length of the prism specimens 

was 120 in., however, due to symmetry, only geometry of the half of the prism was modeled.  

The prestressing force is applied to the system by implementing predefined longitudinal stress 

for the prestressing CFRP bar, which is equal to the 60 percent of its longitudinal tensile strength 

(150 ksi). The prestressing CFRP is fixed at one end and is free at the jacking end as presented in 

Figure E.5. 

𝐸𝐸𝑐𝑐 = 5700 𝑘𝑘𝑘𝑘𝑖𝑖 
𝑓𝑓𝑐𝑐′ = 10 ksi,  

νc = 0.2 
αc=12×10-6 1/ºC 
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Figure E.5 Assembly of the concentrically CFRP prestressed prisms in FE model 

E2.2.4. Element Type and Mesh Size 

Figure E.6 illustrates the two components of the finite element model, which were 

developed for concentrically prestressed prisms. The prestressing CFRP bar and concrete prism 

were modeled using eight-node 3D continuum brick elements with three degrees of freedom at 

each node, and linear shape functions (C3D8).  

The number of segments around the prestressing CFRP (np) was selected to be 16. Also, 

the element size of 0.5 in. was considered. Based on the mesh sensitivity analysis conducted by 

Abdelatif et al. (2014), 16 circumferential segments with element size of 0.5 in. provide a 

reasonable prediction and no remarkable dependency of the model results on the mesh size.  

Prestressing CFRP Bar (0.5 in diameter) 

Fixed End 

Jacking End 

Concrete Prism (6 in.×6 in. ×60 in.) 
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Figure E.6 Components of the FE model 

The bond between the prestressing CFRP and concrete was modeled using the surface-to-

surface contact element. The Coulomb friction law was used to define the frictional behavior at 

the interface between prestressing CFRP and concrete with a coefficient of friction of 0.4 and 

zero cohesion. The penalty method was implemented to solve the contact tangential behavior, 

and the augmented Lagrange multiplier solver was used to solve the contact behavior in the 

normal direction (Abdelatif et al., 2014). 

Mesh discretion of Prestressing CFRP Bar (np=16) 

Prestressing CFRP Bar 

Concrete Prism 
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E2.2.5. Finite Element Results and Discussion 

The analyses were conducted in two static steps. First, the prestressing CFRP bar was 

stressed to the target prestressing level of 0.6fpu (150 ksi) and, then, it was released inside the 

concrete prism to simulate the prestressing transfer condition. Secondly, the uniform temperature 

change (∆T) of 45 ºC or -30ºC was applied to investigate the effect of the temperature change on 

the CFRP prestressed concrete prism. To provide convergence of the non-linear material 

behavior and contact problem’s solution, the initial and maximum increment size of 0.0001s and 

0.001s were used, respectively. Also, the minimum increment size was selected as 1×10-30s. 

Figure E.7 is the FE analysis results to visualize the evolution of the longitudinal elastic 

shortening strains in pretensioned concrete prisms at prestress transfer. The elastic shortening 

strain is obtained as 0.0002 in/in, which is in a good agreement with the average experimental 

measured value of 0.00021 in/in. Moreover, development of the maximum principle plastic 

strain in concrete (tensile cracks), across the boundary of the prestressing CFRP and concrete, 

and formation of the tensile cracks due to the prestressing CFRP release are illustrated in this 

figure. The formation of the radial tensile cracks attributes to the wedge shape expansion of the 

prestressing CFRP inside the concrete at the transfer zone (Poisson's ratio effect), that induced 

circumferential tensile stresses at the interface between the concrete and prestressing CFRP bar. 

The maximum plastic tensile strain developed in concrete due to the prestressing force is 

obtained as 0.00016 in/in. However, after subjection to temperature increase, by increasing the 

radial stresses at the interface, this value is expected to increase too. 
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Figure E.7 FE analysis results for evolution of concrete longitudinal shortening strains and 

development of tensile plastic strains at prestress transfer 

Figure E.8 is the FE analysis results to visualize the distribution of the maximum 

principal (tension) plastic strain and minimum principal (compression) stress along the cross-

section of pretensioned concrete prism at the transfer zone due to the prestressing force only. As 

described previously, based on theory of thick-walled cylinder, the maximum stress occurs at the 

interface between the prestressing CFRP and concrete. The minimum principal stress in concrete 

due to release of the prestressing CFRP was obtained to be 1.51 ksi, which is below the concrete 

compressive strength of 10 ksi. However, the maximum principal stress (tensile stress) has 

reached the tensile strength of the concrete (0.560 ksi) and resulted in formation of microcracks 

(tensile plastic strain) in concrete at the transfer length region around the interface between 

concrete and prestressing CFRP. Additionally, formation of tensile cracks is only limited to a 

small area around the interface between the concrete and prestressing CFRP bar and is not 

considered as a major damage. 

Longitudinal Elastic Strain (in/in) 

Transfer length zone ~ 26 in. (52 db) 

Max Principle Plastic Strain (in/in) 

Tensile cracking of the concrete at the 
interface ~ 12.5 in. 
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Figure E.8 Cross-sectional view of FE analysis results for the distribution of the compressive 
and tensile stresses at the transfer zone 

Figure E.9 is the FE analysis results to visualize the longitudinal strain distribution in 

pretensioned concrete prism after subjection to a temperature increase of 45 ºC (∆T=45ºC). In 

comparing to the longitudinal strain profile at prestress transfer, the increase of the temperature 

has resulted in the increase (expansion) of the longitudinal strains by 0.00056 in/in, which is 

evenly distributed throughout the length of the pretensioned prism. Based on the experimental 

investigation, the average measured strain increase due to a temperature increase of 40 ºC was 

0.0005 in/in, which is in a good agreement with FE analysis results. 

Min Principal Stress/ Compressive Stress (ksi) 

Max Principal (Tensile) Plastic Strain (in/in) 

Maximum radial 
stress at interface             
(-1.51 ksi) 

3.7d
b 

(1.9 in.) 
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Moreover, Figure E.9 presents the propagation of tensile cracks and distribution of the 

maximum principle plastic strain (tensile cracks) developed at the boundary of the prestressing 

CFRP and concrete. As discussed previously, by increase of the temperature and due to the 

higher value of transversal CTE for prestressing CFRP bar than concrete, the induced 

circumferential tensile stresses at the interface between the concrete and prestressing CFRP bar, 

cause the propagation of the radial cracks and increase of the tensile plastic strain of the concrete 

compare to that amount caused by release of the prestressing CFRP. A temperature increase of 

45 ºC caused an increase of the maximum principle plastic strains in concrete from 0.00016 in/in 

(at prestress transfer) to 0.00041 in/in (2.56 times). Additionally, temperature increase has 

expended the length of the tensile plastic strain zone in the pretensioned concrete prism.  

 

Figure E.9 FE analysis results for evolution of concrete longitudinal strains and development of 
tensile plastic strains along the length of the prism at ∆T=45ºC 

Figure E.10 shows the distribution of the maximum principal (tension) plastic strain and 

minimum principal (compression) stresses along the cross-section of the CFRP pre-tensioned 

Longitudinal Elastic Strain (in/in) 

Max Principle Plastic Strain (in/in) 
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concrete prism at transfer zone after subjection to ∆T=45ºC. Based on the FE analysis results, 

temperature increase results in an increase of the minimum principal stress at the interface from 

1.51 ksi at prestress transfer to 2.23 ksi at ∆T=45ºC (0.72 ksi increase). The increase of the 

compressive stress at the interface due to temperature increase is attributed to higher transverse 

CTE of the prestressing CFRP bar compared to concrete. 

 

Figure E.10 Cross-sectional view of FE analysis results for the distribution of the compressive 
and tensile stresses at transfer zone due to ∆T=45ºC 

Min Principal Stress/ Compressive Stress (ksi) 

Maximum radial 
pressure at 
interface 
(-2.23 ksi) 

Max Principal (Tensile) Plastic Strain (in/in) 

3.7d
b 

(1.9 in.) 
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Figure E.11 is the FE analysis results to visualize the longitudinal strain distribution in 

CFRP pretensioned concrete prism after subjection to a temperature decrease of 30 ºC (∆T=-

30ºC). Compared to the longitudinal strain profile at prestress transfer, the reduction of the 

temperature results in a decrease (contraction) of longitudinal strains by 0.00029 in/in, that is 

uniformly distributed throughout the length of the pretensioned prism. Based on the experimental 

investigation (presented in chapter 4), the average (measured) decrease of the concrete strain due 

to a temperature change of -30 ºC was 0.00031 in/in, which is in a good agreement with FE 

analysis results.   

Moreover, Figure E.11 visualizes the distribution of the maximum principal plastic strain 

developed across the boundary between prestressing CFRP and concrete after subjection to ∆T=-

30ºC. By reducing the temperature and contraction of the prestressing CFRP bar inside the 

concrete, the radial pressure, which was generated during prestress transfer at the interface 

between CFRP and concrete, reduces. This decrease of stresses at the interface results in no 

further damage and propagation of the tensile plastic strain at the end zone of the CFRP 

pretensioned prism compared to that condition at prestress transfer. 
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Figure E.11 FE analysis results for the evolution of concrete longitudinal strains and 
development of tensile plastic strains along the length of the prism at ∆T=-30ºC  

Figure E.12 presents the distribution of the maximum principal (tension) plastic strain 

and minimum principal (compression) stress along the cross-section of the CFRP pretensioned 

concrete prism at transfer zone by subjection to ∆T= -30ºC. Based on the FE analysis results, the 

temperature change of -30ºC results in a decrease of the minimum principal stress at the interface 

from 1.51 ksi at prestress transfer to 1.03 ksi (0.48 ksi reduction). Additionally, temperature 

reduction has reduced the maximum principal stress (circumferential tensile stress) induced at 

the boundary of prestressing CFRP and concrete by 0.25 ksi compared to that value at prestress 

transfer. 

Longitudinal Elastic Strain (in/in) 

Max Principle Plastic Strain (in/in) 

Transfer length zone ~ 24 in. (48 d
b
) 



NCHRP 12-97 
 

E-25 
 

 

Figure E.12 Cross sectional view of FE analysis results for distribution of the compressive and 
tensile stresses at transfer zone by ∆T= -30ºC 

 

Figure E.13 compares the concrete damage in tension at prestress transfer with the 

tensile damage distribution at a temperature change of 45 ºC and -30 ºC. As shown in this figure, 

the increase of the temperature resulted in an increase of the maximum concrete tensile damage 

value from 0.29 at prestress transfer to 0.62 at ∆T=45ºC. However, a decrease of the temperature 

did not affect tensile damage of the concrete at the interface compared to that condition at 

Min Principal Stress/ Compressive Stress (Ksi) 

Maximum radial 
pressure at 
interface  

(-1.03ksi) 

Max Principal (Tensile) Plastic Strain (in/in) 
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prestress transfer. Also, temperature increase has expended the length of the plastic strain zone 

(tensile cracking zone) from 21 in. (at prestress transfer) to almost the whole length of the prism.  

 

Figure E.13 Comparison of the tensile damage in concrete prism at prestress transfer with the 
tensile damage at ∆T=45 and -30 ºC 

Figure E.14 compares the FE analysis results for the distribution of the longitudinal 

tensile stresses of prestressing CFRP bar in concrete prism at prestress transfer with that 

condition when the temperature changes. Due to lower longitudinal CTE of prestressing CFRP 

than concrete, an increase of the temperature (∆T=45ºC) resulted in an increase of the stress in 

the prestressing CFRP bar from 135.5 ksi at prestress transfer to 148.2 ksi at ∆T=45ºC (13.18 ksi 

Tensile damage of the concrete due to prestress transfer  

Tensile damage of the concrete at ∆T=45ºC  

Tensile damage of the concrete at ∆T= -30ºC  
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stress increase). However, reducing the temperature (∆T= -30ºC) resulted in stress reduction of 

8.45 ksi (6.2% loss of stress). 

 

Figure E.14 Evolution of the longitudinal stress in prestressing CFRP bar inside the concrete 
prism at prestress transfer and ∆T=45,-30 ºC 

CFRP Longitudinal Stress at Prestress Transfer (ksi) 

CFRP Longitudinal Stress at ∆T=45 ºC (ksi) 

CFRP Longitudinal Stress (ksi) at ∆T=-30 ºC 
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Jacking stress levels effect  

A parametric study was conducted to investigate the effect of different jacking stress 

levels on interfacial tensile cracking in CFRP prestressed prisms with 6 in. by 6 in cross-

sectional dimensions. Six different jacking stress levels of 0.3fpu, 0.4fpu, 0.5fpu, 0.6fpu, 0.7fpu, and 

0.8fpu were included in the numerical simulations.  

Figure E.14compares the FE analysis results for the evolution of the concrete maximum 

principal plastic strain due to prestress transfer along the length of the CFRP prestressed prisms 

with various jacking stress levels. The vertical axis is the interfacial concrete plastic strain value, 

and the horizontal axis is the length from the end of the prisms. As illustrated in this figure, 

increase of the jacking stress level, increased the maximum tensile plastic strain (concrete tensile 

crack) induced at the interface between prestressing CFRP and concrete due to prestress transfer. 

Moreover, by increasing the jacking stress from 0.4fpu to 0.8fpu the concrete tensile plastic strain 

zone has expanded from 9 in. to 31 in. from the end of the prism. At prestress transfer condition, 

the tensile plastic strain zone for jacking stress levels of 0.5fpu, 0.6fpu, and 0.7fpu were obtained as 

15, 21, and 26 in. from the end of prestressed prisms, respectively. At jacking stress level of 

0.3fpu, no tensile plastic strain was induced due to prestress transfer.  

Additionally, the distribution of the concrete interfacial plastic strains (tensile cracking) 

in CFRP prestressed prisms with various jacking stress levels after subjection to a temperature 

increase of ∆T=45ºC were investigated by FE analysis and the results are presented in Figure 

E.15. The FE analysis results demonstrated that the increase of the temperature results in an 

increase of the concrete tensile plastic strain and expansion of the concrete interfacial cracking 

zone throughout the whole length of the prism for all investigated jacking stress levels. 

Moreover, FE analysis results have shown that for higher jacking stress levels, a higher concrete 
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plastic strain value was obtained due to ∆T=45ºC. Therefore, increase of the jacking stress level 

results in an increase of the concrete tensile plastic strain value (tensile cracks) and longitudinal 

propagation of the concrete interfacial cracking zone at prestress transfer and also after exposure 

to ∆T=45ºC. Finally, it can be concluded that the formation of concrete interfacial tensile cracks 

is the main source for the bond deterioration, transfer length increase, CFRP bar slippage and 

prestress loss due to the exposure to thermal fluctuation cycles. 

 

Figure E.15 Evolution of the concrete maximum principal plastic strains along the length of the 
CFRP prestressed prisms with various jacking stress levels at prestress transfer  

Max principal plastic strain along the length 
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Figure E.16 Evolution of the concrete maximum principal plastic strains along the length of the 
CFRP prestressed prisms with various jacking stress levels at ∆T=45ºC 

 

E2.3. Finite Element Analysis of Full-Scale Prestressed Beams 

E2.3.1. Introduction 

A three-dimensional non-linear Finite Element Model (FEM) was built using the 

commercial FE program ATENA-GID v. 12.0.8 (Cervenka et al., 2016). The main goal of the 

Finite Element (FE) study is to predict the behavior of the experimental beams and to conduct a 

parametric study for a wider range of parameter. ATENA is a nonlinear finite element program 

for simulating the behavior of concrete and reinforced concrete structures. The program is based 

Max principal plastic strain along the 
length 
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on finite element method and fracture mechanics. In the program, different advanced concrete 

models are available for users to choose from the library of the program, which has different 

choices that allow the users to model several types of concrete structures.  Also, the library has 

advanced concrete models that give more reliable results. 

Monotonic tests of seven pre-tensioned beams were used for validation of the FEM. 

Three pre-tensioned beams with 0.6 in. prestressing CFRP cables (CPrSM#1, CPrSM#2 and 

CPrSF) and three pre-tensioned beams with 0.5 in. prestressing CFRP bars (BPrSM#1, 

BPrSM#2, BPrpSM and BPrSF). In addition, the test results from five post-tensioned beams 

were included. The first two beams were an unbonded post-tensioned beam with 0.76 in. straight 

prestressing CFRP cables “CPouSM and CPouSF”. The third post-tensioned beam was the same 

as the previous two beams except two of the prestressing cables were draped in a parabolic 

profile “CPouDF”. The last two beams were similar to the third beam however the ducts were 

grouted with high strength grout “CPoDM#01 and CPoDM#02”.  

