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  Preface   

 Advanced composites such as fi ber-reinforced polymer (FRP) are promising 

materials for civil infrastructure application. Despite their relatively short 

history in research and implementation, signifi cant advances have been 

made over the last two decades. Federal and municipal agencies now accept 

these non-conventional construction materials. Practitioners are eager to 

use them for their projects to improve the sustainability of constructed 

structural members. The objective of this book,  Advanced Composites in 
Bridge Construction and Repair , is to identify current scientifi c challenges 

facing the infrastructure community, and to address them for the benefi t of 

the general public, technically and socioeconomically. A total of ten chapters 

have rigorously been reviewed and selected for publication. The authors of 

each chapter are considered experts and leaders in the research commu-

nity. Technical contents include use of advanced composites for bridge con-

struction and performance monitoring, prestressed FRP composites, bond 

behavior of the composite–concrete interface, non-conventional composite 

honeycomb bridge decks and all composite superstructures, and repair of 

deteriorated bridges. The emphasis of this book is placed on fundamental 

research issues and practical application on site.  Advanced Composites in 
Bridge Construction and Repair  provides critical information to practicing 

engineers, government offi cials, and academics. There is no doubt that the 

compilation of the state-of-the-art technologies will advance our knowl-

edge-oriented society, in particular constructed civil infrastructure. The 

editor gratefully acknowledges Ms Emily Cole and Mr Francis Dodds at 

Woodhead Publishing for their tireless professional service. 

  Yail J. Kim  

  Denver, Colorado, USA  
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  1 
 Using fiber-reinforced polymer (FRP) 

composites in bridge construction and 
monitoring their performance: an overview   

    B.   WAN ,    Marquette University, USA    

   DOI : 10.1533/9780857097019.1.3 

  Abstract : The superstructure and substructure of bridges can be made 
from all fi ber-reinforced polymer (FRP), or from FRP composited with 
concrete or steel. The different applications of FRP composite materials 
in bridges are discussed. Common nondestructive evaluation/testing 
(NDE/NDT) methods are reviewed for their potential application in 
monitoring FRP bridges. Smart FRP bars and cables can be used to 
monitor the bridge, as well as help the bridge resist loads. A case study 
of monitoring a bridge with an FRP stay-in-place formwork deck is 
presented. A short commentary on likely future trends in FRP bridges 
and monitoring techniques is provided. Sources of further information 
related to FRP bridges and monitoring are listed at the end of this 
chapter. 

  Key words : fi ber-reinforced polymer (FRP) bridge, FRP repaired and 
strengthened bridge, nondestructive evaluation/testing (NDE/NDT), 
smart FRP bridge, monitoring FRP bridge. 

    1.1     Introduction 

 Because of their high strength and low density, fi ber-reinforced polymer 

(FRP) composite materials have been widely used in the aerospace and 

automotive industries since the middle of the last century. FRP composites 

do not corrode in concrete in the way steel does. Goldsworthy (1954) pre-

dicted that FRP composites could be used as reinforcements in concrete and 

as structural members subject to corrosive environments. Glass fi ber rein-

forced polymer (GFRP) rods were used fi rst as reinforcements for concrete 

buildings. Since the late 1980s, FRP rebars have been used more extensively 

in concrete structures, especially in highway bridge decks, because of their 

resistance to corrosion (Bank, 2006). For the same reason, FRP composites 

have been used more and more widely when repairing and retrofi tting dete-

riorated bridge superstructures, to reinforce bridge decks, girders and piles, 

and when replacing structural members (e.g. decks). FRP materials are also 
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increasingly being used in bridges because new manufacturing techniques 

have reduced their cost (Telang  et al ., 2006). Although FRP materials have 

been used in the manufacture of missiles, planes, cars, boats, tanks, sporting 

goods, etc. for over half a century, their use in building bridges is still rela-

tively recent. How well FRP composites in bridges will perform in the long 

term is one of our major concerns. Therefore, a monitoring program is nor-

mally set up to examine the behavior of FRP composites in demonstration 

bridges constructed around the world. 

 In this chapter, we consider how the superstructure and substructure of 

bridges can be made up of all FRP, or of FRP composited with concrete or 

steel. We discuss the different applications of FRP composites in bridge con-

struction. Then we look at how bridges constructed using FRP composites 

are monitored by visual inspection and experimental nondestructive eval-

uation (NDE) techniques. Such evaluation can reveal damage such as blis-

tering, voids, discoloration, fi ber exposure, cracks, and scratches. We review 

common NDE techniques to see if they are suitable for monitoring FRP 

bridges, and we present a case study of a bridge with an FRP stay-in-place 

(SIP) formwork deck. This chapter also comments briefl y on likely future 

trends, and includes sources of further information and advice.  

  1.2     Fiber-reinforced polymer (FRP) composites 
for bridge construction 

 FRP composite materials have been widely used to repair deteriorated 

bridges and to retrofi t bridges that do not meet updated code requirements, 

and especially to retrofi t columns to improve their seismic load capacity. 

They are also used in new construction as reinforcement in concrete decks, 

SIP formworks, pure FRP bridge decks, composite columns/piers, cables for 

suspension bridges, pedestrian bridges, and more. In fact, FRP composite 

materials can be used to replace steel in almost any component in bridge 

construction. 

  1.2.1      FRP pedestrian bridges 

 Because of their light weight and corrosion resistance properties, FRP pro-

fi les have been increasingly used in the decks and superstructure members 

of bridges since the mid 1970s (Bank, 2006). FRP was fi rst used in short-

span pedestrian bridges, the fi rst FRP pedestrian bridge being built by the 

Israelis in 1975 (Tang and Podolny, 1998). Since then, hundreds of FRP 

footbridges have been built worldwide. The main structural type of these 

bridges is the truss. Cable-stayed and other traditional styles are also used 

(Feng, 2012). 
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 Because of the low modulus of FRP composite materials, the stiffness 

of a pure FRP deck is relatively low, and thus defl ection control is an issue. 

Relatively small amounts of concrete can be used to increase the stiffness 

of an FRP footbridge deck, keeping the total weight low. Bank  et al . (2010) 

used pultruded GFRP planks with a cement board or concrete topping slabs 

to form a 75 mm deep hollow section to be used in place of traditional tim-

ber decking in pedestrian bridges. Neto and La Rovere (2010) developed a 

footbridge deck system consisting of a fi ber reinforced concrete (FRC) top 

layer supported by GFRP wide-fl ange pultruded profi les, with foam blocks 

fi lling the voids to keep the bottom fl at. 

 Researchers also tried combining FRP materials with other newly devel-

oped construction materials to improve the performance of pedestrian 

bridges. Mendes  et al . (2011) designed and analyzed a 12 m long single span 

pedestrian bridge with two GFRP I-shape profi les and a thin steel fi ber 

reinforced self-compacting concrete (SFRSCC) deck. Both steel anchors 

and epoxy resin were used to ensure the composite action between the two 

materials. The SFRSCC deck increases the fl exural stiffness of the whole 

structure, resists compression stress, and provides better crack control. The 

GFRP I-shape resists tensile stress in this bridge. 

 The structural style can also be modifi ed to counteract the disadvantage 

of the low modulus of FRP composite materials. Caron  et al . (2009) pro-

posed a self-stressed footbridge in which energy stored elastically in the 

bent bow generates the required stress to maintain the stability of the whole 

structure. This self-stressed FRP footbridge takes advantage of the low stiff-

ness of the pultruded FRP profi le.  

  1.2.2      FRP vehicular bridges 

 Using knowledge and experience gained from building FRP pedestrian 

bridges, engineers went on to build all FRP vehicular bridges. The fi rst FRP 

vehicular bridge was built in Beijing, China in 1982. It has six hand-laminated 

GFRP sandwich girders, spans 20.7 m, and is 9.2 m wide (Ye  et al ., 2003). In the 

early 1990s, many FRP deck systems were developed and evaluated in labo-

ratories and in demonstration projects supported by federal or local depart-

ments of transportation and FRP manufacturers. Many of these FRP bridges 

were built with short spans over secondary or rural roads where traffi c is 

light. The fi rst US all-composite vehicular bridge went into public service on 

4 December 1996 in Russell, Kansas (Tang and Podolny, 1998). In 1998, the 

US Federal Highway Administration (FHWA) set up the Innovative Bridge 

Research and Construction (IBRC) Program to develop cost-effective inno-

vative material applications in highway bridges (FHWA, 2003). This program 

boosted the use of FRP materials in highway bridges in the US. Many FRP 
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vehicular bridges have also been constructed in Europe, China, and Japan 

over the past two decades. 

 Replacing deteriorated reinforced concrete decks with FRP decks is 

an attractive option for increasing the live load capacity of old bridges 

because FRP decks are much lighter than concrete decks. For example, the 

non-composite concrete deck of the Bentley Creek Bridge in New York 

was replaced with an FRP deck in 1999. Changing the weight and stiffness 

changes the natural frequencies of such a bridge (Hag-Elsafi   et al ., 2012). 

FRP decks are also composited with steel or concrete girders and trusses in 

new bridges (Turner  et al ., 2003; Liu  et al ., 2008). 

 FRP deck confi gurations can be cellular, honeycomb, or hybrid/sandwich. 

Cellular decks are manufactured by combining several pultruded FRP pro-

fi les to create different geometries. Although the weight of cellular decks is 

very low compared to other deck formats, their stiffness is relatively low and 

may cause buckling . An FRP honeycomb panel consists of top and bottom 

face sheets and a sinusoidal core (Davalos  et al ., 2012), whereas the com-

pression zone of an FRP-concrete hybrid deck often uses concrete (Aref 

 et al ., 2005; Schaumann  et al ., 2009). A sandwich panel consists of upper and 

lower layers and a core, with the bottom layer usually made of FRP, and 

the top layer and the core made of FRP and/or traditional materials. Many 

creative FRP sandwich decks have been invented. For instance, Schaumann 

 et al . (2008) produced a sandwich deck panel consisting of three layers: an 

FRP sheet with T-upstands for the bottom skin, lightweight concrete for the 

core, and a thin layer of ultra-high-performance reinforced concrete for the 

top layer. Ji  et al . (2009) proposed a composite sandwich panel consisting of 

a wrapped hybrid core of GFRP grid and multiple steel box cells with upper 

and lower GFRP layers.  

  1.2.3      FRP reinforced concrete bridge decks 

 FRP composite materials were fi rst used to reinforce concrete structures in 

the 1950s (Rubinsky and Rubinsky, 1954). Corrosion of steel reinforcement 

is a major problem for bridge decks, worsened by increased traffi c and deic-

ing salts. As FRP composite materials are corrosion resistant, they are a good 

alternative to steel reinforcement for concrete bridge construction. Because 

of cost, GFRP reinforcement is more attractive than carbon FRP (CFRP) 

or aramid FRP (AFRP) for bridge decks, and has been used in many bridge 

decks in North America (El-salakawy  et al ., 2005; Bank, 2006). 

 One of the barriers to using FRP in bridge decks is the initial material 

cost. Bouguerra  et al . (2011) tested different parameters of eight full-scale 

concrete decks including slab thickness, concrete compressive strength, 

reinforcement ratio, and reinforcement type, and found that all slabs failed 

in punching shear. Punching shear was still the critical failure mode for 
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concrete slabs reinforced with FRP grids when the span increased (Brunton 

 et al ., 2012). The common slab-on-girder superstructure used for highway 

bridges may also cause punching shear failure in a bridge deck due to the 

lateral restraint of the supporting girders and the continuity of the slab 

(El-Ragaby  et al ., 2007). Such lateral restraint, however, can produce com-

pressive membrane action in the FRP reinforced concrete slab, which ben-

efi ts the load-bearing capacities and defl ection control of the bridge. Zheng 

 et al . (2012) found that the reinforcement percentages did not affect the 

ultimate capacity of the GFRP-reinforced concrete bridge deck with the 

compressive membrane action. Therefore, the current high reinforcement 

requirement based on fl exural design is very conservative. 

 The punching shear failure mode may lead to a reduction in FRP rein-

forcement required in bridge decks and thereby reduces the initial cost of 

GFRP-reinforced concrete bridge decks (Bouguerra  et al ., 2011). Berg  et al . 
(2006) compared the cost of a two-span highway bridge deck with an FRP-

SIP formwork, deformed FRP bars, and a prefabricated pultruded FRP 

reinforcing grid, and concluded that an FRP reinforced bridge deck might 

be cost-effective even though its material costs were 60% higher than those 

of a steel-reinforced bridge deck. The saving of labor costs and construction, 

and maintenance due to potential long-term durability, can therefore over-

come the initial high material cost. 

 Fatigue life and durability are also major concerns when using GFRP 

reinforcement in bridge decks. El-Ragaby  et al . (2007) found that the bridge 

decks with GFRP reinforcement had a better fatigue performance and 

longer fatigue life than traditional steel-reinforced concrete decks. But lab-

oratory tests showed that when GFRP is exposed to an alkaline solution, 

which simulates the concrete pore water solution, its mechanical proper-

ties (i.e., elastic modulus, tensile, shear, and bond strengths) decrease signifi -

cantly (Bank and Russell, 1995; Sen  et al ., 2002). So, although several bridges 

had used GFRP as reinforcement at the end of the 1990s, the designers of 

these bridges were questioning the durability of the GFRP bars (Bradberry, 

2001). However, ISIS Canada studied several in-service bridges with 

GFRP-reinforced concrete decks and found no degradation of the GFRP 

in the concrete of structures exposed to natural environmental conditions 

for durations of 5–8 years (Mufti  et al ., 2005). Therefore, the deterioration 

of a GFRP-reinforced concrete deck in fi eld is not as serious as results from 

laboratory tests had indicated.  

  1.2.4      FRP stay-in-place formworks for bridge construction 

 FRP-SIP formworks serve as formworks for fresh concrete during con-

struction and as reinforcement during service. They can be used as open 

forms for bridge decks, and as closed forms for bridge columns. The major 

www.EngineeringBooksPDF.com



8   Advanced Composites in Bridge Construction and Repair

advantages of FRP-SIP formworks are that they are lightweight, do not 

have to be removed after concrete is set, and provide crack control (Bank 

 et al ., 2007; Oliva  et al ., 2008; Hanus  et al ., 2009). However, moisture may be 

trapped on the interface between the FRP formwork and the concrete, so 

increasing freeze–thaw damage (Wan  et al ., 2007; Hanus  et al ., 2009). 

 FRP-SIP formworks can be used to build reinforcement-free concrete 

decks if the gaps between the fl ange edges of the precast concrete girders 

are small (Bank  et al ., 2007). Although no reinforcement is provided, such a 

slab is normally made by FRC for crack control. Bank  et al . (2009) proposed 

a design specifi cation for FRP-SIP formworks for concrete bridge deck con-

struction. It includes a permanent FRP-SIP formwork system, a two-way 

mat of FRP I-shaped pultruded bars, and three-piece orthogonally placed 

cross-rods. 

 Since the FRP-SIP formwork serves as reinforcement during service, 

the bond between the FRP-SIP form and the concrete is very important 

for developing composite action, and it is made up of both mechanical and 

chemical bonding. Aggregates can be bonded with epoxy to the FRP plank 

before the concrete is poured to improve the mechanical bond (Bank  et al ., 
2007). Sand coating improves the connection between the FRP form and 

the concrete, and increases the fl exural capacity of the composite deck (Cho 

 et al ., 2010; He  et al ., 2012). Using penetrating bars inserted into the webs 

of the FRP-SIP formwork and perpendicular to the major fi ber direction of 

FRP formwork can also improve mechanical bonding (He  et al ., 2012). Wet 

bonding, where the FRP form is coated with a layer of adhesive resin and 

fresh concrete is poured before the resin is cured, can be used to improve 

chemical bonding between the FRP-SIP formwork and the concrete (Li 

 et al ., 2010). 

 Concrete-fi lled FRP tubes have been studied and used as bridge piers 

and girders (Son and Fam, 2008). During construction, FRP tubes act as 

a permanent formwork and, when in service, they can protect the con-

crete from aggressive environments, provide confi nement, and act as shear 

and/or fl exural reinforcement (Mohamed and Radhouane, 2010). Because 

of the confi nement effect, using an FRP-SIP formwork for a bridge col-

umn can improve its deformation capacity signifi cantly (Ozbakkaloglu and 

Saatcioglu, 2006, 2007), thereby improving its seismic performance. FRP-

SIP formworks can also be used for bridge girders to create a hybrid FRP/

reinforced concrete bridge superstructure (Chen  et al ., 2009).  

  1.2.5      FRP cable-stayed bridges 

 A cable-stayed bridge is one where the bridge deck is stayed by cables 

attached to towers. It is a very effi cient means of achieving a long span 
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and aesthetically pleasing. The span of steel cable-stayed bridges has now 

exceeded 1000 m, with the Sutong Bridge spanning the Yangtze River in 

China with a main span of 1088 m, being the longest cable-stayed bridge 

in the world until 2012. Currently, the longest cable-stayed bridge in the 

world is Russky Bridge in Russia, which has a main span of 1104 m and was 

completed in July 2012. With a longer span, the self-weight of traditional 

steel and concrete limits the advantage of a cable-stayed structure, and steel 

cables also develop sag effect and corrosion problems. 

 As a high strength and lightweight material, FRP has the potential to 

span further. Moreover, it does not corrode and, therefore, it is logical to 

use FRP in a cable-stayed bridge to achieve a super long span. Meier (1987) 

proposed building a CFRP cable-stayed all FRP bridge to cross the Strait 

of Gibraltar with a maximum span of 8400 m. The fi rst FRP cable-stayed 

bridge to be constructed, however, was Links Leader Bridge in Scotland, 

which was constructed in 1992 with a main span of 63 m (Khalifa  et al ., 
1996). After that, several such bridges for pedestrians and vehicles were 

constructed in other countries, including Herning Bridge (Denmark, 1999), 

I-5/Gilman Bridge (USA, 2002) (Scalea, 2000), and a pedestrian bridge 

at Jiangsu University (China, 2004) (Wu and Wang, 2008). Wang and Wu 

(2010) evaluated the suitability of different FRP and hybrid FRP cables for 

1000–10 000 m super-long-span cable-stayed bridges. They concluded that 

basalt FRP (BFRP), hybrid basalt and steel wire FRP (B/SFRP) 20% and 

30% cables have pronounced integrated advantages compared with steel 

cables within a span range of 3000 m, and that hybrid B/CFRP 25% and 

50% cables exhibit cost advantages over CFRP cables, with promising appli-

cations for longer spans (Wang and Wu, 2010).  

  1.2.6      Retrofi tting existing bridges 

 Existing bridges may have deteriorated due to:

       environmental factors, as with the corrosion of steel rebars in bridge • 

superstructures  

      vehicle collision  • 

      design and construction errors resulting in lower load capacity than • 

planned.    

 Deteriorated bridges have to be repaired and, due to the updating of design 

codes, some may no longer satisfy current requirements (especially seismic 

resistance) and must also be strengthened. FRP materials have exceptional 

stiffness- and strength-to-weight ratios, and do not require heavy equipment 

to be installed. Because of this, external bonding of FRP plates or sheets has 
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become a popular method for strengthening or retrofi tting reinforced con-

crete bridges and other structures (Bakis  et al ., 2002; Teng  et al ., 2002). The 

epoxy normally used in FRP strengthening can be cured and acts quickly. As 

it reduces the time that traffi c is blocked or detoured, FRP strengthening is 

a very attractive solution. 

 For fl exural strengthening, there are three major methods of bonding 

FRP composite materials to the soffi t of the bridge girders and the bottom 

of the decks:

   1.     Using an adhesive to bond premanufactured FRP strips to the surface of 

bridge members.  

  2.     Hand lay-up, in which dry fi ber fabrics or sheets are saturated with liq-

uid adhesives in fi eld and bonded to the bridge members. A number of 

layers of FRPs may be used in hand lay-up applications.  

  3.     Near surface mounting (NSM), where grooves are cut along the surface 

of the concrete members. Premanufactured FRP strips or small-diame-

ter FRP bars are inserted into the grooves and bonded adhesively.    

 FRPs can also be wrapped around concrete columns or piers to increase their 

capacity and ductility. After the Prieta earthquake in 1989, FRP and steel 

jackets became popular and routine methods of retrofi tting concrete bridge 

piers/columns in the US (Tang and Podolny, 1998; Bank, 2006). Compared 

with steel jackets, FRP composite materials are lightweight and corrosion 

free, making them more attractive in most cases. As well as increasing the duc-

tility of bridge columns (Moran and Pantelides, 2002) and repairing piers or 

piles damaged by steel reinforcement corrosion (Pantazopoulou  et al ., 2001; 

Winters  et al ., 2008), FRP wrap is used as a barrier to prevent chloride pene-

tration further corroding steel reinforcement (Klaiber  et al ., 2004).   

  1.3     Monitoring problems in bridges using FRP 
composites 

 Although FRP composite materials have a lot of advantages, as mentioned 

in the previous sections, they also have some disadvantages compared with 

steel and concrete used in bridge construction:

   Besides its high initial cost, pultruded FRP has lower stiffness and, there-• 

fore, defl ection control is necessary in FRP bridges.  

  Most FRP deck systems are enclosed, making it diffi cult to detect prob-• 

lems by visual inspection.  

  Compared with traditional materials used in bridge construction, there are • 

relatively few long-term performance data on FRPs, and not enough for 
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bridge owners and engineers to use FRPs as confi dently as they use steel 

and concrete. Therefore, a monitoring program is normally required after 

the construction of FRP bridges (Turner  et al ., 2003; Foley  et al ., 2010).    

  1.3.1     Potential problems of FRP bridges in service  

 In this section, we consider potential problems detected in FRP bridges in 

service. 

 An FRP composite material used in a bridge in fi eld may deteriorate or 

become damaged due to moisture absorption, alkali solution in concrete, 

temperature cycling, freeze–thaw, creep and relaxation, fatigue, UV radia-

tion, or fi re (Karbhari  et al ., 2003). The following damage may be observed:

   blistering  • 

  voids     • 

   discoloration  • 

  wrinkling  • 

  fi ber exposure  • 

  cracks  • 

  delamination.    • 

 After moisture penetrates FRP components, local hydrostatic pressure 

between the layers and stresses due to freeze–thaw cycles may delaminate 

the layers and cause bubbles on the surface i.e.,  blistering . 

  Voids  are submerged gaps within the laminates of a deck, and are usually 

invisible. 

