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     The demand for the development of a more efficient and durable transportation 

infrastructure is among the priorities of highway authorities worldwide.  In the United 

States, the economic impact of steel corrosion for concrete highway bridges is estimated 

to exceed 15 percent of the total annual costs. Glass fiber reinforced polymer (GFRP) is 

highly suitable as internal reinforcement for structures subjected to corrosive 

environments.  

     A number of projects have demonstrated its viability as an alternative reinforcement 

for bridge decks and design provisions are currently available in several countries. 

Nowadays, manufacturers can produce standard bar bends which can be applied to design 

and construct bridge components, such as pile caps and traffic barriers.  The 

implementation of GFRP requires addressing changes in the current design philosophy 

for bridge structures.         

     Whereas the overall goal of the research program is to make new technology available 

to bridge owners and professionals, this thesis provides principles and procedures for the 

design of highway concrete bridge components reinforced with GFRP bars. 
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CHAPTER 1 

INTRODUCTION  

 

 

1.1 RESEARCH SIGNIFICANCE 

 
     The corrosion of structures has a significant impact on the economy, including 

infrastructures, utilities, production and government. Many studies, both in the United 

States and abroad, have addressed the cost of corrosion. A benchmark study conducted 

by CC Technologies and Federal Highway Administration (FHWA), estimated the total 

direct cost of corrosion to be $276 billion per year, which corresponds to 3.1 percent of 

the U.S. gross domestic product 1. Civil infrastructure facilities deteriorate due to aging, 

overuse, misuse, exposure to aggressive environments, and lack of maintenance.  

     The infrastructure category is divided by the U.S. Department of Transportation into 

the following industry sectors: (1) highway bridges, (2) gas and liquid transmission 

pipelines, (3) waterways and ports, (3) hazardous materials storage, (5) airports, and (6) 

railroads. According to the 2012 National Bridge Inventory Database (NBI) 2, the total 

number of highway bridges in the United States is approximately 600,000. Over two 

hundred million trips are taken daily across deficient bridges in the nation’s 102 largest 

metropolitan regions. In total, one in nine of the nation’s bridges is rated as structurally 

deficient, while the average age of the nation’s 607,380 bridges is currently 42 years. The 
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vast majority of these structures built since 1950 are the reinforced-concrete and steel 

bridges, and many are subject to significant deterioration due to corrosion.  

     The dollar impact of corrosion on highway bridges is considerable: the annual direct 

cost for highway bridges is estimated to be 16.4 percent of the total infrastructure cost, 

consisting of $3.79 billion for the annual cost to replace structurally deficient bridges 

over the next 10 years, $2.00 billion for maintenance of concrete bridge decks, $2.00 

billion for maintenance of other bridge components and $0.50 billion for the painting cost 

for steel bridges 1.   

           The American Society of Civil Engineers (ASCE) is committed to protecting the 

health, safety, and welfare of the public, and as such, is equally committed to improving 

the nation’s public infrastructure. Once every four years, America’s civil engineers 

provide a comprehensive assessment of the nation’s major infrastructure categories 

through the ASCE’s Report Card for the U.S. infrastructure 3. In 2013, the cumulative 

grade was D+. With the overall number of deficient structures continuing to trend 

downward, the grade for bridges was C+ (Figure 1.1). The Florida Section of ASCE 

released the original Report Card for Florida’s Infrastructure in 2008. Regrettably most of 

the category grades have stayed the same of gotten worse since that time.   

     The national goal is to decrease the number of just structurally deficient bridges to 8 

percent by 2020 and decrease the percentage of the population driving over all deficient 

bridges by 75 percent by 2020. The challenge for federal, state, and local governments is 

to increase bridge investments by $8 billion annually to address the identified $76 billion 

in needs for deficient bridges across the United States. 
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     The Florida Department of Transportation (FDOT) is an executive agency acting to 

coordinate the planning and development of the transportation system in the state of 

Florida. FDOT submits a 5-year work program that includes all transportation projects 

planned for each fiscal year. It is a plan developed to maximize the department’s 

production and service capabilities through innovative use of resources, increased 

productivity, reduced cost, and strengthened organizational effectiveness and efficiency. 

The work program for the year 2014/2015 through 2018/2019 consists of 6,987 projects, 

including the construction of 762 lane miles of roadway, reparation of 190 bridges and 

replacement of 76 bridges. 

     Better corrosion management can be achieved using preventive strategies at every 

level of involvement (owner, operator, user, government, federal regulators and general 

public). These strategies include the increase awareness of large corrosion costs and 

potential savings, change of policies, regulations, standards, management practices, 

advance of design practices and technology through research, development, and 

implementation. 

     Sustainability, resiliency, and ongoing maintenance must be an integral part of 

improving the nation’s infrastructure. Infrastructure systems must be designed to protect 

the natural environment and withstand both natural and man-made hazards, using 

sustainable practices, to ensure that future generations can use and enjoy what we build 

today. Additionally, research and development should be funded to develop new, more 

efficient methods and materials for building and maintaining the nation’s infrastructure.  

New technologies to prevent corrosion continue to be developed and they are available to 

further lower costs. GFRP acceptance can reduce significantly direct and indirect costs of 
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maintenance, rehabilitation, replacement of systems, and loss of productivity due to steel 

corrosion. 

      

Figure 1.1 - 2013 ASCE Report Card for bridges.  

 

1.2 MATERIAL CHARACTERIZATION 

 

     Glass fiber reinforced polymer (GFRP) is a composite materials. The word 

“composite” means “consisting of two or more distinct parts”. However, a material is 

considered composite when the composite properties are noticeably different from the 

constituent properties 4.    

     GFRP is lightweight, high strength and does not corrode. It consists on a reinforcing 

phase (fibers) embedded into a matrix (polymer). The fibers provide strength and 

stiffness while the resin encapsulates them, thus transferring stresses and providing 

protection. Fibers commonly used to make FRP bars are glass, carbon, basalt and aramid. 

Glass fibers offer an economical balance between cost and specific strength properties; 

this makes them preferable in most reinforced concrete (RC) applications. Glass fiber is 

primarily made from silica sand and is commercially available in different grades. The 
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most common types of glass are electrical (E-glass), high-strength (S-glass), and alkali-

resistance (AR-glass). Matrices are typically thermosetting resins such as epoxies, 

polyesters, and vinyl esters. In their initial form, thermoset resins are usually liquids or 

low melting-point solids and they are cured with a catalyst and heat, or a combination of 

the two. Unlike thermoplastic resins, once cured, solid thermoset resins cannot be 

converted back to their original liquid form or reshaped. Vinyl ester resins are generally 

coupled with glass fibers.  

     The typical cross-sectional shape of the bar is solid and round, but hollow and other 

shapes are available. The most common techniques used to manufacture GFRP bars is 

pultrusion. It is a continuous molding process that combines fiber reinforcement and 

thermosetting resin. This process is ideal for the continuous fabrication of composite 

parts that have a constant cross-sectional profile, such as bars. During pultrusion, the 

fibers are wetted in a resin bath consisting in accelerators, fillers catalysts and wetting 

agents. Following curing, the hardened GFRP product is cooled while being gripped and 

pulled by the pull mechanism, and cut to the required length. Finally, a bar surface 

deformation or texture, such as wound fibers, sand coatings, and separately formed 

deformations, is induced so that mechanical bonding is developed between GFRP rebar 

and concrete (Figure 1.2). The average production output of pultrusion process ranges 

from 1 to 5 linear ft/min (0.3 to 1.52 m/min) 5. 
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Figure 1.2 - Surface deformation patterns for commercially available GFRP bars: ribbed 

(top); sand-coated (middle); and wrapped and sand-coated (bottom). 

 

     GFRP bar size is designated by a number corresponding to the approximate nominal 

diameter in eighths of an inch, similar to standard ASTM steel reinforcing bars 6. There 

are 10 standard sizes. When the GFRP bar is not of the conventional solid round shape 

(that is, rectangular or hollow), the outside diameter of the bar or the maximum outside 

dimension of the bar will be provided in addition to the equivalent nominal diameter. 

With the various grades, sizes, and types of FRP bars available, it is necessary to provide 

some means of easy identification.  An example of standard identification symbols is: 

 

XXX - G#4 - F100 - E6.0,   where: 

XXX = manufacturer’s symbol or name; 

G#4 = glass FRP bar No. 4 (nominal diameter of 1/2 in. (12 mm)); 

F100 = strength grade of at least 100 ksi (ffu* � 100 ksi (689 MPa)); 

E6.0 = modulus grade of at least 6,000,000 psi (41 GPa). 
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     GFRP bars have a density around 60 to 150 lb/ft3 (1 to 2.5 g/cm3), one-sixth to one-

fourth that of steel. GFRP is anisotropic, linear, elastic until failure and characterized by 

high tensile strength only in the direction of the fibers, with no yielding.  If compared to 

steel, GFRP bars offer higher tensile strength but lower ultimate tensile strain (no 

yielding) and lower tensile modulus of elasticity (Figure 1.3). Because the resin has a 

much lower strength than the fibers, the ratio of the volume of fiber to the overall volume 

of the GFRP (fiber-volume fraction) significantly affects the tensile properties of a GFRP 

bar 6. The tensile strength of GFRP bars vary with its diameter, while the longitudinal 

modulus does not change appreciably.  Usually, a normal (Gaussian) distribution is 

assumed to represent the strength of a population of bar specimens 7. Manufacturers 

should report a guaranteed tensile strength, defined as the average strength minus three 

times the standard deviation, and similarly report a guaranteed rupture strain, and a 

specified tensile modulus. These guaranteed values of strength and strain provide a 99.87 

percent probability that the indicated values are exceeded by similar GFRP bars, provided 

that at least 25 specimens are tested 8. 

     Due to the GFRP anisotropic and nonhomogeneous nature, the compressive modulus 

is lower than the tensile one. The compressive strength and compressive modulus are 

respectively around 50 percent and 80 percent of its tensile values. The mode of failure 

for GFRP bars subjected to longitudinal compression can include transverse tensile 

failure, fiber micro-buckling, or shear failure 6  There is still little experience in the use 

of GFRP reinforcement in compression members and for moment frames or zones where 

moment redistribution is required.  
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     The behavior of GFRP bars under transverse shear loading is mostly influenced by the 

properties of the matrix. GFRP bars are generally weak in transverse shear. Typical 

transverse shear strength ranges between 4.3 and 7.3 ksi (30 to 50 MPa). Bond stresses at 

the GFRP bar/concrete interface are transferred by chemical bond (adhesion resistance of 

the interface), friction, and mechanical interlock due to irregularity of the interface. In the 

GFRP bar, bond stresses are transferred through the resin to the reinforcement fibers. The 

bond behavior of a bar is, therefore, limited by the shear strength of the resin. Typical 

bond strength fluctuate around 1.5 ksi (10.3 MPa).  

     When subjected to a sustained tensile load, GFRP undergoes progressive 

deformations, which may ultimately lead to failure (creep rupture) after a period of time 

called “endurance time”. Test results showed that the percentage of initial tensile strength 

retained, linearly extrapolated at the 50-year endurance time, was about 30% for GFRP. 

Providers specify ultimate and sustained loads.   

     There is a strong relation between the mechanical properties and the environmental 

conditions. Under harsh environmental conditions (presence of water, high temperature, 

high exposure to UV light, and high alkalinity) tensile strength, bond resistance and 

endurance limits may reduce significantly. Durability studies conducted over the last 

decade indicate that the mechanical properties of GFRP used as internal reinforcement 

for concrete structural members decrease with time 9.  The exposure conditions consist of 

moisture fluctuations, freeze-thaw effects, temperature cycles, pH variations, and 

ultraviolet (UV) radiation. The degree of reduction in GFRP properties under varying 

environmental conditions depends on various factors such as type of fibers and resins, 

fiber sizing chemistry, cure conditions, quality control during manufacturing, and the 
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severity if external environmental agents. The type and quality of concrete influence the 

durability if GFRP reinforced concrete members.  

 

Figure 1.3 - Stress-strain diagram for steel and FRP beams. 

 
1.3 MATERIAL CHALLENGES 

 

     Plain concrete is strong in compression, but weak in tension. For this reason, it was 

originally used for simple, massive structures, such as foundations, bridge piers, and 

heavy walls. Over the second half of the nineteenth century, designers and builders 

developed the technique of embedding steel bars into concrete members in order to 

provide additional capacity to resist tensile stresses. This pioneering effort has resulted in 

what we now call reinforced concrete (RC). Until a few decades ago, steel bars were 

practically the only option for reinforcement of concrete structures. The combination of 
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steel bars and concrete is mutually beneficial. Steel bars provide the capacity to resist 

tensile stresses. Concrete resists compression well and provides a high degree of 

protection to the reinforcing steel against corrosion as a result of its alkalinity.      