E2.3.2. Geometry 

E2.3.2.1. Pre-tensioned beams 
Figure E.18 shows detailed drawings of the beam cross-section dimensions and 

reinforcement. The layout of the transverse shear reinforcement was similar for all beams except 

the number of prestressing CFRP used and the initial prestressing force. 8 CFRP cables three 

beams and 12 bars were used in other four beams. Steel stirrups of grade 60 were used for shear 

reinforcement and anchorage zone as well as the longitudinal reinforcement in the slab and top 

of the girder. 
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Figure E.17 Typical Schematic drawing for full-scale Pre-tensioned beams 

                                  

 

 

 

Figure E.18 Sections dimension and reinforcement for post-tensioned beams Post-tensioned 
beams 

(a) Cross-sectional Dimension 
for Cables  

(b) Cross-sectional for Bars 

(c) Reinforcement distribution along the cross-section 
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E2.3.2.2. Post-tensioned beams 
Five 0.76 in. prestressing CFRP cables were used for the post-tensioned beams. The 

prestressing cables were either straight or draped with a parabolic profile depends on the 

specimen.  Figure E.19 and Figure E.20 show schematic drawings for typical elevation and 

dimensions for the post-tensioned beams. As for the pre-tensioned beams, steel stirrups of grade 

60 were used for shear reinforcement and anchorage zone as well as the longitudinal 

reinforcement in the slab and top of the girder (Figure E.21). 

  
Figure E.19 Typical Schematic drawing for full-scale post-tensioned beams with straight cables 

 
Figure E.20 Typical Schematic drawing for full-scale post-tensioned beams with draped cables 

(a) Cross-Sectional Dimensions (b) Elevation and reinforcement details 

(a) Cross-Sectional Dimensions (b) Elevation and reinforcement details 
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Figure E.21 Sections dimension and reinforcement for post-tensioned beams 

E2.3.3. Material Model 

E2.3.3.1. Concrete 
The concrete elements were modeled in ATENA-GID by a model called “3D nonlinear 

cementitious2-3” which combines both fracture and plastic constitutive models in simulating the 

tensile (fracturing) and compressive (plastic) behavior. For the fracture model, the classical 

orthotropic smeared formulation combined with the crack band model (Bazant, 1983) was 

employed. Rankine failure criterion along with the exponential softening and rotated or fixed 

(a) Dimensions for the cross-
section at the mid-span 

(b) Dimensions for the cross-
section at the mid-span 

(c) Reinforcement distribution along the cross-section 
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crack model were used in that model. Menétrey-Willam failure surface is used for the 

hardening/softening plasticity model.  This model, correspondingly, can be used to simulate 

concrete crushing under high confinement, cracking and crack closure due to crushing in other 

material directions.  

To properly define the behavior of concrete, the following interaction was also 

considered with the model. 

The reduction of the tensile strength is addressed by adding the equivalent plastic strain 

to the maximal fracturing strain in the fracture model. The reduction in compressive strength is 

addressed by introducing the formula proposed by Collins. 

The inputs for 3D nonlinear cementitious concrete model were the compressive strength, 

modulus of elasticity and the tensile strength. The modulus of elasticity and the tensile strength 

were calculated based on the AASHTO equations (Equation 6-1 and 6-2). The other parameters 

were calculated automatically within the model. The concrete compressive strength was based on 

the uniaxial compressive test of 4 by 8-inch cylinder. Table E-4 and Table E-5 show the typical 

input characteristics for one of the tested pre-tensioned “CPrSM#02” and post-tensioned 

“CPouSM” beams. The rotated crack model was used for all the presented FEA. 

𝐸𝐸𝑐𝑐 = 120,000𝑤𝑤𝑐𝑐2.0𝑓𝑓′𝑐𝑐
0.33        (Eq. E.2) 

𝑓𝑓𝑡𝑡 = 7.5�𝑓𝑓′𝑐𝑐           (Eq. E.3) 

𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒,𝐸𝐸𝑐𝑐 is the concrete young’s modulus, 𝑓𝑓𝑡𝑡 is the fracture modulus and 𝑓𝑓′𝑐𝑐 is the concrete 

compressive strength. 
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Table E-4.  Input for the concrete properties of the pre-tensioned beams with 0.5 in. prestressing 
CFRP cables “CPrSM#02” 

 Slab Girder 

Parameter Value Remarks Value Remarks 

Compressive 
strength 

11.73 ksi User defined 12.22 ksi User defined 

Tensile 
strength 

0.821 ksi User defined 0.84 ksi User defined 

Modulus of 
elasticity 

6084 ksi User defined 6167 ksi User defined 

Specific 
fracture 
energy 

7.141E-04 
kip/in 

Model defined 7.8E-04 kip/in Model defined 

 

Table E-5 Input for the concrete properties of the post-tensioned beam with 0.76 in.  prestressing 
CFRP cables “CPouSM” 

 Slab Girder 
Parameter Value Remarks Value Remarks 

Compressive 
strength 

9.5 ksi User defined 10.31 ksi User defined 

Tensile 
strength 

0.74 ksi User defined 0.77 ksi User defined 

Modulus of 
elasticity 

5610 ksi User defined 5844 ksi User defined 

Specific 
fracture 
energy 

6.34E-04 
kip/in 

Model 
defined 

6.68E-04 kip/in Model defined 

 

E2.3.3.2. Bonded prestressing CFRP 
All the prestressing CFRP were modeled as the 1D reinforcement. The prestressing force 

was applied for pre-tensioning application through prestressing CFRP and introduced using 

initial strains. 

The 0.6 in. prestressing CFRP was defined as a linear material with a modulus of 
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elasticity of 17650 ksi and ultimate tensile strength of 340 ksi. The design strength and the 

ultimate tensile strength of prestressing CFRP cable as provided by the manufacturer is 276.5 ksi 

and 357.7 ksi. These stresses and the modulus of elasticity corresponds to the definition of the 

area utilized in this research.  

The 0.76 in. prestressing CFRP is defined as a linear material with a modulus of elasticity 

of 23,200 ksi and ultimate tensile strength of 377.1 ksi.  The guaranteed breaking strength of 

prestressing CFRP cable as provided by the manufacturer is 363.5 ksi. Recent tests on a higher 

diameter prestressing CFRP cable inside a post-tensioned beam indicate that the ultimate 

strength of the cable could be at least 10 % higher than laboratory tensile test.  

The 0.5 in. CFRP bar was defined as a linear material with a modulus of elasticity of 

20,630 ksi and ultimate tensile strength of 275 ksi. The design strength of prestressing CFRP 

cable as provided by the manufacturer is 250 ksi.  

E2.3.3.3. Unbonded Element 
The prestressing force can be applied for unbonded post-tensioning application through 

an element called CCExternalCable, and this element is not connected to the most of concrete 

body, except of limited points, called deviators (Figure E.22a). Each cable has two anchors at 

the ends which fix the cable to the concrete after applying the prestressing force. The cable can 

slide while the law of dry friction governs its movements and the forces.  

      
                      (a) CCExternalCable Element                          (b) Forces at the deviator 

Figure E.22 Model for the unbonded element using ATENA-GID (Cervenka et al., 2016) 
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The force at the deviator is calculated from the following equation (Eq. 6-1): 

𝐹𝐹2 = (𝐹𝐹1𝑒𝑒−𝜑𝜑𝛼𝛼1𝑝𝑝 − 𝑄𝑄)         (Eq. E.4) 

where,𝛼𝛼𝑖𝑖 is the angular change of the cable direction at the deviator i and 𝜑𝜑 is the friction 

coefficient. 

The constant part of the friction is 𝑄𝑄 = 𝑝𝑝 𝑘𝑘 𝛼𝛼1  

where, k is the cohesion of the cable of a unit length, R is the radius of the deviator. P stands for 

reinforcement bar perimeter.  

E2.3.3.4. Non-prestressed Steel  
Non-prestressed steel used for stirrups and as the temperature reinforcement in the deck 

is modeled as an elastic-perfectly plastic material with a yield strength of 73 ksi and modulus of 

elasticity of 29,000 ksi.  

E2.3.3.5. Steel plates 
A linear model “3D Elastic Isotropic” with a modulus of elasticity of 29,000 ksi was used 

for the steel plates. These steel plates were located at the support, loading point and anchorage 

ends of the prestressing forces in the post-tensioned beams. 

E2.3.4. Meshing and Solution Parameters 

The total length of the beam was 39.5 ft (474 in.). The geometry of the half beam (237 

in.) was modeled in ATENA-GID by dividing the cross-section into several parts (rectangle and 

triangle) also known as macroelements. One steel plate on the bottom (16.0 x 6.0 x 4.0 in.) and 

one steel plate on the top (36.0 x 6.0 x 4.0 in.) was created for support and load application 
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respectively as shown in Figure E.23. Also, (12.0 x 5 x 3.0 in.) and (6.0 x 8.0 x 3.0 in.) were 

created for anchorage end plates. Reinforcements were modeled separately with the perfect bond. 

 

 

 

 

Figure E.23. Modeling of the prestressed beams with prestressing CFRP cable on ATENA-GiD 

The girder was meshed with two types of 3D solid elements. The rectangular parts were 

assigned brick element (CCIsoBrick), and the triangular parts were assigned the wedge element 

(CCIsoWedge). The geometry of the elements used is shown in Figure E.24.  

 

  

Figure E.24 Geometry of brick and wedge elements (Cervenka et al., 2016) 

All prestressed and non-prestressed element meshed with 3D truss elements. These truss 

elements were isoperimetric elements integrated by Gauss integration at 1 or 2 integration points 

Bearing plates 

CFRP cables 

Concrete 
 

Reinforcement 
 

Loading plates 
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for the case of linear or quadratic interpolation, i.e. for elements with 2 or 3 element nodes, 

respectively. The final meshed geometry is shown in Figure E25.  

 

Figure E25. Final mesh of the geometry 

E2.3.4.1. Phased construction 
The construction of highway girders follows four typical sequences: stressing and casting 

of concrete, the release of prestressing force, casting of a composite deck, and move to the site 

for final loading. The beams were also constructed in a comparable manner. For pretensioned 

beams, first the prestressing CFRP were stressed and concrete was casted, followed by the 

release of the prestressing force by torching the prestressing CFRPs. However, for the post-

tensioned case, the concrete was casted and the cables were stressed against the beam. After that, 

the composite deck was casted and transported for final testing. Figure E.26 shows the actual 

construction and testing stages and the stages used during the analysis. The construction (phased) 

stages were defined as the interval in the software. As shown in the figure, ATENA-GID has the 

ability to model the construction process of the specimen by exchange material properties during 
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intervals. So, soft materials were assigned to elements that are not active during one interval and 

then exchange its properties during the other interval when active. 

 

 

 

Figure E.26 Construction process used in the fabrication of test beam and the FEA 

E2.3.5. Validation of Finite Element Model  

The experimental results obtained from all full-scale beams were used for the calibration 

of the finite element model. The load-deflection behavior along with the crack distribution and 

crack width for each beam obtained from the FEA is presented and compared with the 

experimental results. In addition, the cable forces obtained from the load-cells or strain gauges 

measurements are compared with the FE results.  

Stage 1 
•  Stressing and casting of concrete 

Stage 2 
•Release of prestressing force 

Stage 3 
•Deck casting (i.e, making the section 
composite) 

Stage 4 
•Application of Load upto cracking 
(Lower rate) 

Stage 5 
•Application of final load until failure 

Interval1 
•Release of prestressing force 
•Application of girder weight 

Interval 2 
•Application of deck weight (simulating 
the wet concrete before deck placement) 

Interval 3 
•Deck casting (i.e, making the section 
composite) 

Interval 4 
•Application of Load upto cracking 
(Lower rate) 

Interval 5 
•Application of final load until failure 

(a) Actual Construction Process (b) Construction Process simulated in FE 
software 
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E2.3.5.1. Load-deflection curves 
For each of the tested full-scale beams, a three-dimensional non-linear FEM was built. 

Figure E.27 shows the comparison of load-deflection curves obtained from the FEA against the 

experimental result. As shown in the figure, the model predicted the pre-cracking and post-

cracking behavior of the CFRP prestressed beams within the acceptable margin of error (<7%). 

All the pre-tensioned and bonded post-tensioned beams failed by rupture of CFRP cables/bars. 

The models were able to capture the unbonded post-tensioned beams, the beams reached the 

peak load and the concrete crushed the models were able to capture this failure mode. 

Table E-6 shows the comparison between the ultimate load and deflection obtained from 

the experiment and finite element analysis. 

 

(a) CPrSM#1      (b) CPrSM#2 
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(c) CPrSF      (d) BPrSM#1 

 

(e) BPrSM#2      (f) BPrpSM 

 
(g) BPrSF 

Figure E.27 Comparison between experimental and finite element model 
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   (a) CPouSM     (b) CPouSF 

 

(c) CPouDF     (d) CPoDM#01 

 

(e) CPoDM#02 

Figure E.28 Load-Deflection curves from the finite element analysis using ATENA GID and 
experimental test for post-tensioned beams 
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Table E-6 Experimental and FEA results for the pre-tensioned beams 

 Experimental FEA 
𝐏𝐏𝐞𝐞𝐞𝐞𝐞𝐞
𝐏𝐏𝐅𝐅𝐅𝐅𝐅𝐅

 
∆𝐞𝐞𝐞𝐞𝐞𝐞
∆𝐅𝐅𝐅𝐅𝐅𝐅

 
Beam ID 

Load 

(kips) 

Deflection 
(in.) 

Load 

(kips) 

Deflection 
(in.) 

CPrSM#1 206 8 202 8.5 1.02 0.94 

CPrSM#2 214 7.6 210 7.5 1.02 1.01 

CPrSF 210 7.7 209 7.6 1.00 1.01 

BPrSM#1 207 6 205 5.7 1.00 1.05 

BPrSM#2 209 5.8 204 5.4 1.02 1.07 

BPrpSM 209 5.2 208 5.2 1 1 

BPrSF 207 5.6 208 5.4 0.99 1.03 

CPouSM 135 9.9 129 9.4 1.05 1.05 

CPouSF 122 7.4 121.9 8.5 1.00 0.87 

CPouDF 143 8.9 145 10.1 0.99 0.88 

CPoDM#01 175 5.2 173 5.3 1.01 0.98 

CPoDM#02 174 6.7 173 6.6 1.01 1.02 
 

E2.3.5.2. Crack distribution and Crack width  

Table E-7 Crack Distribution obtained from FEA for full-scale beams 

Beam ID Finite Element Analysis Experiment 

CPrSM#1 

 

  

Maximum crack width=0.05 in 

 

Maximum crack width=0.1 in 
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CPrSM#2 

 

  

Maximum crack width=0.05 in 

 

Maximum crack width=0.08 in 

CPrSF 

 

  

Maximum crack width=0.04 in 

 

Maximum crack width=0.08 in 

BPrSM#1 

 

  

Maximum crack width=0.04 in 

 

Maximum crack width=0.04 in 

BPrSM#2 

 

  

Maximum crack width=0.04 in 

 

Maximum crack width=0.04 in 

 

BPrpSM 

 

  

Maximum crack width=0.04 in 

 

 

Maximum crack width=0.06 in 

BPrpSF 
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Maximum crack width=0.04 in Maximum crack width=0.06 in 

CPouSM 

 

 

Maximum crack width=0.044 in 

 

Maximum crack width=N/A  

CPouSF 
 

Maximum crack width=0.32 in 

 

Maximum crack width=0.81 in. 

CPouDF   

Maximum crack width=0.44 in 

 

Maximum crack width=0.83 in. 

CPoDM#1 
 

Maximum crack width=0.06 in 

 

Maximum crack width=0.09 in. 

CPoDM#2 
 

Maximum crack width=0.07 in 

 

Maximum crack width=0.12 in. 

 

E2.4. Parametric Study of Pretensioned Beams 

Using the FEMs calibrated on the previous sections, a parametric study was conducted 

for the beams pre-tensioned with prestressing CFRP system. The parametric study included 

parameters impacting the behavior of the pre-tensioned beams i.e., level of prestressing, 
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composite action, area of prestressing CFRP, shear span to depth ratio. The parameters were 

selected based on the experiment conducted by Kakizawa et al. (1993), Fam et al. (1997), 

Abelrahman and Rizkalla (1997), Zou (2003a). During the first part of the parametric study, the 

behavior of the prestressed beams was observed by varying the level of prestressing, by 

removing the composite deck and the moving the load application point on the test beams.  The 

number of prestressing CFRP and the reinforcement ratio was kept constant with the test beams.  

Table E-8 Properties of prestressing CFRP used in the parametric study 

 Area 
(in2) 

Tensile strength 
(ksi) 

Tensile 
Modulus of 

Elasticity (ksi) 

Tensile Strain 

Design Ultimate Design Ultimate 

Prestressing CFRP 0.217 276.50 357.7 17650 0.015 0.02 

E2.4.1. Effect of Prestressing Level 

The cross-section, length of the beam and reinforcement ratio were kept similar to the 

tested beams. The concrete strength was slightly varied from the test for the parametric study. 

The only variable was the level of prestressing, taken as 50%, 60% and 70% of the design tensile 

strength as the test beams. This value corresponded with the 39%, 46% and 54% of the ultimate 

tensile strength as shown in Table E-9. 