 A long period of exposure to UV lights, heat, and the chemical environ-

ment may cause FRP  discoloration . 

 Excessive stretching or shearing of the fabric during wet-out may cause 

 wrinkling . 

 Improper handling may cause  fi ber exposure  and scratches on the sur-

face of FRP components. If it is not repaired, the damage would make the 

fi bers susceptible to moisture and contamination, leading to further lami-

nate deterioration in the area. 

 Vehicle and debris impact can cause  cracks  and result in the material sep-

arating through the entire thickness of the laminate (Telang, 2006). 

 Moisture trapped between the FRP-SIP formwork and the concrete, and 

its corresponding freeze–thaw cycles, may cause the loss of shear strength 

between the FRP formwork and the concrete, and  delamination  (Wan  et al ., 
2007; Foley  et al ., 2010). FRP repaired and retrofi tted concrete bridge fl ex-

ural members also suffer delamination problems (Wan  et al ., 2006). 

 FRP decks can be connected to steel girders by shear studs, clips, or bolts. 

For shear stud connections, the studs are installed onto the steel girders 

www.EngineeringBooksPDF.com



12   Advanced Composites in Bridge Construction and Repair

through stud pocket openings, and then the stud pockets are grouted to 

obtain composite action between the FRP and the steel girder (Turner  et al ., 
2003). For clip connections, the FRP deck is vertically clamped to the girder 

fl ange with steel side clips, and for bolt connections, threaded studs, nuts, 

and washers anchor the FRP deck to steel girder (Telang, 2006). If the girder 

is a precast concrete girder, a set of bent bars is cast as shear studs, and then 

inserted into the stud pocket openings in the FRP deck to be grouted. Good 

deck-to-girder connections are critical to the composite action between the 

deck and girder, and the integrity of the entire structure in service. Damage 

to these connections will cause gaps or relative movement between the deck 

and girder, and the bridge will no longer be safe for pedestrians and vehicles. 

However, these connections, apart from the bolted connection, are hidden 

in grout and are diffi cult to inspect. 

 It is possible to connect FRP deck-to-deck using interference fi t with 

shear keys, tongue-and-groove connections, or butt joints with shear-splice 

plate strips (Telang, 2006). These connections are relatively easy to inspect, 

but problems can also develop in these areas as a result of improper instal-

lation, large vehicle loads, and environmental exposures. Loosened deck-

to-deck joints may cause the decks to move vertically relative to each 

other, causing an uneven surface on the bridge, and cracks in the overlay 

and surface.  

  1.4     Common nondestructive evaluation/testing 
(NDE/NDT) methods for bridges using FRP 
composites 

 FRP bridges can be inspected and monitored by common NDE/NDT meth-

ods that have been used widely by bridge maintenance engineers and by 

engineers in the aerospace and ship industries that have a longer history of 

using FRP composite materials. Some simple but effi cient methods, such as 

visual inspection, chain dragging, and tap testing, do not need special equip-

ment. Some methods, such as thermal, acoustic, and ultrasonic testing, radi-

ography, modal analysis, and  in situ  load testing, are more complex and do 

require specifi c equipment (Telang, 2006). 

  Visual inspection  is the simplest method and is widely used to check FRP 

bridges. The inspector uses the naked eye with the help of simple tools, 

such as a fl ash light, measuring tape, or mirrors, to rapidly detect defects 

and problems on the bridge. Cracks, delamination, discoloring, voids, and 

deformations detected by visual inspection may be further investigated by 

more sophisticated methods if needed. The major disadvantage of visual 

inspection is that it can only detect surface problems and cannot quantify 

the extent of the damage. 
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 In  tap testing , the inspector taps the FRP surface with a coin, hammer, or 

electronic tapping unit and detects delamination or voids by listening to the 

distinctive changes in sound. Although it does not require expensive equip-

ment or extensive training, tap testing can effi ciently identify most com-

mon problems in FRP bridges in conjunction with visual inspection. Void 

in the bottom of an FRP deck was found in an FRP slab bridge by tapping 

the underside of the bridge surface with a rubber mallet (Alampalli, 2006). 

Visual inspection and  chain dragging  were also performed on this bridge to 

check for delamination between the polymer-concrete wearing surface and 

the FRP structure (Alampalli, 2006). Similarly to tap testing, in chain drag-

ging a steel chain is dragged along the bridge deck and an inspector listens to 

the changes in acoustic response to locate potential delamination (Guthrie 

 et al ., 2006). Rosenboom  et al . (2009) found that visual inspection and tap-

ping (by a steel rod) were very effective in inspecting bonding between FRP 

and concrete for FRP-strengthened prestressed concrete girders. 

 The theory behind infrared thermography (IRT) is that subsurface defects 

affect heat fl ow in a material (Rens  et al ., 2005). An ambient or artifi cial heat 

source is used to heat one side of the bridge deck, and an infrared camera is 

used to measure the temperature variation of the other side, to detect dis-

continuities inside the tested area, such as delamination, debonding, impact 

damage, moisture, and voids. IRT imaging has been successfully used to 

evaluate the quality of the bond between FRP and concrete in an FRP-

strengthened reinforced concrete bridge (Hag-Elsafi   et al ., 2004; Taillade 

 et al ., 2012). Digital IRT was used to detect subsurface defects in FRP bridge 

decks and the debonding between the wearing surface and underlying deck 

(Halabe  et al ., 2007). The temperature inside a bridge can also be measured 

by thermal sensors. Teng  et al . (2003) installed thermal sensors on GFRP-

wrapped concrete columns of a highway bridge to monitor the temperature 

difference between the FRP and substrate concrete column over 2 years 

and detect possible debonding. 

 The principle behind  acoustic testing  is that a structure under certain load 

levels produces acoustic sounds or emissions (AE) due to deformation, 

cracks initiating and growing, cracks opening and closing, fi bers breaking, 

and delamination in composite materials (Telang, 2006). Testing is carried 

out with AE piezoelectric sensors, couplant, multi-channel data acquisition 

hardware, and a fully integrated analysis and data acquisition software sys-

tem. Gostautas  et al . (2005) successfully used AE to evaluate six full-scale 

GFRP bridge deck panels with different cross-sections. 

 In  ultrasonic testing , high-frequency sound waves are sent into the mate-

rial being tested, and the change of speed of the refl ected waves is detected. 

Pulse velocities can be correlated to material quality or bond quality to detect 

discontinuity (Hellier, 2001). An ultrasonic testing system includes a trans-

ducer, pulser, receiver/amplifi er, and a display screen. Ultrasonic testing has 
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been successfully used to detect debonding damage in FRP-strengthened 

concrete members (Bastianini  et al ., 2001) and an FRP-strengthened cast 

iron bridge (Bastianini  et al ., 2004). Mahmouda  et al . (2010) used surface 

acoustic waves (SAWs) to evaluate the interface deterioration of CFRP-

strengthened concrete specimens, and proposed using this method to moni-

tor the health of concrete bridge structures repaired or retrofi tted with FRP 

composite materials. The operator of ultrasonic testing should have a high 

level of expertise to properly conduct the test and interpret the data, and 

be certifi ed by the American Society of Nondestructive Testing (ASNT) 

(Telang, 2006). 

  Radiography  uses X-rays or gamma rays to penetrate the deck and ‘see’ 

defects. Defects in an FRP deck, such as delamination, differ from healthy 

parts in the amount of penetrating radiation they absorb. The radiographic 

fi lm or computer screen of the test system can clearly indicate where there 

are defects. 

 If an FRP bridge has deteriorated, its overall stiffness will change, and 

therefore its dynamic response will differ from that of the original struc-

ture. Using this theory to evaluate the condition of a bridge structure is 

known as  modal analysis . To perform a modal analysis, the bridge is instru-

mented with an array of accelerometers, and then prescribed dynamic load 

tests are performed to extract modal parameters with selected frequencies 

and mode shapes (Telang, 2006). How much the modal parameters differ 

from the baseline parameters indicates how much the FRP bridge has dete-

riorated or been damaged since its original construction. Modal analysis 

was used to characterize the dynamic behavior of the fi rst FRP composite 

bridge superstructure built in New York State (Alampalli, 2006). Guan  et al . 
(2007) installed a distributed array of accelerometers on an FRP highway 

bridge to collect structural vibration data and carried out a modal analysis 

to determine the long-term performance of the bridge. 

 For  in situ  load testing, a known live load with predefi ned patterns is 

applied to a bridge instrumented with strain gages, accelerometers, and dis-

placement sensors. The strain and defl ection of the bridge are recorded and 

analyzed to evaluate its performance. The load test can be performed over 

a certain time interval (e.g., 1 or 2 years) to discover any change in bridge 

response and determine any deterioration or damage during this time. 

Repeated  in situ  load tests can help to monitor the long-term performance 

of a bridge. 

 Because most of the FRP bridges built over the past two decades were 

built for demonstration purposes and technical verifi cation, they all had 

short- and/or long-term monitoring programs, including  in situ  load testing, 

set up for them (Shenton and Chajes, 1999; Alampalli and Kunin, 2001; Turn 

 et al ., 2003; Hag-Elsafi   et al ., 2004; Reising  et al ., 2004; Shahrooz and Boy, 

2004; Zhou  et al ., 2005; Alampalli, 2006; Foley  et al ., 2010). The case study in 
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Section 1.5 describes one such program, which monitors a highway bridge 

using an FRP-SIP formwork and an FRP grid in a concrete deck. 

 Radiography, modal analysis, and load testing require special and nor-

mally expensive equipment, compared to visual inspection, tap testing and 

chain dragging, thermography, and acoustic testing. They also require a rela-

tively high level of expertise to operate and interpret the data, and are time 

consuming. Therefore, they are only used for detailed assessments of poten-

tially damaged or defective areas already identifi ed using simpler methods 

(e.g. by visual inspection, chain dragging, or tap testing). More detailed 

discussion of common NDE/NDT methods can be found in many books 

and manuals covering this topic for regular and FRP bridges (Hellier, 2001; 

Telang, 2006). 

  1.4.1      Smart FRP bridges 

 This section introduces the recently developed smart FRP bars and smart 

FRP cables that integrate FRPs and fi ber optic sensors used to monitor FRP 

bridge components. The use of strain gages to measure the strains of bridge 

components is a well-developed technology widely used in FRP bridge 

monitoring projects (Shenton and Chajes, 1999; Alampalli and Kunin, 2001; 

Turn  et al ., 2003; Foley  et al ., 2010). However, strain gages can be damaged in 

fi eld by environmental exposure or vandalized. Instead, optical fi ber Bragg 

grating (OFBG) sensors can measure the strain and temperature of a com-

ponent by monitoring the Bragg light spectrum of the grating refl ection 

and transmission inside the optic fi bers. OFBGs have a small diameter and 

are lightweight, and therefore have only a very small effect on the com-

ponents tested when they are installed. OFBG sensors are not affected by 

electromagnetic interference and can be easily made into distributed sen-

sor networks, and have a long service life. Therefore, they are attractive for 

long-term monitoring of bridges (Zou  et al ., 2003). 

 Two different fi ber optic sensors were installed in an FRP reinforced con-

crete highway bridge in Canada to create a smart bridge that continuously 

sent bridge information to the engineers’ offi ce (Shehata and Rizkalla, 

1999). More recently, OFBG sensors were installed on Hong Kong’s Tsing 

Ma Bridge and successfully monitored the performance of the bridge in 

service (Chan  et al ., 2006). Jiang  et al . (2010) also embedded global and 

local fi ber optic sensors in FRP materials to create a smart FRP system to 

strengthen reinforced concrete and steel members. 

 As the bare OFBG sensor is fragile, it is easily damaged if directly installed 

on structural members. For this reason, some researchers integrated OFBG 

sensors into FRP bars or cables to create smart FRP bars or smart FRP 

cables (Kalamkarov  et al ., 1999, 2005; Zhang  et al ., 2006; Lu and Xia, 2007; 
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Li  et al ., 2009, 2011, 2012). To produce OFBG FRP smart bars, a bare OFBG 

sensor is put in the center of the die for FRP bars or cables during pultru-

sion, which are then cut to the required length for structural applications 

(Zhou  et al ., 2003). The bond between the smart FRP bar and the concrete 

is critical in transferring the strain between them. In order to improve this 

bond, surface deformations are normally added to the FRP bars and sand 

used to roughen their surface (Zhou  et al ., 2003; Kalamkarov  et al ., 2005). 

 To make a smart cable for cable-stayed bridges, a steel strand was opened; 

then its middle wire was taken out and replaced by an FRP smart bar; fi nally, 

the rest of the wires and the FRP smart bar were re-twisted to make a new 

smart strand (Li  et al ., 2011). Smart bars and cables with OFBG can be 

used as regular bars and cables, but they also act as sensors measuring strain 

and temperature inside structural members. Wang  et al . (2009) installed 

smart GFRP bars with fi ber optic sensors in reinforced concrete beams 

strengthened by NSM FRP bars to achieve the dual purposes of structural 

strengthening and strain monitoring.   

  1.5     Case study: monitoring a bridge with an FRP 
composite stay-in-place (SIP) formwork and an 
FRP composite reinforced concrete deck 

 As part of the FHWA IBRC Program, the state of Wisconsin constructed a 

highway bridge with decks using an FRP-SIP formwork and FRP grillage 

reinforcement in 2003 (Foley  et al ., 2005, 2010). The bridge superstructure 

is composed of traditional precast concrete I-girders acting compositely 

with the bridge deck. The bridge is Bridge B-20-133 on US Highway 151 in 

Waupun, Wisconsin, and it is a typical precast, pretensioned two-span con-

tinuous superstructure system as shown in Fig. 1.1. A 5-year program was set 

up to monitor its long-term performance with two  in situ  load tests at 2-year 

intervals and fi eld inspections.    

 Electrical resistance strain gages are often used to record the strains in dif-

ferent components of a bridge during  in situ  load testing (Turner  et al ., 2003). 

As mentioned above, they have some drawbacks when used for long-term 

monitoring, for example, being vulnerable to environmental degradation, 

damage, and vandalism. Therefore, portable and removable strain sensors 

were developed and used to measure normal strains in the bridge deck and 

girders of this monitoring project (Schneeman, 2006; Foley  et al ., 2010). 

 The portable strain sensor includes a material carrier with low modulus of 

elasticity for the strain gage and a conventional electronic resistance strain 

gage as shown in Fig. 1.2a and 1.2b. Two holes were drilled at each end of the 

portable strain sensor through which mechanical anchors were inserted to 

mount the sensor on the concrete girder or deck as shown in Figs 1.2c and 
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 1.1      South side of US 151 overpass bridge, B-20-133. ( Source : Courtesy 

of Dr Christopher Foley.)  

       1.2      Portable strain sensor: (a) confi guration of the portable strain 

sensor; (b) constructed strain sensors without connection tabs or 

protective coating; (c) fi eld installation of the strain sensor to concrete; 

and (d) portable strain transducer mounted to lower fl ange of precast 

54 W girder. ( Source : Schneeman, 2006; Foley  et al ., 2010; Courtesy of 

Dr Christopher Foley.)  
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1.2 Continued
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1.2d. For each sensor, a quick connect/disconnect tab was wired to the strain 

gage. The mechanical anchors and wires were installed permanently on the 

bridges. Before load testing, strain sensors were installed at designated loca-

tions on the anchors and connected to a data acquisition system via the 

quick connect/disconnect tabs. All strain sensors were tested and calibrated 

in the laboratory before they were used on the bridge. Details of the testing 

and calibration of the portable strain sensors can be found in Schneeman 

(2006).    

 The removable strain sensors were used to measure the strains of the 

bridge deck and commercially available draw wire transducers (DWTs) 

were used to measure the defl ection of the bridge deck relative to the bridge 

girders. A schematic illustrating the instrumentation is shown in Fig. 1.3. The 

instrumentation in this bridge structure was focused on measuring the dis-

tribution of wheel loads within the bridge deck and the defl ection of the 

bridge deck relative to the girders.    

 Two load tests were conducted on this bridge in July 2007 and July 2009. 

A weighted dump truck was driven slowly onto the bridge and stopped at 

designated locations to test the deck strain and defl ection. Two loading path 

protocols were used to generate large strains in the exterior and interior 

spans, and the data acquisition system recorded the strains and defl ections 

when the truck was on the bridge. Details of the loading test process can be 

found in Foley  et al . (2010) and Wan and Foley (2010). Peak deck defl ections 

measured in the fi rst and second load tests were similar, on the order of 

0.381 mm. Therefore, it can be concluded that there has been no signifi cant 

change in the fl exure load transfer mechanism in the bridge deck over the 

2-year period between the two load tests. 

 The strain measurements from the July 2007 load test were used to esti-

mate the bridge deck width that resists wheel loading, and a standard spec-

ifi cation design procedure for bridge deck analysis (AASHTO, 2002) was 

also used to calculate the live load bending moment when the bridge was 

subjected to the truck load. Compared with the results calculated from mea-

sured strains, the American Association of State Highway and Transportation 

Offi cials (AASHTO) specifi cation (2002) methodology is conservative in 

estimating the bending moment per foot of width that would be seen in the 

deck. The moment strip width was also computed using the measured strain 

data (Foley  et al ., 2008) and compared with the results calculated using the 

AASHTO (2006) load and resistance factor design (LRFD) procedure. This 

shows that LRFD specifi cations are also conservative in analyzing this inno-

vative FRP-SIP bridge deck. 

 Moisture accumulation at the interface between the FRP-SIP formwork 

and the concrete in this FRP-SIP bridge deck was assessed using a digi-

tal hygrometer inserted into holes drilled from the bottom of the deck to 
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different depths. No moisture was found when the probe holes were drilled. 

Therefore, no moisture had accumulated when this test was conducted in 

2009 when the bridge had been in service for 5 years. However, the humidity 

at the interface of the FRP-SIP formwork and the concrete was higher than 

at other locations, indicating a tendency for moisture to accumulate at the 

interface. Experimental work relating to this monitoring program has shown 

that freeze–thaw cycling and the presence of water could be detrimental to 

the interfacial shear strength between the FRP-SIP formwork and the con-

crete (Wan  et al ., 2007). Therefore, it is recommended that relative humidity 

is monitored at the interface for long-term evaluation of bridge decks with 

FRP-SIP formwork. 

 This bridge with its FRP-SIP deck and its sister bridge with a traditional 

steel-reinforced concrete deck were visually inspected in October 2005, July 

2007, and July 2009. The visual inspections examined all superstructure ele-

ments including the abutments, piers, deck surface, deck soffi t, and parapets. 

They revealed that both bridges were in very good condition. 

 In the fi rst visual inspection, scaled crack maps were drawn for both 

bridges as shown in Fig. 1.4. The fi gure shows extensive cracking in both 

bridge decks and that most of the cracks were concentrated in the negative 

moment regions above the central piers. A numerical simulation indicated 

that the traffi c load combined with concrete shrinkage caused transverse 
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 1.3      Instrumentation layout for B-20-133 (1 in. = 25.4 mm). ( Source : 

Foley  et al ., 2010; Courtesy of Dr Christopher Foley.)  
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cracking in the deck over the interior piers (Foley  et al ., 2010; Wan  et al ., 
2010). The bridge with the FRP-SIP deck (Bridge B-20-133) appeared to 

have less cracking at the mid span location between the abutment and cen-

tral pier than the bridge with the traditional steel-reinforced concrete deck 

(Bridge B-20-134). This may be a result of the SIP-FRP formwork restrain-

ing the shrinkage of the deck, as well as the tight spacing of the FRP grillage. 

The cracking at acute corners in skewed superstructures resulted from con-

crete shrinkage in the bridge deck. The visual inspection did not detect any 

cracking at the overhanging portion of the decks for either bridge. However, 

hairline cracks in the bridge decks had propagated to and through the par-

apet, with effl orescence showing on the underside of the overhang of each 

bridge deck. Because of the FRP-SIP formwork, it was impossible to check 

the condition of the concrete deck from the underside by visual inspection.     

  1.6     Future trends 

 The unique properties of high specifi c strength, high specifi c stiffness, and 

corrosive resistance have made FRP composite materials acceptable for all 

kinds of bridge construction, as described. Following two decades of fi eld 

application and research, manufacturers, researchers, bridge engineers, 

B-20-134

Pier CL

B–20–133/134

Page 2 of 3 KEM
Drawn

by
Marquette University

10/27/2005

CRACK MAP
10 FT 30 FT 50 FT

N
or

th

Traffic

B-20-133

Traffic

 1.4      Crack map of B-20-133/134 (B-20-133 is the bridge with FRP-SIP 

form deck, and B-20-134 is the bridge with traditional steel reinforced 

concrete deck). ( Source : Martin, 2006; Foley  et al ., 2010; Courtesy of 

Dr Christopher Foley.)  
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owners, and government agencies are putting a lot of effort into increas-

ing the application of FRP in bridges. To regulate design, construction, and 

inspection, different countries have published their own specifi cations and 

codes. As we gain greater understanding of their long-term performance, 

more bridges will be constructed using FRP composite materials. It is 

expected for more FRP to be used in the following three areas of bridge 

construction:

   FRP pedestrian bridges     • 

   FRP reinforced concrete bridge decks  • 

  super-long-span all FRP bridges.    • 

 An  FRP pedestrian bridge  can be manufactured in a factory and then 

installed on site within several hours. Because it is light compared with a 

steel and concrete pedestrian bridge, the FRP pedestrian bridge does not 

require heavy equipment for transporting and installing. Its corrosion resis-

tance also reduces its life cycle cost. Therefore, an FRP pedestrian bridge 

will be seen as a very attractive option when an old pedestrian bridge needs 

to be replaced or a new one needs to be built. 

 Contrary to results from accelerated tests in the laboratory, GFRP rein-

forcement did not show any deterioration in  concrete decks  after several 

years of service in fi eld (Mufti  et al ., 2005). This has given bridge engineers 

and bridge owners the confi dence to increase its application in areas where 

steel reinforcement corrosion is a serious problem, such as traditional steel-

reinforced concrete bridge decks. 

 As the economy has developed,  long-span bridges  have been required 

worldwide to connect islands or cross straits. The high material strength of 

CFRP and the excellent structural style of a cable-stayed bridge enable an 

all FRP bridge to span much further than a bridge constructed using steel 

and concrete. 