     Combinations of chlorides (depassivation of steel) and CO2 (carbonation of concrete) 

in presence of moisture produce corrosion of the steel reinforcement. This phenomenon 

causes the deterioration of the concrete and, ultimately, the loss of the usability of the 

structure. Over the second half of the 1900s, the deterioration of several RC structures 

due to the chloride-ion induced corrosion of the internal steel reinforcement became a 

major concern. Various solutions were investigated for applications in aggressive 

corrosion environment. These included galvanized coatings, electrostatic spray fusion-

bonded (powder resin) coatings, and polymer-impregnated concrete epoxy coatings. 

Eventually, fiber-reinforced polymer (FRP) reinforcing bars were considered as an 

alternative to steel for internal reinforcement of concrete.  

     The use of FRP systems for design of RC elements has become a viable technique, 

which was commercially introduced in the 90's 10. Since then, numerous research studies 

have been conducted in order to analyze, study and comprehend the properties of these 

materials and their optimal uses.  

   The production of bar bends remains a challenge to GFRP bar manufacturers, and 

scarce information is available in the technical literature related to the method of 

production and available dimensions 4. As research is developing, manufacturers start 

providing custom bends by forming the bar prior to the thermoset resin polymerization. 

Hence, it is possible to form a bar into J-shape, U-shape or a continuous spiral (Figure 

1.4), widening the window of application of the GFRP technology. Bends must be 
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incorporated during manufacturing, because bars cannot be bent after curing when a 

thermoset resin is used. An exception to this would be a GFRP bar with a thermoplastic 

resin that could be reshaped with the addition of heat and pressure.  

     Current standards prescribe a strength reduction from 40 to 50 percent for GFRP bars 

produced with bends compared with the tensile strength of a straight bar 6. ACI and 

AASHTO define the minimum values of inside bend radius for GFRP bars. 

Manufacturers, usually define the minimum specified longitudinal tensile stress 

resistance and tensile loads for bent bars, based on experimental results. Figure 1.4 shows 

the bent bars used for the construction of the I-635 bridge deck over State Ave. in Kansas 

City. 

 

       
 

Figure 1.4 - (a) Bent bars in I-635 bridge deck over State Ave. in Kansas City (b) typical 

failure mode of a bent GFRP. 

 

1.4 THE ROLE OF LCC/LCA 

 

The increasing concerns regarding long term performance, environmental and health 

impacts of construction materials in the last decade has incentivized the development of 
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alternative environmentally-benign material systems; where the material selection has 

become a critical component in the decision making process during the design stage of a 

construction project 52. This trend is reflected in the increasing number of green building 

projects on existing buildings through the United States Green Building Council’s 

(USGBC) Leadership in Energy and Environmental Design (LEED) United States Green 

Building Council, (USGBC) 53. Additionally, the interest and funding of private and 

government agencies, such as the National Science Foundation (NSF) 

Industry/University Cooperative Research Center for the Repair of Buildings and 

Bridges, reflects the significance of sustainable construction materials 54. GFRP has 

become an interesting alternative and it has attracted increasing attention for applications 

in the construction of new bridges. The benefits brought by lightweight, high-strength 

GFRP materials to these applications are well recognized.  Despite the advantages 

offered by GFRP, it might seem unattractive due to their relative high initial cost when 

compared to traditional reinforcing materials such as steel. The reality, is that are initial 

cost is only a small portion of the total cost that should be considered. Life-cycle cost 

(LCC) analysis, which sums up the total life-cycle cost including all costs from 

acquisition to demolition, is an evaluation method to assess the economic viability of 

projects. In addition, the environmental impact of bridges in a life-cycle perspective has 

gained attention from bridge authorities due to today's extensive resource consumptions. 

Life-cycle assessment (LCA) is used to assess the environmental impacts of a product 

from cradle to grave. The emergence of the Life Cycle Assessment (LCA) and Life Cycle 

Cost (LCC) methods in construction is the effect of the growing awareness that 

environmental problems require a comprehensive assessment and intervention. In the 
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United States, state and federal agencies use these methodologies to justify innovative 

materials and new technologies. Together, LCC and LCA analyses are valuable tools for 

aiding in the decision-making process in order to achieve cost efficient and/or 

environmental friendly infrastructure projects. To this end, in order to truly evaluate and 

understand the full benefits when implementing composite technologies instead of 

traditions materials to reinforce reinforced concrete, LCC and LCA are essential tools 

that need to be implemented. 

 

1.5 OBJECTIVES 

 

     The information presented in this work is part of a more extensive research program, 

which overall goal is to make the technology of bridge reinforcement with composites 

fully available to bridge owners and professionals. Concrete and steel are the main 

construction materials used in bridge engineering. Degradation related to corrosion of 

steel reinforced concrete members exposed to harsh environmental conditions 

compromise the durability of bridges. Consequently, the cost of replacement and 

maintenance leads to a significant impact on the economy of many countries.   The use of 

GFRP bars as internal reinforcement for concrete bridge components generates a 

significant potential for extending the service life of these structures.  

   Since GFRP is a practically viable solution to replace steel in different components of 

common highway bridges, the objective of this thesis is to create tools to spread the use 

of GFRP as internal reinforcement.  

   In this thesis the basic principles to understand the material properties and the design 

philosophy of GFRP RC members are discussed. Recent research advances and standard 



14 
 
 
 

 
 

procedures are implemented in order to set up a simple method for the design of GFRP 

RC components. A design example and a field application are developed in accordance 

with state and federal requirements to evaluate the viability of this construction 

technology.  

 

1.6  THESIS OUTLINE 

 

     Articulated in two studies and supported by five appendices, the dissertation 

investigates the viability of structural bridge components designed with GFRP 

reinforcement. Study 1 introduces a protocol for the use of GFRP bars in elements of 

highway bridges. Design and verification are performed according to current provisions 

in a MathCad language. A procedure for the design of concrete cast-in-place deck and 

pier cap is implemented.  Three case studies reported in the Appendices A, B and C 

demonstrate the validity of the design tool developed and the viability of GFRP to 

reinforce concrete bridge components exposed to aggressive environmental conditions. 

     Study 2 introduces a reinforcement layout for concrete parapets using GFRP bent bars. 

The design is performed with the strength-convergence procedure in MathCad language, 

based on recent research programs of similar types of connections. The most relevant 

reinforcement layouts for different types of traffic barriers are reported in Appendix E. 

Results showed that the proposed methodology is simple, effective and reliable. The 

basic principles for traffic barrier design are introduced and a design example is outlined 

in Appendix A.  
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                                            CHAPTER 2 

STUDY 1_DESIGN TOOL FOR GFRP RC 
MEMBERS 

 

 

 

2.1 SUMMARY 

 

     The majority of applications utilize GFRP bars to mitigate the risk of corrosion in 

concrete structures that operate in aggressive environments. The service life of these 

types of structures is strictly contingent to the durability of the internal reinforcement. 

Most modern highway bridges contain RC elements. The use of GFRP bars as internal 

reinforcement for concrete structures subjected to aggressive environments generates a 

significant potential for extending the service life of these structures and lowering their 

overall life cycle cost. For this reason, bridges or their components are the most common 

application of GFRP internal reinforcement. 

     More than 190 installations use FRP composites in the United States. In more than 50 

installations, GFRP bars are used in bridge decks. Research and technology advances 

allow to experiment design procedures for others flexural bridge components internally 

reinforced with GFRP bars.  

      Study 1 aims to create a protocol for bridge designers and transportation officials to 

design GFRP RC bridge components mainly subjected to transverse loads. The design 

procedure described in this chapter is implemented to create a MathCad based program, 

which accounts for automated verification of concrete elements reinforced with GFRP 
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bars. The effectiveness of the design tool and the viability of GFRP as internal 

reinforcement for bridge components are demonstrated through three case studies, where 

pile cap and deck reinforcement is designed.  

 

2.2 HIGHWAY BRIDGES 

 

     In highway systems, bridges maintain the continuation of the roadway, for the traffic 

of vehicles and/or pedestrians. The American Association of State and Highway 

Transportation Officials (AASHTO) design specifications defines highway bridges as 

any structure having an opening not less than 20 ft (6.1m) that forms part of a highway or 

that is located over or under a highway 11.  Concrete and steel are the main construction 

materials used in bridge engineering. Most modern small highway bridges are of steel 

reinforced concrete construction and nearly all modern bridges contain RC elements 12. 

Concrete bridges come in all shapes and sizes. Designs can meet whatever functional, 

aesthetic and economic criteria are appropriate to the site location and needs of the client.  

Based on the superstructure type, highway bridges may be recognized as slab bridges (or 

deck bridges), girder (or beam) bridges, arch bridges, truss bridges, cable stayed bridges, 

and suspension bridges. Figure 2.1 shows typical examples of these types of bridges.  

     Span-to-depth ratio has to satisfy safety, serviceability, and constructability 

requirements. It varies with bridge type and span length. Typical ranges of span-to-depth 

ratios for concrete bridges are 22 to 39 for cast-in-place solid slab, 19 to 35 for cast-in-

place voided slab, 17.7 to 22.6 for cast-in-place girder 13. 

     Slab bridges refer to those bridges with a reinforced concrete slab as the superstructure 

without beams. Girders do not apply to this type of construction, since the deck transfers 
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the loads directly to the pier caps or abutments. The slab would have to be thicker than 

the deck in beam bridges, since there are no beams supporting the slab. This would 

increase the self-weight and thus the cost for the bridge. Consequently slab bridges are 

usually short span. Ease of construction resulting from the simplicity makes solid deck 

bridges the most economic type for short span structures. Structures longer than about 35 

ft (11 m) are quite unusual; concrete bridges of this size are usually pre-stressed.12. 

Another exception is very short span shallower structures (typically up to some 6 m or 

19.7 ft span) which can be most economically precast effectively complete as box 

culverts. Above a span of 11 m (about 35 ft), the dead weight of a solid deck bridge starts 

becoming excessive. In these cases, lighter forms of construction are desirable, such as 

voided deck bridges 12.  

     Beam (or girder) bridges represent the most popular highway bridges in the world. 

More than 90% of highway bridges are beam or girder bridges in the United States. 

Girder bridges are applicable in span lengths from approximately 90 to 500 ft (about 25 

to 150 m) 14. The span length of girder bridges usually ranges within 300 ft (91.44m) to 

be cost effective 15.  

     Truss bridges are typical made of steel. Trusses behave as large beams to carry loads, 

but are comprised of discrete members that are subjected primarily to axial loads. The 

members are generally arranged to form a series of triangles that act together to form the 

structural system. Trusses are generally not cost-effective for span lengths under 450 ft 

(137.2 m). Below 450 ft (137.2 m) the labor required to fabricate and erect a truss will 

generally exceed any additional material cost required for a deck girder design. The 
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practical upper limit for simple span trusses is approximately 750 ft (228.6 m), while 

continuous trusses begin to be cost-effective when the span length exceeds 550 ft 14.   

     Arches carry loads in a combination of beam action and axial forces. Arches can have 

either trussed or solid ribs. Solid ribbed arches are generally used for shorter spans. 

Trussed arches tend to become economically feasible as the span lengths increase past 

1000 ft (304.8 m) 14.  

     Cable-stayed and suspension bridges are used for long and extremely long span 

bridges. Suspension bridges are also cable-suspended structures but use a different 

system. As with cable stayed structures, suspension bridges rely on high-strength cables 

as major structural elements 14. Cable-stayed bridges have been constructed with main 

span lengths less than 200 ft and extending up to nearly 3000 ft (914.4 m). In the U.S., 

cable-stayed bridges become very cost competitive for main span lengths over 750 ft 

(228.6 m). Prior to 1970, it was generally considered that suspension bridges provided the 

most economical solution for span lengths in excess of about 1200 ft (365.8 m). With the 

development of cable-stayed bridge technology, suspension bridges do not become 

economical until the main span length approaches 3000 ft (914.4 m). 
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Figure 2.1 - (a) RC solid slab bridge (b) RC girder bridge (c) Steel truss bridge (d) RC 

arch bridge (e) RC cable stayed bridge (f) Steel suspension bridge. 

 

     The elements of a typical bridge structure can be classified into two primary 

components, the substructure and the superstructure. The substructure refers to the 

elements of the bridge that transfer the loads from the bridge deck to the ground 

(bearings, abutments, piers, pier caps, foundations). The superstructure refers to the 

elements of the bridge above the substructure, including the deck, supporting members 
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(beams, trusses, girders, arches, or cables), bracing (or diaphragms) and traffic barriers. 

Figure 2.2 shows a schematic representation of typical highway bridge structural 

components. 

     The traffic barriers contain and redirect errant vehicles allowing deceleration to a stop 

at a relatively short distance from the impact section.  The details related to types, 

requirements, loads and design methods are described in Study 2.   