 

Table E-9 Test matrix for the parametric study of pre-tensioned beams 

Beam ID Parameter ρ 
Level of prestressing 

(%) 
Concrete strength 

(ksi) a/d 
ratio Deck 

Design Ultimate Girder Deck 
S1-PR-50 Level of 

prestressing 0.43ρb 
50% 39% 

9 6 6.05 YES 
S1-PR-60 60% 46% 
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S1-PR-70 70% 54% 
S1-PR-78 78% 60% 
S2-PR-50 

Composite deck 
50% 39% 

 
S2-PR-50-NC 

NO S2-PR-60 
60% 46% 

S2-PR-60-NC 
S3-PR-60      

S3-PR-60-a/d-4 a/d ratio 60% 46% 4 YES 
S4-PR-78 Modulus of 

elasticity of 
CFRP 

    

S4-PR-78** 

78% 60% 6.05 YES 

S5-PR-78 

Reinforcement 
ratio 

0.43ρb 
S5-PR-78-RR1 0.54ρb 
S5-PR-78-RR2 0.76ρb 
S5-PR-78-RR3 0.87ρb 
S5-PR-78-RR4 ρb 
S5-PR-78-RR5 1.1 ρb 

S6-PR-78 

Concrete 
strength 0.43ρb 

9 6 
S6-PR-78-D4 9 4 
S6-PR-78-D9 9 9 

S6-PR-78-D9-G15 15 9 
Where ρ=reinforcement ratio 

*the modulus of elasticity of CFRP used is 22000 ksi  

As shown in Figure E.29, the level of prestressing evidenced effect on the cracking load 

and the ultimate deflection of the beam. The ultimate load remained constant. All three beams 

failed due to rupture of the prestressing CFRP.  
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Figure E.29 Effect of prestressing level 

E2.4.2. Effect of Composite Action 

The only variable for this study was the composite action (with deck and without deck as 

shown in Figure E.30). Two different levels of prestressing (50% and 60%) were used. The 

presence of composite deck, typically, has a huge effect on the behavior of the prestressed 

beams. Correspondingly, the same number of bars and removal of composite deck lowered the 

ultimate capacity of the beam by 50% as shown in Figure E.31. Also, the mode of failure of the 

prestressed beams changed from failure due to rupture of prestressing tendon to failure due to the 

crushing of concrete. Both cracking, as well as the ultimate deflection of the beams, were greatly 

affected.  
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Figure E.30 Cross-section for composite and non-composite girders 

 

Figure E.31 Effect of the composite deck on the load-deflection behavior of the prestressed 
beams 

E2.4.3. Effect of Shear Span to Depth Ratio 

The shear span-to-depth ratio also significantly impacts the load-deflection behavior of 

the prestressed beams as shown in Figure E.32. Reducing the a/d ratio from 6.05 to 4 (1.5 times 

Concrete Crushing 

Cable rupture 
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lower) did not present any effect on the ultimate moment capacity of the section as expected. 

However, the deflection of the beam increased significantly.  

 

Figure E.32 Effect of shear span-to-depth ratio 

E2.4.4. Effect of Modulus of Elasticity of Prestressing CFRP 

The pre-cracking and the post-cracking load-deflection behavior of the pre-tensioned 

beams was unaffected by the change in modulus of elasticity as shown in Figure E.33. Since the 

area of prestressing and the initial prestressing force was same for both the beams, the cracking 

load was also same. The ultimate load which depends on the ultimate strength of the prestressing 

CFRP (for tension-controlled) also remained constant. However, the net mid-span deflection was 

lower for the beams with higher modulus prestressing CFRP.  

Figure E.34 shows the crack pattern and the crack with of the two beams. Although, the 

distribution of cracks is similar, the beams prestressed with lower modulus CFRP yielded higher 

crack width as compared to the higher modulus beam. 
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Figure E.33 Effect of Modulus of Elasticity of CFRP 

 

 

a) Crack pattern of beam S1-PR-78 
 

 

 

b) Crack pattern of beam S4-PR-78*  

 

Figure E.34 Crack pattern and crack width of the beams prestressed with different modulus of 
elasticity of CFRP 

E2.4.5. Effect of Reinforcement Ratio 

The effect of reinforcement ratio and the level of prestressing is identical on the cracking 

behavior of the beam given the geometry was constant, and the beams displayed the same failure 
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mode. Figure E.35 shows the increase in cracking load with the increase in reinforcement ratio. 

The ultimate load as well as the deflection also increased with the increase in reinforcement 

ratio. All the beams failed due to rupture of prestressing CFRP. 

 

Figure E.35 Effect of reinforcement index on the behavior of pre-tensioned beams with CFRP 
systems 

E2.4.6. Effect of Concrete Strength 

Three different concrete strengths were used for the composite deck (4 ksi, 6 ksi and 9 

ksi) and two different concrete strengths for the girder (9 ksi and 15 ksi). Total of four models 

were run with the combination of these concrete strength. The mode of failure observed for all 

the analyzed beam was rupture of prestressing CFRP. The change of deck and girder concrete 

did not present any significant impact on the strength as well as the deflection of the prestressed 

beam. Girders with less deck concrete strength showed less capacity compared to the girders 

with higher concrete strength.  

Concrete Crushing 
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Figure E.36 Effect of concrete strength on the behavior of CFRP prestressed beams 

Table E-10 summarizes the result of the parametric studies for the pretensioned beams. 

Table E-10 Summary of the results for the parametric study of pretensioned beams 

Beam ID Parameter ρ 

Level of prestressing 
(%) 

Peak 
Failure 
mode 

Design Ultimate Load 
(kips) 

Deflection 
(in) 

S1-PR-50 
Effective 

Prestressing 
Ratio 

0.43ρb 

50% 39% 201.3 8.3 RP* 

S1-PR-60 60% 46% 200.5 7.1 RP 

S1-PR-70 70% 54% 199.0 5.9 RP 

S1-PR-78 78% 60% 197.6 5.0 RP 

S2-PR50 

Composite 
deck 

50% 39% 
201.3 8.3 RP 

S2-PR50-NC 114.6 8.4 CC** 

S2-PR60 
60% 46% 

200.5 7.1 RP 

S2-PR60-NC 119.3 7.5 CC 

S3-PR60 
a/d ratio 60% 46% 

200.5 7.1 RP 

S3-PR60-a/d-4 297.7 9.2 RP 

S4-PR-78 Modulus of 
elasticity of 

CFRP 78% 60% 

197.6 5.0 RP 

S4-PR-78*** 195.4 4.2 RP 

S5-PR-78 Reinforcement 0.43ρb 197.6 5.0 RP 
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S5-PR-78-RR1 ratio 0.54ρb 238.3 5.2 RP 

S5-PR-78-RR2 0.76ρb 315.6 5.7 RP 

S5-PR-78-RR3 0.87ρb 350 5.8 RP 

S5-PR-78-RR4 ρb 380.3 6 RP 

S5-PR-78-RR5 1.1 ρb 392.5 5.9 CC 

S6-PR-78 

Concrete 
strength 

0.43ρb 

197.6 5.0 RP 

S6-PR-78-D4 191.5 5.1 RP 

S6-PR-78-D9 202.0 4.9 RP 

S6-PR-78-D9-G15 206.2 4.9 RP 

*rupture of prestressing CFRP 
**concrete crushing 
***the modulus of elasticity of CFRP used is 22000 ksi instead of 17650 ksi 
 
The results from the finite element analysis along with the experimental database were used to 

evaluate the performance the proposed design methods. For prestressed beams with bonded 

prestressing CFRP tendons, simplified strain compatibility and equilibrium approach were 

proposed with a limitation that the farthest layer of CFRP governs the design in case of beams 

that fail due to the rupture of prestressing CFRP. Also, the concrete strain at the top when CFRP 

ruptures is less than the ultimate value taken in AASHTO LRFD (2017). The stress block 

factors, α1 and β1, provided in AASHTO LRFD are not valid. A simplified approach to calculate 

the stress block factors is recommended. Figure E.37 shows the actual and rectangular stress 

distribution.  
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a)  Rectangular                              b) Actual 

Figure E.37 Stress distribution  

The stress-strain curve for concrete strength up to 6 ksi can be reasonably predicted with 

the parabolic equation as  

𝑓𝑓𝑐𝑐
𝑓𝑓′𝑐𝑐

= �2 ∗ 𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀′𝑐𝑐
− �𝜀𝜀𝑐𝑐𝑐𝑐

𝜀𝜀′𝑐𝑐
�
2
�        (Eq. E.5) 

Where, 𝑓𝑓𝑐𝑐 and 𝜀𝜀𝑐𝑐𝑐𝑐 are stress and strain at any point along the curve. 

𝑓𝑓′𝑐𝑐 = peak stress obtained from the cylinder test 

𝜀𝜀′𝑐𝑐 = strain when 𝑓𝑓𝑐𝑐 reaches 𝑓𝑓′𝑐𝑐 =  𝑓𝑓′𝑐𝑐
𝐸𝐸𝑐𝑐
∗ 𝑛𝑛
𝑛𝑛−1

 

The parabolic compressive stress distribution is further simplified by converting it to a 

rectangular stress distribution which can be defined by two variables, i.e, α1 and β1. For a 

compressive stress distribution, the stress-block variables α1 and  β1 are determined so that the 

magnitude and location of the resultant force are the same in the actual distribution. 

𝛼𝛼1𝛽𝛽1 = �𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀′𝑐𝑐
− 1

3
∗ �𝜀𝜀𝑐𝑐𝑐𝑐

𝜀𝜀′𝑐𝑐
�
2
�        (Eq. E.6) 

α1f’c 

β1c 

fc 

c 
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𝛽𝛽1 =
4−𝜀𝜀𝑐𝑐𝑐𝑐𝜀𝜀′𝑐𝑐
6−2∗𝜀𝜀𝑐𝑐𝑐𝑐𝜀𝜀′𝑐𝑐

          (Eq. E.7) 

The more general stress-strain curve for concrete strength from 3 ksi to 16 ksi is given by 

𝑓𝑓𝑐𝑐
𝑓𝑓′𝑐𝑐

=
𝑛𝑛∗�𝜀𝜀𝑐𝑐𝑐𝑐

𝜀𝜀′𝑐𝑐
�

(𝑛𝑛−1)+�𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀′𝑐𝑐

�
𝑛𝑛𝑛𝑛         (Eq. E.8) 

𝐸𝐸𝑐𝑐= tangent stiffness when 𝜀𝜀𝑐𝑐𝑐𝑐 is zero 

     = 40000�𝑓𝑓′𝑐𝑐 + 1000000 in psi 

 𝑖𝑖 =curve fitting factor = 0.8 + 𝑓𝑓′𝑐𝑐
2500

𝑝𝑝𝑘𝑘𝑖𝑖 

𝑘𝑘=factor to increase the postpeak decay in stress=0.8 + 𝑓𝑓′𝑐𝑐
9000

𝑝𝑝𝑘𝑘𝑖𝑖 

The stress block factors for more general stress-strain can be obtained by numerically 

integrating the above equations for magnitude and location of the resultant force by substituting 

the general equations. The symbolic integration is tedious and requires a lot of computation time. 

The result of the numerical integration can be found in Collins and Mitchell book. 

The strain at peak is one of the important variables in all of the calculations. Figure E.38 

shows that the strain at peak increases with the increase in concrete strength and is linear. 

Therefore, the equation can derived for the peak strain based on the concrete strength. 
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Figure E.38 Stress-strain relationship for various concrete strengths 

Strain at peak (𝜺𝜺𝒄𝒄′ ) 

Figure E.50 shows the linear variation of the peak strain with the compressive strength. 

Based on the linear regression, the equation can be written as 

𝜀𝜀𝑐𝑐′ = �1.6 + 𝑓𝑓′𝑐𝑐
11
�× 10−3        (Eq. E.9) 

 

Figure E.39 Variation of peak strain w.r.t concrete strength 
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Beta (𝛃𝛃𝟏𝟏) 

The ratio of 𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀′𝑐𝑐

 decreases, as the concrete strength increases, so is the value of β1 when 

𝜀𝜀𝑐𝑐𝑐𝑐 = 0.003. This relationship can be plotted as the linear relationship of β1  w.r.t 𝑓𝑓′𝑐𝑐  as shown 

in Figure E.40. Since the parabolic equation is valid up to 6 ksi, it is used to generate the β1 

value for 4 ksi. From the same equation, a correction/reduction factor (β1c  ) in terms of 𝑓𝑓′𝑐𝑐  is 

formulated for concrete strength other than 4 ksi.  

 

Figure E.40 Variation of beta at ultimate vs f'c 

The values of β1 can be calculated as: 

𝛽𝛽1 =
4−𝜀𝜀𝑐𝑐𝑐𝑐𝜀𝜀′𝑐𝑐
6−2∗𝜀𝜀𝑐𝑐𝑐𝑐𝜀𝜀′𝑐𝑐

∗ (1.1 − 𝑓𝑓′𝑐𝑐
50

) ≥ 0.65       (Eq. E.10) 

  

Alpha (𝜶𝜶𝟏𝟏) 

The ratio of 𝜀𝜀𝑐𝑐𝑐𝑐
𝜀𝜀′𝑐𝑐

 decreases, as the concrete strength increases, so is the value of 𝛼𝛼1𝛽𝛽1 when 

𝜀𝜀𝑐𝑐𝑐𝑐 = 0.003. This relationship also can be plotted as the linear relationship of 𝛼𝛼1𝛽𝛽1 w.r.t 𝑓𝑓′𝑐𝑐  as 

shown in Figure E.41. Since the parabolic equation is valid up to 6 ksi, it is used to generate the  
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𝛼𝛼1𝛽𝛽1 value for 4 ksi. From the same equation, a correction/reduction factor (𝛼𝛼1𝛽𝛽1𝑐𝑐 ) in terms of 

𝑓𝑓′𝑐𝑐  is formulated for concrete strength other than 4 ksi. The value of α1 is calculated by 

dividing the product of α1β1 by the calculated β1 value. 

 

Figure E.41 Variation of the product of alpha and beta at ultimate vs f'c 

The values of 𝛼𝛼1 can be calculated as: 

𝛼𝛼1 = � 1
𝛽𝛽1
� �𝜀𝜀𝑐𝑐𝑐𝑐

𝜀𝜀′𝑐𝑐
− 1

3
∗ �𝜀𝜀𝑐𝑐𝑐𝑐

𝜀𝜀′𝑐𝑐
�
2
� �1 −

𝑓𝑓′𝑐𝑐
60
�       (Eq. E.11) 

At the ultimate concrete strain ofε𝑐𝑐𝑐𝑐 = 0.003, the stress block factors from AASHTO-

LRFD (2017) can be used instead of above Eq. E.10 and Eq. E.11. Also, more detailed 

information on the stress-block factors for high strength concrete can be found in NCHRP Report 

595 (Rizkalla et al., 2007). 

 
Figure E.42 showed the moment capacities of the experimental beams along with the 

results from FEA against the predicted capacities from proposed design methods. As shown in 
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the figure, the predicted capacity using the proposed design method are slightly conservative but 

correlates well with the observed capacity (both experimental and FEA). 

 

Figure E.42 Moment capacities calculated according to proposed design methods versus 
moment capacities obtained from FEA and experimentally obtained results for bonded 

pretensioned beams 

The research team has also investigated the possibility to introduce a simplified approach 

using the current α1 and β1  of AASHTO-LRFD (2017). The performed analysis showed that 

the proposed α1 and β1 value are more conservative by 3% than the ones proposed in 

AASHTO-LRFD (2017). Table E.11 compares the ratio of the experimental capacity (Mexp) 

to the prediction capacity of the beams tested as part of NCHRP12-97 project using proposed 

stress block (MNCHRP) and AASHTO-LRFD (2017) stress blocks (MAASHTO). From the Table,  

Mexp/MAASHTOO  is 1.093 and Mexp/MNCHRP is 1.122.  This comparison suggests that the use of 

α1 and β1that are part of AASHTO-LRFD (2017) provide a slightly higher moment capacity 

of about 2.9%. 
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Table E.11 Comparison between the 𝑴𝑴𝒆𝒆𝒆𝒆𝒆𝒆

𝑴𝑴𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵
  and  𝑴𝑴𝒆𝒆𝒆𝒆𝒆𝒆

𝑴𝑴𝑨𝑨𝑨𝑨𝑨𝑨𝑵𝑵𝑨𝑨𝑨𝑨
 ratios for the full-scale beam tests in 

NCHRP 12-97 project 

 CPrSM2 CPrSF BPrSM1 BPrSM2 BPrSF CPoDM1 Average 

𝑴𝑴𝒆𝒆𝒆𝒆𝒆𝒆

𝑴𝑴𝑨𝑨𝑨𝑨𝑨𝑨𝑵𝑵𝑨𝑨𝑨𝑨
 1.124 1.099 1.064 1.087 1.075 1.111 1.093 

𝑴𝑴𝒆𝒆𝒆𝒆𝒆𝒆

𝑴𝑴𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵𝑵
 1.149 1.124 1.099 1.111 1.111 1.136 1.122 

 

 A parametric study was conducted to investigate the effect of using the newly proposed 

equations for Beta (𝛽𝛽1) and Alpha (𝛼𝛼1) on the predicted moment capacity compared to 

AASHTO-LRFD (2017) block factors. Two different sections with different concrete strength 

varies were considered in this study. Figure E.43 shows the dimensions of the cross-sections. 