 Basic and simple methods of bridge testing, such as visual inspection and 

tap testing, will be the regular NDE/NDT methods for FRP bridges. When 

needed, thermography, load testing, and other test methods, as discussed in 

the previous section, will be used. It is believed that more new FRP bridges 

will be constructed as ‘smart’ bridges, with various sensors integrated into 

the decks, girders, cables, and other important components to continuously 

monitor the performance of each bridge. The data of these smart bridges 

will be transmitted through wired or wireless networks to an offi ce where 

they will be analyzed. Some prototype smart systems have already been 

established and installed on FRP bridges (Shehata and Rizkalla, 1999; 

Guan and Karbhari, 2006). In future, a complete system of software and 

hardware will be developed to automatically analyze technical data trans-

mitted from the bridge. Once the critical parameter, such as the strain value 
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at a predefi ned location, exceeds a certain threshold, the system will send 

an alert to the maintenance engineers to take action. Using such a sys-

tem, engineers will be able to fi x problems promptly when they fi rst occur, 

avoiding further damage.  

  1.7     Sources of further information and advice 

 In recent years, a signifi cant number of specifi cations and codes have been 

published to guide engineers when designing FRP bridges. In the USA, the 

American Concrete Institute (ACI) has published a series of guides on using 

FRP composite materials in concrete structures. All highway bridges in the 

US including FRP bridges should satisfy the requirements of the AASHTO 

 Standard Specifi cations for Highway Bridges . AASHTO has also published 

 Guide Specifi cations for Design of   FRP Pedestrian Bridges . Canada, Japan, 

Europe, and China have published guide specifi cations for FRP applications 

in infrastructure. 

 The International Institute for FRP in Construction (IIFC) is the only 

international professional organization dedicated to the use of fi ber rein-

forced composite materials in civil infrastructure ( http://www.iifc-hq.org/ ). 

The IIFC hosts two offi cial conferences in alternating years in which state-

of-the-art research on FRP applications for infrastructures is presented and 

discussed. The FHWA maintains an FRP bridge library ( http://www.fhwa.

dot.gov/bridge/frp/frppaper.cfm ) in which reports, design and construction 

guides, research papers, and other related information on FRP bridges in 

the US are collected. Signifi cant journals publish research papers on FRP 

bridge practice and inspection, such as those listed in the reference section 

of this chapter. 

 For inspection and monitoring,  Handbook of   Nondestructive Evaluations  

by Chuck Hellier (2001) covers the majority of NDE methods. FRP bridge 

inspectors should also follow the federal and state published manuals 

for inspection of bridges. The National Cooperative Highway Research 

Program (NCHRP) report 564:  Field inspection of in-service   FRP bridge 
decks  (Telang  et al ., 2006) gives guidance on inspection and assessment of 

in-service FRP bridge decks.  

    1.8     References 
 AASHTO (2002)  Standard Specifi cations for Highway Bridges, Customary Units,  

17th Edition, American Association of State Highway and Transportation 

Offi cials, Washington, DC. 

 AASHTO (2006)  AASHTO   LRFD Bridge Design Specifi cations Including 2006 
Interim Revisions, Customary U.S. Units,  3rd Edition, American Association of 

State Highway and Transportation Offi cials, Washington, DC. 

www.EngineeringBooksPDF.com



24   Advanced Composites in Bridge Construction and Repair

 Alampalli S. (2006) ‘Field performance of an FRP slab bridge’,  Composite Structures , 

Vol.  72 , pp. 494–502. 

 Alampalli, S. and Kunin, J. (2001)  Load Testing of an   FRP Bridge Deck on a Truss 
Bridge , Transportation Research and Development Bureau, New York State 

Department of Transportation, Report No. FHWA/NY/SR-01/137. 

 Aref, A.J., Kitan, Y. and Lee, G.C. (2005) ‘Analysis of hybrid FRP concrete multi-cell 

bridge superstructures’,  Composite Structures , Vol.  69 , pp. 346–359. 

 Bakis, C.E., Bank, L.C., Brown, V.L., Cosenza, E., Davalos, J.F. and Lesko, J.J. (2002) 

‘Fiber-reinforced polymer composites for construction state-of-the-art review’, 

 ASCE Journal of Composite for Construction , Vol.  6 , No. 2, pp. 73–87. 

 Bank, L. (2006)  Composites for Construction:   Structural Design with   FRP Materials , 

Hoboken, New Jersey, John Wiley & Sons, Inc. 

 Bank, L.C., Malla, A.P., Oliva, M.G., Russell, J.S., Bentur, A. and Shapira, A. (2009) 

‘A model specifi cation for fi ber reinforced non-participating permanent form-

work panels for concrete bridge deck construction’,  Construction and Building 
Materials , Vol.  23 , pp. 2664–2677. 

 Bank, L.C., Oliva, M.G., Bae, H., Barker, J.W. and Yoo, S. (2007) ‘Pultruded FRP 

plank as formwork and reinforcement for concrete members’,  Advances in  

 Structural Engineering , Vol.  10 , No. 5, pp. 525–535. 

 Bank, L.C., Oliva, M.G., Bae, H. and Bindrich, B.V. (2010) ‘Hybrid concrete and 

pultruded-plank slabs for highway and pedestrian bridges’,  Construction and 
Building Materials , Vol.  24 , pp. 552–558. 

 Bank, L.C. and Russell, G.T. (1995) ‘Accelerated test methods to determine the long-

term behavior of FRP composite structures: environmental effects’,  Journal of  
 Reinforced Plastics and Composites , Vol.  14 , pp. 559–587. 

 Bastianini, F., Di Tommaso, A. and Pascale, G. (2001) ‘Ultrasonic nondestructive 

assessment of bonding defects in composite structural strengthening’,  Composite 
Structures , Vol.  5 , pp. 463–467. 

 Bastianini, F., Ceriolo, L., Di Tommaso, A. and Zaffaroni, G. (2004) ‘Mechanical 

and nondestructive testing to verify the effectiveness of composite strengthen-

ing on historical cast iron bridge in Venice, Italy’,  Journal of Materials in Civil 
Engineering , Vol.  16 , pp. 407–413. 

 Berg, A.C., Bank, L.C., Oliva, M.G. and Russell, J.S. (2006) ‘Construction and cost 

analysis of an FRP reinforced concrete bridge deck’,  Construction and Building 
Materials , Vol.  20 , pp. 515–526. 

 Bouguerra, K., Ahmed, E.A., El-Gamal, S. and Benmokrane, B. (2011) ‘Testing of 

full-scale concrete bridge deck slabs reinforced with fi ber-reinforced polymer 

(FRP) bars’,  Construction and Building Materials , Vol.  25 , pp. 3956–3965. 

 Bradberry (2001) ‘Concrete bridge decks reinforced with fi ber-reinforced polymer 

bars’,  Transportation Research Record , Vol.  1770 , pp. 94–104. 

 Brunton, J.J., Bank, L.C. and Oliva, M.G. (2012) ‘Punching shear failure in dou-

ble-layer pultruded FRP grid reinforced concrete bridge decks’,  Advances in  

 Structural Engineering,  Vol.  15 , No. 4, pp. 601–613. 

 Caron, J.F., Julich, S. and Baverel O. (2009) ‘Self-stressed bowstring footbridge in 

FRP’,  Composite Structures , Vol.  89 , pp. 489–496. 

 Chan, T., Yu, L. and Tam, H. (2006) ‘Fiber Bragg grating sensors for structural health 

monitoring of Tsing Ma bridge: background and experimental observation’, 

 Engineering Structures , Vol.  28 , pp. 648–659. 

www.EngineeringBooksPDF.com



Using FRP composites in bridge construction   25

 Chen, Y., Ziehl, P.H. and Harrison, K.W. (2009) ‘Experimental characterization 

and optimization of hybrid FRP/RC bridge superstructure system’,  Journal of 
Bridge Engineering , Vol.  14 , pp. 45–54. 

 Cho, J., Cho, K, Park, S.Y., Kim, S.T. and Kim, B. (2010) ‘Bond characteristics of 

coarse sand coated interface between stay-in-place fi bre-reinforced polymer 

formwork and concrete based on shear and tension tests’,  Canadian Journal of 
Civil Engineering , Vol.  37 , pp. 706–718. 

 Davalos, J.F., Chen, A. and Zou, B. (2012) ‘Performance of a scaled FRP deck-on-

steel girder bridge model with partial degree of composite action’,  Engineering 
Structures , Vol.  40 , pp. 51–63. 

 El-Ragaby, A., El-Salakawy, E. and Benmokrane, B. (2007) ‘Fatigue analysis of con-

crete bridge deck slabs reinforced with E-glass/vinyl ester FRP reinforcing 

bars’,  Composites: Part B , Vol.  38 , pp. 703–711. 

 El-Salakawy, E.F., Benmokrane, B., El-Ragaby, A. and Nadeau, D. (2005) ‘Field 

investigation on the fi rst bridge deck slab reinforced with glass FRP bars con-

structed in Canada’,  ASCE Journal of Composites for Construction , Vol.  9 , No. 

6, pp. 470–479. 

 Feng, P. (2012) ‘All FRP and FRP-concrete hybrid components for bridges: experi-

ments, theories and case study’,  The Third Asia-Pacifi c Conference on   FRP in 
Structures (  APFIS 2012) , Hokkaido University, Sapporo, Japan, 2–4 February, 

CD-ROM. 

 FHWA (2003)  Innovative Bridge Research and Construction Program , U.S. 

Department of Transportation, Federal Highway Administration, Washington, 

D.C.,  http://ibrc.fhwa.dot.gov . 

 Foley, C.M., Wan, B. and Liu, J. (2008) ‘Wheel load distribution in concrete bridge 

decks with FRP stay-in-place forms’,  ACI   SP-257:   FRP Stay-In-Place Forms for 
Concrete Structures , CD-ROM, SP-257-3. 

 Foley, C.M., Wan, B., Schneeman, C., Barnes, K., Komp, J., Liu, J. and Smith, A. 

(2010)  In-Situ Monitoring and Testing of   IBRC Bridges in   Wisconsin , Wisconsin 

Highway Research Program, report No. WHRP 10-09. 

 Goldsworthy, B. (1954) ‘The continuous extrusion of RP’,  Proceedings of the 9th   SPI  

 RPD Conference , Chicago, 3–5 February, Section 13. 

 Gostautas, R.S., Ramirez, G., Peterman, R.J. and Meggers, D. (2005) ‘Acoustic emis-

sion monitoring and analysis of glass fi ber-reinforced composites bridge decks’, 

 Journal of Bridge Engineering , Vol.  10 , No. 6, pp. 713–721. 

 Guan, H. and Karbhari, V.M. (2006) ‘Web-based structural health monitoring of an 

FRP composite bridge’,  Computer-Aided Civil and Infrastructure Engineering , 

Vol.  21 , pp. 39–56. 

 Guan, H., Karbhari, V.M. and Sikorsky, C.S. (2007) ‘Long-term structural health 

monitoring system for a FRP composite highway bridge structure’,  Journal of 
Intelligent Material Systems and Structures , Vol.  18 , pp. 809–823. 

 Guthrie, W.S., Frost, S.L., Birdsall, A.W., Linford, E.T., Ross, L.A., Crane, R.A. and 

Eggert, D.L. (2006) ‘Effect of stay-in-place metal forms on performance of con-

crete bridge decks’,  Transportation Research Board Annual Meeting , Washington 

D.C., CD-ROM. 

 Hag-Elsafi , O., Alampalli, S. and Kunin, J. (2004) ‘In-service evaluation of a reinforced 

concrete T-beam bridge FRP strengthening system’,  Composite Structures , Vol. 

 64 , pp. 179–188. 

www.EngineeringBooksPDF.com



26   Advanced Composites in Bridge Construction and Repair

 Hag-Elsafi , O., Albers, W.F. and Alampalli, S. (2012) ‘Dynamic analysis of the 

Bentley Creek Bridge with FRP deck’,  Journal of Bridge Engineering , Vol.  17 , 

pp.318–333. 

 Halabe, U.B., Vasudeven, A., Klinkhachorn, P. and Ganagarao, H.V.S. (2007) 

‘Detection of subsurface defects in fi ber reinforced polymer composite 

bridge decks using digital infrared thermography’,  Nondestructive Testing and 
Evaluation , Vol.  22 , pp. 155–175. 

 Hanus, J.P., Bank, L.C. and Oliva, M.G. (2009) ‘Combined loading of a bridge deck 

reinforced with a structural FRP stay-in-place form’,  Construction and Building 
Materials , Vol.  23 , pp. 1605–1619. 

 He, J., Liu, Y., Chen, A. and Dai, L. (2012) ‘Experimental investigation of movable 

hybrid GFRP and concrete bridge deck’,  Construction and Building Materials , 

Vol.  26 , pp. 49–64. 

 Hellier, C. (2001)  Handbook of Nondestructive Evaluation , New York, McGraw-

Hill. 

 Ji, H.S., Son, B.J. and Ma, J. (2009) ‘Evaluation of composite sandwich bridge decks 

with hybrid FRP-steel core’,  Journal of Bridge Engineering , Vol.  14 , pp. 36–44. 

 Jiang, G., Dawood, M., Peters, K. and Rizkalla, S. (2010) ‘Global and local fi ber optic 

sensors for health monitoring of civil engineering infrastructure retrofi t with 

FRP materials’,  Structural Health Monitoring , Vol.  9 , pp. 309–322. 

 Kalamkarov, A.L., Fitzgerald, S.B., MacDonald, D.O. and Georgiades, A.V. (1999) 

‘On the processing and evaluation of pultruded smart composites’,  Composites: 
Part B , Vol.  30 , pp. 753–763. 

 Kalamkarova, A.L., Sahaa, G., Rokkama, S., Newhookb, J. and Georgiades, A. (2005) 

‘Strain and deformation monitoring in infrastructure using embedded smart 

FRP reinforcements’,  Composites: Part B , Vol.  36 , pp. 455–467. 

 Karbhari, V.M., Chin, J.W., Hunston, D., Benmokrane, B., Juska, T., Morgan, R., Lesko, 

J.J., Sorathia, U. and Reynaud, D. (2003) ‘Durability gap analysis for fi ber-rein-

forced polymer composites in civil infrastructure’,  Journal of Composites for 
Construction , Vol.  7 , No. 3, pp. 238–247. 

 Khalifa, M.A., Hodhodt, O.A. and Zaki, M.A.(1996) ‘Analysis and design methodol-

ogy for an FRP cable-stayed pedestrian bridge’,  Composites Part B: Engineering , 

Vol.  27 , pp. 307–317. 

 Klaiber, F.W., Wipf, T.J. and Kash, E.J. (2004)  Effective   Structural Concrete Repair: 
Use of   FRP to Prevent Chloride Penetration in Bridge Columns, Iowa Project  
 TR-428 , Iowa Department of Transportation. 

 Li, H., Ou, J.P. and Zhou, Z. (2009) ‘Application of optical fi bre Bragg grating sensing 

technology-based smart stay cables’,  Optics and Lasers in Engineering , Vol.  47 , 

No. 10, pp. 1077–1084. 

 Li, L., Shao, Y. and Wu, Z. (2010) ‘Durability of wet bond of hybrid laminates to cast-

in-place concrete’,  Journal of Composites for Construction , Vol.  14 , pp. 209–216. 

 Li, H., Zhou, Z. and Ou, J.P. (2011) ‘Development and sensing properties study 

of FRP–FBG smart stay cable for bridge health monitoring applications’, 

 Measurement , Vol.  44 , pp. 722–729. 

 Li, H., Zhou, Z. and Ou, J.P. (2012) ‘Dynamic behavior monitoring and damage eval-

uation for arch bridge suspender using GFRP optical fi ber Bragg grating sen-

sors’,  Optics & Laser Technology , Vol.  44 , pp. 1031–1038. 

 Liu, Z., Cousins, T.E., Lesko, J.J. and Sotelino, E.D. (2008), ‘Design recommendations 

for a FRP bridge deck supported on steel superstructure’,  Journal of Composites 
for Construction , Vol.  12 , pp. 660–668. 

www.EngineeringBooksPDF.com



Using FRP composites in bridge construction   27

 Lu, S. and Xia, H. (2007) ‘Strengthen and real-time monitoring of RC beam using 

‘intelligent’ CFRP with embedded FBG sensors’,  Journal of Construction and 
Building Materials , Vol.  21 , pp. 1839–1845. 

 Mahmouda, A. M., Ammara, H.H., Mukdadi, O.M., Ray, I., Imani, F.S., Chen, A. and 

Davalos, J.F. (2010) ‘Non-destructive ultrasonic evaluation of CFRP–concrete 

specimens subjected to accelerated aging conditions’,  NDT&E International , 
Vol.  43 , pp. 635–641. 

 Martin, K.E. (2006)  Impact of Env  ironmental Effects on, and Condition Assessment of,  
 IBRC Bridge Decks in   Wisconsin , M.S. Thesis, Marquette University, Milwaukee, 

Wisconsin. 

 Mendes, P.J.D., Barros, J.A.O., Sena-Cruz, J. M. and Taheri, M. (2011) ‘Development 

of a pedestrian bridge with GFRP profi les and fi ber reinforced self-compacting 

concrete deck’,  Composite Structures , Vol.  93 , pp. 2969–2982. 

 Mohamed, H. and Radhouane, M. (2010) ‘Axial load capacity of concrete-fi lled 

FRP tube columns: experimental versus theoretical predictions’,  Journal of 
Composites for Construction , Vol.  14 , pp. 231–243. 

 Moran, D.A. and Pantelides, C.P. (2002) ‘Variable strain ductility ratio for fi ber-rein-

forced polymer-confi ned concrete’,  Journal of Composites for Construction , Vol. 

 6 , No. 4, pp. 224–232. 

 Mufti, A. Onofrei, M., Benmokrane, B., Banthia, N., Boulfi za, M., Newhook, J., Bakht, 

B., Tadros, G. and Brett, P. (2005) ‘Durability of GFRP reinforced concrete in 

fi eld structures’,  The 7th International Symposium on   Fiber Reinforced Polymer 
Reinforcement for Concrete Structures (  FRPRCS-7) , New Orleans, Louisiana, 

USA, 7–10 November, pp. 1361–1378. 

 Neto, A.B.S. and La Rovere H.L. (2010) ‘Composite concrete/GFRP slabs for foot-

bridge deck systems’,  Composite Structures , Vol.  92 , pp. 2554–2564. 

 Oliva, M., Bae, H., Bank, L. and Russell, J. (2008) ‘FRP stay-in-place formwork for 

fl oor and deck construction’,  ACI   SP257   FRP Stay-in-Place Forms for Concrete 
Structures , CD-ROM. 

 Ozbakkaloglu, T. and Saatcioglu, M. (2006) ‘Seismic behavior of high-strength 

concrete columns confi ned by fi ber-reinforced polymer tubes’,  Journal of 
Composites for Construction , Vol.  10 , pp. 538–549. 

 Ozbakkaloglu, T. and Saatcioglu, M. (2007) ‘Seismic performance of square high-

strength concrete columns in FRP stay-in-place formwork’,  Journal of   Structural 
Engineering , Vol.  133 , pp. 44–56. 

 Pantazopoulou, S.J., Bonacci, J.F., Sheikh, S., Thomas, M.D.A. and Hearn, N. (2001) 

‘Repair of corrosion-damaged columns with FRP wraps’,  Journal of Composites 
for Construction , Vol.  5 , No. 1, pp. 3–11. 

 Reising, R.M.W., Shahrooz, B.M., Hunt, V.J., Neumann, A.R. and Helmicki, A.J. 

(2004) ‘Performance comparison of four fi ber-reinforced polymer deck panels’, 

 Journal of Composites for Construction , Vol.  8 , No. 3, pp. 265–274. 

 Rens, K.L., Nogueira, C.L. and Transue, D.J. (2005) ‘Bridge management and nonde-

structive evaluation’,  Journal of Performance of Constructed Facilities , Vol.  19 , 

No. 1, pp. 3–16. 

 Rosenboom, O., Walter, C. and Rizkalla, S. (2009) ‘Strengthening of prestressed con-

crete girders with composites: installation, design and inspection’,  Construction 
and Building Materials , Vol.  23 , pp. 1495–1507. 

 Rubinsky, I. A. and Rubinsky, A. (1954) ‘An investigation into the use of fi ber-

glass for prestressed concrete’,  Magazine of Concrete Research , Vol.  6 , No. 17, 

pp. 71–78. 

www.EngineeringBooksPDF.com



28   Advanced Composites in Bridge Construction and Repair

 Schaumann, E., Vallée, T. and Keller, T. (2008) ‘Direct load transmission in hybrid 

FRP and lightweight concrete sandwich bridge deck’,  Composites: Part A , Vol. 

 39 , pp. 478–487. 

 Schaumann, E., Vallée, T. and Keller, T. (2009) ‘Shear resistance of lightweight 

concrete core of fi ber-reinforced polymer concrete sandwich structure’,  ACI 
Materials Journal , Vol.  106 , No. 1, pp. 33–41. 

 Schneeman, C.L. (2006)  Development and Evaluation of a Removable and Portable 
Strain Sensor for   Short-Term Live Loading of Bridge Structures , M.S. Thesis, 

Marquette University, Milwaukee, WI. 

 Sen, R., Mullins, G. and Salem, T. (2002) ‘Durability of E-glass/vinylester reinforce-

ment in alkaline solution’,  ASI   Structural Journal , Vol.  99 , No. 3, pp. 369–375. 

 Shahrooz, B.M. and Boy, S (2004) ‘Retrofi t of a three-span slab bridge with fi ber 

reinforced polymer systems – testing and rating’,  Journal of Composites for 
Construction , Vol.  8 , No. 3, pp. 241–247. 

 Shehata, E. and Rizkalla, S. (1999) ‘Intelligent sensing for innovative bridges’,  Journal 
of Intelligent Material Systems and Structures , Vol.  10 , pp. 304–313. 

 Shenton, H. W. and Chajes, M. J. (1999) ‘Long-term health monitoring of an advanced 

polymer composite bridge’,  Proceedings of the   SPIE – The   International Society 
for Optical Engineering , Vol.  3671 , pp. 143–151. 

 Son, J.K. and Fam, A. (2008) ‘Finite element modeling of hollow and concrete-fi lled 

fi ber composite tubes in fl exure: Model development, verifi cation and investi-

gation of tube parameters’,  Engineering Structures , Vol.  30 , pp. 2656–2666. 