     The deck supports or directly provides a driving surface to vehicle traffic on a 

highway bridge. The surface is required to be aligned and consistent with the roadway 

surface connecting to the bridge for a smooth and comfortable ride. The most popular 

deck system in modern highway bridge construction in the world is the cast-in-place solid 

RC slab composite or non-composite to the supporting members. One of the major 

advantages of this deck system is the ease and speed of construction. The composite 

action increases the load-carrying capacity in supporting beams and thus reduces cost. 

This function also increases the redundancy of the superstructure system and its structural 

system reliability against failure 15. Moreover, the monolithic nature of cast-in-place 

concrete deck allows creating a water-tight surface which can protect other bridge 

components from the accelerated deterioration caused by water leakage. 

     The deck-supporting system transfers the vehicle load and other loads from the deck 

system to the substructure and then to the ground.  In beam bridges, the beams are the 

primary superstructure members supporting the deck and transferring the load to the 

bearings and/or the substructure. The system usually consists of a number of parallel 

beams that form a frame using some connections between them, such as diaphragms and 
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bracings. Examples of beam bridge deck-supporting systems are steel beams, prestressed 

concrete I beams, prestressed concrete box beams adjacent to each other.  

     The bearings serve to accommodate displacements and rotations of the superstructure 

components reducing the forces transferred to the substructure. According to their 

functions, bearings can be categorized as expansion and fixed bearings. Expansion 

bearings allow superstructure displacement on the longitudinal and vertical direction and 

rotations. Fixed bearings refer to those that restrain translation movements but 

accommodate uniaxial or multiaxial rotation. 

     The abutments are the structures supporting the end of end spans connecting to the 

road and retaining the soil behind it. There are usually two abutments for two ends of the 

entire bridge. The AASHTO design specifications categorize abutments according to 

their relation to the approach fill 11: full-depth (or full-height) abutments are typically 

located at the approximate front toe of the approach embankment, restricting the opening 

under the bridge and making the bridge span shorter.  Stub abutments are typically 

located at or near the top of approach fills, usually supported on a pile foundation. 

Compared with full-depth abutments, stub abutments make the bridge span longer.  

Partial-depth (or partial-height or semi-stub) abutments are located approximately at mid-

depth of the front slope of the approach embankment. In other words, they are between 

stub and full-depth abutments with respect to their relation to embankment.  

     A pier cap (or pile cap) provides an intermediate support for the superstructure 

system. Its location determines the span length and the orientation is transverse, or 

partially transverse in presence of skew, to the traffic direction. It is generally a 

reinforced concrete element cast-in-place to form a frame with the piers. 
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     The piers are structures that provide intermediate supports to spans receiving the load 

from the cap, as opposed to abutments, which provide only end supports of the entire 

bridge. RC piers can be single-column, multicolumn, and wall piers 15. Single-column 

piers are referred to as T columns and hammerhead columns depending on the shape or 

appearance. Multicolumn piers are designed as frames in the plane of the pier 

(perpendicular to the longitudinal axis of the bridge if there is no skew), with moment-

resisting connections between the cap and each column. Wall piers use a wall to support 

the superstructure between abutments at the ends of a bridge. They may be pinned or 

fixed or free at the top and are conventionally fixed at the base. Short piers are often 

pinned at the base to eliminate the high moments experienced if otherwise fixed. 

 

 

Figure 2.2 - Schematic representation of typical highway bridge structural components. 
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2.3 STATE OF THE ART: GFRP RC BRIDGE COMPONENTS 

 

     In the United States more than 190 installations use FRP composites. At the moment 

16 states use FRP bars in bridge decks. In Canada, more than 195 installations use FRP 

composites. 190 installations use GFRP bars in bridge decks, parapets, barriers and 

sidewalks 16. The majority of applications utilize GFRP bars to mitigate the risk of 

corrosion in concrete structures that operate in aggressive marine environments or are 

exposed to deicing salts. 

     Up to the mid-1990s, the Japanese had the most FRP reinforcement applications, with 

more 15 than 100 demonstration or commercial projects. In the 2000’s, China became the 

largest user of composite reinforcement for new construction in applications that span 

from bridge decks to underground 16. The use of FRP reinforcement in Europe began in 

Germany with the construction of a prestressed GFRP highway bridge in 1986 17. Since 

the construction of this bridge, 21 programs have been implemented to increase the 

research and use of FRP reinforcement in Europe18. Canadian civil engineers have 

developed provisions for FRP reinforcement in the Canadian Highway Bridge Design 

Code 19 and have constructed a number of FRP RC structures. The Headingley Bridge in 

Manitoba included both CFRP and GFRP reinforcement 20. The Floodway Bridge over 

the Red River in Winnipeg, Manitoba, Canada, was completed in 2006. The bridge 

comprises 16 spans, each approximately 6.5 by 143 ft (15.3 by 43.5m). All concrete 

elements above the girders are reinforced with GFRP bars. The project consumed 

310,000 lb (140,000 kg) of GFRP rebar, making it the largest nonmetallic RC bridge in 

the world. Moreover, several bridges have been built in Québec using GFRP bars in the 
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decks, such as the Wotton Bridge in Wotton, the Magog Bridge on Highway 55 North, 

the Cookshire Eaton Bridge on Route 108, and the Val-Alain Bridge on Highway 20 

East 21. Some of these bridges have been in-service for more than 10 years without any 

signs of deterioration of the GFRP reinforcement. Consequently, there is a remarkable 

increase in the use of GFRP bars in Canada where more than 200 bridge structures have 

been successfully constructed. Straight and bent FRP bars were used for the deck slab 

and/or for the concrete barriers and girders of the bridges failure 6. GFRP rebar is also 

found on larger and high volume traffic bridges. In 2013, the I-635 bridge deck over State 

Ave. in Kansas City, Kansasv was replaced with cast in place GFRP rebar. GFRP rebar 

were used in the top and bottom mat of the deck as shown in Figure 2.3. The bridge is 32 

ft wide and 232 ft long (9.8 m x 70.7 m). Construction bids for this project were the same 

for installed cost of epoxy coated as well as GFRP reinforcement. 

 

 

Figure 2.3 - I 635 bridge deck over State Ave. in Kansas City, Kansas. 
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2.4 DESIGN PROVISIONS 

 

     Standards (codes, specifications and test methods) are documents to follow when 

designing buildings and transportation structures. Standards are mandatory language 

documents. Codes speak to designers (architects and engineers), construction 

specifications speak to contractors. It is important to distinguish between building and 

transportation structures provisions.   

     Buildings provisions are enforceable at the local level when a jurisdiction adopts a 

building code. Typically, a building code is adopted at the state level and used locally 

(exceptions are large cities like New York City).  Building codes are collections of 

mandatory provisions that specify minimum requirements for design, construction, 

inspection and occupancy. The International Building Code (IBC) 22 establishes the 

minimum requirements to safeguard health and safety in new buildings and has been 

adopted by all the 50 states of the Union. For any standard to have a legal status and be 

enforceable by a building official, it must be referenced by IBC or any other document 

part of the International code family (I-Codes).  The designer must satisfy material and 

design requirements and can provide additional restrictions, based on his/her knowledge.  

     As far as material provisions are concerned, the I-Codes do not recognize GFRP as an 

alternative construction material technology 22, 23. However, the designer is allowed to 

implement GFRP into construction in presence of valid research reports from approved 

sources accredited under ISO/IEC 17065 (Section 104.11 IBC). In other words, the 

material must be certified with an evaluation service report (ESR) 22, 24. The role of 

acceptance criteria is to establish requirements for testing and evaluation of GFRP 
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products that can be certified by ISO/IEC 17065: AC454 (Acceptance criteria for glass-

fiber reinforced polymer (GFRP) bars for internal reinforcement of concrete members) 25. 

The American Concrete Institute (ACI) provides an exhaustive guideline for the design of 

concrete members reinforced with GFRP bars: ACI 440.1R-15 is a non-mandatory 

language guide for the design and construction of structural concrete reinforced with FRP 

bars 6. ACI is a leading authority for the development and distribution of standards and 

guidelines for buildings.  ACI 440.1R-15 refers to buildings and cannot be enforced by 

building officials. For a guideline to become a standard, it must undergo a standardization 

process approved by the American National Standards Institute (ANSI).  

     For transportation structures, at the state level, the acceptance criteria are section 932 

and 933 of the Florida Department of Transportation (FDOT) standard specifications for 

road and bridge construction 26. The design reference standard for highway bridge 

constructions at the state level is the ‘Structures design guidelines for load and resistance 

factor design’ standard (SDG), issued by FDOT 27. When dealing with highway 

transportation bridges built with federal funds, the designer must satisfy the requirements 

of the American Association of State Highway and Transportation Officials (AASHTO). 

Provisions related to limit state analysis, general design and location features, loads and 

load factors, structural analysis and evaluation shall be in compliance with “AASHTO 

LRFD Bridge Design Specifications” (AASHTO LRFD) 28. “AASHTO LRFD Bridge 

Design Guide Specifications for GFRP Reinforced Concrete Bridge Decks and Traffic 

Railings” (AASHTO GFRP) 29 is a standard document containing provisions for the 

design and construction of concrete bridge decks and railings reinforced with GFRP bars. 
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ACI documents can be referenced in the design/construction transportation structures if 

not specifically addressed by AASHTO. 

 

2.5 DESIGN REQUIREMENTS AND LOADS 

 

     The AASHTO specifications 28 require highway bridges to be designed for 

constructability, safety, and serviceability, with due regard to issues of inspectability, 

economy, and aesthetics. Many aspects of the general requirements identified above are 

addressed in the form of limit states.  The limit states specified in the AASHTO codes are 

intended to provide a buildable and serviceable bridge capable of safely carrying the 

design loads for the specified life span of 75 years. Four groups of limit states are 

specified to be used in the design of bridge elements: service, fatigue and fracture, 

strength, and extreme-event limit states. The Service Limit State is taken as restrictions 

on stress, deformation, and crack width under regular service conditions. The Fatigue and 

Fracture Limit State represents restrictions on the stress range due to a design truck with 

respect to fatigue and/or fracture failures seen as material cracking in bridge components. 

The Strength Limit State ensures that strength and stability are provided to resist the 

specified load combinations that a bridge component or system is expected to experience 

in the design life.  The Extreme Event Limit State refers to the requirements for structural 

survival of the bridge component or system during a rare event, such as earthquake, 

significant flood, vessel collision, truck collision, ice flow, or scour condition.  Bridge 

structures need to cover the effect of a variety of loads or actions.  In the specifications, 

the load effects can be divided into two categories: permanent and transient 28. The first 

group of permanent loads is dead loads.  The dead load effect is treated in three 
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subgroups: dead load due to structural and nonstructural components (DC), dead load due 

to wearing surface and utilities (DW), and the down drag force (DD). Earth forces belong 

to another group of permanent loads. The AASHTO specifications identify EH, EV, and 

ES (horizontal, vertical and surcharge earth pressures). Transient loads are applied over a 

relatively short period of time, typically ranging from a few seconds to possibly several 

months. Truck related transient loads are denoted as LL for statically applied live load or 

vehicular load, IM for impact or dynamic effect of LL, BR for braking force of vehicle, 

CE for vehicular centrifugal force to a bridge horizontally curved, LS for vehicular-load-

induced surcharge to substructure components through soil, WL for wind load on 

vehicles and thereby transferred to the structure, and CT for load effect of collision with a 

truck. LL is computed in design using the standard load specified in the, designated as 

HL-93 truck load and consisting of a combination of the design truck or design tandem 

(the greater of the two), and design lane load, as shown in Figure 2.4.  The design lane 

load is a uniformly distributed load of magnitude 0.65 kips/ft (0.87 kN/m) over 10 ft 

length (3.05 m). Where the slab spans are primarily in the longitudinal direction, axle 

load or tandem load must be combined with the lane load. Where the slab spans primarily 

in the transverse direction, only the axles of the design truck or tandem shall be applied to 

the deck slab.  

      

Figure 2.4 - HL 93 design truck loads: (a) Axle load, (b) Tandem load. 
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The non-vehicle related transient loads include, but are not limited to CR (creep induced 

forces), SE (settlement induced forced), SH (shrinkage related forces), EQ (seismic 

loads), IC (ice related loads), TG (temperature gradient related forces), TU (uniform 

temperature related forces), WS (wind loads on the structure), and PL (pedestrian induced 

live loads). The loads are combined with factors into limit states. A total of 13 limit states 

are required to be checked: 5 strength, 2 extreme event, 4 service and 2 fatigue limit 

states. The limit states differ for the value of the load factors (�i), which are calibrated 

considering statistical data of the quantities involved, the risk and the importance of the 

bridge components. 