 

Figure E.43 Cross-sections considered in the parametric study 

a) Rectangular b) I-girder 
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For the rectangular section (Figure E.43a), Figure E.44 shows the error in capacity 

prediction from the two approaches, calculated as MNCHRP−MAASHTO
MNCHRP

% for different concrete 

strengths with different reinforcement ratios (ρ). It is clear from the figure that the proposed 

factors give more conservative results than the AASHTO-LRFD (2017) block factors. The 

extreme case of ρ/ρb= 0.2 and 𝑓𝑓𝑐𝑐′ = 16 ksi, the error is less than 2%. Figure E.45 shows the 

change of the extreme concrete compression strain at the ultimate (𝜀𝜀𝑐𝑐𝑐𝑐) with the change of the 

ratio (ρ/ρb). For lower concrete strength, the proposed equations for the stress block factors 

gives a slight higher compression strain values than AASHTO-LRFD (2017) block factors. 

However, for higher concrete strength, the proposed equations give very high compression strain 

values compared to AASHTO-LRFD (2017) block factors.  

 

Figure E.44 Error in moment capacity prediction using the NCHRP 12-97 project proposed 
stress block factors compared to moment capacity calculated using AASHTO-LRFD (2017) 

stress block factors for rectangular section  
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  (a) Concrete strength 4 ksi   (b) Concrete strength 12 ksi 

 

 (c) Concrete strength 16 ksi 

Figure E.45 Change of εccwith the ratio ρ/ρb for the rectangular section  

For the I-girder (Figure E.43a), Figure E.46 shows the error in capacity prediction from 

the two approaches, calculated as MNCHRP−MAASHTO
MNCHRP

% for different concrete strengths with 

different reinforcement ratios (ρ). Figure E.47 shows the change of the extreme concrete 

compression strain at the ultimate (𝜀𝜀𝑐𝑐𝑐𝑐) with the change of the ratio (ρ/ρb). The same 

conclusions as for the rectangular section can be drawn. It is clear that the proposed factors give 

more conservative results than the AASHTO-LRFD (2017) block factors. For lower concrete 

strength, the proposed equations for the stress block factors gives a slight higher compression 

strain values than AASHTO-LRFD (2017) block factors. However, for higher concrete strength, 
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the proposed equations give very high compression strain values compared to AASHTO-LRFD 

(2017) block factors. 

 
Figure E.46 Error in moment capacity prediction using the NCHRP 12-97 project proposed 
stress block factors compared to moment capacity calculated using AASHTO-LRFD (2017) 

stress block factors for the I-girder  

  
                           (a) Concrete strength 6 ksi       (b) Concrete strength 9 ksi 
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                            (c) Concrete strength 12 ksi                           (d) Concrete strength 16 ksi 

Figure E.47 Change of εccwith the ratio the ratio ρ/ρb for the I-girder   

 Table E-12 shows a summary of the predicted moment capacity using the proposed 

stress block factors versus the prediction using AASHTO-LRFD (2017) stress factors for 

prestressing reinforcement ratio equals 0.6 of the balanced reinforcement ratio. It is clear from 

the table that the proposed stress factors give conservative values compared to the AASHTO-

LRFD (2017) prediction with maximum 2%.  

Table E-12 Summary of prediction using the proposed stress block factors and AASHTO-LRFD 
(2017) stress block factors  

Section  
Concrete 
Strength 

(ksi) 

Moment Capacity  

NCHRP 12-
97 

(kip.ft) 

AASHTO 
(2017) (kip.ft) 

Ratio 
(Mproposed/MAASHTO) 

Rectangular 

4 89 89 1.00 
6 118 119 0.99 
9 158 160 0.99 

12 196 198 0.99 
16 241 245 0.99 

I-Girder 

4 231 232 0.99 
6 304 306 0.99 
9 397 401 0.99 

12 504 510 0.99 
16 621 629 0.99 
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The common practice of considering flexural reinforcement in a single layer at the centroid 

of the combined reinforcement similar to the prestressed steel beams is not appropriate since the 

prestressing CFRP does not yield.  The prestressing CFRP located at the extreme tensile layer 

will reach it rupture strength before other layers. The stress and strain of each layer must 

therefore be considered for each individual layer by applying the compatibility and equilibrium 

equations considering each layer separately.  In proposed guide specification, this method is 

recommended as a detailed method of analysis. This method requires iteration as there will more 

unknown variable than the available equations. Solution by iteration is straightforward however 

it should be carried out in spreadsheets or general mathematics software. 

Alternatively, in order to simplify the procedure of calculating the flexural capacity, the 

stress of prestressing CFRP of all layers may be taken as the rupture strength. As such, the 

centroid of all prestressing forces will be taken as the centroid of all tendons. Although, the 

concrete compressive strain at the top fiber is less than 0.003 for tension-controlled sections, 

equations determining α1 and β1 as specified in AASHTO-LRFD (2017) can be used. This 

approach results in about 5% higher flexural resistance Mn as compared to the detailed analysis. 

The following figure shows the comparison of the experimental capacities with the simplified 

and detailed analysis. It can be seen that the detailed analysis is more conservative than the 

simplified one.  
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Figure E.48 Simplified method vs. detailed method comparison for the experimental beams   

The detailed method and simplified method was used to predict the capacities of beams 

included in the parametric study. The beams are chosen to have different reinforcement ratio and 

the prestressing CFRP were arranged in different layers. The layers range from 2 to 4. One of the 

beams have different concrete strength than the rest. The figure shows the detailed method is 

conservative than the simplified method. This is expected because the simplified method does 

not consider the lower stress of the subsequent layer at failure than the farthest layer.  
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Figure E.49 Simplified method vs detailed method comparison for the FEA  

E2.5. Parametric Study of Beams Post-Tensioned with Prestressing CFRP Cables 
 

A parametric study was conducted on the finite element models calibrated in the previous 

sections. The parametric study included the parameters impacting the behavior of the unbonded 

post-tensioned beams. Based on the previously conducted studies by different researchers 

(Naaman and Alkhairi, 1991a; Lee et al., 1999; Harajli, 2006; Ozkul et al., 2008; Au et al., 2009; 

and Lee et al., 2017) on the behavior of the post-tensioned beams with prestressing steel, 

different parameters were selected to investigate their effect on the post-tensioned beams with 

prestressing CFRP systems. Those parameters were loading type, cable profile, effective 

prestressing ratio, auxiliary bonded reinforcement, span to depth ratio, reinforcement ratio and 

concrete strength.  
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Table E-13 Test Matrix for the parametric study for unbonded post-tensioned beams 

ID Parameters Loading 
Type 

Cable 
Profile 

Effective 
Prestres

sing 
Ratio 

auxiliary 
Bonded 

Reinforcement 

Span to 
Depth 
Ratio 

Reinforc
ement 
Index 

Concre
te 

Strengt
h 

S-P 

Loading 
Type 

Single 
Load 

Straight 0.6 Non 15.4 0.275 9.7 
S-2P-60 2P-60" 
S-2P-90 2P-90" 

S-2P-
115.5 

2P-
115.5" 

S-2P-154 2P-154'' 

D-P 
Cable 
Profile 

Single 
Load 

Draped 0.6 Non 15.4 0.275 9.7 D-2P-60 2P-60" 
D-2P-90 2P-90" 
S-PR-50 Effective 

Prestressing 
ratio 

2P-60" Straight 
0.5 

Non 15.4 0.275 9.7 S-PR-60 0.6 
S-PR-70 0.7 

S-B-
CFRP 

Auxiliary 
Bonded 

Reinforceme
nt 

2P-60" Straight 0.6 
0.004 At CFRP 

15.4 0.275 9.7 
S-B-St 0.004 At Steel 

S-L/d-10 

Span to 
depth ratio 2P-60" Straight 0.6 Non 

10 

0.275 9.7 

S-L/d-
15.4 15.4 

S-L/d-20 20 
S-L/d-25 25 
S-L/d-30 30 
S-RI-8 

Reinforceme
nt index 2P-60" Straight 0.6 Non 15.4 

0.0825 

9.7 

S-RI-11 0.11 
S-RI-13 0.138 
S-RI-19 0.193 
S-RI-27 0.275 
S-RI-55 0.55 
S-C-6.5 

Concrete 
Strength 2P-60" Straight 0.6 Non 15.4 0.275 

6.5 
S-C-7.5 7.5 
S-C-8.5 8.5 

S-C-10.5 9.5 
S-C-11.5 11.5 
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E2.5.1. Effect of Loading Type 

The results included in this study are divided into two groups. The first group consists of 

six beams similar to CPouSM which is an unbonded post-tensioned beam with five straight 

prestressing CFRP cables. The second group consists of four beams similar to CPouDF which is 

unbonded post-tensioned beam with five prestressing CFRP cables two of them are draped in a 

parabolic profile and the others are straight. All the cables were stressed to the same prestressing 

level. Three types of loading were included; single point loading, two-point loading and uniform 

load. For the two-point loading, the distance between the applied loads was changing from 5 to 

12.9 ft. The objective of this study is to investigate the effect of loading type on the behavior of 

unbonded post-tensioned beam, and, specifically, the force in the unbonded tendons.  

Figure E.50a-b show the load-deflection curves for the first and second group, 

respectively. As shown in the figures, increasing the distance between the loading points, 

increases both capacity and deformability of the beams.  

 

  (a) Straight cables    (b) Draped cables 

Figure E.50 Applied moment vs deflection curves for different load type of post-tensioned 
beams 
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Figure E.53a-b shows the amount of increase in the cable stress with the change in the 

loading type. For the cables in the first group, the amount of change in cable stress was found to 

be higher with the increase of distance between the loading points.  

   
*x is the distance between the loading points and L is the span length 

   (a) Straight cables    (a) Draped cables 

Figure E.51 The effect of loading type on the increase in cable stress  

Table E-14 shows a summary of the results of the effect of the loading type on the 

behavior of unbonded post-tensioned beams. The increase in cable stress is presented too. 

Table E-14 Results of the effect of the loading type for unbonded post-tensioned beams 

ID Parameters Loading 
Type 

Peak  Increase in cable stress (ksi) 
Load  Moment Deflection 

Top Middle Bottom 
(kip) (Kip.ft) (in.) 

PT-1 

Loading Type 

Single 
Load 

139.9
5 1347 9.13 85 102 111 

PT-2 2P-60" 171 1432 10.3 90 123 136 

PT-3 2P-90" 182.2 1412 10.1 103 115 139 

PT-4 2P-115.5" 188 1357 9.83 100 123 135 
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PT-5 2P-154" 222.7 1429 10.6 127 156 171 

D-P Single 
Load 143.5 1381 8.8 82 92 112 

D-2P-60 2P-60" 158.4 1327 8.2 79 88 107 

D-2P-90 2P-90" 178.5 1383 9.5 96 107 131 

D-2P-
115.5 2P-115.5" 205.6 1484 11 114 128 156 

 

E2.5.2. Effect of Prestressing Level 

The results included in this study are four post-tensioned beams, similar to CPouSM 

(unbonded posttension beam with five straight prestressing CFRP cables). All the cables were 

stressed to the same level prestressing. Four prestressing levels were included; 40%, 50%, 60% 

and 70% of the ultimate strength of this cable. The ultimate strength was taken as 418ksi which 

corresponds to ultimate strain of 1.8%.  

Figure E.29Figure E.52 shows the effect of level of prestressing by presenting the full 

load-deflection curves for each case. Increasing the level of prestressing increased the cracking 

load of the beams. In addition, the peak load increased with the increase of the level of 

prestressing, as all the beams reached the peak load and then the concrete crushed. For the case 

of prestressing level equals 70% once the concrete crushed, the bottom cables reached their 

rupture strength. The deflections for all the beams were almost the same at the peak load.  
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Figure E.52 Load-deflection curves for different effective prestressing levels for unbonded post-
tensioned beams 

Figure E.53 shows the amount of increase in cable stress effects the level of prestressing 

by presenting the full load-deflection curves for each case. Increasing the level of prestressing 

increased the cracking load of the beams. In addition, the peak load increased with the increase 

of the level of prestressing, as all the beams reached the peak load and then the concrete crushed. 

For the case of prestressing level equals 70% once the concrete crushed, the bottom cables 

reached their rupture strength. The deflection for all the beams was almost the same at the peak 

load.  
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Figure E.53 The effect of prestressing level on the cable force for unbonded post-tensioned 
beams 

Table E-15 shows a summary of the results of the effect of the prestressing level on the 

behavior of unbonded post-tensioned beams. The increase in cable stress is also presented in the 

same table. 

Table E-15 Results of the effect of the prestressing level for unbonded post-tensioned beams 

ID Parameters 
Effective 

Prestressing 
Ratio (%) 

Peak Increase in cable stress (ksi) 
Load 
(kips) 

Deflection 
(in.) Top Middle Bottom 

S-PR-40 

Effective 
Prestressing 

Ratio 

40 139.7 10.6 105 129 140 

S-PR-50 50 155 10.3 102 124 137 

S-PR-60 60 171 10.3 90 123 136 

S-PR-70 70 184.5 9.7 83 115 128 
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E2.5.3. Effect of Auxiliary Bonded Reinforcement 

The results included in this study are three unbonded post-tensioned beams similar to 

CPouSM (unbonded post-tensioned beam with five straight prestressing CFRP cables). All the 

cables were stressed to the same level prestressing. The main objective of this study is to 

investigate the effect of bonded unstressed reinforcement on the behavior of unbonded post-

tensioned beam, and, specifically, the force in the unbonded tendons. 

The additional unstressed reinforcement was taken as 0.004 𝐴𝐴𝑡𝑡 which is the area between 

the extreme tensile face and center of gravity of the section. The calculated area was 0.85 inch2. 

The assumed distribution for the bonded reinforcement is shown in Figure E.54.  

 

Figure E.54 Location of the bonded unstressed steel or CFRP with respect to the unbonded 
prestressing CFRP cables 

Three cases were included in this study, which presented the same conditions except the 

type of reinforcement used. The first beam presented only unbonded prestressed CFRP cables 

and the other two cases were similar to the first case with addition to the unstressed 

Bonded reinforcement 
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reinforcement; one with unstressed steel strands grade 270 and the other with unstressed CFRP 

cables similar to the unbonded CFRP cables. The stress-strain curve for the steel strand was 

assumed to be bi-linear with yield equals to 270 ksi and ultimate strength 270 ksi at 3.5% strain.  

Figure E.55 shows the effect of adding auxiliary bonded reinforcement to unbonded 

post-tensioned beams by comparing the full load-deflection curves of the three cases. As shown 

in the figure, the ultimate capacity increased by 56% and 74% by adding the same amount of 

steel and CFRP, respectively. The deflection at the peak was found to be almost the same for the 

three cases. The cracking load was almost the same for the three cases as well as the initial 

stiffness. After cracking, the post-cracking stiffness was higher in case of auxiliary bonded 

reinforcement. This can be attributed to the fact the fully unbonded beam behavior was similar to 

tied-arch. However, the beams with auxiliary bonded reinforcement were flexural dominant. The 

post-cracking stiffness for the case with auxiliary bonded CFRP was less than the case with steel, 

as typically, the stiffness is governed by the elastic modulus the reinforcement. 

For the fully unbonded case, the beam reached the peak load and the concrete crushed. 

On the other hand, the cases with additional auxiliary bonded reinforcement the beams with 

auxiliary bonded reinforcement showed a different mode of failures. The beam with bonded 

steel, firstly the steel yielded and then the concrete crushed at the peak load. the bonded 

prestresed CFRP beam failed due to rupture of the prestressing CFRP cable.   
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Figure E.55 Load-deflection curves for the effect of adding auxiliary bonded reinforcement on 
the behavior of post-tensioned beams  

Figure E.56 shows the amount of increase in cable stress with the presence of the 

auxiliary bonded reinforcement. The presence of the auxiliary bonded reinforcement enhanced 

the increase in cable stress. The case with bonded CFRP was 10%, and the steel was almost 3%. 

 

Figure E.56 The effect of adding auxiliary bonded reinforcement on the increase in stress of the 
unbonded cable 

Steel yielded 

Bonded CFRP ruptured 
 

Concrete crushed 

Concrete crushed 
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Table E-16 Results of the effect of the loading type for unbonded post-tensioned beams 

ID Parameters Loading Type 
Peak Increase in cable stress (ksi) 

Load 
(kips) 

Deflection 
Top Middle Bottom 

(in.) 

S-B-St 

Auxiliary 
Bonded 

Reinforcement 

0.004 At Steel 224 10.8 104 128 141 

S-B-CFRP 0.004 At CFRP 270 10.7 112 136 150 

S-B-Non Non 171 10.3 102 124 137 

 
* Area between the extreme tensile face and center of gravity of the section 

Table E-17 shows the crack distribution and crack width at the peak load for the three 

cases included in the investigation of the effect of auxiliary bonded reinforcement on the 

behavior of unbonded post-tensioned beams. As shown in the table, the presence of the bonded 

reinforcement resulted in spreading the cracks along the beam length. However, for the case of 

fully unbonded few cracks formed with a larger width.  

Table E-17 Crack Distribution obtained from FEA for full-scale beams 

Beam ID Finite Element Analysis 

S-B-St 

  

Maximum crack width=0.2 in 
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S-B-CFRP 

 

Maximum crack width=0.14 in 

S-B-Non 

 

Maximum crack width=0.27 in 

 

E2.5.4. Effect of Reinforcement Index (RI) 

The results included in this study are seven post-tensioned beams, similar to CPouSM 

(unbonded post-tension beam with five straight prestressing CFRP cables). All the cables were 

stressed to the same prestressing level.  