 Taillade, F., Quiertant, M., Benzarti, K., Dumoulin, J. and Aubagnac, C. (2012) 

‘Nondestructive evaluation of FRP strengthening systems bonded on RC struc-

tures using pulsed stimulated infrared thermography’,  Infrared Thermography , 

Raghu V. Prakash (Ed.), InTech, Available from:  http://www.intechopen.com/

books/infrared-thermography/pulsed-stimulated-infrared-thermography-

applied-to-a-nondestructive-evaluation-of-frp-strengthening- . 

 Tang, B. and Podolny, W. (1998) ‘A successful beginning for fi ber reinforced poly-

mer (FRP) composite materials in bridge applications’,  FHWA Proceedings, 
International Conference on Corrosion and Rehabilitation of   Reinforced 
Concrete Structures , 7–11 December, 1998, Orlando, FL. 

 Telang, N.M., Dumlao, C., Mehrabi, A.B., Ciolko, A.T. and Gutierrez, J. (2006) 

 NCHRP Report 564: Field Inspection of In-Service   FRP Bridge Decks , 

Washington, D.C., Transportation Research Board of the National 

Academies. 

 Teng, J.G., Chen, J.F., Smith, S.T. and Lam, L. (2002)  FRP Strengthened   RC Structures , 

UK, John Wiley and Sons. 

 Teng, M.H., Sotelino, E.D. and Chen, W.F. (2003) ‘Performance evaluation of rein-

forced concrete bridge columns wrapped with fi ber reinforced polymers’, 

 Journal of Composites for Construction , Vol.  7 , No. 2, pp. 83–92. 

 Turner, M.K., Harries, K.A., Petrou, M.F., Rizos, D. and Wan, B. (2003)  In-Situ 
Evaluation of Demonstration   GFRP Bridge Deck System Installed on South 
Carolina Route S655 , University of South Carolina, Department of Civil and 

Environmental Engineering Report No. ST 03–02. 

 U Meier, D. (1987) ‘Proposal for a carbon fi ber reinforced composite bridge across 

the strait of Gibraltar at its narrowest site’,  Proceedings of the Institution of 

www.EngineeringBooksPDF.com



Using FRP composites in bridge construction   29

Mechanical Engineers, Part B: Management and Engineering Manufacture , Vol. 

 201 , No. 2, p73–78. 

 Wan, B., Foley, C.M. and Martin, K. (2007) ‘Freeze-thaw cycling effects on shear 

transfer between FRP stay-in-place formwork and concrete’,  The Third 
International Conference on Durability & Field Applications of   Fiber 
Reinforced Polymer (  FRP) Composites for Construction , 23–27 May, Quebec 

City, Quebec, Canada, pp. 227–234. 

 Wan, B. and Foley, C.M. (2010) ‘ In-situ  load tests and FE modeling of concrete 

bridge with FRP stay-in-place forms’,  The 5th International Conference on  

 FRP   Composites in Civil Engineering (  CICE 2010) , 27–29 September, Beijing, 

China, pp. 207–210. 

 Wan, B., Petrou, M.F. and Harries, K.A. (2006) ‘Effect of the presence of water on the 

durability of bond between CFRP and concrete’,  Journal of   Reinforced Plastics 
and Composites , Vol.  25 , No. 8, pp. 875–890. 

 Wang, B., Teng, J.G., De Lorenzis, L., Zhou, L., Ou, J., Jin, W. and Lau, K.T. (2009) 

‘Strain monitoring of RC members strengthened with smart NSM FRP bars’, 

 Construction and Building Materials , Vol.  23 , pp. 1698–1711. 

 Wang, X. and Wu, Z.S. (2010) ‘Evaluation of FRP and hybrid FRP cables for super 

long-span cable-stayed bridges’,  Composite Structures , Vol.  92 , pp. 2582–2590. 

 Winters, D., Mullins, G., Sen, R., Schrader, A. and Stokes, M. (2008) ‘Bond enhance-

ment for FRP pile repair in tidal waters’,  Journal of Composites for Construction , 

Vol.  12 , No. 3, pp. 334–343. 

 Wu, Z.S. and Wang, X. (2008) ‘Investigation on a thousand-meter scale cable-stayed 

bridge with fi bre composite cables’,  The Fourth International Conference on   FRP  

 Composites in Civil Engineering (  CICE2008) , 22–24 July, Zurich, Switzerland, 

CD-ROM. 

 Ye, L.P., Feng, P., Zhang, K., Lin, L., Hong, W.H. and Yue Q.R. (2003) ‘FRP in 

civil engineering in China: research and applications’,  Proceedings of   Fiber 
Reinforced Polymer: Reinforcement for Concrete Structures (  FRPRCS-6) , 8–10 

July, Singapore, pp. 1401–1412. 

 Zhang, Z.C., Zhou, Z. and Wang C. (2006) ‘Long-term monitoring FBG-based cable 

load sensor’,  SPIE Proceedings Vol. 6167, Smart Structures and Materials 2006: 
Smart Sensor Monitoring Systems and Applications , February 27 – March 1, 

2006, San Diego, California, USA, CD-ROM, Paper No. 55, 7 pages. 

 Zheng, Y., Yu, G. and Pan, Y. (2012), ‘Investigation of ultimate strengths of con-

crete bridge deck slabs reinforced with GFRP bars’,  Construction and Building 
Materials , Vol.  28 , pp. 482–492. 

 Zhou, A., Coleman, J.T., Temeles, A.B., Lesko, J.J. and Cousins, T.E. (2005) 

‘Laboratory and fi eld performance of cellular fi ber-reinforced polymer com-

posite bridge deck systems’,  Journal of Composites for Construction , Vol.  9 , No. 

5, pp. 458–467. 

 Zhou, Z., Graver, T.W. and Hsu, L. (2003), ‘Techniques of advanced FBG sen-

sors: fabrication, demodulations, encapsulation and their applications in 

the structural health monitoring of bridges’,  Pacifi c Scientifi c Review , Vol.  5 , 

pp. 116–121. 

     

www.EngineeringBooksPDF.com



© 2014 Elsevier Ltd

30

     2 
 Prestressed fiber-reinforced polymer (FRP) 

composites for concrete structures in flexure: 
fundamentals to applications   

    Y. J.   KIM ,    University of Colorado, Denver, USA    ,     

M. F.   GREEN ,    Queen’s University, Canada     and     R. GORDON  

 WIGHT ,    Royal Military College of Canada, Canada    

   DOI : 10.1533/9780857097019.1.30 

  Abstract : This chapter presents a comprehensive overview of prestressed 
fi ber-reinforced polymer (FRP) composites for concrete structures. 
Of interest are the prestressing methods and fl exural responses of 
such structures. This state-of-the-art review provides a synthesis of 
all existing prestressing applications for reinforcing or strengthening 
concrete members, including bonded and unbonded FRP composites. 
The review examines published codes and design manuals with their 
limitations, prestressing operation, failure modes, design methods, bond 
characteristics, and deformability (or ductility) of various prestressed FRP 
applications. Current research needs are discussed to further improve 
an understanding of the behavior and application of prestressed FRP 
composites for concrete structures. 

  Key words : application methods, bonding, ductility, fi ber-reinforced 
polymer (FRP), prestressed concrete, reviews. 

    2.1     Introduction 

 Prestressed concrete structures may suffer from damage of steel strands, 

including insuffi cient load-carrying capacity and degraded serviceability 

(e.g., large defl ection and excessive cracks). Corrosion of steel strands may 

be the most signifi cant contribution to the initiation and acceleration of 

damage in prestressed concrete members. To overcome this critical problem, 

various efforts have been made: for example, galvanized or epoxy-coated 

steel, and polymer concrete or low permeability concrete to reduce pores 

of the concrete (Toutanji and Saafi , 1999). None of these methods, however, 

effectively resolved corrosion problems. 

 Recent advances in materials technologies have resulted in an alterna-

tive reinforcing material, FRP composites. This chapter presents a synthesis 

of recent advances in prestressed FRP composites for concrete members 
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subjected to fl exural load, from fundamentals to applications. Focus is on the 

practical implementation of prestressed FRPs to better transfer the emerg-

ing technologies to practicing engineers and research professionals, includ-

ing various prestressing operations and corresponding fl exural responses of 

FRP-prestressed members. Current research needs to fi ll the gap between 

theory and practice are also discussed. 

  2.2     Types and characteristics of fiber-reinforced 
polymer (FRP) composites 

 Typical FRP composites consist of unidirectional fi bers and a matrix resin. 

The fi bers provide the load-carrying capacity of the composite. The matrix 

resin binds the fi bers and transfers applied stresses between the fi bers. 

Typical matrix resins include polyester, vinylester, and epoxy (Dolan, 1999). 

Two types of FRP reinforcement are currently available for concrete struc-

tures, namely FRP bars and laminates. A typical FRP tendon consists of 

40% resin and 60% fi ber (Dolan, 1999), and FRP laminates have 20–35% 

resin and 65–80% fi ber (Meier, 1995; Wight  et al ., 2001; El-Hacha  et al ., 
2003). Fiber content controls the mechanical properties of FRP compos-

ites. It should be noted that, for FRP-sheet applications, volume–fraction 

ratios may slightly change depending upon wet-lay-up (i.e., dry fi bers and 

wet resins are incorporated on site and cured). In this case, the contribution 

of resin to the load-carrying capacity of FRP composites can be ignored 

(MBrace, 1998). 

 For infrastructure applications, three types of FRP composites are primar-

ily used: aramid FRP (AFRP), glass FRP (GFRP), and carbon FRP (CFRP) 

(Bakis  et al ., 2002; Teng  et al ., 2003). The advantages of these FRP com-

posites are non-corrosive characteristics, light weight, high tensile strength, 

low relaxation, good fatigue resistance, reduced maintenance costs, and 

ease of handling (Grace and Abdel-Sayed, 2000; Zhang  et al ., 2000; Bakis 

 et al ., 2002; Ghallab and Beeby, 2005; Youakim and Karbhari, 2007; Kim and 

Heffernan, 2008). 

 The benefi ts of prestressed FRP composites include the effi cient use of 

FRP materials, reduced defl ection, controlled cracks, active load-carry-

ing mechanism, restored prestress losses in a prestressed concrete beam, 

improved cracking and yield loads of strengthened beams, and stress redis-

tribution (Meier, 1995; Wight  et al ., 2001; Kim  et al ., 2007a, 2008). The most 

notable benefi ts of FRP composites for prestressed concrete applications 

are their non-corrosive characteristics and high tensile strength. Taking into 

account the high tensile strength of FRP composites (e.g., 4–10 times greater 

than yield strength of reinforcing steel and comparable to prestressing steel 

strands, as shown in Table 2.1), a prestress may be applied to effi ciently use 

the material strength. The most remarkable difference between concrete 

www.EngineeringBooksPDF.com



 Table 2.1     Various FRP products for prestressing applications reported by the manufacturers 

 Typical property  Steel  CFRP  AFRP 

 Type  Rebar  Tendon  Tendon  Sheet/laminate  Tendon 

 Product  Generic  Generic  Leadline  CFCC  MBrace (CF-130)  Replark  Tyfo UC  Arapree  Parafi l  Technora 

 Density (g/cm 3 )  7.85  7.85  1.5  1.5  300 g/m 2   200 g/m 2   1.81  1.25  1.44  1.3 

 Longitudinal tensile 

strength (MPa) 

 400 *   1860  2550  2100  3800  1480  2510  1500  1900  2100 

 Longitudinal tensile 

modulus (GPa) 

 200  195  150  137  227  144  139  64  130  54 

 Poisson’s ratio  0.3  0.3  0.27  –  –  0.3  –  0.38  –  0.35 

 Ultimate strain (%)  0.2 *   >3.5  1.5  1.57  1.67  1.4  1.8  2.4  1.7  3.8 

 Longitudinal 

coeffi cient of 

thermal expansion 

(CTE)   (× 10 −6 /°C) 

 12  12  −0.9  0.5  −0.38  0.7 × 10 −4   –  −2  –  -3 

    *Yield property.  
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beams with prestressed FRP composites and steel-prestressed concrete 

beams is the absence of yield load, because of the linear behavior of FRP 

composites until failure occurs. The failure of the beams with prestressed 

FRP composites may, thus, be substantiated by either concrete crushing or 

FRP rupture.      

 AFRP materials are sensitive to the exposure of ultraviolet rays and 

thus they may be appropriate for internal prestressing application (McKay 

and Erki, 1993). AFRP composites show good fatigue resistance (Meier, 

1995; Pisani, 1998); however, their time-dependent behavior is an impor-

tant consideration for prestressing applications, taking into account their 

large relaxation characteristics and creep (McKay and Erki, 1993; Zhang 

 et al ., 2000). For example, typical relaxation losses of AFRP tendons are 

6–18% in a 100 year design life (Dolan, 1989) which are signifi cantly greater 

than those of steel strands, having approximately 3% of relaxation losses in 

100 years. GFRP composites are limitedly used in prestressing application 

because of their poor resistance to creep (ACI, 2004; ISIS, 2007; Youakim 

and Karbhari, 2007). GFRP tendons show a typical strength decrease of 30% 

in 100 years (Pisani, 1998). It should be noted that an additional strength 

reduction of GFRP tendons may occur if the tendons are embedded in con-

crete because of their inadequate performance in an alkaline environment 

(Dolan, 1999). CFRP composites exhibit high strength (over 2100 MPa), low 

density (typically 1.5 g/cm 3 ), and high temperature resistance, as shown in 

Table 2.1. CFRP materials also include excellent time-dependent behavior 

(e.g., no creep (Pisani, 1998)). However, material costs of CFRP are higher 

than those of GFRP and AFRP.  

  2.3     Using FRP composites in structures: design 
and applications 

 Despite the advantages of FRP composites and potential for cost-saving 

solutions, the application of prestressed FRP composites in practice is still 

in an early stage. This is attributed to the fact that practicing engineers and 

designers may not be familiar with such emerging prestressing technologies. 

Recently published code and design manuals refl ect the signifi cance of pre-

stressed FRP composites for concrete structures. 

  fi b  Task Group 9.3 ( fi b,  2001) regards the application of prestressed FRP 

reinforcement as a special technique and addresses a number of advantages. 

The manual, however, does not specifi cally provide design guidelines for 

use of prestressed FRP composites. ACI 440.4R-04 (ACI, 2004) and ISIS 

Canada (ISIS, 2007) provide comprehensive design considerations for con-

crete structures using prestressed FRP composites, including fl exural and 

shear design as well as serviceability. The Italian design manual CNR-DT200 
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(NRC, 2004) does not include specifi c provisions for prestressed FRP com-

posites. The Canadian Highway Bridge Design Code (CHBDC, 2006) spec-

ifi cations include brief guidelines of prestressed FRP tendons for bridge 

superstructure (e.g., maximum permissible stresses in FRP tendons at jack-

ing and transfer for concrete members). 

 Although some codes and design manuals have recently been published 

to aid use of prestressed FRP composites for concrete structures (ACI, 2004; 

CHBDC, 2006; ISIS, 2007), there still exists a dearth of understanding of 

the detailed structural behavior of FRP-prestressed concrete members. In 

addition, published design manuals have not included up-to-date innovative 

prestressed FRP applications such as post-tensioned FRP laminates and 

near-surface-mounted (NSM) FRP bars. Some review papers have reported 

on the application of prestressed FRPs (Soudki, 1998; Lees, 2001; El-Hacha 

 et al ., 2001); however, they have focused more on the conceptual behavior 

of FRP-prestressed members and material developments. 

 Despite these problems, prestressed FRP composites are increasingly 

used for various structural applications, for instance:

   concrete beams prestressed with internally bonded and unbonded FRP • 

tendons (Sen  et al ., 1993; Abdelrahman and Rizkalla, 1995; Soudki  et al ., 
1997; Saafi  and Toutanji, 1998; Grace and Singh, 2003)  

  externally unbonded prestressed FRP tendons (Grace  • et al ., 2004; 

Ghallab and Beeby 2005)  

  external strengthening of existing concrete members using prestressed • 

FRP laminates or bars (Triantafi llou  et al ., 1992; Wight  et al ., 2001; 

El-Hacha  et al ., 2004; Kim  et al ., 2005, 2006, 2007b; Nordin and Taljsten, 

2006).    

 Commercially available FRP products are summarized in Table 2.1. Contrary 

to conventional seven-wire steel strands for prestressed concrete applica-

tions, various shapes of FRP tendons are available, such as strand (CFCC), 

indented (Leadline), deformed (Technora), round (Parafi l), and rectangular 

(Arapree) FRPs. 

 Field applications of prestressed FRP composites have been increasingly 

accepted by the civil engineering community around the world. Prestressed 

FRP composites have been used to construct new bridges and to repair 

existing bridges (Basler and Clenin, 2004; Grace  et al ., 2004; Kim  et al ., 2006; 

ISIS, 2009). FRP composites provide a unique feature in that fi ber optic sen-

sors can be incorporated with FRPs to monitor the real time performance of 

bridges (Rizkalla and Tadros, 1994). Some pictures of fi eld applications are 

shown in Fig. 2.1. Further examples are available elsewhere (ACI, 2007; ISIS, 

2009). The following sections provide a comprehensive overview of various 
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applications of prestressed FRP composites from a practical perspective, 

such as prestressing operation and fl exural responses of concrete members 

with prestressed FRP composites.      

  2.4     Internally bonded FRP tendons 

 The use of internally bonded FRP tendons is the most common method 

for FRP-prestressed concrete beams, as shown in Fig. 2.2a and Table 2.2. 

FRP-prestressed beams are designed in such a way that concrete sec-

tions are not cracked in service load (Grace and Singh, 2003), which is 

an analogous design approach to steel-prestressed beams. In some cases, 

unstressed FRP tendons are added to an FRP-prestressed beam to pro-

vide additional load-carrying capacity and ductility of the beam (Saafi  and 

Toutanji, 1998; Grace and Singh, 2003). Conventional section analysis (i.e., 

strain compatibility) may be used for the application of internally bonded 

FRP tendons.         

(a) (b)

(c) (d)

 2.1      Site applications of CFRP tendons. ( Source : Courtesy of Hughes 

Brothers, Inc. and Vector Construction.) (a) Post-tensioning system; (b) 

deviators; (c) jacking operation; (d) elongation.  
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  2.4.1      Prestressing operation 

 A prestressing operation may be conducted using hydraulic jacks reacting 

against anchorage. Special attention should be paid to gripping methods 

for FRP tendons during a jacking operation, to avoid premature failure of 

the tendons near the FRP-anchorage junction where stress concentrations 

occur. The reason is attributed to the relatively weak strength of FRP ten-

dons in the radial direction (i.e., longitudinal strength of an FRP tendon 

is approximately ten times greater than radial strength). Various types of 

anchor systems have been developed to effectively prestress FRP tendons 

(Fig. 2.3), for example, clamp type (Malvar and Bish, 1995), plug-and-cone 

type (Burgoyne, 1988; Nanni  et al ., 1996; Sayed-Ahmed and Shrive, 1998), 

and bond type (Zhang and Benmokrane, 2002) anchors. Further details of 

anchorage are available elsewhere (ACI, 2004). Typical prestressing levels 

are 50–65% of the ultimate strength for AFRP and CFRP tendons, respec-

tively (ACI, 2004). The reason is owing to the stress-rupture of FRP tendons, 

which may result in abrupt failure of FRP-prestressed concrete members 

subjected to long-term load. A stress-rupture phenomenon is illustrated 

in Fig. 2.4a. The long-term behavior of FRP composites depends on the 

level of prestress, as shown in Fig. 2.4b. Synergies from various factors may 

accelerate stress-rupture, including alkaline environment and temperature 

(Budelmann and Rostasy, 1993). An increase in the initial prestress level of 

FRP tendons increases transfer length in the concrete (Nanni and Tanigaki, 

1992). Numerical comparisons of various predictive models on the trans-

fer length of FRP tendons are to be discussed in Section 2.9.1.. Allowable 

stresses in concrete and FRP tendons at transfer of the prestress and under 

service conditions are summarized in ACI-440.4R-04 (ACI, 2004).        

Concrete 

beam (typ.)

FRP tendon 
(typ.)

FRP sheet FRP bar

(a) (b) (c) (d)

 2.2      Typical applications of prestressed FRP composites for concrete 

beams: (a) internally bonded FRP tendon; (b) internally unbonded 

FRP tendon; (c) externally post-tensioned FRP sheet; (d) NSM post-

tensioned FRP bar.  
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 Table 2.2     Flexural behavior of selected prestressed FRP composites for concrete structures 

 Reference  Test specimen  Prestressed FRP  Reinforcement  Material property a   Flexural behavior b  

 ID  Size 

(ft) *  

 Fiber  Type   ρ   F   

 (%) †  

 Type c   fcff
′
 

(MPa) 

  f  pu  

 (MPa) 
 ε pu  (%)   E   p   

 (GPa) 

 Pressure 

 level 

(%) ‡  

  P   cr   

 (kN) 

  P   u   

 (kN) 

  P   cr   /  P   u   

 (%) 

 Failure 

mode   

 Nanni and 

Tanigaki 

(1992) 

 A2  13.1  AFRP  Tendon  0.33  IB  37  1640  2.2  76  23  6 §   12 §   50.0  Slip 

 B1  13.1  AFRP  Tendon  0.36  IB  38  1460  2.1  68  24  6 §   13 §   46.2  Crushing 

 B2  13.1  AFRP  Tendon  0.71  IB  39  1460  2.1  68  24  9 §   23 §   39.1  Crushing 

 C1  13.1  AFRP  Tendon  0.71  IB  34  1390  2.2  63  53  12 §   27 §   44.4  Slip 

 D1  13.1  AFRP  Tendon  0.36  IB  39  1460  2.1  68  48  9 §   15 §   60.0  Crushing 

 McKay and 

Erki (1993) 

 B1  6.9  AFRP  Tendon  0.13  IB  41  2500  3.7  53  45  17 §   35 §   48.6  Rupture 

 B2  6.9  AFRP  Tendon  0.13  IB  40  2500  3.7  53  46  17 §   33 §   51.5  Rupture 

 B3  6.9  AFRP  Tendon  0.13  IB  40  2500  3.7  53  46  18 §   40 §   45.0  Rupture 

 Taerwe and 

Matthys 

(1995) 

 1  10.5  AFRP  Tendon  0.60  IB  69  3000  3.0  91  55  7  19  37.2  Crushing 

 2  10.5  AFRP  Tendon  0.60  IB  69  3000  3.0  91  55  8  N/A  N/A  N/A 

 3  10.5  AFRP  Tendon  0.60  IB  65  3000  3.0  91  55  9  18  50.0  Crushing 

 4  10.5  AFRP  Tendon  0.60  IB  99  3000  3.0  91  55  9  21  42.6  Rupture 

 7  10.5  AFRP  Tendon  0.60  IB  69  3000  3.0  91  55  8  23  34.6  Crushing 

 8  10.5  AFRP  Tendon  0.60  IB  69  3000  3.0  91  55  8  28  28.6  Crushing 

 Gowripalan 

 et al . 