 

2.6 ANALYSIS AND DESIGN 

 

     Load factor design (LFD) and service load design (SLD) are the two traditional design 

methods used in the United States for highway bridge design over many decades. 

Sometimes SLD is referred to as allowable stress design (ASD) in the literature. 

AASHTO 28 adopts the load and resistance factor design (LRFD) method since 1994. The 

LRFD method works to maintain the failure risk at an acceptable level, selecting 

resistance factors with the associated nominal loads and resistances. The load factors (�i) 

vary depending on the situation to ensure safety. A typical design or evaluation process 

involves a significant amount of uncertainty. The sources of uncertainty include 

imperfect quality control causing variations in the dimensions of designed members, 

random fluctuation in member strengths, and unpredictably variable loads generating 

random effects in members being designed. 
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     Figure 2.5 shows the procedure of reinforced bridge deck slab design. The first stage 

is the preliminary design. Highway bridge structures need to meet the requirements for 

the roadway 28. The factors to be determined are width, length, number of spans, types of 

the spans (suspension, cable stayed, truss, arch, or beams, slab), material type (steel, 

concrete, composites etc.), construction method, and so on. After the preliminary design 

is completed, the second design stage is the detailed design. This stage includes 

determination of each member’s dimensions, location, connection with other members, 

amount of reinforcement required and so on. The detailed design works toward the goal 

of a set of plans (shop drawings) for the contractor to build the bridge.  

     The structural analysis is performed to determine the design loads on the structure 

(shear, moments, axial loads and so on). The design loads are maximum effects that can 

be computed based on the elastic or plastic structural analyses. When applicable, 

approximate analysis methods are also available 4. These actions are function of the dead 

and live load magnitudes and their distribution. The bridge designer is expected to choose 

the most appropriate method based on the degree of accuracy pursued. While a 2D 

analysis is commonly used in design to find the dead load moments and shears, 3D 

analysis can be more precise but also more costly in the analysis effort. The AASHTO 

specifications offer a table of wheel load effect based on 3D analysis results for a typical 

1-ft strip as a function of beam spacing 28.  

     The results of the structural analysis (design moments, shears, axial loads) are 

combined into limit states and implemented in the design and verification procedure. For 

short and medium-span highway bridges, the design process often follows the sequence 
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of (1) deck, (2) the deck-supporting system (beams, trusses, arches, etc.) if any, (3) 

bearings if any, (4) piers and/or abutments, and (5) foundations.  

     The first step after deriving the loads is the primary reinforcement design. In the case 

of slab bridges, the primary reinforcement runs parallel to the traffic direction, while 

girder bridges have the primary reinforcement transverse to the traffic direction. Shear, 

positive and negative moment factored resistances are verified at ultimate load conditions 

under the Strength 1 Limit State. The selected reinforcement requires to be checked 

against serviceability and fatigue conditions. Deflection and crack opening are verified 

under Service 1 limit state while fatigue and creep stress verification is performed under 

the Fatigue 2 load combination. Once the primary reinforcement has been successfully 

verified, the secondary reinforcement can be designed based on temperature and 

shrinkage induced effects. Moreover, the distribution reinforcement needs to be provided 

in the secondary direction to enforce uniformity of the load distribution on the structural 

element. 

 
 

Figure 2.5 - Design procedure for GFRP RC bridge components. 
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     In this study the design of a GFRP RC solid deck and GFRP RC pile cap are 

described. GFRP-RC girders and piles are disregarded from the design, since they are not 

an efficient way to use the GFRP bars as internal reinforcement. In fact, these structural 

components are usually prestressed. GFRP bars are not suitable for pre-tension loads due 

to creep rupture. Stress levels have to be limited to 20 percent of the design strength of 

the reinforcement to avoid rupture under sustained and cyclic stresses 29. Ordinary high 

strebgth, low relaxation steel can sustain up 70% of its design strength, providing around 

ten times the allowable GFRP prestress, in the case of commercially available 7 wire 

strands (1800 MPa tensile strength).      

     A change in the design philosophy of steel RC members is required when dealing with 

GFRP RC structures. Although it does not corrode like steel, GFRP reinforcement may 

degrade with age. To account for this possibility, ACI 440.1R-15 6 prescribes the use of 

an environmental coefficient in design equations. A 70 percent reduction on the ultimate 

tensile strength accounts for the aging of GFRP exposed to extremely aggressive 

environmental conditions during its working life 29.  

     GFRP bars in compression do not increase the strength nor reduce the effects of 

concrete creep of GFRP RC flexural members due to the limited compressive strength 

and modulus of the GFRP bars 4. For this reason, design standards presently do not 

recommend relying upon compression GFRP reinforcement in flexural members 29. 

     The behavior of GFRP RC members is affected by the presence of reinforcement that 

does not yield and is to be considered liner-elastic up to failure. As opposed to traditional 

RC structures, where failure is always controlled by crushing of the concrete after 

yielding of the steel, members reinforced with GFRP bars may display either concrete 
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crushing or GFRP rupture as the governing failure mode 4, 6. When concrete crushing and 

GFRP rupture occur simultaneously, failure is balanced. The position of the neutral axis 

corresponding to balanced failure is used as the basis to establish the member failure 

mode. When the position of the neutral axis at ultimate, c, is larger than cb, the failure is 

controlled by the crushing of the concrete; conversely, when c is less than cb, the failure 

is initiated by rupture of the GFRP reinforcement.  When failure is initiated by the 

crushing of the concrete (c > cb), the stress distribution in the concrete can be 

approximated with the equivalent rectangular stress block 4. The position of the neutral 

axis can be determined and the nominal moment resistance can be calculated. When 

failure is initiated by rupture of the GFRP reinforcement (c < cb), the compressive strain 

in the concrete has not reached the ultimate value �cu 
4. Since a closed-form solution is 

impractical, a numerical procedure may be adopted by assuming tentative values for the 

neutral axis depth, c, until the equilibrium condition is satisfied 4. Once the position of the 

neutral axis, c, is known, the nominal bending moment capacity can be calculated. 

Available standards and guidelines on concrete members reinforced with GFRP bars 

allow for the use of simplified approaches to compute the bending moment capacity with 

little loss in the accuracy of the final result 6, 29. 

     The lack of yielding of the GFRP reinforcement that produces an overall less ductile 

behavior of GFRP RC members as compared to steel RC members must be compensated 

for with an increase in the safety factor used for design 4. This increased safety can take 

the form of more stringent strength-reduction factors or larger material safety. When the 

area provided is less that the one necessary to produce a balanced collapse condition (�f � 

�b), failure is initiated by the rupture of the GFRP reinforcement; if �f > �b (or better, �f > 



34 
 
 
 

 
 

1.4 �b), failure is controlled by crushing of the concrete. The corresponding �-factors are 

0.55 and 0.65, respectively, and there is a linear transition between the two failure modes 

6, 29. 

     One of the main assumptions at the basis of reinforced concrete mechanics is a 

“perfect” bond between the reinforcing bars and the surrounding concrete. Therefore, 

adequate embedment length of the GFRP reinforcement is required to avoid bond failure. 

The development length, ld , is the bond length necessary to develop the effective stress  

of the bar in tension ( ff ) 29. 

     The shear capacity of the member is a function of the member geometry, the spacing 

of the reinforcement and the mechanical properties of the materials. When using GFRP as 

shear reinforcement, one needs to recognize that GFRP has a relatively low modulus of 

elasticity, tensile strength of the bent portion of an GFRP bar is significantly lower than 

the straight portion, and GFRP has low dowel resistance 4. The nominal shear strength of 

a member, Vn , is the sum of the contributions of concrete, Vc, and FRP reinforcement, Vf . 

ACI 440.1R-15 6, 29 states that the strength-reduction factor of 0.75 given by ACI 318-14 

for reducing nominal shear capacity of steel-reinforced concrete members should also be 

used for FRP reinforcement 30. 

     The serviceability limit states for GFRP reinforced concrete flexural members 

generally include crack width, maximum deflections, and maximum stress levels to avoid 

GFRP creep-rupture and fatigue. In many instances, serviceability criteria (crack width 

and deflections) may control the design because of the relatively smaller stiffness of these 

members after cracking 4.     
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     Crack width in GFRP reinforced concrete is generally limited for aesthetic reasons 

and to prevent water leakage. Differently from the case of steel reinforced concrete, crack 

width limitations related to the potential corrosion of the reinforcement are not required 

for GFRP reinforced concrete. GFRP bars are corrosion resistant; therefore, larger crack 

widths as compared to steel reinforced concrete can be tolerated when corrosion of the 

reinforcement is the primary reason for crack control 4.  

     Deflections in RC slabs and beams are generally limited to prevent damage to 

nonstructural or other structural elements and to avoid disruptions of function. The 

control of deflections consists in verifying that the sum of the immediate deflections due 

to the loads and the long-term deflection due to creep and shrinkage is smaller than a 

limiting value 29. The immediate deflections are generally computed including live loads 

only, whereas the long-term deflections are computed including the dead loads and a 

percentage (typically 20 percent) of the live loads 28. Calculations are shown in Appendix 

A. 

     Sustained loads can cause GFRP to fail suddenly after a period of time defined as the 

endurance time. This phenomenon is known in literature as creep rupture (or static 

fatigue). AASHTO recommends limiting the stress level in the GFRP reinforcement 

induced by sustained loads (dead loads and the sustained portion of the live load) to 

prevent creep rupture 29. The stress level in the FRP can be computed using the Navier 

equation and is shown in Appendix A. 

     Shrinkage and temperature reinforcement is intended to limit crack width. Stiffness 

and strength of reinforcing bars control this behavior 4. Shrinkage cracks perpendicular to 

the member span are restricted by flexural reinforcement; therefore, reinforcement in 
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only required in the direction perpendicular to the span. No experimental data are 

available in the technical literature to establish the minimum GFRP reinforcement ratio 

for shrinkage and temperature. Accordingly, the same equation adopted from ACI 318-

1430 is proposed by ACI 440.1R-15 6.  

 

2.7 FDOT LRFD#2A DESIGN EXAMPLE 

 

     FDOT provides guidance for the design of steel RC bridge components with the 

document “LRFD Design example #2: cast-in-place flat slab bridge design” (FDOT 

LRFD#2A), available in the FDOT website. The example adopts the Load and Resistance 

Factor Design (LRFD) method for the design of deck and pile caps.  

     The given example has been modified to account for the properties of GFRP 

reinforcement. Algorithms and standard procedures have been implemented to allow for 

the design of GFRP RC flat slab, pile caps and traffic barriers. Considerations related to 

traffic barrier design are described in Study 2. Finally, the FDOT LRFD #2A design 

example reported in Appendix A has been created in collaboration with the University of 

Miami CAE Department and delivered to FDOT. The new document has been developed 

in MathCad language to allow bridge designers and transportation officials to alter input 

variables and material parameters creating a customized application. The program 

performs automated verification of the bridge components comparing the factored 

strength with the design actions according to AASHTO and FDOT provisions.   

     The example presented in Appendix A is a 105 ft (32 m) long and 89.1 ft (27.1 m) 

wide concrete slab bridge. The primary reinforcement runs parallel to the traffic 

direction, while the secondary reinforcement is orthogonal to the traffic direction, with a 
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skew angle of 30 degrees. The deck thickness is 18 in (457 mm) and the concrete cover is 

set to 1.5 in (38.1 mm) for all the GFRP RC elements, being corrosion not an issue for 

GFRP.  Two expansion joints with maximum width of 2 in (50.8 mm) are located in the 

approaching slabs to accommodate movements induced by creep, shrinkage and 

temperature fluctuations. The concrete characteristic compressive strength is 4,500 psi 

(31 MPa) for deck and traffic barrier, 5,500 psi (38 MPa) for pile caps and 6,000 psi (41 

MPa) for prestressed concrete piles. Four intermediate supports are provided each 35 ft 

(10.7 m) and 10 square piles spaced 11 ft (3.35 m) center-to-center are embedded 12 in 

(0.3 m)  into the cap at each support location. The pile cap is 102.86 ft (31.3 m) long, 3.5 

ft (1.07 m) wide and 2.5 ft (0.76 m) deep. The loads acting on the structure are the self-

weight of the deck, the load of the wearing surface (15 psf or 0.72 kN/m2), the self-

weight of the traffic barriers (421 plf or 6.2 kN/m) and median barrier (486 plf or 7.2 

kN/m), the vehicular live  load due to HL-93 design truck. For the dead load calculation, 

the influence line coordinates for a uniform load applied on the structure is utilized. The 

influence coordinates are based on AISC's Moments, Shears and Reactions for 

Continuous Highway Bridges. In order to calculate the live load moments and shear 

forces, the FDOT MathCad program "LRFD Live Load Generator, English, v2.1" has 

been used. The design live loads consist of the HL-93 vehicle moments, divided by the 

appropriate equivalent strip widths. The superstructure is designed on a per foot basis 

longitudinally and the results of the structural analysis are combined into limit states to 

verify the capacity of the designed components. The primary reinforcement necessary 

enforce strength, serviceability and fatigue resistance in the central region of the deck is a 

No 10 bar (32 mm diameter) spaced 4 in (0.1 m) center-to center with the next bar, at the 
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top and bottom layer. In the edge region the primary reinforcement consists of 2 No 10 

bars (two 32 mm diameter bars) bundled with a 6 in (0.15 m) couple-to-couple spacing, 

in the top and bottom layers. The secondary reinforcement consists of No 6 bars (19 mm 

diameter) spaced 6 in (0.15 m) at the bottom and 12 in (0.3 m) at the top. The cap 

longitudinal reinforcement is 12 No 10 bars (twelve 32 mm diameter bars) for the 

positive and negative moment region. The transverse reinforcement is a set of 4 No 4 U 

bent bars (13 mm diameter) spaced 9 in (19 mm) center-to. All the supporting design 

calculations are reported in Appendix A. 