Figure E.29Figure E.57 shows the effect of the reinforcement index by presenting the 

full load-deflection curves for each case. As shown in the figure, increasing the RI, increased the 

cracking load of the beams due to the higher prestressing force. In addition, the peak load 

increased significantly with the increase of the RI. However, the net deflection at the peak load 

showed a decrease with the increase of the RI. Correspondingly, the beams with RI more than 

0.13 failed to reach the peak load by crushing of concrete.  
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Figure E.57 Load-deflection curves for the effect of reinforcement index on the behavior of 
post-tensioned beams 

Figure E.58 shows the change in cable stress with the increase of the RI. As shown in the 

figure, increase in the RI decreased the change in cable stress.  

 

Figure E.58 The effect of reinforcement index on the increase in stress of the unbonded cable 
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Table E-18 Results of the effect of the loading type for unbonded post-tensioned beams 

shows a summary of the results of the effect of the RI on the behavior of unbonded post-

tensioned beams. The increase in cable stress is also presented ion the same table. 

Table E-18 Results of the effect of the loading type for unbonded post-tensioned beams 

ID Parameters Reinforcement 
index 

Peak Increase in cable stress (ksi) 
Load 
(kips) Deflection Top Middle Bottom 

S-RI-8 

Reinforcement 
index 

0.0825 69.9 11.74 126 153 166 

S-RI-11 0.11 870.4 11.5 119 146 159 

S- RI-13 0.138 97.7 11.0 113 125 150 

S-RI-19 0.1925 126.8 10.0 101 123 135 

S-RI-27 0.275 171 10.3 90 123 136 

S-RI-55 0.55 284.1 8.0 72 89 100 

 

E2.5.5. Effect of Span to Depth Ratio 

The results included in this study are five unbonded post-tensioned beams similar to 

CPouSM (unbonded post-tensioned beam with five straight prestressing CFRP cables). All the 

cables were stressed to the same level prestressing 60% of the ultimate stress of the prestressing 

CFRP cables. To obtain the required span to depth ratio, the same cross-section of the CPouSM 

with different beam length was used. Also, the same cable size and configuration was used for all 

the cases. 
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The objective of this study is to investigate the effect of the different span to depth ratio 

on the behavior of unbonded post-tensioned beam, and, specifically, the force in the unbonded 

tendons. 

Figure E.59 shows the effect of the different span to depth ratio by presenting the full 

moment-deflection curves for each case. As shown in the figure, increasing the span to depth 

ratio did not have any impact on the moment capacity, however the deflection increased 

significantly.  

 

Figure E.59 Moment-deflection curves for the different span to depth ratios of post-tensioned 
beams 

Figure E.60 shows the change in cable stress with the increase of the Span to depth ratio.  

As shown in the figure, an increase in the span to depth ratio did not have any significant effect 

on the increase in cable stress. 
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Figure E.60 The effect of the span to depth ratio on the increase in stress of the unbonded cable 

Table E-19 shows a summary of the results of the effect of the span to depth ratio on the 

behavior of unbonded post-tensioned beams. The increase in cable stress is also presented in the 

same table. 

Table E-19 Results of the effect of the span to depth ratio for unbonded post-tensioned beams 

ID Parameters Span to 
Depth ratio 

Peak  Cable force (kips) 
Load 
(kip) 

Moment 
(kip.ft) 

Deflection 
(in.) Top Middle Bottom 

S-L/d-10 

Span to Depth 
ratio 

10 277 1437 3.5 84 95 114 
S-L/d-12.5 12.5 213.3 1397 5.2 78 88 106 
S-L/d-15.8 15.5 171 1399 10.3 90 123 136 
S-L/d-17.5 17.5 147.6 1368 11.3 89 100 120 
S- L/d-20 20 124.8 1326 14.9 89 100 121 
 

E2.5.6. Effect of Deck Concrete strength  

The results included in this study are seven post-tensioned beams, similar to CPouSM 

(unbonded post-tension beam with five straight prestressing CFRP cables). All the cables were 

stressed to the same prestressing level 60% of the ultimate strength.  
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Figure E.61 shows the effect of the concrete strength by presenting the full load-

deflection curves for each case. As shown in the figure, increasing the concrete compressive 

strength of the deck strength increases the capacity of the beams as the failure is associated with 

the compression failure of the concrete deck. The deflection at the ultimate increases with the 

increase of the concrete compressive strength of the deck.  

 

Figure E.61 Load-deflection curves for the effect of concrete strength on the behavior of post-
tensioned beams 

Figure E.62 shows the change in cable stress with the increase of the concrete 

compressive strength. As shown in the figure, an increase in the concrete compressive strength 

increased the change in cable stress.  
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Figure E.62 The effect of concrete strength on the increase in stress of the unbonded cable 

Table E-20 shows a summary of the results of the effect of the concrete compressive 

strength of the deck on the behavior of unbonded post-tensioned beams. The increase in cable 

stress is also presented in the same table. 

Table E-20 Results of the effect of the deck concrete compressive strength for unbonded post-
tensioned beams 

ID Parameters 
Concrete 
Strength 

(ksi) 

Peak  Increase in cable stress (ksi) 
Load  Deflection Top Middle Bottom (kip) (in.) 

S-C-6.5 

Concrete 
Strength 

6.5 150 7.1 67.4 82.9 91.9 
S-C-7.5 7.5 162.1 8.65    S-C-8.5 8.5 165.5 9.3 90.9 111.3 122.7 
S-C-10.5 10.5 168.4 9.5 94.0 115.1 126.5 
S-C-11.5 11.5 169.8 10.03 99.2 121.3 133.4 

 

The results from the finite element analysis along with the experimental database were 

used to evaluate the performance the proposed design methods. For unbonded post-tensioned 

beams, the results from the parametric study were used to evaluate the accuracy of the predicted 
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capacity of the beams as well as the forces in the unbonded cables. Two models to calculate the 

force in the unbonded tendons, were used; ACI 440-4R (2011) which is originally proposed by 

Namaan and Alkhiri (1991b) and AASHTO-LRFD (2017).  

Figure E.63 showed the moment capacities of the beams included in the data base along 

with the results from FEA against the predicted capacities from ACI 440-4R (2011) and 

AASHTO-LRFD (2017). The experimental database was also included in the Figure. The results 

showed that ACI 440-4R (2011) has a better correlation with experimental and FEA results 

compared with AASHTO-LRFD (2017). However, AASHTO-LRFD (2017) gives conservative 

results. The mean of the experimental or FEA over the predicted values is 1.2 with COV equals 

0.26 for ACI 440-4R (2011) and 1.5 with 0.28 COV for AASHTO-LRFD (2017). 

       

  (a) ACI-440-4R     (b) AASHTO-LRFD 

Figure E.63 Moment capacities calculated according to ACI 440.4R-04 and AASHTO-LRFD, 
versus FEA and experimentally obtained results for unbonded post-tensioned beams 
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Figure E.64 shows the increase in stress of the unbonded cables included in the database 

along with the results from FEA against the predicted increase from ACI 440-4R (2011) and 

AASHTO-LRFD (2017). As for the prediction of the moment capacities, the results show that 

ACI 440-4R (2011) have a better correlation with experimental and FEA results compared with 

AASHTO-LRFD (2017). However, the predictions from AASHTO are always conservative. 

    

 (a) ACI-440-4R     (b) AASHTO-LRFD 

Figure E.64Comparison of the increase in stress of unbonded tendons obtained from FEA and 
experimental database, and predicted values from a) ACI 440-4R and b) AASHTO LRFD 

 Additionally, a study was conducted to investigate the accuracy of the proposed model 

(ACI 440-4R, 2011) when multiple loads are applied simultaneously. The purpose of the study is 

to check the applicability when multiple loads are applied simultaneously. The study was 

conducted on the same calibrated FEM with straight prestressing CFRP cables. Three specimens 

were included in this study; one specimen was loaded by the single load (1P), other was loaded 

by two-point loading with 60 in. distance between the loads (2P-60”), and the last specimen was 
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loaded through three-points with 30 in. distance between the loads (3P-30”). the strain reduction 

factor (Ω𝑐𝑐) was taken the same as for the third point loading condition. Figure E.65 shows the 

effect of multiple loads by presenting the full load-deflection curves.  

 

Figure E.65 Comparision between the load-deflection response of Unbonded post-tensioned 
beams with a different applied load 

 Figure E.66 shows moment capacity and the increase in stress of the unbonded cables 

from the FEA against the predicted increase from ACI 440-4R (2011).  As for the prediction of 

the moment capacities, the results show that ACI 440-4R (2011) gives conservative results even 

when multiple loads are applied. The same conclusion can be drawn for the increase in cable 

stress.  

 A finite element analysis was conducted on 91 ft. long unbonded CFRP prestressed beam 

similar to that of design example for unbonded post-tensioned CFRP beam.  Figure E.67 shows 

the section dimension and unbonded cable arrangement. 
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        (a) Moment capacity         (b) Increase in cable stress 

Figure E.66 Comparison of moment capacity and increase in cable stress calculated according to 
ACI440.4R-04 versus the FEA results 

 

Figure E.67 Section dimension and cable arrangement of 91 ft. long unbonded prestressed beam 

 Figure E.68 shows a comparison between the predicted capacity calculated according to 

the proposed method (ACI-440-4R (2011), AASHTO-LRFD (2017) and FEA. The results show 

that the proposed model gives 7% higher than the FEA with strain reduction factor that is used 

for third-point loading. On the other side, AASHTO-LRFD (2017) gives a conservative 

prediction of 8% less than the FEA. 
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Figure E.68 Comparison of moment capacities calculated according to theACI-440-4R (2011), 

AASHTO-LRFD (2017) and FEA 

Figure E.69 shows a comparison between the predicted increase of cable stresses obtained from 

FEA and predicted values from ACI 440-4R and AASHTO LRFD. It is clear from the figure that 

AASHTO-LRFD (2017) gives a conservative estimation of the increase in cable stress with 7% 

less than the FEA results. However, ACI 440-4R overestimates the increase in cable stress with 

14% higher than the FEA results. 

 

Figure E.69 Comparison of the increase in unbonded tendon stress obtained from FEA and 
predicted values from ACI 440-4R and AASHTO LRFD 
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E3. Summary and Conclusions 
This appendix presented a comprehensive analysis for the tested full-scale beams, along 

with the steps of construction and calibration of finite element model (FEM). A three-

dimensional non-linear FEM was built using a powerful commercial FE program ATENA-GID. 

It is a non-linear FE software used to simulate the behavior of concrete and reinforced concrete 

structures. A non-linear concrete model that combines both fracture (tensile behavior) and plastic 

(compressive behavior) constitutive was used for concrete elements. In addition, the program can 

simulate the construction process, which is essential for the composite construction of 

prestressed composite beams. The FEM was calibrated against the experimental results and 

reasonable agreement was obtained. A parametric study was conducted to investigate the effect 

of different parameters on the behavior of prestressed composite beams with CFRP system. The 

following conclusions can be drawn from the FEM results: 

For pre-tensioned beams: 

• The level of prestressing has a significant effect on the cracking and deflection behavior 

of CFRP prestressed beams. The higher the initial prestress force, higher the cracking 

load and lower the ultimate deflection. 

• Presence of composite deck has a huge influence on the capacity and the load-deflection 

behavior of CFRP prestressed beams. For the AASHTO type section used in this study, 

adding the composite deck changed the mode of failure from crushing of concrete to the 

rupture of prestressing CFRP. The load-carrying capacity of the section almost doubled 

with a significant increase in deflection.  
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• Increasing the area of prestressing CFRP impacts the cracking load, ultimate load and the 

ultimate deflection of the CFRP prestressed beams. The failure mode of the beams is 

constant until the area of reinforcement provided.  

• The span to depth ratio effects the ultimate deflection of CFRP prestressed beams. The 

moment capacity of the section remains the same. However, as the shear span decreases, 

the load increases.  

• The load carrying capacity of the CFRP prestressed beams remained constant while the 

deflection of beams decreased with increase in the elastic modulus of prestressing CFRP. 

The crack width of the beam also decreased with increase in elastic modulus.  

• The change in concrete strength does not significantly effect the capacity and behavior of 

the CFRP prestressed beams. 

For unbonded post-tensioned beams: 

• Increasing the distance between the loading points increases both capacity and 

deformability of the beams.  

• Increasing the distance between the loading points increases the cable stress and the 

increase was found to be higher in case of straight cables.  

• Increasing the level of prestressing increases the cracking load of the beams. However, 

there wasn’t any effect on both ultimate capacity and deformation.  

• Adding an auxiliary bonded reinforcement; steel or CFRP, to the unbonded post-

tensioned beams increases the capacity significantly. The ultimate capacity of in case of 

using the CFRP was higher. However, the ultimate deflection wasn’t affected. In 

addition, the post-cracking stiffness of the beams was higher than the fully unbonded 

case. For the unbonded cable stress, the effect was not significant and ranged between 5 
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to 10%. The crack width at the ultimate decreases with the presence of the bonded 

reinforcement.  

• Increasing the reinforcement index, increases the cracking load of the beams also the 

peak load increases. However, the net deflection at the peak load decreases with the 

increase of the RI. For the unbonded cable stress, increasing the RI decreases the change 

in cable stress significantly. 

• Increasing the span to depth ratio has no effect on the moment capacity, however the 

deflection increases significantly. For the increase in cable stress, the increase in span to 

depth ratio seems to have not a significant effect.  

 As the failure of the unbonded post-tensioned beams is always attributed with the 

compression failure, the change in concrete strength has a significant effect on the 

capacity of the beams. Increasing the deck compressive strength increases both capacity 

and deflection of the beams. 

Notations 

𝐸𝐸𝑐𝑐  concrete young’s modulus 

𝑓𝑓′𝑐𝑐  concrete compressive strength in ksi. 

𝑓𝑓𝑡𝑡  fracture modulus 

k  cohesion of the cable of a unit length; factor to increase the postpeak decay in 
stress 

P  reinforcement bar perimeter 

𝑖𝑖  curve fitting factor 

R  radius of the deviator 

𝛼𝛼𝑖𝑖   angular change of the cable direction at the deviator 

𝜑𝜑  friction coefficient 

𝜀𝜀′𝑐𝑐  strain when 𝑓𝑓𝑐𝑐 reaches 𝑓𝑓′𝑐𝑐 

𝛼𝛼1𝛽𝛽1  Stress block factors 
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F1. Introduction 

Uncertainty in the structural performance is a result of the underlying inherent 

uncertainty in the applied forces and resistance of the structure. The design philosophies are 

differentiated in the way they account for the uncertainties in bridge design. There are three 

major design philosophies used in the bridge design, a) Allowable stress design (ASD), b) Load 

factor design (LFD), and c) Load and resistance factor design (LRFD). In ASD, the single factor 

of safety (a value greater than unity) is applied to the resistance to account for the uncertainties. 

In LFD, the load factors are applied to each type of load depending on the combination of load 

and also the reduction factors are assigned to the resistance. So, the uncertainty is accounted for 

both load and the resistance. The LRFD design philosophy is similar to LFD with the advantage 

of LRFD being probability-based (Grubb et al., 2007). 

The probability theory depicts the more accurate engineering representation of the reality 

(Cornell, 1969). The use of LRFD accounts for the uncertainty of the applied forces and 

resistance using load and resistance factors. To achieve a uniform target reliability index by 

calibrating the load and the resistance factors is the main principle of LRFD. 

The LRFD method, accepted by researchers and practicing engineers, was first 

investigated to use in bridge design in the National Cooperative Highway Research Program 

(NCHRP) Project 12-33. The outcomes of this research were then adopted in the first edition of 

the AASHTO LRFD Bridge Design Specification (AASHTO, 1994). Nowak (1993) performed 

an extensive study and proposed a new live load model for bridges for LRFD method, which 

provides uniform bias for different span lengths. The details of the new live load model, the 

uncertainties associated with the loads, and the calibrated load and resistance factors were later 

published in NCHRP Report No. 368 (Nowak, 1999). The findings from this research were then 
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implemented in the AASHTO LRFD Specifications (AASHTO, 2005). The LRFD method, 

accepted by researchers and practicing engineers, was first investigated to use in bridge design in 

the National Cooperative Highway Research Program (NCHRP) Project 12-33. The outcomes of 

this research were then adopted in the first edition of the AASHTO-LRFD Bridge Design 

Specification (AASHTO, 1994). Nowak (1993) performed an extensive study and proposed a 

new live load model for bridges for LRFD method, which provides uniform bias for different 

span lengths. The details of the new live load model, the uncertainties associated with the loads, 

and the calibrated load and resistance factors were later published in NCHRP Report No. 368 

(Nowak, 1999). The findings from this research were then implemented in the AASHTO-LRFD 

Specifications (AASHTO, 2005).  