(1996) 

 Arpr40  10.5  AFRP  Tendon  0.44  IB  35  1300  2.3  56  31  20 §   50 §   40.0  Crushing 

 Arpr80  10.5  AFRP  Tendon  0.44  IB  85  1300  2.3  56  35  25 §   50 §   50.0  Rupture 

 Niitani  et al . 

(1997) 

 BA-1M  39.4  AFRP  Tendon  1.3  IB  58  1250  2.0  64  45  55  131  42.3  Crushing 

 BA-6Y  39.4  AFRP  Tendon  1.3  IB  58  1250  2.0  64  45  54  129  41.9  Crushing 

 Saafi  and 

Toutanji 

(1998) 

 B1  8.2  AFRP  Tendon  0.32  IB  45  1330  2.1  50  50  36  51  71.1  Rupture 

 B2  8.2  AFRP  Tendon  0.32  IUB  45  1330  2.1  50  50  31  44  70.7  Rupture 

 B3  8.2  AFRP  Tendon  0.32  IB&IUB  45  1330  2.1  50  50  39  43  91.7  Rupture 

 B4  8.2  AFRP  Tendon  0.48  IUB  45  1330  2.1  50  50  32  49  65.5  Rupture 

 Toutanji 

and Saafi  

(1999) 

 C1  16.4  AFRP  Tendon  0.48  IB  45  1330  2.1  50  50  85  195  43.7  Rupture 

 C2  16.4  AFRP  Tendon  0.68  IUB  45  1330  2.1  50  50  85  185  46.1  Rupture 

 C3  16.4  AFRP  Tendon  0.48  IB&IUB  45  1330  2.1  50  50  86  155  55.6  Rupture 

 C4  16.4  AFRP  Tendon  0.48  IUB  45  1330  2.1  50  50  85  143  59.7  Rupture 

(Continued)
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 Lees and 

Burgoyne 

(1999) 

 TB(1)  9.2  AFRP  Tendon  0.13  IB  59  1800  3.3  54  68  N/A  8  N/A  Rupture 

 TB(2)  9.2  AFRP  Tendon  0.13  IB  59  1800  3.3  54  68  N/A  8  N/A  Rupture 

 FB  9.2  AFRP  Tendon  0.17  IB  69  1430  2.1  69  59  N/A  8  N/A  Rupture 

 TUB  9.2  AFRP  Tendon  0.17  IUB  60  1800  3.3  54  63  N/A  6  N/A  Crushing 

 FUB  9.2  AFRP  Tendon  0.17  IUB  60  1430  2.1  69  63  N/A  6  N/A  Crushing 

 TIB1  9.2  AFRP  Tendon  0.13  IPB  56  1800  3.3  54  65  N/A  7  N/A  Crushing 

 TIB2  9.2  AFRP  Tendon  0.13  IPB  56  1800  3.3  54  65  N/A  8  N/A  Crushing 

 +Rupture 

 FIB1  9.2  AFRP  Tendon  0.17  IPB  56  1430  2.1  69  62  N/A  7  N/A  Crushing 

 FIB2  9.2  AFRP  Tendon  0.17  IPB  56  1430  2.1  69  65  N/A  7  N/A  Rupture 

 TAB  9.2  AFRP  Tendon  0.13  IB  58  1800  3.3  54  65  N/A  6  N/A  Crushing 

 FAB  9.2  AFRP  Tendon  0.17  IB  58  1430  2.1  69  64  N/A  8  N/A  Crushing 

 +Rupture 

 Stoll  et al . 

(2000) 

 Beam2  40.0  CFRP  Tendon  0.24  IB  71  2600  1.6  147  77  182  569  32.1  Rupture 

 Dolan and 

Swanson 

(2002) 

 C1-H  32.8  CFRP  Tendon  0.12  IB  43  1820  1.2  146  60  N/A  166 §   N/A  Rupture 

 C2-H  32.8  CFRP  Tendon  0.12  IB  43  1820  1.2  146  60  N/A  158 §   N/A  Rupture 

 Elrefai  et al . 

(2007) 

 OL-DD  11.5  CFRP  Tendon  0.37  EUB  35  2160  1.5  144  40  30  110  27.2  Crushing 

 Nordin and 

Taljsten 

(2006) 

 BPS1  13.1  CFRP  Rod  0.17  NSM  68  2800  1.8  160  10  20  121  16.6  Rupture 

 BPS2  13.1  CFRP  Rod  0.17  NSM  68  2800  1.8  160  10  21  121  17.3  Rupture 

 BPS3  13.1  CFRP  Rod  0.17  NSM  66  2800  1.8  160  12  23  120  19.0  Rupture 

 BPS4  13.1  CFRP  Rod  0.17  NSM  64  2800  1.8  160  12  23  123  18.5  Rupture 

 BPS5  13.1  CFRP  Rod  0.17  NSM  67  2800  1.8  160  20  26  122  21.2  Rupture 

 BPS6  13.1  CFRP  Rod  0.17  NSM  67  2800  1.8  160  20  N/A  148  N/A  Rupture 

 BPM1  13.1  CFRP  Rod  0.17  NSM  63  2000  0.8  250  16  25  128  19.5  Rupture 

 BPM2  13.1  CFRP  Rod  0.17  NSM  62  2000  0.8  250  16  25  132  18.9  Rupture 

Reference Test specimen Prestressed FRP Reinforcement Material propertya Flexural behaviorb

ID Size 

(ft)*

Fiber Type ρF

(%)†

Typec fcff
′
 

(MPa)

fpu

(MPa)
εpu (%) Ep

(GPa)

Pressure

level 

(%)‡

Pcr

(kN)

Pu

(kN)

Pcr / Pu

(%)

Failure 

mode

Table 2.2 Continued
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 BPM3  13.1  CFRP  Rod  0.17  NSM  65  2000  0.8  250  27  32  131  24.2  Rupture 

 BPM4  13.1  CFRP  Rod  0.17  NSM  66  2000  0.8  250  19  23  123  18.5  Rupture 

 Wu  et al . 

(2007) 

 3  6.9  CFRP  Tendon  0.29  NSM  46  2100  2.2  95  15  23  137  16.6  Debond 

 4  6.9  CFRP  Tendon  0.29  NSM  46  2100  2.2  95  30  30  147  20.4  Debond 

 5  6.9  CFRP  Tendon  0.29  NSM  46  2100  2.2  95  30  32  148  21.4  Crushing 

 Wight  et al . 

(2001) 

 C  16.4  CFRP  Sheet  0.17  EB  35  1480  1.2  125  14  75  435  17.2  Rupture 

 D  16.4  CFRP  Sheet  0.17  EB  35  1480  1.2  125  14  75  410  18.3  Rupture 

 El-Hacha  et al . 

(2004) 

 RT1  14.8  CFRP  Sheet  0.06  EB  46  3400  1.4  230  50  48  130  37.1  Rupture 

 RT2  14.8  CFRP  Sheet  0.06  EB  46  3400  1.4  230  50  49  151  32.5  Rupture 

 RT3  14.8  CFRP  Sheet  0.06  EB  46  3400  1.4  230  50  32  102  31.6  Rupture 

 LT1  14.8  CFRP  Sheet  0.06  EB  49  3400  1.4  230  50  46  123  37.3  Rupture 

 LT2  14.8  CFRP  Sheet  0.06  EB  49  3400  1.4  230  50  47  162  29.2  Rupture 

 Kim  et al . 

(2007) 

 B-3  11.8  CFRP  Sheet  0.06  EB  37  3800  1.7  227  48  54  99  54.5  Rupture 

 Kim  et al . 

(2008) 

 J-1  6.0  CFRP  Sheet  0.50  EB  38  3800  1.7  227  16  60  170  35.4  Anchor 

 J-2  6.0  CFRP  Sheet  0.50  EB  38  3800  1.7  227  16  N/A  112  N/A  Debond 

 J-5  6.0  CFRP  Sheet  0.50  EB  38  3800  1.7  227  16  N/A  154  N/A  Anchor 

 J-7  6.0  CFRP  Sheet  0.50  EB  38  3800  1.7  227  16  N/A  96  N/A  Slip 

 J-9  6.0  CFRP  Sheet  0.50  EB  38  3800  1.7  227  16  N/A  84  N/A  Slip 

     *  Length of test specimen.  

   †   ρ   F   =  A  frp / A  concrete.   

   ‡  Percentage of prestress level with respect to ultimate property.  

   §  Moment capacity (kNm).  

   a fcff
′  = concrete strength,  f  pu  = ultimate FRP strength,  E   p   = FRP tensile modulus,  ε  pu  = FRP rupture strain.  

   b  P cr  =  cracking loads, P u  = ultimate loads.  

   c  IB = internally bonded, IUB = internally unbonded, EB = externally bonded, EUB = externally unbonded, NSM = near-surface mounted.  
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  2.4.2      Flexural behavior 

 The behavior of an internally bonded FRP-prestressed concrete beam 

depends on a reinforcement ratio that is categorized into three groups 

(Burke and Dolan, 2001): over-reinforced ( ρ  >  ρ   b  ; where  ρ  is the reinforce-

ment ratio and  ρ   b   is the balanced reinforcement ratio), under-reinforced ( ρ  

<  ρ   b  ), and signifi cantly under-reinforced ( ρ  < 0.5 ρ   b  ) sections. The balanced 

reinforcement ratio of  ρ   b   is defi ned as the reinforcement ratio at which 

concrete crushes and FRP ruptures simultaneously. As shown in Table 2.2, 

reinforcement ratios of prestressed FRP members are well below those of 

conventional reinforced concrete members having 1–1.5%. 

 FRP-prestressed beams show almost identical behavior to steel-pre-

stressed beams prior to cracking (Sen  et al ., 1993; Abdelrahman and Rizkalla, 

1995) because the response of prestressed concrete beams until cracking is 

mainly governed by concrete sections, rather than reinforcement. To pre-

vent sudden fl exural failure immediately after the cracking of a beam, mini-

mum reinforcement should be placed (ACI, 2004). Post-cracking defl ections 

and crack widths of FRP-prestressed beams are greater than those of steel-

prestressed beams, as shown in Fig. 2.5, because of the low modulus of FRP 

FRP
Bolt (typ.)

Steel plate

(a) (b) (c)
FRP

Socket FRP

Spike

FRPSleeve

Mortar

 2.3      Typical anchorages for prestressing FRP tendons: (a) clamp type; (b) 

plug-and-cone type; (c) bond type.  
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 2.4      Typical time-dependent behavior of FRP composites: (a) schematic 

view of stress rupture; (b) reduced creep modulus of GFRP (experiment 

based on Abdel-Magid  et al ., 2003).  
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tendons (i.e., 62–150 GPa for FRPs, while 200 GPa for typical steel strands) 

(Sen  et al ., 1993; Dolan  et al ., 2000; Dolan and Swanson, 2002; ACI, 2004). 

Post-cracking defl ection is also infl uenced by a reinforcement ratio (Grace 

and Singh, 2003). An increase of stresses in FRP tendons is observed at 

the locations of fl exural cracks along the beam span (Nanni and Tanigaki, 

1992) due to a lack of stress-sharing between the concrete and FRP tendon 

at cracked locations. An increase of stress levels in bonded FRP tendons 

is signifi cant when compared to that of unbonded FRP tendons (Sections 

2.5 and 2.6) (Pisani, 1998). This is related to the strain compatibility of the 

section. FRP-prestressed beams demonstrate higher stiffness than steel-pre-

stressed beams after yielding of the steel, as shown in Fig. 2.5a.    

 For under-reinforced beams, rupture of FRP tendons controls the failure 

of the beams, rather than concrete crushing. A progressive rupture failure 

may occur in a concrete beam prestressed with vertically-distributed FRP 

tendons (Dolan and Swanson, 2002). This failure characteristic of FRP ten-

dons is different from that of steel strands, which exhibit a yield plateau. 

The FRP tendon located furthest from the extreme compression fi ber of a 

concrete section, thus, governs the strain capacity of the beam, so that a sud-

den decrease in load-carrying capacity may take place when the governing 

tendon ruptures. In lieu of showing a yield load (Fig. 2.5a), FRP-prestressed 

beams exhibit signifi cant crack width (e.g., about 5 mm at ultimate) as an 

indicator of imminent failure, as shown in Fig. 2.5b. FRP-prestressed beams 

may absorb less energy than steel-prestressed beams due to the absence 

of yield characteristics (Zou, 2003). For over-reinforced beams, concrete 

crushing is the primary contribution to the failure of the beams (Nanni and 

Tanigaki, 1992). Such a compression-controlled failure mode may be rec-

ommended for the design of FRP-prestressed concrete beams, considering 

safety issues (Lees, 2001; Grace and Singh, 2003). A ratio between cracking 

and ultimate loads (i.e.,  P  cr / P   u  ) was infl uenced by the level of prestress, as 

P

δ

Cracking

Yielding Steel

FRP

Cracking

Significant deflection 
due to yielding of steel

Steel-prestressed

(a) (b)

FRP-prestressed Excessive crack width 
due to low modulus of 
FRP

 2.5      Typical fl exural behavior of FRP-prestressed and steel-prestressed 

concrete beams: (a) load and defl ection response; (b) warning of imminent 

failure. Solid line represents steel and dotted line represents FRP.  
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shown in Table 2.2; in other words, the  P  cr / P   u   ratio increased when a pre-

stress level increased. 

 Sustained load levels signifi cantly infl uence the defl ection of an FRP-

prestressed beam. For example, a difference between long-term (288 days) 

and short-term defl ections was up to 540% under a sustained load equiv-

alent to the cracking load (Zou, 2003). The low modulus of FRP tendons 

causes lower long-term prestress losses than those of steel strands; how-

ever, such a characteristic may cause a signifi cant increase in camber of the 

prestressed member (Youakim and Karbhari, 2007). The creep response of 

FRP-prestressed members was greater than that of steel-prestressed cases 

(Soudki  et al ., 1997). The coeffi cients for predicting time-dependent behav-

ior of steel-prestressed concrete beams may thus not be applicable to FRP-

prestressed beams. Correspondingly, ACI 440.4R-04 (ACI, 2004) suggests 

long-term coeffi cients to estimate the defl ection of concrete members with 

FRP tendons.   

  2.5     Internally unbonded FRP tendons 

 FRP tendons may be unbonded from concrete by using plastic ducts or 

sheaths, as shown in Fig. 2.2b. This type of prestressing provides global defor-

mation compatibility, rather than section compatibility (Rao and Mathew, 

1996; Naaman  et al ., 2002), taking into account the slippage between con-

crete and FRP tendons. For designing such a prestressing application, a strain 

reduction factor may be used (Naaman and Alkhairi, 1991). Part of the con-

cept of the strain reduction factor is that strains in a tendon are calculated 

using a conventional sectional-analysis (i.e., fully-bonded tendons), and 

then the calculated strains are multiplied by a reduction factor to account 

for the reduced strain effect of the unbonded FRP tendons. The reduction 

factor varies depending upon the level of cracking of a beam and load con-

fi gurations (ACI, 2004). When a prestressed member is loaded in fl exure, an 

increase of stresses in unbonded FRP tendons is not signifi cant compared to 

that of fully-bonded FRP tendons. For design purposes, the ultimate stress 

in an unbonded FRP tendon is conveniently expressed as (ACI, 2004)

    
f f fp pf ff ff+ffpffffff Δffff

       [2.1]   

 where  f   p   is the ultimate stress in the FRP tendon,  f  pe  is the effective prestress 

prior to applying live load, and Δ f   p   is the stress increase due to live load. 

  2.5.1      Prestressing operation 

 Post-tensioning is performed to prestress a concrete beam with internally 

unbonded FRP tendons. Sheaths for prestressing are placed inside the 
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beam and the concrete is cast. After adequate hardening of the concrete 

(i.e., usually 7–10 days after casting), FRP tendons located inside a sheath 

are post-tensioned using hydraulic jacks and permanently anchored at the 

ends of the beam. Contrary to steel strand applications, the sheaths may not 

be grouted because FRP tendons are non-corrosive. Allowable prestressing 

requirements are available in ACI440.4R-04 (ACI, 2004).  

  2.5.2      Flexural behavior 

 A concrete beam with internally unbonded FRP tendons exhibits greater 

defl ections, fewer fl exural cracks, and lower ultimate loads than a beam with 

fully-bonded FRP tendons, as shown in Fig. 2.6 (Saafi  and Toutanji, 1998; 

Lees and Burgoyne, 1999; Toutanji and Saafi , 1999). Possible reasons for 

such a relatively low load-carrying capacity are attributed to the slippage 

of unbonded FRP tendons and strain localization at cracked locations. The 

localized cracks of a concrete beam with unbonded FRP tendons (Fig. 2.6b) 

are due to a lack of horizontal shear stress interaction between the con-

crete and unbonded FRP tendons along the beam span. The mode of failure 

was not affected by concrete strength, whereas it was substantially infl u-

enced by the method of prestressing (e.g., unbonded or bonded), as shown 

in Table 2.2.      

  2.6     Externally unbonded FRP tendons 

 Prestressed FRP tendons may be located outside a concrete beam to pro-

vide tensile resistance. Externally unbonded FRP tendons may particularly 

P

δ

Bonded

Unbonded P/2 P/2

P/2 P/2

Bonded FRP tendons

Unbonded FRP tendons

(a) (b)

 2.6      Comparison of fl exural behavior between internally bonded and 

internally unbounded FRP tendons for prestressed concrete beams: (a) 

load–defl ection responses; (b) cracking patterns at ultimate load.  
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be suitable for strengthening existing concrete beams to increase insuffi cient 

load-carrying capacity. Figure 2.7 shows a bridge girder strengthened with 

an unbonded FRP tendon. Benefi ts of such an externally unbonded FRP 

tendon application include an insignifi cant increase in dead load and rapid 

inspections, followed by an easy replacement of damaged (if any) FRP ten-

dons (ACI, 2004). For analytical prediction of the behavior of a beam with 

externally unbonded FRP tendons, global displacement compatibility should 

be accounted for, rather than section compatibility. For practical design and 

site applications of externally unbonded FRP tendons, attention should be 

paid to a prestress level and the number of deviators (to be discussed).    

  2.6.1      Prestressing operation 

 An anchor system is required at the ends of a target beam to post-tension 

FRP tendons, as shown in Fig. 2.8. Post-tensioning is conducted after ade-

quate aging of the concrete, thus a possibility of the failure of bearing con-

crete at the anchorage region may be lower. During post-tensioning, care 

must be exercised to provide safety to site workers because the stressed 

FRP tendons can rupture prior to reaching a target prestress level. It is 

thus suggested that safety brackets be placed along the beam span during 

prestressing FRP tendons. In the case of post-tensioning multiple FRP ten-

dons, a gradual increase in prestressing force may be recommended to pre-

serve the lateral stability of the concrete beam. Transfer of prestress to the 

concrete should be gradual. Unbonded FRP tendons experience constant 

stresses in the longitudinal direction except at the locations of deviators and 

anchorage where stress concentrations occur.     

  2.6.2      Flexural behavior 

 The behavior of a concrete beam prestressed with externally unbonded FRP 

tendons is different from that with internally bonded or unbonded FRP ten-

dons, because of a change in the effective depth of FRP tendons induced 

by bending of the beam (Ghallab and Beeby, 2005) as schematically shown 

DeviatorFRP tendon

Concrete girder

 2.7      Externally unbonded FRP tendon for strengthening a bridge girder. 

( Source : Courtesy of Kim.)  
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in Fig. 2.8a. The change of beam-eccentricity may provide less structural 

effi ciency because it reduces a moment-arm between compression and ten-

sion forces. The contribution of FRP tendons to the fl exural strength of a 

beam decreases accordingly. A depth reduction factor in the strength pre-

diction of such a beam is proposed to take into account variable tendon 

eccentricity (Aravinthan and Mutsuyoshi, 1997). Variation of the effective 

depth of a beam strengthened with externally unbonded FRP tendons may 

be controlled by deviators that provide a constant tendon eccentricity espe-

cially within a high moment zone (Fig. 2.8c and 2.8d). Stress concentrations 

of FRP tendons at deviators should be taken into consideration for such 

strengthening applications. A cushioning material may be placed at the 

interface between FRP tendons and deviators (Grace, 1999). The slippage 

of FRP tendons at deviation points (Rao and Mathew, 1996) may induce 

the abrasion of FRP tendons, which can accelerate stress concentrations. An 

increase in the number of deviators (Fig. 2.8c and 2.8d) increases the load-

carrying capacity of a concrete beam prestressed with externally unbonded 

FRP tendons (Rao and Mathew, 1996; Ghallab and Beeby, 2005) as well as 

stresses in the deviated tendons (Ghallab and Beeby, 2005). Typical cracking 

patterns of a beam with externally unbonded FRP tendons are analogous to 

those of a beam with internally unbonded FRP tendons (i.e., a few localized 

cracks, Fig. 2.6b). When the beam is loaded in fl exure an increase in stress 

levels of externally unbonded FRP tendons is insignifi cant in comparison 

to that of bonded FRP tendons (Pisani, 1998). This is related to a strain 

compatibility effect in the section. Equation [2.1] may, thus, be used for 

externally unbonded FRP applications. Prestressed beams using externally 

unbonded FRP tendons, in general, fail due to concrete crushing, rather 

P/2P/2(a) (c)

(b) (d)
P/2 P/2

P/2P/2

P/2 P/2

 2.8      Various strengthening methods using externally unbounded FRP 

tendons: (a) without eccentricity; (b) with eccentricity; (c) with one 

deviator; (d) with two deviators.  
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than FRP rupture under monotonic fl exural load (Grace and Abdel-Sayed, 

2000; Ghallab and Beeby, 2005). Although the long-term performance of 

a concrete beam with externally unbonded FRP tendons is an important 

issue because of the stress concentrations and damage propagation of the 

tendons, limited research has been reported. Experimental investigations 

are, therefore, recommended to examine local damage propagation under 

various load confi gurations, including fatigue load.   