 

2.8 CR490A BRIDGE OVER HALLS RIVER 

 

     In 2014 FDOT decided to replace the existing bridge number 024054 over Halls 

Rivers on state roadway CR490A, Citrus County, Florida. The bridge spans 185.83 ft 

(56.6 m) over water and is 59.81 ft (18.2 m) wide. The traffic flows with two travel lanes 

per direction and pedestrian lanes 5 ft (1.52 m) wide are provided at in the edge region of 

the bridge. The program consists in a two-phase demolition and replacement stages. The 

new structure is a concrete girder bridge supported by two abutments and five piers. The 

deck primary reinforcement runs perpendicular to the traffic direction, while the 

secondary reinforcement runs along the span of the bridge. FDOT choice was to replace 

steel with GFRP bars to reinforce the cast-in-place slab. The deck is 8 in (203 mm) thick 

with a clear cover of 1.5 in (38 mm), being corrosion not an issue for GFRP. The deck is 

supported by a hybrid composite of beams (HCB) spaced 5.25 ft (1.6 m) center-to-center. 

The HCB elements are comprised of three main sub-components that are the shell, 

compression reinforcement and tension reinforcement. The first of these is the GFRP 
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beam shell, which encapsulates the other two subcomponents. The second major sub-

component is the compression reinforcement which consists of portland cement grout or 

concrete which is pumped or pressure injected into a continuous conduit fabricated into 

the beam shell. The third major sub-component of the beam is the tension reinforcement, 

which is used to equilibrate the internal forces in the compression reinforcing. This 

tension reinforcing could consist of unidirectional carbon, glass or steel. The composite 

beams are self-supporting prior to and during the installation of the compression 

reinforcement.  The pier caps are 57 ft (17.4 m) long, 3 ft (0.91 m) deep and 4 ft (1.22 m) 

wide. Six prestressed precast square concrete piles are embedded 12 in (0.3 m) into the 

cap to enforce continuity between the components..  Two expansion joints are located in 

the approaching slabs to accommodate movements induced by creep, shrinkage and 

temperature fluctuations. The concrete characteristic compressive strength is 5,500 psi 

(38 MPa) for barriers, deck and pile caps, and 6,000 psi (41 MPa) for prestressed 

concrete piles. The loads acting on the structure are the self-weight of the deck, the self-

weight of the traffic barriers (420 plf or 6.2 kN/m) and pedestrian railings (30 plf or 0.4 

kN/m), the vehicular live load due to HL-93 design truck. For the dead load calculation, 

the influence line coordinates for a uniform load applied on the structure is utilized. The 

influence coordinates are based on AISC's Moments, Shears and Reactions for 

Continuous Highway Bridges. In order to calculate the live load moments and shears, the 

FDOT MathCad program "LRFD Live Load Generator, English, v2.1" has been used. 

The design live loads consist of the HL-93 vehicle moments, divided by the appropriate 

equivalent strip widths. The superstructure is designed on a per foot basis longitudinally 

and the results of the structural analysis are combined into limit states to verify the 
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capacity of the designed components. The primary reinforcement necessary enforce 

strength, serviceability and fatigue resistance in the deck is a No 6 bar (19 mm diameter) 

spaced 5 in (0.13 m) center-to center with the next bar, at the top and bottom layer. The 

secondary reinforcement consists of No 6 bars (19 mm diameter) spaced 6 in (0.15 m) in 

the bottom layer. No secondary reinforcement is necessary in the top layer of the deck. 

The most relevant drawings are reported in Appendix B and the reference design 

document is reported in Appendix C. 

 

2.9 UNIVERSITY OF MIAMI PEDESTRIAN BRIDGE 

 

     In November 2014 the University of Miami applied for the permit to realize a 

pedestrian bridge at the center of its Coral Gables campus. The 210-foot-long (64 m) 

bridge over Lake Osceola would connect parking and housing areas to a performance 

stage in the university’s renovated student center complex. The bridge, from near Eaton 

Residential College to the lakeside patio stage, is part of the university’s mobility plan to 

promote more walking. The program includes the construction of two vehicular and one 

pedestrian bridge. According to the permit application, the entirety cost of the 

construction, which includes work with the canals, will cost $1 million. The construction 

of the pedestrian bridge started in May 2015, after commissioners approved the permit.  

    After producing the first set of structural drawings, the designer opted to change the 

deck reinforcement from steel to GFRP bars. The drawings in Appendix C refer to the 

steel reinforced version of the deck, while the design calculations account for the GFRP 

RC version.  
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     The total length of the bridge is 210 ft (64 m) and 13.8 ft (4.2 m) wide. It consists of 

three spans 65 ft (19.8 m) long and a 15 ft (4.6 m) overhang connecting the new structure 

with the existing concrete platform. The superstructure is a composite system of steel 

girders and tapered concrete beams. Two primary W36x52 (914.4 mm deep double tee) 

beams run along the spans welded to secondary W36x135 (914.4 mm deep double tee) 

beams. The substructure consists of three intermediate reinforced concrete pile caps 13.8 

ft (5.7 m) wide, 7.2 ft (2.2 m) long and and 3 ft 0.9 m) deep an abutment end support 6.5 

(2 m) ft long, 13.8 ft (4.2 m)  wide 5.7 ft (1.7 m)  deep. Four square prestressed concrete 

piles 14’x14’ (356x356 mm) are embedded into the caps, while the abutment is sustained 

by three concrete piles with the same properties. The concrete clear cover is 2 in (51 mm) 

at the top and 1.5 in (38 mm) at the bottom. Concrete strength is 5,000 psi (34.5 MPa).  

    Bridge deck is a 6 to 6.75 in (152 to171 mm) thick concrete slab with longitudinal 

(parallel to the traffic direction) and transverse (perpendicular to the traffic direction) 

reinforcement in the bottom and top layers. The longitudinal reinforcement are No 5 (16 

mm diameter) steel bars at 6 in (0.15 m) at the top and No 4 (13 mm diameter) steel bars 

at 6 in (0.15 m) at the bottom. The transverse reinforcement spans 5.5 ft (1.68 m) 

between the two tapered beams and consists of No 4 GFRP bars (13 mm diameter) at 6 in 

(0.15 m) at the top and No 3 (9 mm diameter) GFRP bars at 12 in (0.3 m) in the bottom 

layer. Since the edge portion of the bridge is very stiff the design loads have been 

computed assuming a fixed-fixed beam static scheme. The ultimate moment under 

strength 1 limit state is 0.78 kips-ft (1.07 kN-m) including dead load (slab and railings 

self-weight) and pedestrian live load (100 psf or 4.84 kN/m2), while the service moment 

is 0.43 kips-ft (8 kN/m2). No composite action between the steel girders and the concrete 



42 
 
 
 

 
 

slab have been taken into account in the design calculations. The factored flexural 

strength at support is 0.43 kips-ft (0.6 kN-m) and 1 kip-ft (1.37 kN-m) at middle span. 

Both ultimate and serviceability requirements are met with the designed reinforcement. 

The supporting calculations are reported in Appendix C.  

 

2.10 FUTURE RESEARCH DIRECTIONS 

 

GFRP reinforcement can be advantageous for use in bridge engineering under certain 

circumstances. However, significant margins exist to advance GFRP RC technology by 

addressing issues related to aspects of the manufacturing and construction process. 

Concerns are present due to the limited information available on material system’s 

recyclability, environmental and health impacts 54.  (1) Recyclability: fibers and resins are  

considered hazardous materials to workers and its controlled disposal requires protocols 

not common in the construction industry, with limited available information 55.  (2) 

Environment and health: research and development efforts to study the environmental 

and health impacts of GFRP material systems are limited 56. (3) Cost: researching 

alternatives to reduce the initial cost is essential for the acceptance of this technology 54. 

The studies performed to evaluate the cost efficiency and environmental impact of 

bridges utilizing GFRP compared to conventional bridge designs are very limited 57, 58, 59. 

Therefore, there is a need to assess the environmental and health effects of internally 

applied GFRP systems and associated life cycle costs. Providing designers and project 

owners with appropriate tools for decision-making is a key step. At present, a few tools 

have been developed; however, several of these are insufficient for the challenges of 

environmental decision�making. Thus, future efforts in the development of decision-
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support tools are necessary integrating holistic approaches that consider costs and 

environmental impacts in a life-cycle perspective. LCA/LCC tools need to be developed 

to facilitate designers to perform calculations of the environmental impacts and life cycle 

costs; and to compare the impacts and costs of alternative designs. In order to raise the 

decision makers’ trust in the result of LCA and LCC, data provided should evaluate 

availability and reliability.  The outputs can calculate results for different stages in the 

life cycle of a building, including up to the as�built stage, the operating stage and the end�

of�life stage. 

 

2.11 CONCLUSIONS 

 

     The use of GFRP reinforcement in elements of bridge structures has high potential for 

reducing the problem of deterioration of bridge structures as a result of corrosion of 

reinforcement.  However, GFRP reinforcement cannot be used as a direct replacement for 

steel because of the significantly different mechanical properties. Ductility of steel is the 

fundamental property that allows the design of RC structures that behave in a ductile 

manner. With the use of GFRP, both concrete crushing and reinforcement rupture are 

possible failure modes. In any case, the member does not exhibit ductility as for steel 

reinforced members. In the case of GFRP rupture, failure of the member is sudden and 

catastrophic.  However, there would be warning of impending failure in the form of 

extensive cracking and large deflections due to significant elongation that GFRP 

experience before failure. Compression controlled behavior is marginally more desirable 

for flexural members. By experiencing concrete crushing, a flexural member does exhibit 
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some inelastic behavior before failure. Both compression and tension controlled 

approaches are acceptable, provided that strength and serviceability criteria are satisfied. 

To compensate for the lack of ductility, the member must possess higher reserve of 

strength.  

     This study re-explored the basic concepts related to bridge and GFRP RC design. The 

procedure is implemented in three case studies demonstrating the viability of GFRP as 

internal reinforcement for concrete cast-in-place decks and pile caps in highway bridge 

structures.  
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CHAPTER 3 

STUDY 2_SAFETY-SHAPED CONCRETE 
RAILINGS AND TRAFFIC BARRIERS USING GFRP        

REINFORCEMENT 
 

 

 

3.1 SUMMARY 

 

     Until recently, most traffic barriers using GFRP bars were vertical-faced systems. 

However, the impact time duration of vertical-faced barriers is shorter causing higher 

peak forces to be transferred to vehicle occupants. Nowadays, GFRP manufacturers can 

produce standard bar bends which can be used for the reinforcement of safety-shaped 

concrete railings and barriers. The implementation of GFRP bar bends requires some 

changes in the current design philosophy for railings and barriers.  

     Whereas the overall goal of the research program is to make the technology of 

concrete bridge reinforcement with composites available to bridge owners and 

professionals, this study provides the principles for the design of safety-shaped GFRP 

reinforced concrete railings and barriers. In this chapter the effectiveness of a simple 

method to determine the design strength of GFRP RC corner joints subjected to impact 

loads is demonstrated. 

 

 

 

�



46 
 
 
 

 
 

3.2 BACKGROUND 

�

     Bridge railings and traffic barriers must contain and redirect errant vehicles while 

preventing rollover and snagging, and allowing deceleration to a stop at a relatively short 

distance from the impact section.  The high force levels developed redirecting a vehicle 

are faced using strong, rigid barriers. Most concrete barrier shapes evolved from a barrier 

developed by General Motors and referred to as the GM shape.  The barrier incorporates 

a shallow lower slope and a steep upper slope. During low angle impacts, the tires climb 

the lower slope and redirect the vehicle without any sheet metal contact with the barrier. 