In LRFD, the safety of the bridge or the structural reliability is quantified using the 

reliability index, usually referred as beta (β). The beta corresponds to a certain probability of 

failure, i.e., the resistance of the bridge is lower and the corresponding load limit state is 

exceeded. Higher value of betas corresponds to higher reliability. In case of steel prestressed 

beams, the Strength I Limit State (load factors) in the AASHTO (2017) is calibrated to the target 

reliability index of 3.5 with a corresponding probability of failure of 2.33E-04 during the design 

life of 75 years as shown in Table F-1.  The use of prestressing CFRP in highway girders is 

expected to increase the design life greater than 75 years. Therefore, the target reliability index to 

be used for CFRP prestressed beams is still under discussion. 

 

 

 



NCHRP 12-97 
 

F-5 
 

Table F-1 Failure probability based on reliability index 

Reliability  
index 

Probability of 
failure 

Reliability 
index 

Probability of 
failure 

0 0.5 3 0.00135 

1 0.159 3.5 0.00233 

1.5 0.0668 4 0.000317 

2 0.0228 4.5 0.00000340 

2.5 0.0621 5 0.000000287 

 

In flexural capacity calculations, one of the important parameters is the resistance factor 

or strength reduction factor, ϕ. The design guidelines generally define this factor either based on 

the failure mode or on the sectional and material properties of the member to be designed. The ϕ 

factors for beams prestressed with CFRP tendons provided by different guidelines are 

summarized in Table F-2. 

Although the reviewed guidelines implement different philosophies regarding the 

resistance factors (partial safety factors or strength reduction factors), they are all included in 

Table F-2 for the sake of comparison.  

Table F-2 Resistance factor, 𝜙𝜙𝑓𝑓𝑓𝑓𝑓𝑓 for CFRP tendons according to various guidelines 

Guidelines ϕfrp Condition 

ACI 440.4R-04 
0.85 
0.65 

Tension controlled 
Compression controlled 

CAN/CSA S806-12 
0.85 
0.85 
0.80 

Pretensioned 
Post-tensioned, bonded 

Post-tensioned, unbonded 

CAN/CSA S6-14 0.75 
- 
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SimTREC Manual 5 0.75 
- 
 

JSCE CES23 0.77-0.87 Shall be evaluated in accordance 
with JSCE design guideline 

Model Code 2010 0.8-1.0 Depending on design considerations 

Recently, there has been some efforts to calibrate resistance factors for CFRP prestressed 

beams. Forouzannia et al. (2016) and Kim and Nickle (2016) proposed resistance factors for 

CFRP prestressed beams. Various statistical characteristics of the design parameter were 

obtained from the literature in these studies. The results are presented in Table F-3. The girder 

distribution factor for the bridges has not been accounted in Kim and Nickle (2016). They 

assumed the relationship between the layers of CFRP could be described by the total area of 

prestressing CFRP and the center of gravity of prestressing material for calculating the nominal 

capacity of the bridge, which contradicts with the recommendations of this project. In 

Forouzannia et al. (2016), the tensile strength of CFRP was assumed to follow a normal 

distribution, while a Weibull distribution was found more suitable in this project. 

Table F-3 Resistance factors for CFRP prestressed beams 

Researcher Girder 
location Failure mode Target 

Reliability 
Resistance 

factor 

Forouzannia 
et al. (2016) 

Interior 
Tension-controlled 

3.5 0.75 

3.8 0.65 

4 0.6 

Compression-controlled 3.5 0.75 

Exterior Tension-controlled 
3.5 0.60 

3.8 0.50 

Kim and 
Nickle N/A Tension-controlled 

2.5 0.95 

3.0 0.85 
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(2016) 3.5 0.75 

Compression-controlled 
2.5 0.95 

3.0 0.90 

3.5 0.80 

Zadeh and Nanni (2013) proposed an interim index of comparative reliability to calculate 

the resistance factors for structural elements with a new material (e.g., FRP) based on the 

resistance factors of the already established same type of structural elements with a conventional 

material (e.g., steel). This index bypasses one of the components of structural reliability, which is 

the load variables and compares the resistance of the two structural elements that have the same 

ultimate limit state directly against each other. The comparative reliability index will provide a 

resistance factor for the same target reliability used in obtaining the resistance factor of the 

structural element with the conventional material. Further, the failure modes should also match 

for the validity of this approach. 

The objective of this study is to derive resistance factors for CFRP pretensioned concrete 

bridge beams based on the AASHTO-LRFD formulation. The procedure involves identifying a 

design space representative of typical highway bridges. The load and resistance model was 

formulated, and the variable type (probabilistic and deterministic) was assigned. The statistical 

distributors for the probabilistic variables, which are common for prestressed steel beams were 

then established from literature. The descriptor for the material variability of CFRP strength and 

the model error for the resistance model was established within this research using the results of 

the experimental program. A Monte Carlo Simulation approach was utilized to evaluate the limit 

state function and to determine the failure probability and corresponding reliability index.  
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For unbonded prestressed beams, the dominant failure mode is concrete crushing 

regardless of the tendon type. However, the strength reduction factor has always been taken 

equal to the tension-controlled case (ACI 318, 2014 and AASHTO-LRFD, 2017). That is 

because the value of the resistance factor is attributed to the strain condition of the extreme 

tension reinforcement, which is always larger for fully unbonded prestressed beams. The strength 

reduction factor for unbonded post-tensioned beams is not investigated in this research, however 

the provided compression-controlled factor should be taken. 

F2. Design Space 

A total of 5 bridges representing different span lengths, roadway widths and number of 

girders was considered as presented in Table F-4. The concrete strength (6 ksi for the deck and 9 

ksi for girders) and the height of the deck was kept constant for all the bridges. Forouzannia et al. 

(2016) found that changing the deck concrete from 4 ksi to 8 ksi resulted in a minimal change 

(1.47%) in the nominal moment capacity for girders failing due to CFRP rupture. Additionally, 

by investigating the influence of the deck thickness on the nominal moment capacity, it was 

found in Forouzannia et al. (2016) that the deck thickness did not affect the moment capacity 

significantly (6.34%). Therefore, a uniform deck thickness of 8 in. was selected for all the 

bridges. 

Table F-5 shows the ratio of live load to the dead load for the composite girders in the 

design space.  The ratio ranges between 0.6 to 1.77. 
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Table F-4 Design Space for Calibration of Resistance Factors 

Section 
Type 

Span 
Length 

(ft.) 

Girder 
Spacing 

(ft.) 
No of Girders 

Roadway 
Width (ft.) 

Type I 40 6 5 30 

Type I 60 6 5 30 

Type III 80 9 7 60 

Type IV 100 8 5 38 

BT72 140 6 12 72 

Table F-5 Live Load to Dead Load ratios 

Section 
Type 

Span 
Length 

(ft.) 
Roadway 

Width (ft.) 
MDC*   

(kip-ft) 
MDW**  
(kip-ft) 

MLLIM***   
(kip-ft) MLLIM/(MDC+MDW) 

Type I 40 30 177.4 56.0 412.3 1.77 

Type I 60 30 399.1 126.1 691.0 1.32 

Type III 80 60 1159.7 245.9 1480.0 1.05 

Type IV 100 38 2027.5 400.5 1866.4 0.77 

BT72 140 72 3427.6 500.6 2339.5 0.60 

* moment due to precast and cast-in-place components 

** moment due to wearing surfaces 

*** moment due to live load with impact 

The girders were designed according to the proposed AASHTO CFRP specifications 

using the load combinations from AASHTO-LRFD (2017) specifications. The effective width of 

the flange for the composite beams was taken as the girder spacing according the AASHTO-

LRFD (2017).  Two different types of prestressing CFRP as presented in Table F-6 were used in 

the beams design. The cables were stressed to the level of 70% and the bars were stressed to the 
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65% of their design tensile strength. The calculation of losses follows the refined method as 

specified in AASHTO-LRFD (2017). The equation for elastic-shortening was modified to 

account for CFRP properties. For the prestress loss, the new equation that was proposed in the 

guide specification for the prestress relaxation loss as a part of this research was used. All the 

beams were designed to satisfy the Strength Limit-I load combination. The stress limit at transfer 

and at service as well as the limit on the minimum reinforcement was not enforced during the 

design.  

Table F-6 Types of Prestressing CFRP used 

CFRP 
Type 

Diameter 
(in) 

Area 
(in2) 

Design Tensile 
Strength (ksi) 

Longitudinal 
Modulus of 

Elasticity (ksi) 
Design Strain 

(in./in.) 

Cable 0.6 0.217 295 17650 0.016 

Bar 0.5 0.2 247 20630 0.012 

F3. Load and Resistance Model 

F3.1. Load Model 

Strength Limit-I load combination according to AASHTO-LRFD (2017) was used in this 

study to calculate the ultimate demand experienced by the bridge girder. The ultimate demand, 

Mu, is given as: 

𝑀𝑀𝑢𝑢 = 1.25𝑀𝑀𝐷𝐷𝐷𝐷 + 1.50𝑀𝑀𝐷𝐷𝑊𝑊 + 1.75 × 𝐷𝐷𝐷𝐷 × (𝑀𝑀𝐿𝐿𝐿𝐿 + 𝑀𝑀𝐼𝐼𝐼𝐼)  (Eq. F.1) 

where 𝑀𝑀𝐷𝐷𝐷𝐷 is the moment due to dead loads (pre-cast, cast in place and non-structural 

attachments), 𝑀𝑀𝐷𝐷𝑊𝑊 is the moment due to the wearing surfaces and utilities, DF is the girder 

distribution factor, 𝑀𝑀𝐿𝐿𝐿𝐿 is the moment due to vehicular live load per lane and 𝑀𝑀𝐼𝐼𝐼𝐼 is the 

vehicular dynamic load allowance per lane.  



NCHRP 12-97 
 

F-11 
 

F3.2. Resistance Model 

The resistance model consists of nominal resistance as obtained from the proposed design 

equations (or from analysis models) using the material properties parameter, fabrication factor, 

and the professional factor.  

The nominal flexural resistance of a beam prestressed with CFRP is based on whether the 

section is compression-controlled (crushing of concrete) or tension-controlled (rupture of CFRP). 

The total area provided is compared to the area required for the balanced condition which is 

defined as the simultaneous occurrence of crushing of concrete (εcu = 0.003) and the rupture of 

the CFRP (εft = εfu) to classify the section. The design equations are based upon equilibrium 

and strain compatibility. The contribution of the prestressed reinforcement was only considered 

for calculating the nominal flexural resistance. The contribution of unstressed steel reinforcement 

on the deck as well as on the top of the girder for serviceability requirements were excluded from 

the calculation. Furthermore, the concrete compressive strength was assumed uniform (deck 

concrete strength) until the neutral axis from the top of the composite beam.  

Because of the brittle nature of CFRP, the customary practice of considering tension 

reinforcement in a single layer at the centroid of the combined reinforcement is not appropriate. 

The CFRP at the extreme tensile layer will reach failure before other layers of CFRP. The stress 

and strain must be considered by applying the compatibility and equilibrium equations 

considering each layer separately. The procedure utilized to calculate the nominal resistance of 

the girders for sections failing by crushing of concrete is shown below in Figure F.1.  

When the section is tension-controlled as shown in Figure F.2, the concrete strain at the 

top, when the CFRP ruptures, is less than the ultimate value, εcu = 0.003, taken in AASHTO-
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LRFD (2017). The stress block factors, α1 and β1, provided in AASHTO-LRFD are not valid. 

Therefore, a simplified approach to calculate the stress block factors is adopted. The peak strain 

of the specified concrete strength is determined, and the stress block factors are then calculated 

using the ratio of the concrete strain at the top to the peak concrete strain multiplied by the 

concrete strength adjustment factor. The equation and detailed description of the simplified 

approach can be found in Appendix E. At ultimate concrete strain of εcu = 0.003, as in the case 

of failure due to crushing of concrete, the stress block factors from AASHTO-LRFD (2017) was 

used.  

 

 

Figure F.1 Calculation of nominal capacity for Concrete Crushing 
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Figure F.2 Calculation of nominal capacity for CFRP rupture 

F4. Statistical Descriptors for Load and Resistance Model 

F4.1. Statistical Descriptors of the Load Model 

F4.1.1. Dead Load 
The dead loads in the bridge design can be categorized into four different categories 

based on the construction sequence; pre-cast elements (typically weight of girder), cast-in-place 

elements (typically weight of deck, diaphragm), wearing surface (weight of asphalt) and 

miscellaneous elements (weight of railings and luminaries). The inherent variability of the four 

categories is accounted by their respective bias (mean to nominal value) and COV (coefficient of 

variation). The dead loads used in this study (Table F-7) were assumed to be normally 

distributed and the bias and COV values were adopted from Nowak (1999).  

F4.1.2. Live Load 
The live load model specified in AASHTO-LRFD (2017), i.e., HL-93 loading (design 

truck/tandem + design lane load) was used in this research. For design, the maximum moment of 
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the Truck/Tandem is obtained using the influence line method. The moment due to Design Lane 

Load was also computed separately and superimposed to create the maximum moment effect. 

The dynamic load allowance was specified to be taken equal to 33% in AASHTO-LRFD (2017) 

for the Design Truck/Tandem. A detailed description of the live load model and its calibration 

can be found in Nowak (1999). The distribution type and the statistical properties were adopted 

from the same study which are tabulated in Table F-7. The live loads were also assumed to be 

normally distributed. The bias of the live load varies with the span length whereas the COV was 

held constant. The bias presented in the Table F-7 also accounts for the effect of multiple trucks 

passing side by side. 

F4.1.3. Girder Distribution Factor(GDF) 
The live load from the Design Truck/Tandem plus the Design Lane Load is distributed to 

the girders using GDF. AASHTO-LRFD (2017) specifies following equations for prestressed 

concrete I girders with cast-in-place concrete deck to calculate the GDF for moments: 

For one design lane loaded (Interior): 

𝐷𝐷𝐼𝐼1 = 0.06 + �
𝑆𝑆

14
�
0.4

�
𝑆𝑆
𝐿𝐿
�
0.3

�
𝐾𝐾𝑔𝑔
𝐿𝐿𝐿𝐿𝑠𝑠3

�
0.1

  (Eq. F.2) 

For two or more design lane loaded (Interior): 

𝐷𝐷𝐼𝐼2 = 0.075 + �
𝑆𝑆

9.5
�
0.6

�
𝑆𝑆
𝐿𝐿
�
0.2

�
𝐾𝐾𝑔𝑔
𝐿𝐿𝐿𝐿𝑠𝑠3

�
0.1

  (Eq. F.3) 

For one design lane loaded (Exterior): 

DME = Use Lever rule to obtain the GDF. To account for the multiple trucks, the GDF 

obtained from the Lever rule should be increased by 20% as specified in AASHTO-LRFD 

(2017). 
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For two or more design lane loaded (Exterior) 

𝐷𝐷𝐼𝐼𝐸𝐸 = �0.77 +
𝑑𝑑𝑒𝑒
9.1

�𝐷𝐷𝐼𝐼𝐼𝐼  (Eq. F.4) 

Where S is the girder spacing in ft., L is the span length in ft., tsis the thickness of 

concrete deck in ft., Kg is the longitudinal stiffness parameter, DMI is the distribution factor for 

interior girder moment taken as the maximum of DM1 and DM2 and de is the distance from the 

exterior girder to the edge of the curb or traffic barrier.  

As shown in the equation, the GDF depends on the number of parameters such as span 

length, girder location, deck stiffness and roadway width. Apart from that, the GDF also depends 

on the weight of the truck, the position of the truck, truck traffic and axle configuration of the 

truck. Therefore, GDF has large inherent uncertainties, which are reflected in the bias and COV 

as shown in Table F-7. The statistical parameters for GDF for the interior girders were adopted 

from BridgeTech et al. (2007). The bias and COV for the for the interior girder distribution 

factors was found to be 1.109 and 0.104 respectively  

Table F-7 Descriptors of Random Variable for Load Model 

Variable Distribution Bias  COV Reference 

Factory Made 
Elements 

Normal 1.03 0.08 Nowak (1999) 

Cast in Place 
Elements 

Normal 1.05 0.1 Nowak (1999) 

Wearing 
Surface 

Normal 1 0.25 Nowak (1999) 

Live Load plus 
Impact 

Normal 1.28* 0.18 Nowak (1999) 

Girder 
Distribution 

Normal 1.109 0.104 BridgeTech et 
al. (2007) 
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Factor 
(Interior) 

*Average value of bias factors depending on span length from 15 to 52 m (50 to 170 ft). In MCS, this 
value was taken according to the span length 

 
F4.2. Statistical Descriptors of the Resistance Model 

The described resistance model involves geometrical properties of the section (e.g., 

height, width), material properties of concrete (e.g., compressive strength, failure strain), and 

properties of CFRP (e.g., rupture strength, Young’s modulus). These are classified into material 

variability and fabrication factors and are accounted in the MCS approach by assigned statistical 

characteristics. The major uncertainties in the resistance model (material properties, fabrication 

and the analytical model used to predict the nominal capacity of the section) were simulated 

through random variables. The data from the material tests performed was used to validate the 

distribution models and parameters selected for the reliability analysis. 

Several researchers have investigated and proposed the statistical properties of concrete. 