  2.7     Externally bonded post-tensioned FRP laminate 

 In order to strengthen or repair an existing concrete member in fl exure, 

externally bonded post-tensioned FRP laminates may be used (Meier, 

1995; Wight  et al ., 2001; El-Hacha  et al ., 2004; Kim  et al ., 2008a,b,c,d). 

CFRP laminates are recommended for this application because of their 

favorable time-dependent behavior and high strength and stiffness com-

pared to AFRP or GFRP composites (Meier, 1995). For such an innovative 

strengthening method, FRP laminates are tensioned (prior to bonding on 

the surface of the concrete) and then permanently bonded to the tensile 

side of the target structure using an epoxy adhesive, as shown in Fig. 2.2c. 

Notable benefi ts of the concrete members strengthened with prestressed 

FRP laminates are an active load-carrying mechanism (i.e., prestressed 

FRP laminates can sustain not only live load but also dead load), restored 

prestress losses in a prestressed concrete member, improved serviceability, 

and stress redistribution of existing concrete structures (Triantafi llou  et al ., 
1992; Wight  et al ., 2001; Kim  et al ., 2007a). The most critical concerns of pre-

stressed FRP-sheet application are prestressing methods and premature 

delamination failure. An adequate anchor system may prevent the prema-

ture delamination failure of the prestressed FRP laminates (Wight  et al ., 
2001; Kim  et al ., 2005, 2008b). 

  2.7.1      Prestressing operation 

 A typical prestress level of 15%–50% of the ultimate tensile capacity has 

been applied to FRP laminates (Wight  et al ., 2001; El-Hacha  et al ., 2004; 

Kim  et al ., 2007a). Recent research recommends that a level of prestress in 

CFRP laminates be 20% of the ultimate design strength, taking into account 

an adequate strength increase and ductility of strengthened members (Kim 

 et al ., 2010). Three different methods are available for prestressing FRP 

laminates (Wight  et al ., 2001). A schematic summary is given in Fig. 2.9. The 

fi rst method (Fig. 2.9a) includes the artifi cial camber of a concrete beam 

(Saadatmanesh and Ehsani, 1991). The target beam is fi rst loaded upward 

using a hydraulic jack and then FRP laminates are bonded to the bottom 
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of the beam. After curing of the FRP laminates, the jack is removed so 

that a prestress is naturally applied to the sheets by gravity. This method, 

however, provides a very low level of prestress to the FRP laminates (e.g., 

less than 3% of the ultimate strength of FRP (Saadatmanesh and Ehsani, 

1991)). The second method (Fig. 2.9b) uses an external prestressing appa-

ratus (Triantafi llou  et al ., 1992; Meier, 1995). FRP laminates are prestressed 

in an independent prestressing frame and bonded to the soffi t of a target 

beam. The external frame is then removed after curing of the strengthen-

ing system. This method is suitable for laboratory investigations; however, 

it may not be practical for site application because of the need for a pre-

stressing frame. The third method (Fig. 2.9c) is called the direct-tensioning 

method (Wight  et al ., 2001; El-Hacha  et al ., 2004; Kim  et al ., 2005, 2007, 

2008a,d). An anchor system is mounted in a beam and FRP laminates are 

directly tensioned against the beam itself (Kim  et al ., 2009). Steel anchors 

are commonly used to sustain a high level of prestressing force. The most 

notable advantage of this prestressing method is its applicability on site (i.e., 

no prestressing frames are necessary for a prestressing operation, Fig. 2.9b 

and 2.9c). A fi eld application has been recently conducted using the direct-

tensioning method to repair an impact-damaged prestressed concrete girder 

bridge (Kim  et al ., 2006). Steel anchorage used for prestressing FRP lami-

nates may be left permanently (Wight  et al ., 2001; El-Hacha  et al ., 2004; Kim 

 et al ., 2007, 2008a) or may be removed after curing of the post-tensioned 

FRP laminates (Kim  et al ., 2008b).     

  2.7.2      Flexural behavior 

 Externally bonded prestressed FRP laminates may signifi cantly enhance 

the serviceability of existing concrete beams. A strengthened beam with 

Bend upward

Bond FRP sheets
and cure

Release the force

PP

Prestress FRP sheet

Release the force and transfer

Upside down

Tension against
the beam itself

P P

P P

PP

Bond FRP sheets
and cure

Bond FRP sheets
and cure

Release the force and transfer

Prestressing bed
Anchor

Jacking(a) (b) (c)

Jacking

 2.9      Typical methods to prestress FRP sheets: (a) artifi cial camber; (b) 

external apparatus; (c) direct tensioning.  
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prestressed FRP laminates exhibits a remarkably higher cracking load with 

improved stiffness when compared to a beam strengthened with unpre-

stressed FRP laminates (Triantafi llou  et al ., 1992; Wight  et al ., 2001; El-Hacha 

 et al ., 2004; Kim  et al ., 2008a). The beams strengthened with prestressed FRP 

laminates show many cracks of small width, whereas unstrengthened control 

beams show a few large cracks (Wight  et al ., 2001; El-Hacha  et al ., 2004). This 

observation implies that prestressed FRP laminates can effectively distrib-

ute applied stresses along the strengthened beam (i.e., reduced stress local-

ization). Prestressed FRP laminates may close existing cracks (Kim  et al ., 
2008a), which is a benefi t in terms of durability (i.e., reduced possibility of 

moisture ingress into the concrete beam). The level of stress in existing inter-

nal reinforcement subjected to external load is reduced after strengthening 

because of a stress redistribution mechanism that may result in an increased 

yield load capacity of a strengthened beam (Wight  et al ., 2001; Kim  et al ., 
2005). Failure of a strengthening system is attributed to either rupture of 

post-tensioned FRP laminates (Wight  et al ., 2001; El-Hacha  et al ., 2004; Kim 

 et al ., 2007a) or shear-off of FRP laminates (Triantafi llou  et al ., 1992; Kim 

 et al ., 2008b), as shown in Fig. 2.10. Progressive rupture of prestressed FRP 

laminates may be observed (Kim  et al ., 2007a) because of uneven prestress-

ing forces across the FRP laminates (Fig. 2.10a). These uneven prestress-

ing forces are mainly attributed to three reasons, namely, misaligned FRP 

laminates at anchorage when the laminates are post-tensioned, deforma-

tion of the anchorage under a high level of prestress, and uneven jacking 

forces during a prestressing operation. Care should thus be exercised, when 

a prestress is applied to FRP laminates, to avoid uneven stress distribution 

across the laminates, which may result in localized failure of the laminates 

(Fig. 2.10a). The shear-off failure of FRP laminates may be associated with a 

Prestressed CFRP sheets

Concrete cover
failure

Post-tensioned
CFRP sheets1

3

2

(a) (b)

 2.10      Typical failure of beams with externally bonded prestressed 

FRP sheets: (a) progressive rupture of the sheets (numbers indicate 

the failure sequence; Courtesy of Shi); (b) shear-off failure. ( Source : 

Courtesy of Kim.)  
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number of shear-off cracks at the level of concrete cover (Fig. 2.10b) because 

prestressed FRP laminates tend to return to their unstressed state when the 

strengthened beam is loaded in fl exure.      

  2.8     Near-surface-mounted post-tensioned FRP bars 

 The NSM strengthening method is a relatively new technology for 

strengthening concrete beams. This method includes cutting narrow grooves 

along the tension side of a target beam, and inserting FRP bars or strips 

into the slits, then bonding them using an adhesive ( fi b,  2001), as shown in 

Fig. 2.2d. To improve strengthening effects, NSM FRP composites may be 

prestressed. Advantages of such prestressed NSM FRP application include 

enhanced force transfer from FRP to concrete, improved durability, and 

increased impact resistance (Nordin and Taljsten, 2006). Limited investiga-

tions of prestressed NSM FRPs have been reported previously (Nordin and 

Taljsten, 2006; Taljsten and Nordin, 2007; Wu  et al ., 2007). 

  2.8.1      Prestressing operation 

 A prestressing operation for NSM FRP bars is typically conducted using an 

external apparatus (Nordin and Taljsten, 2006; Wu  et al ., 2007). Contrary to the 

application of prestressed FRP laminates mentioned in a previous section, no 

additional anchorage may be required to prevent premature bond failure of the 

FRP composites. The reason is that prestressed NSM reinforcement is located 

inside a strengthened beam (Fig. 2.2d) and thus better bond is achieved as 

compared to externally bonded FRP laminates (Fig. 2.2c). Practical prestress-

ing methods for NSM FRP bars should be developed for site application.  

  2.8.2      Flexural behavior 

 The fl exural behavior of a concrete beam strengthened with prestressed 

NSM FRP bars is analogous to that of a beam with prestressed FRP lami-

nates. Although post-cracking stiffness of beams with prestressed and 

non-prestressed NSM bars is similar, the cracking load of the beam with 

prestressed NSM bars is higher than that of the non-prestressed case due 

to a prestressing effect (Nordin and Taljsten, 2006). Yield capacity of beams 

strengthened with prestressed NSM FRP bars is signifi cantly improved 

when compared to that of an unstrengthened control beam. Ductility of the 

strengthened beams, however, decreases when a prestressing level increases 

(Nordin and Taljsten, 2006). A similar observation was made in the case of 

beams strengthened with prestressed CFRP laminates (Kim  et al ., 2010). 

Yield load of a strengthened beam is infl uenced by the level of prestress 
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in NSM bars and corresponding tensile modulus. The failure of beams 

strengthened with prestressed NSM FRP bars is, in general, governed by 

fi ber failure in NSM bars, rather than premature debonding or slip failure of 

the bars (Nordin and Taljsten, 2006). More testing is necessary for this type 

of strengthening technique.   

  2.9     Bond characteristics and deformability 

 Bond and deformability are crucial parameters to consider for FRP appli-

cation. Inadequate bond signifi cantly infl uences the performance of an 

FRP system. Suffi cient deformability is necessary to ensure the safety of 

FRP structures. This section discusses the signifi cance of these two subjects, 

including their practical considerations. 

  2.9.1      Bond characteristics 

 The surface of FRP tendons varies depending upon manufacturers. Surface 

conditions may affect the bond quality of FRP tendons embedded in con-

crete. FRP tendons (Table 2.1) are usually treated to have a rough surface – 

for instance, sand-coated (Arapree), fi ber-wrapped (CFCC), and indented 

(Leadline) tendons. Bond resistance of FRP tendons is substantiated by 

friction and mechanical interlock (Zhang and Benmokrane, 2002). Bond 

characteristics of FRP tendons for concrete members may thus be differ-

ent from those of steel strands. ACI 440.4R-04 (ACI, 2004) reports empir-

ical equations to estimate adequate development and transfer lengths for 

prestressed FRP tendons. Figure 2.11 compares various existing models 

to predict the bond characteristics of FRP tendons. It should be noted 

that the models with solids dots in Fig. 2.11 were originally developed for 

seven-wire steel tendons. The material properties assumed for the numer-

ical comparison were an ultimate strength of CFRP ( f  pu ) of 2450 MPa, 

effective and initial prestressing levels of 0.6  f  pu  and 0.8  f  pu , respectively, 

and a concrete strength of 40 MPa. The predictive models based on steel 

strands were relatively conservative when compared to those based on 

FRP tendons. This is possibly due to the rough surface of FRP tendons; 

in other words, seven-wire steel strands do not have rough surface. Bond 

failure of FRP tendons causes a signifi cant loss in load-carrying capac-

ity of the beam prestressed with internally bonded FRP tendons. The evi-

dence of such a beam failure mode is observed by excessive longitudinal 

cracks at the level of prestressed FRP tendons (Zou, 2003). Although such 

a bond failure mode is not an issue for unbonded FRP tendon application, 

bond of FRP tendons at anchorage should still be accounted for to avoid 

local failure.    

www.EngineeringBooksPDF.com



Prestressed FRP composites for concrete structures in fl exure   51

 For strengthening concrete members, bond is a critical consideration for 

the application of post-tensioned FRP laminates, taking into account their 

premature delamination failure. An adequate anchor system precludes the 

premature bond failure of prestressed FRP laminates bonded to the soffi t 

of a concrete member (Wight  et al ., 2001; El-Hacha  et al ., 2004; Kim  et al ., 
2008a,d). Typical bond failure of prestressed FRP laminates due to a lack of 

adequate anchorage is available in Triantafi llou  et al . (1992). A bond critical 

zone near the cut-off points of prestressed FRP laminates may reasonably 

be assumed to be the shear stress concentration region where excessive hor-

izontal shear deformation of the matrix resin (used to bond FRP laminates 

to the concrete) occurs (Kim  et al ., 2008c). Prediction of a shear concentra-

tion region is available in literature (Taljsten 1997; Smith and Teng, 2001). 

Prestressed NSM FRP bars provide better bond resistance than externally 

bonded prestressed FRP laminates. This is due to the fact that more areas of 

FRP composites are interacted with concrete (i.e., prestressed NSM bars are 

located inside the concrete beam). Flexural testing indicates that no bond 

failure of prestressed NSM FRP bars has been observed until failure of test 

beams takes place (Nordin and Taljsten, 2006).  

  2.9.2      Deformability 

 Conventional ductility concepts (i.e., a ratio between the yield and ultimate 

response of a concrete beam under fl exural load) are not applicable to a 

beam with FRPs, because FRP composites do not exhibit yield character-

istics. Deformability is an alternative to quantify the fl exural behavior of 

a concrete beam with FRP composites. For a beam prestressed with FRP 
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 2.11      Comparison   of predictive models for bond of FRP tendons: (a) 

transfer length; (b) development length.  
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composites, deformability may be defi ned as the ability to resist applied 

load after cracking of a beam section without a signifi cant loss of load-

carrying capacity. For a design purpose, deformability indices are proposed 

by CHBDC (2006) and ACI 440.4R-04 (ACI, 2004) as shown in Equations 

[2.2] and [2.3], respectively.
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 where: DI is the deformability index;  M  ult  is the ultimate moment capacity of 

the section;  ϕ  ult  is the curvature at M Mc
ult ; .0 001  is the moment when the max-

imum concrete compressive strain reaches 0.001; ϕ 0 001.
c  is the curvature at 

Mc
0 001.    ;  k  is the ratio of neutral axis depth to FRP tendon depth;  β  1  is the stress 

block factor;  ε  ps  and  ε  pu  are the strains at service and ultimate in the prestressed 

FRP composites, respectively;  f  pu  is the ultimate strength of the FRP tendon; 

fcff ′     is the specifi ed compressive strength of the concrete; and  ρ  is the rein-

forcement ratio. ISIS Canada (ISIS, 2007) accepts the ACI approach shown in  

Equation [2.3]. 

 CHBDC (2006) recommends that a deformability index be greater than 

4.0 for rectangular sections and 6.0 for T-sections. ACI 440.4R-04 (ACI, 

2004) does not provide specifi c limits of deformability index; however, it 

states that an acceptable deformability index shall be obtained unless the 

stress levels of FRP tendons exceed the allowable stress limits at jacking. A 

numerical comparison of deformability indices among various prestressed 

FRP applications is made using Equation [2.3], as shown in Table 2.3. It 

should be noted that the CHBDC approach (Equation [2.2]) was not 

included in Table 2.3 because most test data did not report detailed fl ex-

ural responses that were necessary to calculate deformability indices using 

Equation [2.2]. The service strain ( ε  ps ) in Equation [2.3] was assumed to 

be the prestressing strain of FRP composites, provided that the difference 

between service and prestressing strains might be insignifi cant (ACI, 2004). 

As shown in Table 2.3, deformability indices signifi cantly vary depend-

ing upon prestress levels and particularly high deformability indices were 

observed for NSM FRP applications because of the contribution of the 

internal steel reinforcement in those beams. More research is necessary to 

suggest acceptable deformability indices for concrete members with various 

FRP systems.        
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 Table 2.3     Variation of deformability index based on the ACI 440.4R-04 approach 

 Reference  Specimen  FRP   ε  ps  

 (10 −6 ) 

  ε  pu  

 (10 −6 ) 

  B  

 (mm) 

  d  

 (mm) 

  A  frp  

 (mm 2 )  
fcff

′
 

 (MPa) 

  ρ  

 (10 −3 ) 

  β   1     k    ω   DI 

 McKay and Erki 

(1993) *  

 B1  A  21 435  41 549  150  260  57.6  40  1.48  0.76  0.13  0.99  1.93 

 B2  A  21 794  39 660  150  260  57.6  39  1.48  0.76  0.14  0.97  1.77 

 B3  A  21 586  49 103  150  260  57.6  40  1.48  0.76  0.10  1.06  2.41 

 Saafi  and 

Toutanji 

(1998) *  

 B1  A  13 340  21 000  150  260  120  45  3.08  0.72  0.28  0.84  1.33 

 Nordin and 

Taljsten 

(2006) †  

 BPS1  C  1708  17 500  200  295  100  68  1.70  0.65  0.16  0.96  9.86 

 BPS2  C  1816  17 500  200  295  100  68  1.70  0.65  0.16  0.96  9.26 

 BPS3  C  2003  17 500  200  295  100  66  1.70  0.65  0.16  0.96  8.42 

 BPS4  C  2101  17 500  200  295  100  64  1.70  0.65  0.16  0.97  8.05 

 BPS5  C  3273  17 500  200  295  100  66  1.70  0.65  0.17  0.95  5.08 

 BPS6  C  3166  17 500  200  295  100  66  1.70  0.65  0.17  0.95  5.25 

 BPM1  C  1180  8000  200  295  100  65  1.70  0.65  0.31  0.77  5.22 

 BPM2  C  1184  8000  200  295  100  62  1.70  0.65  0.31  0.77  5.21 

 BPM3  C  1761  8000  200  295  100  65  1.70  0.65  0.32  0.75  3.39 

 BPM4  C  1368  8000  200  295  100  66  1.70  0.65  0.31  0.76  4.44 

     Notes : A = AFRP; C = CFRP;  ε  ps  = FRP strain in service;  ε  pu  = ultimate FRP strain;  B  = width of beam;  d  = effective depth of beam;  A  frp  =

cross-sectional area of FRP; fcff
′  = concrete strength;  ρ  = reinforcement ratio;  β  1  = stress block factor for concrete;  k  = ratio of neutral 

axis depth to FRP depth;  ω  = constant shown in Equation [2.3]; DI = deformability index.  

   *  Internally bonded.  

   †  NSM bars.  
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  2.10     Conclusions and future trends 

 This chapter has presented a comprehensive overview of the application of 

prestressed FRP composites for concrete structures in fl exure with empha-

sis on practical perspectives. Commercially available FRP products were 

reviewed with their engineering properties. Existing provisions of codes 

and design manuals were evaluated, including their applications and limi-

tations. Detailed fl exural responses of concrete members with prestressed 

FRP composites were examined. The following conclusions can be drawn:

   FRP materials for prestressed concrete application (either bonded or • 

unbonded) should carefully be selected for their usage. AFRP tendons 

were susceptible to ultraviolet rays; however, they had good resistance 

to fatigue. GFRP demonstrated signifi cant creep deformation. CFRP 

exhibited favorable temperature resistance and excellent long-term 

behavior.  

  Various techniques were used to prestress FRP composites, namely, arti-• 

fi cial camber, external apparatus, and direct-tensioning methods. A high 

level of prestressing force (e.g., 50–60% ultimate) was applied for inter-

nally bonded cases, whereas a relatively low level (e.g., 20–40% ultimate) 

was used for externally bonded and unbonded applications. Prestressing 

levels signifi cantly infl uenced the fl exure of concrete members with pre-

stressed FRP composites, such as deformability, cracking, defl ection, and 

failure modes.  

  Excessive crack widths warned of the imminent failure of FRP-• 

prestressed concrete members, rather than signifi cant defl ections that 

were typically observed in steel-prestressed concrete members. Long-

term prestress losses of FRP-prestressed members were lower than 

those of steel-prestressed members because of the low modulus of 

FRP composites.  

  Concrete members with unbonded FRP composites demonstrated larger • 

defl ections and fewer, but wide, crack widths when compared to the mem-

bers with bonded FRP composites. These observations were attributed to 

the stress-sharing mechanism between the FRP and the concrete.  

  Bond characteristics of prestressed FRP composites affected the fl ex-• 

ure of concrete members. FRP tendons required shorter transfer and 

development lengths than seven-wire steel strands. This was due to the 

specially-treated surface of FRP tendons, such as sand-coated, fi ber-

wrapped, or indented. Insuffi cient bond triggered premature failure 

of prestressed FRP composites from strengthened concrete mem-

bers. Adequate anchor systems precluded such an undesirable failure 

mode.  

www.EngineeringBooksPDF.com



Prestressed FRP composites for concrete structures in fl exure   55

  Attention should be paid to the deformability of FRP-prestressed mem-• 

bers because FRP composites do not exhibit yield characteristics. The 

level of initial prestress was the most contributing factor to deform-

ability. Additional internal reinforcement substantially improved the 

deformability of concrete members with prestressed FRP composites.    

 Although the application of prestressed FRP composites for concrete struc-

tures has been well established over a decade, there still exists a paucity 

of understanding of the behavior of such structures. The following recom-

mendations are made to further advance the state-of-the-art of prestressed 

concrete structures:

   Detailed stress transfer mechanisms from prestressed FRP tendons to • 

concrete should be examined. Progressive damage propagation induced 

by stress concentrations along the FRP-concrete interface needs to be 

studied. Meso-scale fi nite element modeling may be a recommended 

approach.  

  More experimental investigations are necessary to promote the cutting-• 

edge technologies (e.g., NSM FRP and prestressed FRP laminates) to the 

industry sector. A practical anchor system should be developed for pre-

stressed NSM FRP methods for site application. Predictive models for 

such innovative methods need to be developed for design professionals.  

  Durability of externally unbonded and bonded FRP composites should • 

be examined, including a combination of environmental effects and 

stress concentrations at deviators and anchorage. Long-term character-

istics of FRP, including bond degradation, also need a due consideration 

to warrant the fi eld application of prestressed FRP composites.  

  Code and design manuals should include the state-of-the-art application • 

of prestressed FRP composites. An upgrade of existing provisions may 

be necessary; for example, the ACI-440.4R-04 document should provide 

specifi c limits for the deformability index and should include provisions 

for long-term performance.  