The upper slope serves to redirect vehicles impacting at higher angles.  

     The GM shape and all of its descendants are called safety shaped barriers.  Figure 3.1 

shows the GM shape along with the other concrete barrier shapes which have evolved 

from it. In the late 1950’s and early 1960’s the New Jersey State Department of 

Transportation developed what came to be called the New Jersey shape concrete barrier 

through years of crash testing and shape consideration 31. The New Jersey shape contains 

a 55 degree lower slope similar to the GM shape, but the height of the lower slope was 

reduced from 330 mm (13 in) to 254 mm (10 in). The lower step of the barrier allows 

impact forces to act throughout the time the vehicle travels over the step and deeper into 

the barrier. This extended time results in lower peak impact forces and reduced 

accelerations for the passengers than the shorter interval associated with a flat wall 32. 

However, tire climb on the barrier face creates negative effects as well. At high impact 

angles, tire climb can induce high vehicular roll angles. 
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     The F-shape barrier was designed to reduce the amount of vehicle climb and roll 

through a parametric study of the basic New Jersey shape. Constant slope barriers were 

developed to further increase vehicle stability by eliminating the lower slope of the New 

Jersey and F-shape barriers. Vehicle stability is greatly improved for constant slope 

barriers in comparison to the previous safety shapes. Single-slope barriers include the 

California Type 60 barrier and the Texas SSCB. These barriers incorporate angles of 9.1 

and 10.8 degrees from vertical, respectively. A significant amount of wheel climb is still 

prevalent during impacts and may lead to vehicle instability problems, such as rollovers.  

     The optimum barrier shape for vehicle stability is a vertical face. Impact forces act 

normal to the barrier face, so for a vertical wall, the forces are completely horizontal. 

However, by limiting vehicular movement, the impact time duration is shorter causing 

higher peak impact forces 32. These higher peak impact forces transfer to the vehicle 

occupants and lead to an increased risk of injury. Vertical face barriers can also create a 

problem with head slap. Head slap occurs when the lateral impact forces cause the 

passenger’s head to be ejected through the side window of the vehicle and contact the 

barrier or attachments to the barrier. Head slap greatly increases the risk of serious injury 

and fatality during impacts.  

     All of these standard barrier shapes have some negative aspects. Both safety-shaped 

barriers and single-sloped barriers induce vehicle climb that leads to rollover. Vertical 

shaped barriers prevent vehicle climb, but can cause head slap for barriers taller than the 

bottom of a vehicle’s window. For the given study, the most common type of traffic 

barrier in the state of Florida has been chosen. 

�
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Figure 3.1 (a) - Safety shaped concrete barriers. 
 

 
 

Figure 3.1 (b) - Constant slope concrete barriers. 
 

3.3 DESIGN LOADS 

 

     Crash testing of bridge traffic barriers aims to assess both the structural and 

geometrical crashworthiness, depending on the level of service sought. Variations in 

traffic volume, speed, vehicle mix, roadway alignment, activities and conditions beneath 

a structure, and other factors combine to produce a vast variation in traffic railing 

performance requirements.  The primary purpose of traffic railings is to contain and 

redirect vehicles using the structure. All new vehicle traffic barrier systems, traffic 
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railings, and combination railings must be structurally and geometrically crashworthy. 

Consideration should be given to protection of the occupants of a vehicle in collision with 

the railing, protection of other vehicles near the collision, protection of persons and 

property on roadways, possible future rail upgrading,  railing cost-effectiveness, and 

variations in traffic volume and other factors 28.  

     Since 1993, National Cooperative Highway Research Program (NCHRP) Report 350 

33 has provided the standard for evaluating roadside safety devices. NCHRP Report 350 

not only guides crash testing procedures and impact conditions for barriers and crash 

cushions, but also describes the criteria in which each test is evaluated. The report divides 

barriers into six different test levels, TL-1 through TL-6, with the severity and impact 

loading increasing with each level. One of the following test levels should be specified: 

- TL-1(Test Level One): generally acceptable for work zones with low posted 

speeds and very low volume, low speed local streets. 

-  TL-2 (Test Level Two): generally acceptable for work zones and most local and 

collector roads with favorable site conditions as well as where a small number of 

heavy vehicles is expected and posted speeds are reduced. 

- TL-3 (Test Level Three): generally acceptable for a wide range of high-speed 

arterial highways with very low mixtures of heavy vehicles and with favorable 

site conditions. 

- TL-4 (Test Level Four): generally acceptable for the majority of applications on 

high speed highways, freeways, expressways, and Interstate highways with a 

mixture of trucks and heavy vehicles. 
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- TL-5 (Test Level Five): generally acceptable for the same applications as TL-4 

and where large trucks make up a significant portion of the average daily traffic or 

when unfavorable site conditions justify a higher level of rail resistance. 

- TL-6 (Test Level Six): generally acceptable for applications where tanker-type 

trucks or similar high center of gravity vehicles are anticipated, particularly along 

with unfavorable site conditions. 

Traffic barriers are at least 27.0 in (0.69 m) for TL-3, 32.0 in (0.81 m) for TL-4, 42.0 in 

(1.07 m) for TL-5, and 90.0 in (2.23 m) in height for TL-6 28. The forces to be transmitted 

from the bridge railing to the bridge deck may be determined from an ultimate strength 

analysis of the railing system. The individual tests are designed to evaluate one or more 

of the principal performance factors of the bridge railing, which include structural 

adequacy, occupant risk, and post-impact behavior of the test vehicle. The dynamic loads 

imparted by an impacting vehicle under specified crash test conditions 34 are translated by 

AASHTO into equivalent factored static loads (transverse, Ft, longitudinal, Fl, and 

vertical, Fv) to be used for structural design (Figure 3.2). These loads refer to extreme 

limit state conditions. Serviceability requirements are not a major concern for barrier 

design. In the case of concrete railings designed to resist Ft, the effects of Fl and Fv are 

generally relevant for design purposes. In fact, the transverse load is typically the one of 

concern for RC railing structures.  
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Figure 3.2 - Design Forces and dimensions for Traffic barriers and railings. 
 

3.4 STATE OF THE ART: GFRP RC RAILINGS AND BARRIERS 

 

     A number of field implementations in North America have demonstrated the validity 

of GFRP reinforcement for traffic barriers. Some of these experiments are part of 

research projects. The first application of GFRP reinforced traffic barriers are open post-

rail types. In 2003, El-Salakawy et al. 35 conducted an experimental investigation on 

continuous GFRP RC barriers that were subjected to out-of-plane (transverse) static and 

pendulum impact loads. Full-scale GFRP RC deck-barrier subassemblies were designed 

such that the reinforcement had an equivalent strength compared to that of the steel RC 

counterparts.  The test results showed a similar behavior at failure of both steel and GFRP 

RC systems, and the latter solution was approved by the Ministry of Transportation of 

Québec (MTQ). Following this, two research bridges were constructed with GFRP-RC 

decks and barriers in Québec on Highway 20 in 2004 (Val-Alain) and Highway 55 in 

2005 (Melbourne), where GFRP RC barriers with a performance level of 2 (TL-2) and 3 

(TL-3) respectively 36 were used 37.  

     The crashworthiness of an open-post railing internally reinforced with GFRP bars, 

which was developed for use in highway bridges, was assessed through two crash tests38, 
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as per the NCHRP Report 350 33. The TxDOT Project 9-1520, “FRP Reinforcing Bars in 

Bridge Decks,” was initiated in August 1999. This was a joint project involving the Texas 

Transportation Institute, the University of Texas at Arlington, and Texas Tech University. 

The barrier consisted of concrete bridge rail supported by concrete posts spaced 5 ft 

(1524 mm) apart. Structural adequacy of the rail was demonstrated in both tests. 

Collision loads imposed on the bridge rail were readily resisted (Figure 3.3). 

Consequently, structural failure modes for the bridge rail with GFRP reinforcement were 

not identified in the full-scale crash tests. The TxDOT T202 with GFRP reinforcement 

contained and redirected the pickup truck. The vehicle did not penetrate, under-ride, or 

over-ride the bridge rail. No measurable deflection was noted. 

 

 

Figure 3.3 - Sequential Photographs for Test 441382-1. 
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     In 2003, the owner of Bridge 14802301 in Greene County, Missouri, USA, opted for 

the replacement of the original 70-year old slab-on-girder superstructure. A two-year 

research and development and technology transfer project culminated with the 

accelerated construction of this off-system bridge, where only prefabricated GFRP 

reinforcement was used for the RC deck and open-post railings (Figure 3.4) 39.  The five-

day re-decking was completed with a reduction in construction time (and labor cost) of 

over 70 percent compared to conventional processes. The cost estimate for the railings 

was $271/m. The work was completed in November 2005 (Appendix E).  

 

.  

Figure 3.4 - Reconstruction of Bridge No. 14802301 (a) GFRP reinforcement cages prior 

to casting of railing, (b) open-post railing in service. 

 

     Steel post-and-beam barrier systems with the curb and adjoining bridge deck 

reinforced with GFRP bars in lieu of steel bars have been investigated 40. RC prototypes 

were designed using an equivalent amount of reinforcement compared with the steel RC 

system. Open GFRP stirrups to connect the curb to the deck slab were used. The 

transverse strength of the GFRP RC systems largely exceeded the equivalent code-
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mandated static load demand and is on average similar to that of the steel RC system. 

(Appendix E). Vertical-faced barriers were used for the rehabilitation of John Street CNR 

Overhead Bridge, Ontario, 2012 (Appendix E) 41. The transverse reinforcement consisted 

of couples of straight bars connected to the longitudinal reinforcement. The vertical bars 

were embedded in the concrete of the deck before casting. The same layout and 

procedure was applied for the replacement of Adjala-Tosorontio Bridge 42.  

     In the case of Boulevard West Bridge in Lakeshore, 2013, the transverse 

reinforcement is a straight bar coupled with a 90 degree bent bar, used to increase the 

bond between the bridge deck and the barrier 43. Another method to connect the parapet 

to the superstructure is by means of a pair of GFRP U bent bars, joined to form a close 

loop. One of the bars is connected to the deck reinforcement and after casting, the other 

bar is coupled with a lap splice. This system was used in Eglinton Avenue Bridge, in 

Toronto, Canada, 2009 44.  

     Safety shaped parapets (GM, New Jersey, F types) reinforced with GFRP bars have 

been employed in different recent projects. The first application has to be viewed as a 

transition from vertical face parapet to enhanced shape parapets. In Clark’s Mill Bridge, 

2007, Canada, GFRP straight bars are used for transverse reinforcement (appendix E). 

The GFRP reinforcement is connected to the deck by a 22 mm (0.87 in) double head 

galvanized steel with 0.3 m (11.8 in) spacing 45.  Splicing GFRP and steel bars with 

adequate detailing, stresses are transferred from the parapet to the rest of the bridge 

superstructure during the impact.  

     The Ross Corner Bridge traffic Barriers, 2011 46 (Appendix E) uses a double bent 

GFRP bar and a 90-degree bent bar. Both bars are connected to the deck reinforcement. 
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Another 90-degree bent bar is placed after casting the deck, and connected to the vertical 

bars and longitudinal reinforcement. 

     A similar method was used in the rehabilitation of the Baden Creek Bridge, 2007. 

Three different types of bent bars were used to optimize the conformation to the shape of 

the parapet. All the bars are embedded into the deck, providing anchorage at the deck to 

parapet interface 47. As another example, safety-shaped barriers reinforced with GFRP 

bars were used in Canada for the rehabilitation of Tenth Line Bridge, 2012 48. 

 

3.5 GEOMETRY DEFINITION AND REINFORCEMENT LAYOUT   

 

   The type of safety-shaped barrier for this case of study has be chosen as a 

representation of common application in the State of Florida. The type of safety-shaped 

traffic barrier selected is the New Jersey Shape Railing, 32 in (813 mm) in height, 

according to Florida Department of Transportation (FDOT) provisions 26 (Figure 3.5). 

The concrete clear cover is set at 1.5 in (38 mm), instead of 2 in (51 mm), as for the 

correspondent steel RC, being corrosion not an issue for GFRP reinforcement. Due to 

height requirements, the maximum level of resistance achievable is Test Level 4 (TL-4), 

which corresponds to a maximum resistance of 54 kips (243 kN) against transverse 

impact loads. The minimum resistance is 13.5 kips (60.75 kN) for TL-1. The GFRP 

reinforcing bars must satisfy the AC454 minimum requirements. The spacing between 

the barrier bars is imposed by the impact force and must consider the deck reinforcement 

spacing. The bars are tied to the top and bottom layers of the deck reinforcement to 

guarantee continuity between barrier and deck. Commercially available GFRP bars can 
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be bent only during the manufacturing process. Development and splice length 

determines the size and geometry of the reinforcement. Their dimensions depend on the 

stress level, as well as surface area. Bar nominal size can vary between No 4 and No 8 

(12.7 mm and 25.4 mm diameter) for transverse reinforcement. Different bar sizes are 

excluded for constructability reasons (e.g. high bend radius, high development and splice 

length). The transverse reinforcement consists in a pair of bent bars connected to the deck 

reinforcement before pouring the concrete. Appendix E shows the detailing of the 

reinforcement layout and its assembly. 