Material statistical parameters for concrete have been derived in earlier studies using large data-

sets; therefore, in this research existing information was utilized as appropriate. Nowak and 

Szersen (2003) proposed the following equation for the bias factor of concrete compressive 

strength: 

𝜆𝜆𝑓𝑓′𝑐𝑐 = −0.0081𝑓𝑓′𝑐𝑐
3 + 0.15091𝑓𝑓′𝑐𝑐

2 − 0.9338𝑓𝑓′𝑐𝑐 + 3.0649  (Eq. F.5) 

where, f′c is the concrete compressive strength in ksi.  

In this study the equation proposed by Nowak and Szersen (2003) for calculating the bias 

of concrete strength as shown in Eq. F.5 is used. The COV for concrete strength was kept 

constant (0.1) regardless of the concrete strength.  
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Different distribution and a statistical parameter for the rupture strength of the CFRP can 

be found in the existing literature. There is an inconsistency on reporting the strength of the 

material by manufacturers. Therefore, for uniformity, the guide specification proposed through 

this research recommends the use of two-parameter Weibull distribution to characterize the 

design strength of CFRP. The strength of CFRP used for design is the characteristics value 

computed according to ASTM D7290 (2017). The tensile strength of the CFRP is however 

characterized using a two-parameter Weibull distribution as shown in Eq. F.6. The parameter 

defining the distribution is the shape parameter (β) and the scale parameter (α). The Maximum 

Likelihood Estimate (MLE) of the shape (β�) and the scale parameter (α�) was calculated 

according to ASTM D7290. The COV of the tensile strength is calculated using the shape 

parameter.  

𝑓𝑓(𝑥𝑥) = �
𝛽𝛽
𝛼𝛼
� �
𝑥𝑥
𝛼𝛼
�
𝛽𝛽−1

𝑒𝑒𝑥𝑥𝑒𝑒 �−�
𝑥𝑥
𝛼𝛼
�
𝛽𝛽
�  (Eq. F.6) 

The nominal value of the sample of CFRP strength as 5th percentile of the two parameter 

Weibull distribution is computed using the following equation: 

𝑥𝑥0.005 = 𝛼𝛼�[0.0513]
1
𝛽𝛽�   (Eq. F.7) 

Based on the COV of the sample and number of coupons used to determine the design 

strength, a data confidence factor (Ω) is obtained from ASTM D7290 and multiplied with the 

nominal value to obtain the characteristics value (also referred as the design strength value). It 

should be noted that the coefficient of variation for the tested CFRP material is lower than that 

for conventional civil engineering materials widely used in construction. For example, according 

to Nowak (2003a) the coefficient of variation equal to 10% is reported for concrete compressive 
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strength and 5% for steel yield stress. A lower coefficient of variation often translates into higher 

reliability.  

𝑥𝑥𝑐𝑐ℎ𝑎𝑎𝑓𝑓 = Ω𝑥𝑥0.005  (Eq. F.8) 

Table F-8 Statistical properties for CFRP strength 

Variable CFRP 
Cable 

CFRP 
Bar 

Diameter 0.6 0.5 

Shape parameter (β) 28 46 

Scale parameter (α) 345 ksi 278 ksi 

COV 0.044 0.028 

No of samples 10 10 

Characteristics value 296 ksi 247 ksi 

 

The statistical properties of the modulus of elasticity of prestressing CFRP are adopted 

from Forouzannia et al. (2016). The modulus of elasticity of CFRP is also assumed to be 

normally distributed.  

The error in fabrication such as dimension of girder and deck, area of prestressing CFRP 

and the CFRP eccentricity are the major source of geometric uncertainties in reliability analysis. 

The statistical parameters for height and width were adopted from Okeil (2013). The COV and 

bias factor of both height and width were reported as 1.0 and 0.03 respectively. The statistical 

properties of the area of prestressing CFRP was adopted from the study by Shield et al. (2011). 

The area of the prestressing CFRP was also assumed to be normally distributed with the bias and 

COV of 1.00 and 0.030.  
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The professional factor accounts for the epistemic uncertainty in the prediction model, 

which depends on the failure mode and design objective. A database of CFRP prestressed 

concrete beam tests have been compiled during the literature review. This data was 

supplemented with tests performed as a part of the proposed research work scope and grouped 

into distinctive design objectives and failure modes. The bias and coefficient of variation for 

professional factor were determined as: 

𝜆𝜆𝑃𝑃 = µ �
Experimental Capacity

Predicted Capacity
�     (Eq. F.9) 

 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃 =
σ�Experimental Capacity

Predicted Capacity �

µ �Experimental Capacity
Predicted Capacity �

  (Eq. F.10) 

 where, μ and σ are the mean and standard deviation, respectively. 

The database of 44 beams from 11 research studies (including current NCHRP 12-97 

project) was used to calculate the professional factor. The dominant failure mode of all the 

beams considered is tension-controlled (41 beams). Only 3 beams out of 44 beams considered in 

the database failed in compression. The bias and COV for the professional factor was calculated 

as 1.152 and 0.138 as shown in Table F-9. The more detailed information on the section and 

material properties of the beams considered is provided at the end of this appendix. Although 

only tension-controlled sections are only studied, the test data of the beams failing due to 

concrete crushing was also included in professional factor. The inclusion of compression-

controlled section made the calibration of resistance factors more conservative. Furthermore, 

during the MCS, compression-controlled failure mode was observed for some of the combination 

of random variables for resistance model. 
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Table F-9 Database of Beams Included in the Professional Factor 

References Specimen 

Analytical Experimental 
Exp./ 

Analy. Moment 
Capacity 

Failure 
mode 

Moment 
Capacity 

Failure 
mode 

Mutsoyoshi et 
al. (1990) 

A1 10.2 TC 8.5 TC 0.833 

B2 17.31 CC 23.9 CC 1.381 

C3 12.2 TC 17.6 TC 1.445 

Kakizawa et al. 
(1993) 

CPC69B 5.89 TC 7.5 BC 1.272 

CPC58B 5.71 CC 7.6 CC 1.331 

CPC38B 3.6 TC 5.2 TC 1.434 

Abdelrahman et 
al. (1997) 

T-4-5.H 91.4 TC 93.6 TC 1.024 

R-4-5.H 70.8 CC 79.8 CC 1.128 

T-4.5.V 83.3 TC 86.6 TC 1.039 

R-4-5.V 71.8 CC 79.8 TC 1.111 

T-4.7.V 85.2 TC 90.5 TC 1.062 

R-4-7.V 78.7 CC 86.8 TC 1.103 

T-2-5.V 47.7 TC 49.8 TC 1.045 

R-2-5.V 50.2 TC 50.6 TC 1.009 

Park and 
Naaman (1999) CS1 28.8 TC 44.4 TC 1.544 

Stoll et al. 
(2000) Beam 2 988.0 TC 948 TC 0.960 

Burke and Dolan 
(2000) 

CFCC1 17.6 TC 25.7 TC 1.460 

Strawman 2 32.1 TC 29 TC 0.903 

Strawman 3 12.2 TC 14.1 TC 1.152 
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Dolan and 
Swanson (2002) 

C1-H 127.0 TC 122 TC 0.961 

C2-H 127.0 TC 116 TC 0.913 

Mertol et al. 
(2006) 

 

B1 6.4 TC 6.3 TC 0.989 

B2 6.4 TC 8.2 TC 1.291 

B3 6.3 TC 8.3 TC 1.314 

B4 6.3 TC 8 TC 1.264 

B5 6.3 TC 8.3 TC 1.311 

B6 6.3 TC 7.7 TC 1.223 

B8 6.3 TC 7.8 TC 1.238 

B9 6.3 TC 7.4 TC 1.177 

Yaman et al. 
(2016) 

B1 130.4 TC 149.0 TC 1.142 

B2 130.4 TC 150.5 TC 1.154 

Shelvachandran 
et al. (2017) 

 

CFB1-2-H-0.61 35.6 TC 33.5 TC 0.940 

CFB3-1-H-0.35 18.3 TC 19.2 TC 1.047 

CFB4-1-H-0.70 18.0 TC 19.3 TC 1.070 

CFB2-1-V-0.48 31.4 TC 32.8 TC 1.043 

This Study 

CPrSM1 1447.2 TC 1733.6 TC 1.198 

CPrSM2 1508.0 TC 1792.3 TC 1.188 

CPrSM3 1505.4 TC 1758.75 TC 1.168 

BPrSM1 1546.7 TC 1733.6 TC 1.121 

BPrSM2 1539.1 TC 1750.4 TC 1.137 

BPrSM3 1542.0 TC 1733.6 TC 1.124 

BPrSM4 1535.5 TC 1754.6 TC 1.143 

CPoDM1 1266.5 TC 1465.6 TC 1.157 

CPoDM2 1266.5 TC 1457.3 TC 1.151 

     Average 1.152 

     COV 0.138 
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Summary of all the statistical descriptors for the resistance model random variables are 

presented in Table F-10.  

Table F-10 Descriptors of Random Variable for Load Model 

Variable Distribution Bias  COV Reference 

Model error Normal 1.152 0.138 Current Study 

Height of deck Normal 1 0.03 Okeil et al. 
(2013) 

Height of girder Normal 1 0.03 Okeil et al. 
(2013) 

Web thickness Normal 1.010 0.040 Okeil et al. 
(2013) 

Prestressing 
CFRP area 

Normal 1 0.030 Shield et al. 
(2011) 

CFRP tensile 
strength Weibull 

1.168** 0.044 Current study 
(cable) 

1.123** 0.028 Current study 
(Bar) 

CFRP modulus 
of elasticity 

Normal 0.970 0.141 Forouzannia et 
al. (2016) 

** Mean/Design Value calculated for CFRP  
 

F5. Limit State Function 

In this study, the material, fabrication variability and the model error was incorporated 

into the nominal resistance. The limit state function (Z) for the proposed reliability study can be 

written as: 

𝑍𝑍 = 𝑀𝑀𝑛𝑛 − �𝜉𝜉𝐷𝐷𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷 + 𝜉𝜉𝐷𝐷𝑊𝑊𝑀𝑀𝐷𝐷𝑊𝑊 +
𝜉𝜉𝐿𝐿𝐿𝐿𝐼𝐼𝐼𝐼𝑀𝑀𝐿𝐿𝐿𝐿𝐼𝐼𝐼𝐼

𝜉𝜉𝐺𝐺𝐷𝐷𝐺𝐺
�       (Eq. F.11) 
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where  Mn is the nominal resistance of the section considered including the fabrication, 

material variability and model error, ξDC,ξDW, ξLLIM, ξGDF are the random variables that accounts 

for the uncertainty in factory made dead loads, cast-in-place dead loads, live loads and the girder 

distribution factor respectively.  

F6. Structural Reliability Analysis 

A reliability analysis was conducted using the MCS approach to assess the probability of 

failure taking into account the inherent uncertainties of the different design parameters.   

The basic form of the LRFD formulation is: 

𝑍𝑍(𝑅𝑅,𝑄𝑄) = 𝑅𝑅 − 𝑄𝑄 ≥ 0       (Eq. F.12) 

 Where R is the uncertain structural resistance and Q is the random load effects. 

Both R and Q are treated as random variables in the above equation. In the limit state equation, 

Z is another random variable, which takes the value −Q . If both resistance and the demand are 

assumed to be normally distributed as shown in Figure F.3, the region of failure is the area of 

overlap between both distributions.  

 

Figure F.3 Statistical distribution of Load and Resistance 

Resistance  
(R) 

Load  
(Q) 

Probable failure 
i  
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Since both R and Q are assumed to be normally distribution, random variable Z is also 

normally distributed. The failure probability can be estimated by 

𝑃𝑃𝑓𝑓 = Ф(−𝛽𝛽)       (Eq. F.13) 

Where β is the reliability index characterized by: 

𝛽𝛽 =
𝜇𝜇𝑍𝑍
𝜎𝜎𝑍𝑍

       (Eq. F.14) 

Where µZ is the mean value of random variable Z and σZ is the standard deviation.  

 
F6.1. Target Reliability Index 

In structural reliability, the target reliability index, βT, corresponds to the allowable 

probability of failure for the specified design objective and the failure mode. Chapter 1 of 

AASHTO-LRFD (2017) provides the guidance on the target reliability index based on ductility, 

redundancy and the operational classification of the structure under consideration. The product 

of the factor of these three parameters (ductility, redundancy, and operational classification) 

results in a load modifier (η) which can be correlated to the reliability index of the girder. The 

minimum values of β for different combinations of span length, girder spacing and girder type 

used in the calibration of AASHTO-LRFD (2017) specifications were approximately 3.0, 3.5, 

3.8 and 4.0 for load modifier of 0.95,1.0,1.05 and 1.1 respectively. The strength limit state load 

factors in AASHTO-LRFD (2017) for steel prestressed beams were calibrated for the target 

reliability of 3.5. 
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The failure of CFRP prestressed beams failing due to rupture of prestressing CFRP is 

sudden and brittle. The load carrying capacity of the CFRP prestressed beams drops to zero once 

it reaches its ultimate capacity.  Allen (1992) suggested to adjust the target reliability by 0.25 for 

member retaining their post-failure capacity and by 0.5 for the member failing suddenly with 

major loss of capacity. Szerszen and Nowak (2003b) also pointed out that the larger the expected 

cost of failure, larger is the value of target reliability. Therefore, in this study, the resistance 

factors are calibrated for a target reliability of 4.0.  

 
F6.2. Monte Carlo Simulation 

Monte Carlo Simulation (MCS) is a widely popular and a robust statistical tool used in 

both engineering and non-engineering fields. In this study, MCS is utilized to evaluate the 

probability of failure for limit state function shown in Eqn. H.12. N number of random variables 

using the statistical descriptors described in the above section were generated for both the 

resistance model and the demand model. Each set of random numbers were then used to compute 

the resistance and the demand of the section under consideration. The failure is defined when the 

demand is greater than the resistance of the section. The probability of failure (Pf) is calculated as 

𝑃𝑃𝑓𝑓 =
𝑛𝑛
𝑁𝑁

  (Eq. F.15) 

where n is the number total number of failed simulations (Ri − Qi < 0) and N is the total 

number of simulations performed (1 million used in this study).  

F6.3. Calibration of Resistance Factors 

The calibration procedure consists of finding the failure probability using the MCS 

approach defined above and calculating the reliability index using the following formula.  
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𝛽𝛽 = −Ф(𝑃𝑃𝑓𝑓)  (Eq. F.16) 

The flowchart of the reliability analysis and calibration of resistance factors, ϕ, is shown 

in Figure F.4. For each design scenario (or configuration), the nominal loads and relevant 

resistance models were determined for the strength limit state. A Monte Carlo simulation was 

performed to find the probability of failure, hence the reliability index. Once the reliability index 

was computed; it was compared with pre-determined target reliability. Although 3.5 is set as the 

target reliability in the AASHTO-LRFD (2017), this target reliability is not uniformly achieved 

for all design configurations. Rather, the calculated reliability for specific bridge configurations 

varies slightly due to rounding of the load and resistance factors and the range of design 

variables considered in the derivation of various variables. As shown in the flowchart, if the 

evaluated reliability is not equal to target reliability for a given limit state, the resistance factors 

are adjusted. 

Once the calibration of resistance factors is completed, reliability indices are calculated 

for designs lying outside the range of those used for the calibration for validation purposes. 
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Figure F.4 Flowchart of the reliability analysis and calibration of resistance factors 

 

Assume ϕ 

Design the girder using 
AASHTO LRFD 

Generate random variates 
according to the distribution 

model and statistical parameters 

Compute load and resistance for 
using randomly generated variable 
and evaluate the limit state function 

Is β > βT? 

Compute failure probability and 
reliability index 

Modify ϕ 

Output results 

Yes 

No 

MCS 
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F6.4. Failure Probability and Reliability Index 

The reliability index obtained by changing the resistance factors for one of the bridge 

from the design space is shown in Figure F.5. The resistance factor for the target reliability 

indices is then obtained by the linear interpolation of the following graph.  

  

Figure F.5 Reliability index versus resistance factors (Type BT72-140 ft)  

To validate the proposed resistance factors for all the materials used in this project, one of 

the interior beams of the bridge configuration was designed using prestressing CFRP bar. Figure 

F.6 shows the comparison of obtained reliability index for varying resistance factor for CFRP 

cable and bar. The level of jacking for CFRP cable prestressed beam is higher than that in the 

CFRP bar prestressed one. The design strength is also 16 % lower for the CFRP bar. This result 

shows no significant differences on the reliability indices for prestressing CFRP cable and bar. 

Therefore, the reliability study was only performed on the beams designed using the prestressing 

CFRP cable. The resistance factors obtained can be applied for both cables and bars.  

𝛽𝛽𝑇𝑇 = 4.0      

𝜙𝜙 = 0.8 
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Figure F.6 Reliability index Vs. resistance factors for girder prestressed with CFRP cable and 
bar 

Figure F.7 shows the reliability index vs. resistance factors for all the girders considered 

in the design space. An observation of the figures reveals that the exterior girders exhibit lower 

reliability compared to the interior girders of the same bridge. This is attributed to higher COV 

for the GDF of the exterior girders since the other random variables from the load and resistance 

model are identical. Table F-11 presents the resistance factors (obtained through extrapolation) 

for the interior girders. The resistance factor varies from 0.90 for target reliability of 3.8 to 0.80 

for target reliability of 4. The resistance factor of 0.85, and 0.8 for a reliability index of 3.8 and 4 

is found to be appropriate for interior girder failing due to CFRP rupture. 
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 Figure F.7 Reliability index Vs. resistance factors for all girders in design space 

Table F-11 Resistance Factors for Interior Girders 

Section Type Span 
Length (ft.)  