  More fi eld application incorporated with advanced sensing technologies • 

is recommended to monitor the actual performance of prestressed FRP 

composites.     
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  Abstract : During the last two decades, externally bonded fi ber-reinforced 
polymer (FRP) composites have been widely used for strengthening, 
repairing, and rehabilitating reinforced concrete (RC) structural 
members. The bond characteristics contribute to the effectiveness of the 
stress transfer achieved between the FRP composite and the concrete 
substrate. Debonding of the FRP composite reinforcement is the most 
critical concern in this type of application. Under monotonic and fatigue-
loading conditions, FRP–concrete shear debonding has been idealized as 
a Mode-II fracture problem along the bi-material interface. A cohesive 
material law is used to describe the interfacial stress transfer at the 
macroscopic level. The area under the entire curve represents the fracture 
energy, and is related to the load-carrying capacity of the interface. In 
this chapter, previous experimental results published by the author are 
discussed to show how the fracture energy can be considered a true 
fracture parameter. The results are instrumental in discussing the strain 
limits provided in international codes and guidelines. Future research 
needed and newly developed composites are introduced at the end of the 
chapter.   

  Key words : fi ber-reinforced polymer (FRP), concrete, fracture energy, 
debonding, Mode-II, strain limit, interfacial crack propagation. 

    3.1     Introduction 

 The increasing use of fi ber-reinforced polymer (FRP) composites for 

strengthening and repairing existing reinforced concrete (RC) structures has 

promoted a remarkable research interest over the last two decades (Bank, 

2006). When applied to the tension side of a beam, the FRP composite lam-

inate/sheet increases the internal moment capacity of the strengthened 
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section. Similarly, when attached to the web of a beam in the high-shear 

region, the FRP composite contributes to the nominal shear capacity of the 

section. Particular attention was paid to the study of the debonding mech-

anism in beams retrofi tted with FRP laminates/sheets (Buyukozturk and 

Hearing, 1998; Teng  et al ., 2003). In fact, debonding is one of the most impor-

tant causes of ineffi ciency, and certainly one of the most dangerous because 

it is a brittle phenomenon (Arduini  et al ., 1997), which might occur with no 

visible warning at a load level signifi cantly lower than the fl exural or shear 

capacity of the strengthened member corresponding to the rupture of the 

FRP reinforcement. 

 Debonding in beams takes place in regions of high-stress concentration 

(Wu  et al ., 1997; Leung, 2001). With respect to fl exural FRP reinforcement, 

two different types of debonding are considered. (1) End plate debonding 

(EPD), which occurs at the curtailment of the FRP composite and typi-

cally involves the concrete cover, although it can also propagate at the FRP–

concrete interface. EPD is also termed  cover delamination  (ACI 440.2R-08, 

2008); EPD could be prevented by providing anchorages at the ends of the 

FRP reinforcement, for example in the form of FRP stirrups (Chen and 

Teng, 2003). (2) Intermediate crack-induced debonding (ICD), which initi-

ates at fl exural or fl exural/shear cracks near the region of maximum moment 

and propagates in the direction of decreasing moment; ICD typically occurs 

in a thin mortar-rich layer of concrete (Carloni and Subramaniam, 2010), 

where the epoxy impregnates the substrate, and does not propagate into the 

concrete cover. 

 This chapter will focus on ICD, although some results and observations 

can be applied to EPD. Moreover, some of the concepts herein presented 

are applicable to the debonding of FRP laminates/sheets applied to the web 

of a beam as external stirrups. For fl exural reinforcement, guidelines and 

codes adopted in different countries limit the value of the effective strain 

in the FRP composite in order to impede the onset of ICD. However, in 

this chapter the cohesive nature of the debonding mechanism will be dis-

cussed, and it will be observed how some assumptions, which are commonly 

accepted in the design of the FRP reinforcement, require additional inves-

tigation and discussion. 

 In this chapter, there will be a brief discussion of newly-developed fi ber-

reinforced cementitious matrix (FRCM) composites. FRCMs employ a 

cement-based matrix instead of epoxy. FRCM composites have some poten-

tial advantages when compared to FRPs: (1) resistance to high temperatures 

and UV radiation; (2) the inorganic matrix is water-based, which facilitates 

its application and allows for reuse of tools; (3) permeability compatibility 

with the concrete substrate; and (4) unvarying workability time with tem-

perature between 4°C and 40°C.  
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  3.2     Experimental investigation of debonding 

 Full-scale beam tests were, and still are, the optimal tests (Sebastian, 2001; 

Rosenboom and Rizkalla, 2008) to investigate the characteristic of the 

FRP–concrete bond. However, the high cost of the set-up and the complex-

ity of the fl exural behavior of a RC strengthened beam, which includes load 

sharing between internal steel reinforcement and external FRP laminates/

sheets, in addition to the quasi-brittle behavior of concrete, and the sub-

sequent formation of a not easily predicted crack pattern, have induced 

several research groups to develop an  ad hoc  set-up to investigate the FRP–

concrete debonding. Ritchie  et al . (1991), Sharif  et al . (1994), and Arduini  et al . 
(1997) were among the fi rst experimental studies to focus on the debonding 

phenomenon in beams, whereas Chajes  et al . (1996), Taljsten (1997), and 

Bizindavyi and Neal (1999) were among the fi rst researchers to use a single-

lap shear test set-up to study the stress transfer between FRP and concrete. 

A literature review on FRP–concrete debonding can be found in Hearing 

(2000), Buyukozturk  et al . (2004), Gunes (2004), Han (2009), Grace  et al . 
(2012), and Kang  et al . (2012). Chen and Teng (2001) and Yao  et al . (2005) 

described in their work the most common direct-shear set-ups proposed 

in the literature, which are still used although it should be pointed out that 

some of those set-ups have gained more popularity than others in the last 

decade, and some others have been proposed or adjusted from the original 

ones (Mohamed Ali  et al. , 2008; Gartner  et al. , 2011). Researchers are still 

debating the differences among the set-ups in order to identify which one(s) 

are capable of capturing the debonding phenomenon in beams. It is recog-

nized that among the different set-ups, the single-lap and the double-lap 

shear test set-ups capture the debonding phenomenon better. 

  3.2.1      Single-lap direct-shear tests 

 In order to foster the discussion on the  quasi-brittle  nature of the debonding 

mechanism, comment on the strain limits provided in guidelines and codes, 

and eventually highlight the need for future research, in this section part of 

the previous experimental work conducted by the author in collaboration with 

Prof. Kolluru V. Subramaniam (Indian Institute of Technology, Hyderabad, 

India) will be briefl y revisited (Subramaniam  et al ., 2007). Single-lap direct-

shear tests were used to evaluate the FRP–concrete debonding using the clas-

sical pull–push confi guration. The tensile load was applied to the FRP sheet, 

while the concrete block was restrained against movement. This set-up is also 

referred to as the  near-end   supported single-shear test  (Yao  et al ., 2005). 

 Figure 3.1 shows the specimen dimensions and the loading arrange-

ment (Carloni and Subramaniam, 2012b). The nominal dimensions of the 
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prismatic concrete block were as follows: length  L  = 330 mm, width  b  = 

125 mm, height  h  = 125 mm. The coarse aggregates consisted of gravel 

with a maximum size of 10 mm. River sand was used as fi ne aggregate. 

The 28-day compressive strength of concrete, determined as per ASTM 

C 39 (2011), was 39 MPa. The nominal thickness tf     of the carbon fi bers 

contained in the FRP composite sheet was equal to 0.167 mm. The ten-

sile strength and the Young’s modulus Ef    of the composite sheet based on 

the fi ber thickness were equal to 3.83 and 230 GPa, respectively. The FRP 

sheet was bonded in the center on one side of the concrete block using 

the wet-layup procedure. The bonded length ℓ of the sheet was kept fi xed 

at 152 mm for all specimens. A length ( n ) of the FRP equal to 35 mm was 

left unbonded to provide an initial notch. Different nominal widths, bf    , of 

the FRP sheet equal to 12, 19, 25, 38, and 46 mm were tested. Two linear 

variable differential transducers (LVDTs) were mounted on the concrete 

surface close to the edge of the bonded area. The LVDTs reacted off of 

a thin aluminum Ω-shaped plate, which was glued to the FRP surface at 

the beginning of the bonded area as shown in Fig. 3.1. The average of the 

two LVDT readings was named  global slip . Tests were conducted in dis-

placement control by increasing the global slip at a constant rate equal to 

0.00065 mm/s, up to failure. The modality of failure of all direct-shear test 

specimens was associated with progressive debonding of the FRP sheet 

from the concrete substrate.    

 The strain components on the surface of the FRP and surrounding con-

crete during the monotonic quasi-static tests were determined from the 

displacement fi eld, which was measured using a full-fi eld optical technique 

known as digital image correlation (DIC). Details about DIC can be found 

in Sutton  et al . (1983, 2009). The strain analysis reported in the next section 

refers to the Cartesian system shown in Fig. 3.1. 

 Figure 3.2 shows a typical load vs global slip response obtained from 

a direct-shear test. The load response of Fig. 3.2 corresponds to test W_6  

(bf = 25 mm   ) reported in Subramaniam  et al . (2007). The load responses 
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 3.1      Specimen dimensions and loading arrangement.  
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obtained from specimens with different FRP widths were nominally similar 

in shape. Additional tests were published by the same authors (Subramaniam 

et al ., 2011) using the same test set-up and concrete blocks with a different 

width ( b  = 52 mm) and height ( h  = 100 mm). The load responses of those 

specimens were also similar in shape. The load response was initially lin-

ear up to point A. A nonlinear behavior was observed in the region AC. 

The strain analysis, presented in the next section, showed that the inter-

facial crack initiated in the nonlinear part AC of the load response (Ali-

Ahmad  et al ., 2006; Subramaniam  et al ., 2007, 2011. The difference between 

crack initiation and crack propagation in a strengthened beam is outlined in 

Sebastian (2001). A sudden drop (CC’) in the load marked the onset of the 

interfacial crack propagation. Load drops before point C (for example at 

point B) indicated that the debonding process initiated. As the crack propa-

gated (after C), the load remained nominally constant and its value PcrPP it    was 

determined as the mean value of the load corresponding to the range of the 

global slip ( g  1  = 0.35 mm,  g  2  = 0.75 mm). The global slip range ( g  1 ,  g  2 ) slightly 

varied for each test and was identifi ed on the basis of the strain analysis 

results that will be presented in the next section. The load response between 

points H and I will be justifi ed by the strain analysis that follows. The load 

PcrPP it    is often termed  load-carrying capacity  or  bond strength . Bond strength is 

probably used improperly in this context, because strength is usually associ-

ated with a stress component rather than a load, which depends on the size 

of the specimen.    
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 To provide a rational basis for comparison, the load-carrying capacity 

was expressed in terms of the ultimate nominal stress (σcrit) in the FRP at 

debonding:

    σcrit
crit=

Pc

b tf ft
    [3.1]   

 The variation of σcrit  with the ratio b bf /     is reported in Subramaniam  et al . 
(2007). σcrit  

increased linearly with the ratio b bf / ,b  suggesting the existence 

of a width effect. This relationship appeared to be independent of the width 

of the concrete block (Subramaniam  et al. , 2011). In Subramaniam  et al . 
(2007), it was found that the specimens with bf = 12 mm    exhibited signif-

icant scatter and provided results that did not agree with the trend. The rea-

son for the nonconformity of the bf = 12 mm    specimens became clear with 

the results of the strain analysis.   

  3.2.2     Strain analysis in direct-shear tests 

 Figure 3.3 shows the variation of the axial strain  ε   yy   on the surface of the FRP 

along the bonded length for point E of the load response of Fig. 3.2. The axial 

strain distribution along the FRP obtained from all specimens tested was 

nominally similar. The experimental strain values are represented by ‘×’s. 

The axial strain values were determined along the center line of the FRP 

sheet by averaging the strain across a 10-mm-wide strip for each value of  y . 

Averaging the strain across a 10 mm width allows for taking into account the 

variation of the strain due to the presence of a non-homogeneous substrate 

and local material variations in the FRP sheet (Ali-Ahmad  et al ., 2006). A 

10-mm strip was chosen based on the size of the aggregate. It can be noticed 

that at  y  = 116 mm the axial strain has a relative maximum. The axial strain 

along the FRP at point E was approximated using the procedure outlined 

in Ali-Ahmad  et al . (2006). The experimental nonlinear strain distribution 

along the bonded length of Fig. 3.3 was approximated using the following 

expression (solid line in Fig. 3.3):   

    ε ε α

β
yyε y y= +ε

+
−

0

1
0

e

    [3.2]   

 where α β ε,α βα y0 0ε, and  were determined using nonlinear regression analysis 

of the strains obtained from DIC. The choice of the function [3.2] is not 

unique (Dai  et al. , 2005; 2006; Zhou  et al ., 2010; Liu and Wu, 2012) and its 
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infl uence on the results presented in the next section was not investigated 

in the study. The observed strain distribution along the FRP was essen-

tially equal to zero close to the unloaded end. There was a rapid increase 

in strain upon approaching the loaded end. The strain leveled off at a value 

εyy approximately equal to 5520  με . The observed strain distribution was 

divided into three main regions: (1) the stress-free zone (SFZ); (2) the stress-

transfer zone (STZ); and (3) the fully-debonded zone (FDZ). In the FDZ, 

the strains were essentially constant and were found to remain unchanged 

as the global slip increased, which is consistent with the observation that the 

load remained nominally constant (PcrPP it   ) after the debonding process prop-

agated. Analysis of the strain data revealed that the STZ was fully estab-

lished when the load response attained PcrPP it   . In other words, the ‘S’ shape of 

the strain profi le was fully established for points of the load response after 

C. For each test, the global slip range ( g  1 ,  g  2 ) within which the STZ was fully 

established was determined and used to compute the load-carrying capacity

PcrPP it   . The fi tting curves, obtained using Equation [3.2], for points D, F, G, and 

H, are shown in Fig. 3.3 for comparison. It can be observed that a simple 

translation of the STZ further along the length of the FRP sheet occurred as 

the global slip increased while its shape remained constant. The translation 

of the STZ indicated self-similar crack growth. 

 The STZ at point H reached the end of the bonded length. Any further 

increment of the global slip corresponded to a different fracture path that 
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load response of Fig. 3.2.  
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involved a larger amount of concrete as the crack kinked in the direction of 

the concrete block. The portion of the load response H-I in Fig. 3.2 is related 

to this different behavior of the FRP–concrete interface (Carrara  et al ., 
2011). It is important to notice that the best-fi t curve provided a maximum 

strain εyy  that varied slightly from point to point along the load response. 

These variations were consistent with the variation of the load. The mean 

values of the maximum strain εyy, calculated from ten points of the load 

response in the range ( g  1 ,  g  2 ), are shown in Fig. 3.4 and reported in Table 3.1 

for all the tests published in Subramaniam  et al . (2007). The mean value 

(5560 με) of test W_6 is shown with a black-fi lled marker in Fig. 3.4.         

 The progressive debonding of the FRP composite sheet from concrete is 

associated with a STZ of a fi xed length  L  STZ , which translates as the crack 

advances (Fig. 3.3).  L  STZ  is also termed the  effective bond length  (Chen and 

Teng, 2001) or the  development length  (ACI 440.2R-08, 2008). Values of  L  STZ  

are reported in Table 3.1 and summarized in Fig. 3.5. Each value plotted in 

Fig. 3.5 represents the mean value for each test and was calculated from ten 

points of the load response within ( g  1 ,  g  2 ). Some of the proposed formulas 

for  L  STZ  (Nuebauer and Rostasy, 1999; Chen and Teng, 2001; Monti  et al ., 
2003; Karbhari  et al ., 2006) are plotted in Fig. 3.5 for comparison. The exper-

imental values of  L  STZ  are not affected by the width of the FRP sheet.    

 Figure 3.6 shows the variation of the axial strain εyy 
across the width 

of the specimen W_6 (Subramaniam  et al ., 2007) at point E (Fig. 3.2) for 

different values of  y . Figure 3.6 reveals the presence of a  central region  

of the FRP where the axial strain is nominally constant across the width. 

 b   s   is the measurement of the central region of the FRP. The width  b   d   of 

the concrete strip involved in the stress transfer is larger than the FRP 

width. Only for those specimens with bf > 12 mm    the central region was 

 Table 3.1     Fracture parameters of the tests published in 

Subramaniam  et al . (2007) 

 Test  
bfbb

 

 (mm) 

 
PcritPP

 

 (kN) 

 
LSTL Z  

 (mm) 
 
εyy  

 (με) 

 
GFG

 

 ( )MPa mm×  

 W_1  46  12.90  80  7210  0.874 

 W_2  46  12.05  76  6180  0.634 

 W_3  46  13.20  75  5890  0.563 

 W_4  38  10.09  81  6430  0.692 

 W_5  38  10.02  73  6240  0.652 

 W_6  25  5.54  80  5560  0.546 

 W_7  25  5.44  76  5630  0.530 

 W_8  25  5.36  69  6490  0.705 

 W_9  19  4.27  75  6400  0.686 

 W_10  19  4.05  78  5890  0.579 
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3.4      Mean values of the maximum strain εyy vs FRP width  b   f   for all tests 

reported in Subramaniam  et al . (2007).  
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3.5      Mean values of the length of the STZ vs FRP width  b   f   for all tests 

reported in Subramaniam  et al . (2007).  
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observed; therefore, it was concluded that specimens with bf = mm12  

did not follow the trend of σcrit vs b bf /     due to the absence of the cen-

tral region. A plot of the strain εyy for a specimen with bf = mm12 can be 

found in Subramaniam  et al . (2007). The width of the central region of the 

FRP increased as the FRP width increased, while the quantity (b bd sb    ) 

remained constant. Hence, the increase in the nominal stress at debonding 

with an increase in the FRP width was explained by the increase of the 

central region. Available results in the literature (Chen and Teng, 2001; 

Yao  et al ., 2005) did not confi rm the conclusions reported in Subramaniam 

 et al . (2007). Chen and Teng (2001) reported a decrease of the normalized 

load-carrying capacity with an increase of the FRP-to-concrete width ratio. 

A coeffi cient  β   p   that takes into account the effect of the FRP-to-concrete 

width ratio was proposed by the authors. It should be noticed, however, 

that the specimens considered by the authors (Chen and Teng, 2001) to 

validate the model had a minimum FRP width equal to 25.4 mm. Size 

effect was not considered in their study, and some of the data, obtained 

from the literature and used to calibrate the model, were from bond tests 

between steel plates and concrete.    
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–24 –17 –11 –5 2 8 14
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21 27 33 40 46
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 3.6      Variation of the axial strain εyy
 
at point E (Fig. 3.2) as a function of 

 x  for different values of  y .  
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 Subramaniam  et al . (2007) showed that the plot of the shear strain εxy across 

the width of the specimen for different values of  y  also revealed the presence 

of edge regions in the FRP sheet that were characterized by high-shear strain 

gradients. The central region in which the axial strain was constant coincided 

with the central region of the strip where the shear strain was zero.  

  3.3     Fracture mechanics approach to the analysis 
of debonding 

 Fracture propagation during ICD occurs in concrete; therefore, it is rea-

sonable to assume that the  quasi-brittle behavior  of concrete governs the 

debonding process. It seems appropriate to model the debonding mecha-

nism within the framework of fracture mechanics applied to quasi-brittle 

materials (Bazant and Planas, 1997). In linear elastic fracture mechanics 

(LEFM) it is well known that a singularity in the stress and displacement 

fi elds occurs at the crack tip (Anderson, 2004; Bazant and Planas, 1997). In 

LEFM the nonlinearity of the material is neglected, although in practice 

only a limit value of the stress can be reached and in a zone near the crack 

tip a stress re-distribution occurs, which is related to the nonlinearity of the 

material. The nonlinearity near the crack tip can be due to hardening or 

softening of the material. In order to overcome the inapplicability of LEFM 

for quasi-brittle materials such as concrete, the concept of the  fracture pro-
cess zone  (FPZ) is introduced. The FPZ represents a bridging zone between 

the cracked and uncracked regions, where progressive softening occurs. It is 

important to point out that in quasi-brittle materials the FPZ is most likely 

coincident with, or close in size to, the region of material nonlinearity. In 

other materials, such as steel, the softening part of the nonlinear zone is neg-

ligible and the nonlinear hardening zone is predominant. The characteristics 

and size of the FPZ depend on the material. In concrete, the FPZ is related 

to progressive damage that is associated with several complex phenomena 

(microcracking, void formation, etc.). As the fracture process progresses 

in concrete, coalescence of microcracks in the FPZ gives continuity to the 

already existing crack and consequently the crack propagates. 

 The concept of cohesive zone or cohesive crack is associated with the 

work of Hillerborg  et al . (1976). The cohesive crack model is a simple model 

for the FPZ in concrete, and can be taken as a reference to compare other 

models (Elices  et al ., 2002). For a Mode-I (Anderson, 2004) condition, it is 

assumed that within the FPZ a crack tip should not be defi ned. Conversely, 

the stress σ  transferred through the cohesive crack is a function of the 

crack opening  w . The function σ = ( )f w(  is characteristic of the material and 

is often called the  softening function . When w = 0    , σ = ftff , which is the ten-

sile strength of concrete. 
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  3.3.1      Cohesive material law 

 Several researchers attempted to study the ICD phenomenon and the 

debonding in direct-shear tests as a Mode-II fracture problem (Anderson, 

2004) where the interface region is idealized to be of zero thickness with 

well-defi ned material properties (Ali-Ahmad  et al ., 2006; Wu and Niu, 2007; 

Mazzotti  et al ., 2008). In this idealization, the interfacial crack, associated 

with initiation and propagation of debonding, is subject to a Mode-II load-

ing condition. The quasi-brittle behavior of the interfacial crack, in the spirit 

of the cohesive crack model, is described by introducing a cohesive mate-

rial law, which relates the interfacial shear stress ( τ   zy  ) to the relative slip ( s ) 

between FRP and concrete. It is important to highlight that the cohesive 

material law  τ   zy  − s  represents the constitutive law of a fi ctitious material that 

links the FRP strip to the concrete substrate (interface). The shear stress 

should not be associated with the shear stress that occurs in concrete at 

a particular distance from the concrete surface. Researchers (Abdel Baky 

 et al. , 2012) attempted to describe the variation of the shear stress through 

the depth of the concrete substrate, and observed that the normal stress σyy  

in concrete infl uences the value of the maximum shear stress (τmax). Although 

it is reasonable to assume that the stress fi eld in concrete near the interface 

has an important role in the stress transfer, and therefore in the debonding 

mechanism, the cohesive material law herein introduced aims to describe 

the interfacial debonding at the macro-scale; hence its parameters should 

not refer to the actual stress state in concrete at the microscopic level. 