�

                    
Figure 3.5 Barrier geometry used for the design example: FDOT 2014 “Section Thru 

New Jersey Shape Railing”, 32 in in height (units in in.; 1 in. = 25.4 mm). 
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3.6 ANALYSIS AND DESIGN 

 

     In 1978, Hirsch 49 developed a method to calculate the structural capacity of a 

highway barrier utilizing the yield line theory. This type of analysis predicts the ultimate 

strength of the barrier using the conservation of energy principle and an estimated failure 

shape. Upon postulation of a failure mode in the form of a kinematically admissible 

collapse mechanism that satisfies the yield criterion at the yield lines, an upper-bound 

ultimate load is determined by equating the work done by the external load and the 

resisting forces. Hence, in case of statically indeterminate systems, redistribution of the 

bending moments must be assumed with plastic rotations. Thus, by using a barrier’s 

resistance to both longitudinal bending and overturning, the ultimate strength, or impact 

load that the barrier can withstand, can be calculated (Figure 3.6).  

     In the case of GFRP reinforced traffic barriers, moment redistribution cannot be 

accounted in the analysis of indeterminate structures due to the linear elastic behavior of 

the material until failure. Therefore, yield line analysis cannot be used. A methodology 

that imposes equilibrium and compatibility conditions must be adopted in lieu of 

traditional yield line analysis. In 2009, Matta and Nanni presented the results of full-scale 

static tests on post–deck connections reinforced with GFRP bars, to assess compliance 

with strength criteria at the deck to barrier connection, as mandated by the AASHTO 

Standard Specifications, which were used to design the bridge. Strength and stiffness 

until failure are shown to be accurately predictable, using the strength-convergence 

method 50.  
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Figure 3.6 - Yield line analysis of concrete parapet walls for impact within wall segment. 

 

     Convergence is achieved for tensile load capacity using an iterative procedure. The 

methodology to assess the strength level of a GFRP RC railing is proved to be consistent 

with the bases of the AASHTO LRFD approach. Large deformations are not observed in 

successful crash tests and are incompatible with optimal functionality characteristics. 

Hence, torsional effects on the beam can be neglected. For this reason, it is legitimate to 

approximate the behavior of traffic barrier into a bi-dimensional system. AASHTO 

provisions 29 are followed for the flexural and shear design and analysis of the GFRP 

reinforced members.  

     It must be considered that more accurate analyses can be performed using numerical 

methods. The connection response under static loading can be modeled with finite 

elements method (FEM) softwares, running nonlinear analysis of the railing to verify the 

strength, stiffness and deformations of the connection. The nonlinear material properties 
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of concrete can be accounted. Thus, the loss in strength and rigidity caused by crack 

propagation and crack opening can be reproduced in the model. Moreover, tridimensional 

behavior can be captured and more precise results can be obtained.  However, the 

equilibrium-convergence method provides a simple and effective method for the design 

of traffic barrier reinforcement. This procedure can be used as a preliminary design when 

more sophisticated analysis is performed.  

     When dealing with GFRP RC railings, the following different failure modes may 

occur: 

- Concrete crushing 

- GFRP reinforcement rupture in flexure at the weakest connected section 

- Insufficient anchorage of the post or development length of the deck 

reinforcement 

- Diagonal tension cracking at the corner.  

In the last three cases, the design fails to fully utilize the reinforcement, but may be 

preferred due to constructability considerations, provided that the strength requirements 

are met. In the case of diagonal tension cracking of the corner, the design does not allow 

fully utilizing the reinforcement and must be avoided to prevent permanent damage in the 

bridge deck. It is important that after failure, the connection does not separate. The 

ultimate transverse load is attained when the barrier/deck connection reaches its strength, 

or when the beam moment reaches its nominal value, assumed equal for both positive and 

negative bending (symmetric reinforcement).  

     Failure patterns may develop within the bridge deck at load levels considerably 

smaller than that otherwise expected. Typical factors that affect the behavior of 
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connection details (not necessarily concurrently) are as follows and must be avoided by 

the designer by means of accurate detailing and inspection: 

- Effectiveness of the barrier/deck construction joint; 

- Effectiveness of the anchorage of the bent bars within the deck; 

- Developable tensile stress in straight or bent bars in the deck top mat  

     Manufacturers typically provide material properties that exceed AC454 minimum   

requirements; thus, guaranteed values provided by a manufacturer are used for the 

ultimate tensile strength of the reinforcement. 

     This study provides guidance for the design of a cast-in-place, GFRP RC type parapet 

28. A design example of a TL-4 parapet compliant with FDOT and AASHTO 

requirements is presented in appendix A. Since the design is performed in MathCad 

language, a user can alter assumptions, constants, or equations to create a customized 

application.  

     A seven steps procedure were implemented for the design of the traffic barrier: 

1. Definition of  type and geometry 

2. Development Length and Reinforcement Splices 

3. Design Loads 

4. Corner Joint Verification 

5. Flexural Verification: Limits for Reinforcement and Flexural Strength 

6. Shear Verification: Concrete Shear Strength and Shear Reinforcement Strength 

7. Summary of Provided Reinforcement and Detailing 

     The following assumptions have been incorporated in the design:  
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- Continuous barriers (no construction joints). Hybrid fixed-pinned end connection 

to account for the flexural resistance of the barrier about its vertical axis. 

- Uniformly distributed impact load 30 

- Phased construction between deck and traffic barriers 

- Approximation of the parapet behavior to one way cantilever slab. Therefore 

AASHTO equation 2.10.2.2-1 29 does not apply. It is legitimate to consider a 

fixed restrain between the deck and the traffic barrier, being the corner region 

very stiff. Tests show that the relative rotation between post and deck section is 

negligible, and it is mostly developed after cracking.  

- An equivalent continuous rectangular beam shape is adopted to simplify flexural 

and shear verifications. 

 

3.7 CORNER JOINT VERIFICATION 

 

     The design requires a check against diagonal tension failure at the corner. The 

transverse load Fp applied to the barrier produces a compression force Cp in the barrier, 

which is transferred to the deck via formation of a diagonal compression strut of length 

ldc. The shear force Fp is transferred to the deck as an axial force �Fp and a bending 

moment 0.5Fptd, which adds to FpHe to produce the resultant moment in the deck Md, that 

generates the force couple Cd and Ff,d, as detailed in Figure 3.7.  Diagonal cracking may 

occur prior to flexural failure in the deck as the concrete modulus of rupture fr is reached 

along the diagonal strut. The accuracy of analytical results based on the theory of 

elasticity has been demonstrated with respect to experimental results (Nilsson and 
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Losberg ,1976) 51 , where is assumed a parabolic distribution of the tensile stress along  

ld. The tensile force T acting perpendicular to the diagonal strut is computed neglecting 

the strength contribution of the slab portions adjacent to the connection. Figure 3.7 shows 

the free-body diagram of the corner with the resultant internal forces. Figure 3.8 shows 

the iterative procedure implemented in MathCad to account for an automated strength-

convergence computation 50. In this case study, convergence was achieved for a Fnp value 

of 35.5 kips/ft (518 kN/m). No 6 bars (19 mm mm diameter) spaced 6 in (152 mm) 

center-to-center were adopted to resist the impact force. The equivalent area produced a 

factored strength at convergence of 60.3 kips/ft (880 kN/m) exceeding the 54 kips/ft (788 

kN/m) of the impact force Fp. 

 

 
 

Figure 3.7 - Failure of corner joint: (a) Free body diagram, (b) Internal forces 
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Figure 3.8 - Flowchart for barrier–deck connection design controlled by failure at corner. 

 
 
 
3.8 FLEXURAL AND SHEAR VERIFICATION 

 

   AASHTO 29 requires railings and barriers to be designed for bending moment and shear 

forces acting about the longitudinal axis of the parapet. The maximum bending moment 

occurs at the midsection of the length of distribution of the impact force (L). The length 

of distribution varies with test level and ranges from 3.5 ft to 8ft (1.07 to 2.44 m). For 

TL-4, L is 3.5 ft (1.07 m). The ultimate bending moment on longitudinal direction acting 

on the length of distribution of the impact force is assumed to be a load distributed along 
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L. An hybrid fixed-pinned end connection has been selected to account for the flexural 

resistance of the barrier about its vertical axis 50.  

     For TL-4 the ultimate unitary moment Mu is 19 kips-ft (25.8 kN-m), which 

corresponds to the maximum applicable for the studied barrier type. The longitudinal 

reinforcement, accounting for bending resistance, is symmetric and consists of 2 layers of 

4 straight bars. The bars range from No.4 to No.8 (from 13 to 25 mm diameter). The 

factored moment resistance is 50 kips-ft (67.8 kN-m). Reinforcement splices with a 

minimum length of 42 in (1.07 m) must be provided when necessary.  

     The shear verification for TL-1, TL-2 and TL-3 is satisfied without need for 

reinforcement. The factored shear strength provided by the concrete �shVc is 26,1 kips 

(116.1 kN) using a concrete compressive strength f’c 4,500 psi (31 MPa). The ultimate 

shear force for TL-4 is 27 kips (120.1 kN). When shear reinforcement is not required, U 

bent bars should be used for constructability and tied to the vertical reinforcement. The 

verification for TL-4 is not satisfied without shear reinforcement. The reinforcement 

provided consists of a set of 3 No. 4 U bent bars, with spacing 33 in (0.84 m). The U-bent 

bars have different dimensions, since the parapet cross section varies along its vertical 

axis.   

 

3.9 CONCLUSIONS 

 

    The validity of GFRP reinforcement for bridge railings and traffic barriers has been 

demonstrated by a number of studies and field implementations in North America. In the 

United States, the current design provisions (i.e., ACI and AASHTO) do not include 

detailed procedures for the design and verification of bridge parapets. In light of the 
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increased use of GFRP reinforcement in a number of structural applications where 

connections may be present, design criteria for common GFRP reinforcement layouts and 

load conditions should be addressed.   

     Approaches that combine basic structural analysis principles with GFRP RC theory 

should be selected on a case-by-case basis, depending on the type of corner connection. 

The study presented in this paper demonstrates the effectiveness of a simple method to 

determine the nominal and design strength of a GFRP-RC corner joint subjected to 

combined shear force and opening bending moment. The internal forces were computed 

by imposing equilibrium and compatibility conditions at the corner, and the associated 

resistance was back-calculated iteratively until convergence was achieved. Flexural and 

shear strength along the longitudinal axis were evaluated with well-established 

procedures.   However, more sophisticated numerical analyses may be necessary to 

ensure strength and to evaluate deflection and other functionality parameters. 
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(Note: For this design example, only the intermediate bent will be
evaluated).
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(Note: For this design example, the skew modification will not be applied in order to design for more
conservative moment values)
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/1!�����	���2
8�# D6D�(	������ �� �$

3 3 303 303
/ 502 /305 30I
( 1 /10I /0/
5 /302 ((03 /06
6 /6 (502 /02
2 /102 ((03 /06
I (/ /10I /0/
1 (602 /305 30I
< (< 303 303
? 5/02 �/50( �30<

/3 52 �(?06 �/0<
// 5<02 �/I0( �/03
/( 6( �20? �306
/5 6202 /02 30/
/6 6? 20? 306
/2 2(02 105 302
/I 2I 20? 306
/1 2?02 /02 30/
/< I5 �20? �306
/? II02 �/I0( �/03
(3 13 �(?06 �/0<
(/ 1502 �/50( �30<
(( 11 303 303
(5 <302 /305 30I
(6 <6 /10I /0/
(2 <102 ((03 /06
(I ?/ (502 /02
(1 ?602 ((03 /06
(< ?< /10I /0/
(? /3/02 /305 30I
53 /32 303 303

7������

<��������(����(����(�

(Note: For input values, see Section 2.01 -
Design Loads)
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(Note: For this design example, the skew modification will not be applied in order to design for more
conservative moment values)
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���b	�('�	�"�b	��&[!%&	��"`	�(!�&	]�$���%�b	�g	���
	��"]��` (Note: For input values, see Section
2.01 - Design Loads)