Girder 
Spacing 

(ft.) 
Target 
Beta 

Resistance 
Factor 

Type I 40 6 
3.8 0.90 

4.0 0.85 

Type I 60 6 
3.8 0.88 

4.0 0.83 

Type III 80 9 
3.8 0.87 

4.0 0.82 

Type IV 100 8 
3.8 0.85 

4.0 0.80 

BT72 140 6 
3.8 0.86 

4.0 0.80 
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F6.5. Verification of Calculated Reliability Index 

The concept of the comparative reliability method can be applied to the highway girders 

prestressed with prestressing CFRP. In highway bridge girder, the load model or demand model 

does not depend on the type of the prestressing material. It only depends on the section and 

structural configuration of the girders. Therefore, load model or demand model for girders 

prestressed with prestressing CFRP and steel is identical. However, because of the differences in 

material properties, the resistance model will not be the same. This variation impacts the 

resistance factor for different target reliability levels considered. As we all know, the resistance 

factors for the prestressed steel members are well-established. The strength reduction factors, as 

well as the statistical parameters for the resistance model as shown in Table F-12, are adopted 

from Nowak (1999), which was a study done on the calibration of resistance factors for steel 

prestressed members according to the LRFD method. The statistical parameter for CFRP 

prestressed members is calculated from the database compiled by this research project.  

Since the coefficient of variation (COV) of two members being compared is less than 

0.30, the formulation of the comparative reliability method adopted from Zadeh and Nanni 

(2013) is  

ln �Φ1
Φ2

λ2
λ1
�

�δ1
2 + δ2

2
=
δ2 − δ1
δ2 + δ1

βT       (Eq. F.17) 

where Φ1and Φ2  are resistance factor, λ1 and λ2 are bias of model uncertainties, δ1 and 

δ2 are the COV of model uncertainties for material 1 and 2 respectively and βT is the target 

reliability index being computed 

The result of the calculation is tabulated in Table F-12. 
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Table F-12 Strength reduction factors computed using comparative reliability method 

Material Bias (λ) COV(𝛿𝛿 ) Target Reliability 
index (𝛽𝛽 ) 

Resistance 
factor (Φ) 

Steel 1.01 0.06 3.5 1.00 

CFRP 
1.152 0.138 3.8 0.91 

1.152 0.138 4.0 0.88 
 

The resistance factor computed using comparative reliability is consistent with the value 

computed above for the target reliability of 3.8 and 4.  

F7. Summary and Conclusions 

Because of the brittle nature of CFRP, target reliability higher than that for the 

conventional steel prestressed beam is recommended. For the girders failing due to CFRP rupture 

and a reliability index of 4, the resistance factor of 0.8 is found to be appropriate from the 

reliability analysis. However, given the nature of failure of CFRP prestressed beams, a lower 

resistance factor of 0.75 is recommended. The resistance factor of 0.75 for compression controlled 

(concrete crushing) is also proposed based on the existing AASHTO-LRFD (2017) provision. The 

proposed resistance factor of 0.75 for tension controlled (CFRP rupture) is conservative than that 

observed from the analysis as well as it is similar to compression controlled eliminating the transition 

region. The failure of the beams with fully unbonded CFRP is attributed to concrete crushing. 

Therefore, the resistance factor provision for concrete crushing (0.75) is applicable. 

Notations 

𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃  Cofficient of variation of professional factor 
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de  distance from the exterior girder to the edge of the curb or traffic barrier. 

DF  girder distribution factor  

DMI  distribution factor for interior girder moment taken as the maximum of DM1 and 
DM2 

𝑓𝑓′𝑐𝑐  concrete compressive strength in ksi. 

Kg  longitudinal stiffness parameter 

L  span length in ft 

𝑀𝑀𝐷𝐷𝐷𝐷  moment due to dead loads (pre-cast, cast in place and non-structural 
attachments) 

𝑀𝑀𝐷𝐷𝑊𝑊  moment due to the wearing surfaces and utilities 

𝑀𝑀𝐿𝐿𝐿𝐿  moment due to vehicular live load per lane 

𝑀𝑀𝐼𝐼𝐼𝐼  vehicular dynamic load allowance per lane. 

Mn  the nominal resistance of the section considered including the fabrication, 
material variability and model error 

N  number of random variables 

n  number total number of failed simulations 

𝑃𝑃𝑓𝑓  Failure probablity 

Q  the random load effects 

R  the uncertain structural resistance 

S  girder spacing in ft 

ts  thickness of concrete deck in ft 

α  Scale parameter  

β  shape parameter 

εcu  The ultimate strain of the outermost fiber of concrete in compression 

Ω  Data confidence factor 

𝜆𝜆𝑃𝑃  Bias of professional factor 

λ1  Bias of model uncertainties for material 1 

λ2  Bias of model uncertainties for material 2 

𝜇𝜇  mean 

µZ  mean value of random variable Z  

𝜎𝜎  standard deviation 
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σZ  standard deviation of random variable Z 

ξDC  random variables that accounts for the uncertainty in factory made dead loads 

ξDW  random variables that accounts for the uncertainty in cast-in-place dead loads 

ξLLIM  random variables that accounts for the uncertainty in live loads 

ξGDF  random variables that accounts for the uncertainty in girder distribution factor 

β  reliability index 

βT  target reliability index 

Φ1  resistance factor for material 1 

Φ2  Resistance factor for material 2 

δ1  COV of model uncertainties for material 1 

δ2  COV of model uncertainties for material 2 

 

  



NCHRP 12-97 
 

F-35 
 

References 

AASHTO. (1994). AASHTO LRFD Bridge Design Specifications, Washington, DC, USA. 

AASHTO. (2005). AASHTO LRFD Bridge Design Specifications, Washington, DC, USA. 

AASHTO. (2017). AASHTO LRFD Bridge Design Specifications, Washington, DC, USA. 

Abdelrahman, A. A., & Rizkalla, S. H. (1997). Serviceability of Concrete Beams Prestressed by 
Carbon. ACI Structural Journal, 94(4). 

ACI Committee 318, (2014). Building Code Requirements for Structural Concrete (ACI 318-14) 
and Commentary. American Concrete Institute, Farmington Hills, MI. 

ACI 440.4R-04. (2011). Prestressing Concrete Structures with FRP Tendons (Reapproved). 
American Concrete Institute, Farmington Hills, MI. 

Allen, D. E. (1992). Canadian highway bridge evaluation: reliability index. Canadian Journal of 
Civil Engineering, 19(6), 987-991. 

ASTM D7290 (2017). Standard Practice for Evaluating Material Property Characteristic Values 
for Polymeric Composites for Civil Engineering Structural Application. American 
Society for Testing and Materials, West Conshohocken, PA. 

BridgeTech, Tennessee Technological University, Mertz, D. (2007). Simplified live load 
distribution factor equations. NCHRP Rep. No. 592, National Cooperative Highway 
Research Program (NCHRP), Transportation Research Board (TRB), Washington, DC. 

Burke, C. R., & Dolan, C. W. (2001). Flexural Design of Prestressed Concrete Beams using FRP 
Tendons. PCI Journal, 76-87. 

CAN/CSA-S6-06. (2014). Canadian Highway Bridge Design Code. Canadian Standards 
Association, Toronto, Ontario, Canada, 1078. 

CAN/CSA-S806-12. (2012). Design and Construction of Building Components with Fibre-
Reinforced Polymers. Canadian Standards Association, Toronto, Ontario, Canada, 206. 

Cornell, C. A. (1969). Structual Safety Specification Based on Second-Moment Reliability 
Analysis. In Final Report, Symp on Concepts of Safety of Structures and Methods of 
Design, Zurich, IABSE, London. 

Dolan, C. W., & Swanson, D. (2002). Development of Flexural Capacity of a FRP Prestressed 
Beam with Vertically Distributed Tendons. Composites Part B: Engineering, 33(1), 1-6. 

Forouzannia, F., Gencturk, B., Dawood, M., & Belarbi, A. (2015). Calibration of Flexural 
Resistance Factors for Load and Resistance Factor Design of Concrete Bridge Girders 



NCHRP 12-97 
 

F-36 
 

Prestressed with Carbon Fiber–Reinforced Polymers. Journal of Composites for 
Construction, 20(2), 04015050. 

fib Special Activity Group 5. (2012). Model Code 2010 - Final draft, Volume 1, fib Bulletin 65, 
Comite Euro-International du Beton (CEB), Paris, 350. 

fib Special Activity Group 5. (2012). Model Code 2010 - Final draft, Volume 2, fib Bulletin 66, 
Comite Euro-International du Beton (CEB), Paris, 370. 

Grubb, M. A., Corven, J. A., Wilson, K. E., Bouscher, J. W., & Volle, L. E. (2007). Load and 
Resistance Factor Design (LRFD) For Highway Bridge Superstructures-Design Manual 
(No. FHWA-NHI-08-048). 

JSCE-CES23. (1997). Recommendation for Design and Construction of Concrete Structures 
using Continuous Fiber Reinforcing Materials, Concrete Engineering Series 23. A. 
Machida (Ed.). Research Committee on Continuous Fiber Reinforcing Materials, Tokyo, 
Japan, 325. 

Kakizawa, T., Ohno, S., & Yonezawa, T. (1993). Flexural Behavior and Energy Absorption of 
Carbon FRP Reinforced Concrete Beams. Special Publication, 138, 585-598. 

Kim, Y. J., & Nickle, R. W. (2016). Strength Reduction Factors for Fiber-Reinforced Polymer-
Prestressed Concrete Bridges in Flexure. ACI Structural Journal, 113(5), 1043. 

Kulicki, J. M., & Mertz, D. R. (1988). Development of comprehensive bridge specifications and 
commentary, NCHRP Project 12-33. Transportation Research Board, Washington, D.C. 

Mutsuyoshi, H., & Machida, A. (1993). Behavior of Prestressed Concrete Beams using FRP as 
External Cable. Special Publication, 138, 401-418. 

Nowak, A.S. and Szersen, M.M., (2003). Calibration of Design Code for Buildings (ACI 318): 
Part 1 – Statistical Models for Resistance, ACI Structural Journal, Vol.100, No. 3, pp. 
377-382. 

Nowak, A.S. (1993). Live Load Model for Highway Bridges, Structural Safety, 13 (1-2), 53-66. 

Nowak, A.S. (1999). Calibration of LFRD Bridge Design Code, NCHRP Report 368. 
Transportation Research Board, Washington, D.C. 

Okeil, A.M., Belarbi, A., and Kuchma, D.A. (2012). Reliability Assessment of FRP-
Strengthened Concrete Bridge Girders In Shear. Journal of Composites for Construction, 
Vol. 17, No. 1, pp. 91-100. 

Park, S. Y., & Naaman, A. E. (1999). Shear Behavior of Concrete Beams Prestressed with FRP 
Tendons. PCI Journal, 44(1), 74-85.  



NCHRP 12-97 
 

F-37 
 

Selvachandran, P., Anandakumar, S., & Muthuramu, K. L. (2017). Influence of Deformability 
Behavior in Prestressed Concrete Beams using Carbon-Fiber-Reinforced Polymer 
Tendon. PCI Journal. 

Sevil Yaman, T. (2016). Behaviour of precast concrete beams prestressed with CFRP 
strands. Građevinar, 68(10.), 775-786. 

Shield, C. K., Galambos, T. V., and Gulbrandsen, P. (2011). On the history and reliability of the 
flexural strength of FRP reinforced concrete members in ACI 440.1 R. Proc., 10th Int. 
Symp. on Fiber-Reinforced Polymer Reinforcement for Concrete Structures, ACI, 
Farmington Hills, MI, Vol. 275, pp. 1–18. 

Stoll, F., Saliba, J. E., & Casper, L. E. (2000). Experimental Study of CFRP-Prestressed High-
Strength Concrete Bridge Beams. Composite Structures, 49(2), 191-200. 

SimTREC Design Manual No. 5, (2008). Prestressing Concrete Structures with FRPs, 
Intelligent Sensing for Innovative Structures Canada Corporation (ISIS), Winnipeg, 
Manitoba, Canada, 147. 

Szerszen, M. M., & Nowak, A. S. (2003). Calibration of Design Code for Buildings (ACI 318) 
Part 2: Reliability Analysis and Resistance Factors. Ann Arbor, 1001, 48109-2125. 

Zadeh, H. J., & Nanni, A. (2013). Reliability analysis of concrete beams internally reinforced 
with fiber-reinforced polymer bars. ACI Structural Journal, 110(6), 1023. 



NCHRP 12-97 
 

F-38 
 

 

 

 

 

 

 

 

 Note: The blank cell means the parameter is not applicable to the corresponding cross-section. 
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Material and section properties used in calculation of professional factor 

 All dimensions in inches 
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T 

15.0 
 

7.4 0.12 218 151 0.011 20500 9.5 2 
    

2 10 
    

9.5     2     

Strawman
2 16.0 

 
4.6 0.08 277 154 0.013 21800 9.5 2 

    
2 10 

    
9.5     2     

Strawman
3 R 10.0 

 
4.6 0.08 277 154 0.013 21800 7.1 9 

          
8.0     1     

7 C1-H T 32.0 
 

6.3 0.08 264 148 0.012 21175 48.0 6 
    

4.5 16 
    

20.0 18.0 16.0 14.0 12.0 1 1 1 1 1 



NCHRP 12-97 
 

F-40 
 

C2-H 32.0 
 

6.3 0.08 264 148 0.012 21175 48.0 6 
    

4.5 16 
    

20.0 18.0 16.0 14.0 12.0 1 1 1 1 1 

8 

B1 

R 

6.3 
 

13.8 0.02 319 175 0.014 23350 4.3 8 
          

6.7     2     

B2 6.3 
 

12.2 0.02 319 175 0.014 23350 4.3 8 
          

6.7     2     

B3 6.3 
 

13.5 0.02 319 223 0.014 23350 4.3 8 
          

6.7     2     

B4 6.3 
 

14.5 0.02 319 223 0.014 23350 4.3 8 
          

6.7     2     

B5 6.3 
 

15.0 0.02 319 223 0.014 23350 4.3 8 
          

6.7     2     

B6 6.3 
 

11.9 0.02 319 223 0.014 23350 4.3 8 
          

6.7     2     

B8 6.3 
 

12.0 0.02 319 223 0.014 23350 4.3 8 
          

6.7     2     

B9 6.3 
 

11.1 0.02 319 223 0.014 23350 4.3 8 
          

6.7     2     

9 
Beam 1 

T 
10.0 

 
10.9 0.18 470 221 0.021 22480 36.0 3 

    
12 9 

    
10.0     2     

Beam 2 10.0 
 

10.9 0.18 470 221 0.021 22480 36.0 3 
    

12 9 
    

10.0     2     

10 

CFB1-2-
H-0.61 

R 

9.8 
 

8.9 0.11 275 168 0.015 17984 5.9 10 
          

9.8     2     

CFB3-1-
H-0.35 9.8 

 
8.9 0.11 275 85 0.015 17984 5.9 10 

          
7.9     1     

CFB4-1-
H-0.70 9.8 

 
8.9 0.11 275 193 0.015 17984 5.9 10 

          
7.9     1     

CFB2-2-
V-0.48 9.8 

 
8.9 0.11 275 132 0.015 17984 5.9 10 

          
7.9 7.1    1 1    

11 

CPrSM1 

A 

38.5 12 4.2 0.22 340 168 0.020 17650 36.0 8 12 4 3 3 6 11 5 5 16 5 33.3 31.3    6 2    

CPrSM2 38.5 12 11.7 0.22 340 168 0.020 17650 36.0 8 12 4 3 3 6 11 5 5 16 5 33.3 31.3    6 2    

CPrSF 38.5 
 

10.9 0.22 340 168 0.020 17650 36.0 8 12 4 3 3 6 11 5 5 16 5 33.3 31.3    6 2    

BPrSM1 38.5 9 10.4 0.20 275 150 0.013 20680 36.0 8 12 4 3 3 6 11 5 5 16 5 33.3 31.3    6 6    

BPrSM2 38.5 11 8.9 0.20 275 150 0.013 20680 36.0 8 12 4 3 3 6 11 5 5 16 5 33.3 31.3    6 6    

BPrSF 38.5 
 

9.4 0.20 275 150 0.013 20680 36.0 8 12 4 3 3 6 11 5 5 16 5 33.3 31.3    6 6    

BPrpSM 38.5 
 

10.1 0.20 275 150 0.013 20680 36.0 8 12 4 3 3 6 11 5 5 16 5 33.3 31.3    6 6    

CPouDM
1 38.5 

11 11.5 
0.35 313 179 

  
36.0 8 12 4 3 3 6 11 5 5 16 5 31.0 26.0 21.0   3 1 1   

CPouDM
2 38.5 0.35 313 179 

  
36.0 8 12 4 3 3 6 11 5 5 16 5 31.0 26.0 21.0   3 1 1   
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