/1!�����	���2
8�# D6D�(	������ E7 37 E7 37 E7 37 ���
� E7 37

3 3 303 303 303 303 303 303 303 303 303
/ 502 ((30? �(503 5<I0I �630( ?(01 �20< ?<02 5/06 �50?
( 1 5I?06 �6I03 I6I02 �<306 /2I03 �//0I /I102 2601 �10<
5 /302 6I30< �I?03 <3I06 �/(301 /?202 �/105 (/(0< 1301 �//0<
6 /6 6?203 �?(0/ <II05 �/I/0/ (3?0( �(50/ (5(05 1<0( �/201
2 /102 6<(0< �//203 <660? �(3/05 /?<06 �(<0? ((105 1<0( �/?0I
I (/ 6550/ �/5101 1210? �(6/03 /1/0/ �5601 (320< 1301 �(502
1 (602 5630I �/I/02 2?I0/ �(<(0I /5<03 �6302 /1<02 2601 �(106
< (< (/505 �/<602 51505 �5((0? ?60? �2?0/ /2603 5/02 �5/02
? 5/02 <<0/ �(5(0? /260( �6310I 5?0< �//10? /2101 /20? �2/0/

/3 52 1I0/ �5<502 /550( �I1/0/ (103 �/<I0? (/50< /50/ �?(03
// 5<02 <?02 �(1201 /2I01 �6<(02 6<01 �/((0( /130< //0< �220/
/( 6( (/205 �((<01 51I0< �6330( ?20I �</0( /1I0< (502 �5?0(
/5 6202 5((06 �/?I0I 2I60( �5660/ /(605 �I102 /?/0< 650/ �5?0(
/6 6? 5<I0/ �/I202 I1201 �(<?0I /5I0I �2603 /?302 2601 �5?0(
/2 2(02 63506 �/550? 13I03 �(5605 /5606 �6302 /160? 2<01 �5?0(
/I 2I 5<I0/ �/I202 I1201 �(<?0I /5I0I �2603 /?302 2601 �5?0(
/1 2?02 5((06 �/?I0I 2I60( �5660/ /(605 �I102 /?/0< 650/ �5?0(
/< I5 (/205 �((<01 51I0< �6330( ?20I �</0( /1I0< (502 �5?0(
/? II02 ?30/ �(1201 /210I �6<(02 6<01 �/((0( /130< //0< �220/
(3 13 1I0/ �5<503 /550( �I1305 (103 �/<I0? (/50< /50/ �?/0I
(/ 1502 <102 �(5(0? /250/ �6310I 5?0< �//10? /2101 /20? �2/0/
(( 11 (/505 �/<602 51505 �5((0? ?60? �2?0/ /2603 5/02 �5/02
(5 <302 5630I �/I/02 2?I0/ �(<(0I /5<03 �6302 /1<02 2601 �(106
(6 <6 6550/ �/5101 1210? �(6/03 /1/0/ �5601 (320< 1301 �(502
(2 <102 6<(0< �//203 <660? �(3/05 /?<06 �(<0? ((105 1<0( �/?0I
(I ?/ 6?203 �?(0/ <II05 �/I/0/ (3?0( �(50/ (5(05 1<0( �/201
(1 ?602 6I30< �I?03 <3I06 �/(301 /?202 �/105 (/(0< 1301 �//0<
(< ?< 5I?06 �6I03 I6I02 �<306 /2I03 �//0I /I102 2601 �10<
(? /3/02 ((30? �(503 5<I0I �630( ?(01 �20< ?<02 5/06 �50?
53 /32 303 303 303 303 303 303 303 303 303
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(10th points)
8��# (	������ E7 37 E7 37 E7 37 E7 37 E7 37 7���
�

3 3 303 303 303 303 303 303 303 303 303 303 303
/ 502 ?60< �?02 /603 �/01 /I20< �/I01 (602 �50/ ?(01 �20< ?<02
( 1 /2106 �/?0/ (606 �502 (1206 �5506 6(01 �I0/ /2I03 �//0I /I102
5 /302 /?20/ �(<0I 5/02 �205 56/06 �2303 220/ �?0( /?202 �/105 (/(0<
6 /6 (3<06 �5<0( 560? �103 5I601 �II0< I/03 �/(0( (3?0( �(50/ (5(05
2 /102 (3(05 �6101 560? �<01 52603 �<502 I/03 �/205 /?<06 �(<0? ((105
I (/ /</0( �210/ 5/02 �/302 5/10/ �??0? 220/ �/<05 /1/0/ �5601 (320<
1 (602 /6503 �I103 (606 �/(0( (230( �//105 6(01 �(/06 /5<03 �6302 /1<02
< (< ?30? �1I02 /603 �/603 /2?0/ �/550? (60I �(60I ?60? �2?0/ /2603
? 5/02 5I0/ �?30? 10/ �((0< I50( �/2?0/ /(06 �5?0? 5?0< �//10? /2101

/3 52 5/02 �/620< 20< �6/03 220( �(220/ /30( �1/0< (103 �/<I0? (/50<
// 5<02 5<0? �//305 205 �(60I I<03 �/?503 ?0( �6503 6<01 �/((0( /130<
/( 6( ?20? �?60< /302 �/102 /I10< �/I20< /<05 �530I ?20I �</0( /1I0<
/5 6202 /5?0I �1<01 /?0( �/102 (6606 �/5101 550I �530I /(605 �I102 /?/0<
/6 6? /I201 �I50( (606 �/102 (?303 �//302 6(01 �530I /5I0I �2603 /?302
/2 2(02 /1(06 �6106 (I0( �/102 53/0I �<(0? 620< �530I /5606 �6302 /160?
/I 2I /I201 �I50( (606 �/102 (?303 �//302 6(01 �530I /5I0I �2603 /?302
/1 2?02 /5?0I �1<01 /?0( �/102 (6606 �/5101 550I �530I /(605 �I102 /?/0<
/< I5 ?20? �?60< /302 �/102 /I10< �/I20< /<05 �530I ?20I �</0( /1I0<
/? II02 5?0/ �//305 205 �(60I I<02 �/?503 ?0( �6503 6<01 �/((0( /130<
(3 13 5/02 �/6201 20< �630< 220( �(2203 /30( �1/06 (103 �/<I0? (/50<
(/ 1502 520< �?30? 10/ �((0< I(0I �/2?0/ /(06 �5?0? 5?0< �//10? /2101
(( 11 ?30? �1I02 /603 �/603 /2?0/ �/550? (60I �(60I ?60? �2?0/ /2603
(5 <302 /6503 �I103 (606 �/(0( (230( �//105 6(01 �(/06 /5<03 �6302 /1<02
(6 <6 /</0( �210/ 5/02 �/302 5/10/ �??0? 220/ �/<05 /1/0/ �5601 (320<
(2 <102 (3(05 �6101 560? �<01 52603 �<502 I/03 �/205 /?<06 �(<0? ((105
(I ?/ (3<06 �5<0( 560? �103 5I601 �II0< I/03 �/(0( (3?0( �(50/ (5(05
(1 ?602 /?20/ �(<0I 5/02 �205 56/06 �2303 220/ �?0( /?202 �/105 (/(0<
(< ?< /2106 �/?0/ (606 �502 (1206 �5506 6(01 �I0/ /2I03 �//0I /I102
(? /3/02 ?60< �?02 /603 �/01 /I20< �/I01 (602 �50/ ?(01 �20< ?<02
53 /32 303 303 303 303 303 303 303 303 303 303 303
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/1!�����	���2
:�	�� D6D�(	������ E7 37 E7 37 E7 37 7���
�

3 3 303 303 303 303 303 303 303
/ 502 /20< �/0? (10I �50/ /202 �/03 /I06
( 1 (I0( �50< 620? �I0/ (I03 �/0? (10?
5 /302 5(02 �20I 2I0? �?0( 5(0I �(0? 5202
6 /6 5601 �102 I30< �/(05 560? �50? 5<01
2 /102 5501 �?06 2?03 �/206 550/ �60< 510?
I (/ 530( �//05 2(0? �/<06 (<02 �20< 5605
1 (602 (50< �/50( 6/01 �(/0I (503 �I01 (?0<
< (< /20/ �/20/ (I02 �(601 /20< �?0< (201
? 5/02 I03 �/<0? /302 �5305 I0I �/?01 (I05

/3 52 205 �5/0/ ?0( �6?05 602 �5/0( 520I
// 5<02 I02 �((02 //05 �5I05 <0/ �(306 (<02
/( 6( /I03 �/<01 (<03 �5302 /20? �/502 (?02
/5 6202 (505 �/I03 6301 �(20? (301 �//0( 5(03
/6 6? (10I �/506 6<05 �(/05 ((0< �?03 5/0<
/2 2(02 (<01 �/30< 2305 �/I01 ((06 �I01 (?0(
/I 2I (10I �/506 6<05 �(/05 ((0< �?03 5/0<
/1 2?02 (505 �/I03 6301 �(20? (301 �//0( 5(03
/< I5 /I03 �/<01 (<03 �5302 /20? �/502 (?02
/? II02 I02 �((02 //06 �5I05 <0/ �(306 (<02
(3 13 205 �5/0/ ?0( �6?05 602 �5/0( 520I
(/ 1502 I03 �/<0? /306 �5305 I0I �/?01 (I05
(( 11 /20/ �/20/ (I02 �(601 /20< �?0< (201
(5 <302 (50< �/50( 6/01 �(/0I (503 �I01 (?0<
(6 <6 530( �//05 2(0? �/<06 (<02 �20< 5605
(2 <102 5501 �?06 2?03 �/206 550/ �60< 510?
(I ?/ 5601 �102 I30< �/(05 560? �50? 5<01
(1 ?602 5(02 �20I 2I0? �?0( 5(0I �(0? 5202
(< ?< (I0( �50< 620? �I0/ (I03 �/0? (10?
(? /3/02 /20< �/0? (10I �50/ /202 �/03 /I06
53 /32 303 303 303 303 303 303 303
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8�# D6D�(	�� E7 37 E7 37 E7 37 7���
� 37�	�

3 3 303 303 303 303 303 303 303 303
/ 502 (I01 ?03 6/02 /302 560/ ?02 /(05 �301
( 1 6203 /203 I?0I /10/ 2101 /20< (30? �/06
5 /302 220? /10< <I02 /?01 1(05 /?0/ (I0I �(0(
6 /6 2?01 /106 ?(06 /<06 1105 /?0( (?03 �(0?
2 /102 210/ /603 <<0I /50/ 1503 /I0( (<06 �50I
I (/ 6<0? 102 1I02 603 I/02 /303 (201 �605
1 (602 560< �(05 2202 �?05 6206 30< ((05 �20/
< (< /20/ �/20/ (I02 �(I06 (501 �/60< /?05 �106
? 5/02 �<03 �5503 �10( �230? �60/ �6502 /?01 �/601

/3 52 �(I03 �I(05 �5305 �?603 �(602 �110? (I01 �(506
// 5<02 �/301 �5?0I �/306 �I/03 �203 �6101 (/06 �/205
/( 6( ?01 �(60? (30/ �630I /101 �(I02 ((0/ �/30(
/5 6202 (60< �/602 6(01 �(I0/ 5(0I �/205 (603 �<06
/6 6? 550? �10( 2I0( �/20I 6306 �105 (50< �I01
/2 2(02 5I02 �503 I30/ �?03 6/06 �(05 (/0? �20/
/I 2I 550? �10( 2I0( �/20I 6306 �105 (50< �I01
/1 2?02 (60< �/602 6(01 �(I0/ 5(0I �/205 (603 �<06
/< I5 ?01 �(60? (30/ �630I /101 �(I02 ((0/ �/30(
/? II02 �/30I �5?0I �/305 �I/03 �203 �6101 (/06 �/205
(3 13 �(I03 �I(05 �5305 �?50? �(602 �110? (I01 �(506
(/ 1502 �<0/ �5503 �105 �230? �60/ �6502 /?01 �/601
(( 11 /20/ �/20/ (I02 �(I06 (501 �/60< /?05 �106
(5 <302 560< �(05 2202 �?05 6206 30< ((05 �20/
(6 <6 6<0? 102 1I02 603 I/02 /303 (201 �605
(2 <102 210/ /603 <<0I /50/ 1503 /I0( (<06 �50I
(I ?/ 2?01 /106 ?(06 /<06 1105 /?0( (?03 �(0?
(1 ?602 220? /10< <I02 /?01 1(05 /?0/ (I0I �(0(
(< ?< 6203 /203 I?0I /10/ 2101 /20< (30? �/06
(? /3/02 (I01 ?03 6/02 /302 560/ ?02 /(05 �301
53 /32 303 303 303 303 303 303 303 303
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(Note: For this design example, only the intermediate bent will be evaluated).
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������AISC's Moments, Shears and Reactions for Continuous Highway Bridges, published 1966.  The dead
loads and shear could have been calculated utilizing the AISC's Steel Construction Manual - Beam Diagrams and
Deflections charts.  Based on the following chart, the reactions at the intermediate bent (Point B) can be calculated.
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