 Fracture along the interface does not occur on an ideal plane parallel 

to the FRP strip but follows a tortuous path, which is in part controlled by 

the distribution of the aggregates and in part by the mixed-mode nature of 

the fracture process at the microscopic level. In fact, the crack continuously 

kinks to follow the path that requires the least amount of energy, and is 

related to the fracture properties of the two materials (Hutchinson and Suo, 

1992; Gunes, 2004; Gunes  et al ., 2009). At the macroscopic level, the micro-

scopic mixed-mode fracture can be considered a Mode-II fracture at the 

FRP–concrete interface. 

 Several analytical/numerical procedures to estimate the cohesive interface 

behavior from the load response of direct-shear tests were developed. For 

example,  Ali-Ahmad  et al . (2006) established an experimental procedure 

to directly determine the Mode-II interfacial fracture law using DIC mea-

surements. The cohesive material law for the interface, when implemented 

in a numerical analysis procedure, allowed for predicting the load response 

of concrete beams strengthened with externally bonded FRP sheets (Wu 

and Yin, 2003; Ali-Ahmad  et al ., 2007; Wu and Niu, 2007). Among others, 

Ferracuti  et al . (2007), Mazzotti  et al . (2008), and Carrara  et al . (2011) used 

a procedure similar to Ali-Ahmad  et al . (2006). In those studies, the authors 
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used strain gage readings along the FRP surface to obtain the interfacial 

law. Pellegrino  et al . (2008) and Pellegrino and Modena (2009) used a dou-

ble-lap shear test and a small-beam test to investigate the effect of the axial 

stiffness of the composite on the cohesive material law and indicated the 

need of more research to study this aspect. 

 From the measured strain  ε   yy   along the bonded length, the interface shear 

stress was calculated as (Taljsten, 1996, 1997):

    τ
ε

zy f f
yyE tf f

d

dy
=     [3.3]   

 The following assumptions were made: (1) the FRP sheet was homogenous 

and linear elastic; (2) the thickness and the width of the FRP sheet were 

constant along the bonded length; (3) the interface was subject only to shear 

loading; (4) the interface between the FRP and the concrete was assumed to 

be of infi nitesimal thickness; and (5) the concrete substrate was rigid. The rel-

ative slip,  s ( y ), between FRP and concrete at a given location on the FRP was 

obtained by integrating the axial strain in the FRP up to that point. Lu  et al . 
(2005) commented on the possible ways to obtain the  τ   zy   – s  curves, observing 

that the violent local variations of strain measured by strain gages entailed 

substantial differences in the fracture parameters. The procedure followed 

by Subramaniam  et al . (2007, 2011) used the strain contours obtained from 

DIC, which allowed to identify the fl uctuations of the strain profi le due to 

the local variations of the FRP and the substrate (Ali-Ahmad  et al ., 2006). 

The cohesive material law curves corresponding to points D, E, F, and G of 

the load response of Fig. 3.2 are shown in Fig. 3.7. An important aspect of 

this procedure should be pointed out. The cohesive material law is a local 

constitutive law and should be obtained from strain measurements at a spe-

cifi c point along the bonded length for the entire load response and eventu-

ally compared with the constitute laws obtained from other points along the 

bonded area. Conversely, the procedure adopted in Ali-Ahmad  et al . (2006) 

and in Subramaniam  et al . (2007) used the strain values along the bonded 

length. Inherently, points along the bonded length have different interfacial 

properties, as suggested by the load response depicted in Fig. 3.2.    

 Several expressions of the cohesive material law are available in the 

literature. For example, Ferracuti  et al . (2007) proposed the following 

relationship:

    τ τzy n

s
s

n

n
s
s

( )
+( ) + ⎛

⎝
⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞

1

    [3.4]   
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 where τ  is the maximum shear stress and s  is the corresponding slip. 

Other researchers indicated these parameters as τmax and  s  0 , respectively. 

The parameter  n  (>2) mainly governs the softening branch of the softening 

curve.  

  3.3.2      Interfacial fracture energy 

 The interfacial fracture energy GFG     is the energy required to create and fully 

break the elementary unit area of the cohesive crack. GFG     corresponds to the 

area under the entire  τ   zy   – s  curve (Bazant and Planas, 1997):

    G s dsF zG y

sf ( )∫0∫∫     [3.5]   

 where sf       is the slip corresponding to complete separation of the inter-

face. The mean values of GFG     for all tests published in Subramaniam  et al . 
(2007) are shown in Fig. 3.8 and reported in Table 3.1. The values plotted 

in Fig. 3.8 were obtained for each test by processing the same ten images 

corresponding to ten points of the load response used to calculate the 

values of Figs 3.4 and 3.5. The experimental data in Fig. 3.8 are compared 

with some of the available formulas in the literature for GFG    . Some of the 

formulas used as comparison in Fig. 3.7 include a width effect coeffi cient 

that depends on b bf /    .    
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 3.7       τ   zy   – s  curves for points D, E, F, and G in Fig. 3.2.  

www.EngineeringBooksPDF.com



Bond characteristics between composites and concrete substrates   75

 The relationship between the interfacial fracture energy and the 

fracture energy of concrete (Mode-I) is still an open discussion among 

researchers (Achintha and Burgoyne, 2008, 2011; Carrara  et al. , 2011). 

Although the fracture process in ICD occurs in concrete, it propagates in 

a mortar-rich thin layer (Carloni and Subramaniam, 2010) in which the 

mechanical and fracture properties are not easily defi ned. Undoubtedly, 

the two fracture energies are related, although a convincing relationship 

has not yet been found. Rabinovitch (2004) successfully used the Mode-I 

fracture energy of concrete to study the EPD using the fracture mechan-

ics concept of energy release rate. In the context of EPD, the energy 

required to create and fully break the elementary unit area of cohesive 

crack should be closely related to the fracture energy of concrete as the 

debonding typically occurs in the concrete cover and peeling stresses are 

not negligible. 

 Taljsten (1996) obtained a relationship between the interfacial fracture 

energy and the load-carrying capacity in direct-shear tests by considering 

the energy release during the advancement of the interfacial crack  a  by an 

amount  d  a  (Fig. 3.9). The  energy release rate G  per unit width bf      of the com-

posite is obtained as:   
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3.8      Mean values of the fracture energy GFG   vs FRP width  b   f   

(Subramaniam  et al ., 2007).  
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    G
b

d
da

F U
f

e= F( )⎡
⎣⎢
⎡⎡
⎣⎣

⎤
⎦⎥
⎤⎤
⎦⎦

1
       [3.6]   

 where  F  is the work done by the external load  P  and Ue     is the elastic energy. 

When debonding propagates, G GfG    . 

 If  δ  is the displacement of the point of application of the applied force  P  

(Fig. 3.9) and  C  is the compliance of the system, then:

    U P Ce

1

2
2        [3.7]   

 and when the interfacial crack propagates:

    G
b

P
d
da

dU
da b

P C
aFG

f

e

f

−P= ⎡
⎣⎢
⎡⎡
⎣⎣

⎤
⎦⎥
⎤⎤
⎦⎦

= ∂
∂

1dUe ⎤1
P

d⎡
2

2δ
    [3.8]   

 Therefore:

    P
G b

a
F fG b

=
∂ ∂C

2
       [3.9]   

 If the substrate is considered rigid and the adhesive layer is idealized as a 

zero-thickness layer:

    
∂
∂

=
C
a E b tf fb f

1
       [3.10]   

da

z
FRP

P y

Concrete

a δ

 3.9      Crack propagation in direct-shear tests.  
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Ef     and tf     are the elastic modulus and the thickness of the composite, 

respectively. From Equations [3.9] and [3.10], the interface fracture energy 

GFG    is related to the load-carrying capacity (Hearing, 2000; Yuan  et al ., 2001; 

Wu  et al ., 2002; Liu and Wu, 2012; Wu  et al ., 2012):

    P b G E tu fP bP F fG E f2        [3.11]   

 Equation [3.11] can be obtained through an energy balance approach 

(Focacci  et al. , 2000; Hearing, 2000; Liu and Wu, 2012) and is based on the 

assumption that a pure Mode-II interfacial crack propagation occurs across 

the entire width of the composite. The theoretical load-carrying capacity 

under pure Mode-II was indicated as PuPP     in Equation [3.11] to distinguish 

it from the experimental value PcrPP it   .Wu  et al . (2002) used an equilibrium 

approach to show how the load-carrying capacity depends only on the frac-

ture energy and not on the shape of the  τ   zy   – s  curve. An analytical approach 

can be found in Wu  et al . (2012) in which a cohesive material law  τ   zy   ( s ) 

was assumed. The authors were able to predict the snapback phenomenon 

observed by other researchers (Ali-Ahmad  et al ., 2007). The load-carrying 

capacity calculated from Equation [3.11] should not be expected to match 

the experimental results (P PuPP ≠ crPP it    ). In fact, the width effect shown in Fig. 3.6 

indicated that only in the central region of the strip the axial strain is con-

stant (and the shear strain is zero), which entailed that the Mode-II loading 

condition should be assumed only in the central region of the FRP sheet. 

 It is interesting to notice that different experimental set-ups are avail-

able in literature (Yao  et al ., 2005) for direct-shear tests that might lead to 

signifi cantly different results and complicate the analysis of the data. It was 

shown that the cohesive material model developed from direct-shear tests 

is directly applicable to beam tests (Chen and Teng, 2003). However, Gunes 

 et al . (2009) observed that the Mode-II fracture energy FG     under fl exural 

loading should be higher than that measured from direct-shear tests, due to 

the curvature effect.   

  3.3.3     Discussion of interfacial fracture energy as a true 
fracture parameter 

 Contradictory results (Chen and Teng, 2001; Subramaniam  et al. , 2007; Mazzotti 

et al. , 2008; Carloni and Subramaniam, 2012b) complicate the interpretation of 

the interfacial fracture energy GFG     as a true fracture parameter. Han (2009) 

reported that GFG     increases with decreasing ratio b bf /    . Similarly, Czaderski 

 et al . (2010) reported that GFG     increases with decreasing width of the FRP. The 

interfacial cohesive law was obtained by measuring the strain along the FRP 

strip close to the edge. The authors also questioned whether GFG     is a material 
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property by making a parallelism with the Mode-I and Mode-II fracture ener-

gies of concrete (Carpinteri  et al. , 1993; Gunes, 2004). Chen and Teng (2001) 

reviewed some of the fracture mechanics approaches, which provided a value 

of GFG     that depended on the width of the FRP and concrete. Conversely, Dai 

 et al . (2006) affi rmed that GFG     is a material property and has a certain value 

for a particular combination of FRP and concrete types. Mazzotti  et al . (2008) 

obtained the fracture energy from the load-carrying capacity of the interface of 

near-end supported single-shear tests. They observed that the interfacial frac-

ture energy did not scale with the width of the FRP sheet due to the small size 

of the aggregate. Ching and Buyukozturk (2006) conducted direct-shear tests 

to study the infl uence of the effect of moisture on GFG    . It was concluded that a 

different debonding mechanism occurred if the specimens were conditioned 

at relative humidity (RH)  100%, with a progressive decrease of the fracture 

toughness with increasing exposure. Subramaniam  et al . (2007, 2011) indicated 

that the interfacial fracture parameters do not scale with the width if deter-

mined from measurements in the central region of the FRP sheet. 

 The discussion on the nature of the interfacial fracture energy as a true 

fracture parameter in part arises from the misuse of Equation [3.11]. From 

Equation [3.11], researchers used the experimental load-carrying capacity 

PcrPP it    to determine the fracture energy by assuming that P PuPP crPP it    :

    
G

P
b E tFG

f f ft
= crPP it

2

22     [3.12]   

 This approach led to an erroneous evaluation of GFG    , because the exper-

imental value of the load-carrying capacity includes the width effect and 

in particular the mixed-mode behavior of the edges (Subramaniam  et al ., 
2007). The fracture energy cannot be directly related to the experimental 

load-carrying capacity of the interface. The values of GFG      determined via 

Equation [3.12] scale with the width of the FRP sheet. Hence, the exper-

imental values of the fracture energy determined through Equation [3.12] 

should not be considered as  true  values. The experimental values in Fig. 3.8 

indicated that the fracture energy is nominally invariant with the width of 

the FRP sheet. Therefore, GFG     is a true fracture parameter, provided that it is 

obtained from strain measurements in the central region of the FRP sheet 

where a Mode-II fracture occurs. 

  3.3.4      Mode-I interfacial loading and alternative fracture 
approaches 

 In addition to the discussion regarding the nature of the fracture energy, con-

cerns remain on the applicability of the direct-shear test results to describe 
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ICD, mainly because of the presence of a Mode-I component (peeling 

stresses). The Mode-I should not be confused with the one observed before 

at the microscopic level, but in the spirit of the macroscopic approach of 

the fi ctitious interface. The Mode-I opening is described by the relation-

ship between the normal stress (peeling) σzz and the opening of the crack 

w  (Martinelli  et al ., 2011; Carrara and Ferretti, 2013). The Mode-I interfa-

cial fracture energy, corresponding to the area of the σzz w−  curve, is con-

siderably lower than the Mode-II fracture energy (Taljsten, 1996; Gunes, 

2004), thus even a small component of the load perpendicular to the FRP 

sheet could potentially reduce the load-carrying capacity of the interface. 

A Mode-I component is always present in the direct-shear test measure-

ments, due to the relationship between shear and moment. A limited num-

ber of experimental works reported the study of Mode-I and mixed-mode 

debonding (Wan  et al. , 2004; Davalos  et al ., 2006; Alam  et al ., 2012). Some 

authors (Yao  et al ., 2005) recognized that the effect of a small loading angle 

(offset) was insignifi cant for relatively long bonded lengths. The presence of 

a Mode-I condition in beams can be explained by considering the opening of 

a fl exural/shear crack as illustrated in Fig. 3.10 (Garden and Hollaway, 1998). 

As the crack opens, the two faces of the crack will undergo a relative vertical 

displacement that will cause a mixed-mode condition for the FRP–concrete 

interface. Rabinovitch (2008, 2012) used a fracture mechanics approach that 

considered the Mode-I and Mode-II cohesive material laws and their cou-

pling. A set of nonlinear differential equations was derived by considering a 

multi-layer description of the strengthened beam. A different length of the 

Direction of decreasing moment

Flexural/shear
crack

Concrete

P
a1

a2

3.10      Mixed-mode debonding propagation in beams.  
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STZ for Mode-I and Mode-II can be observed in these studies. Mazzucco 

 et al . (2012) used a similar approach to capture the coupling of the shear and 

peeling stresses, but introduced a contact-damage model for the adhesion 

between layers. Gunes  et al . (2009) reported that if the strengthened beam 

was suffi ciently strong in shear, the fl exural/shear crack mouth displacement 

would be limited and consequently the mixed-mode nature of debonding 

fracture would quickly merge into a Mode-II condition. It is interesting to 

notice that the results published by Alam  et al . (2012) showed that the effec-

tive bond length increases if the Mode-I component is signifi cant.    

 Alternative approaches within the framework of fracture mechanics are 

available in the literature. Achintha and Burgoyne (2008, 2011), for example, 

studied the debonding phenomenon as a Mode-I problem, by considering 

that the debonding often occurs in the concrete just above the interface. The 

Mode-I fracture energy of concrete was used in their approach. The authors 

observed that none of the existing studies available in the literature pro-

vided a reliable estimate of the interfacial fracture energy GFG    . Gunes  et al . 
(2009) proposed a global energy balance model to predict FRP debonding 

failure. The amount of energy dissipated in the system during debonding 

was determined by calculating the change in the potential energy of the sys-

tem. The component of the energy dissipation due to the debonding process 

was calculated by means of the interfacial fracture energy. An expression of 

GFG     was provided that included the geometric factor  k   b   to take into account 

the infl uence of the width of the FRP sheet.   

  3.4     Numerical analysis of the fiber-reinforced 
polymer (FRP)–concrete interface 

 A one-dimensional model, developed by Ali-Ahmad  et al . (2007), was used 

in Carloni and Subramaniam (2012b) to carry out a numerical analysis of 

the FRP–concrete interfacial crack initiation and propagation. The main 

goal of this simplistic numerical model was to confi rm that the interfacial 

stress transfer is not a one-dimensional problem. Moreover, the results of 

the numerical analysis showed that even though the load-carrying capacity 

is only related to the fracture energy GFG    , as expressed in Equation [3.11], 

the shape of the  τ   zy   – s  curve affects the interfacial response and in partic-

ular could entail for a load corresponding to crack initiation that is signifi -

cantly lower  than the load-carrying capacity. The FRP sheet was described 

by using one-dimensional axial elements. The bond between FRP and 

substrate was modeled using spring elements with a simplifi ed bilinear 

response, which took into account the interfacial cohesive material law 

(Subramaniam  et al ., 2007, 2011). A linear ascending shear stress vs relative 

slip response was assumed up to the peak shear stress, τmax, and relative slip 
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equal to  s   o  ; following this, a linear softening was considered up to a value 

of the slip  s   f  , beyond which complete separation of the FRP from concrete 

occurred. The value of  s   o   was determined by considering the peak shear 

stress and the initial slope of the cohesive law (Carloni and Subramaniam, 

2012a). The slip  s   f   was obtained by enforcing the value of GFG    . The value 

of GFG    was assumed to be equal to the mean fracture energy of test W_6 in 

Subramaniam  et al . (2007). The numerical model is shown in Fig. 3.11. The 

approximation of the  τ   zy  – s  curve with a bilinear response is discussed in Lu 

 et al . (2005).    

 In the numerical representation, the concrete substrate was assumed 

to be rigid, based on the observed experimental results (Carloni and 

Subramaniam, 2010). The material response of the carbon FRP (CFRP) was 

considered to be linear elastic up to rupture. The engineering properties of 

the composite were based on the thickness of the fi bers contained in the 

composite sheet and not on the gross composite area. The properties of the 

axial elements were determined based on the nominal width of the CFRP 

composite sheet. Details about the numerical model can be found in Ali-

Ahmad  et al . (2007). 

 Three different numerical simulations were performed to study the infl u-

ence of the fracture parameters on the load response of the FRP–concrete 

interface (Fig. 3.11). The fracture parameters used in the simulations are 

summarized in Table 3.2. The parameters (τmaττ x /G sτ /F omτ ax / sτmτ ax / ) used in DS_1 

corresponded to the mean values computed from the  τ   zy   – s  curves associ-

ated with the aforementioned ten points of the load response of test W_6 

(Subramaniam  et al ., 2007). In DS_2, the slope of the ascending response 

was decreased with respect to DS_1 without varying τmax and GFG    . Finally, in 

DS_3 τmax was reduced while  s   o   and  s   f   were computed in order to maintain 

the slope of the ascending response and the fracture energy equal to DS_1.      

 In Fig. 3.12, the load responses of the numerical simulations are compared 

with the load response of Fig. 3.2. Since the model is one-dimensional, it is 

FRP

Concrete

DS_1

DS_2

DS_3

s

so sf
s

GFGF

τmax

τzy

sf
DS_3so

DS_2so

τzy

τ max
DS_1 = τ max

DS_2

DS_1

3.11      Finite element model.  
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implicitly assumed that the cohesive material law determined from the cen-

ter of the FRP sheet applies to the entire width of the FRP. Therefore, the 

load-carrying capacity PuPPnum    of DS_1, DS_2, and DS_3 is the same but should 

be lower than the experimental value (PcrPP it   ), because the model neglects the 

width effect. The value of PuPPnum    computed from Equation [3.11] utilizing the 

mean fracture energy of test W_6 (Subramaniam  et al. , 2007), provided in 

Tables 3.1 and 3.2, is:   

    P b Gu fP bP F f f kNbfb 2 5G E tt2G fE f =G E tfE f 20.        [3.13]   

 PuPPnum    matches the numerical results but is lower than the experimental load-

carrying capacity as observed above. The maximum strain, corresponding to 

debonding, can be obtained from Equation [3.13]:

    εyy
u

f f f

Pu

b tf f E
num

num

= = 5330 με     [3.14]   

 The strain value calculated in Equation [3.14] is in good agreement with the 

mean value of the maximum strain εyy 
of test W_6, which is equal to 5560  με  

(Fig. 3.4 and Table 3.1). However, it should be observed that the experimen-

tal value of the strain is slightly higher than that obtained in Equation [3.14], 

because the applied load is affected by the presence of the edge regions and 

by the restraining effect of the adjacent concrete. Furthermore, the value of 

GFG     used in Equation [3.13] is calculated as the mean value from ten images 

corresponding to ten different points of the load response. 

 A comparison between the numerical simulations shows that even though 

the load-carrying capacity is only related to the area under the curve of the 

cohesive material law, the fracture parameters and therefore the shape of 

the curve infl uence the linear and nonlinear part of the load response. If the 

slope of the ascending branch decreases (DS_2), then the slope of the linear 

portion of the load response decreases. A decrease of the slope corresponds 

to a decrease of the stiffness of the interface and determines an upward shift 

of the end of the linear portion of the load response, which in turn delays 

 Table 3.2     Fracture parameters of the numerical simulations 

 Simulation  τmax  

 (MPa) 
 so 

 (mm) 

 sf  

 (mm) 
 GFG  

 (MPa mm) 

 DS_1  6.65  0.026  0.164  0.546 

 DS_2  6.65  0.060  0.164  0.546 

 DS_3  4.00  0.016  0.273  0.546 
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the formation of microcracking in concrete. The strain value corresponding 

to the formation of the STZ in concrete for DS_2 is higher than DS_1. A 

decrease of the maximum shear stress without varying the fracture energy 

entails for an increase of the  L  STZ , which produces a downward shift of the 

end of the linear portion of the load response. The strain value correspond-

ing to the formation of the STZ in concrete for DS_3 is lower than DS_1.  

  3.5     Design aspects related to debonding 

 In Section 10.1.1 of the ACI 440.2R-08 (2008) document, the fl exural fail-

ure modes of an RC strengthened beam are described. In order to prevent 

ICD, in the same section the effective strain fd 
in the FRP reinforcement is 

limited to the strain level at which debonding may occur. The formula used 

in the ACI 440.2R-08 document is a modifi cation of the original formula 

proposed by Chen and Teng (2001):

    ε β βyyεε L pβ c

f f

fc

E tf f

Ch d T
′

    [3.15]   

 where βL = 1
 
if the bonded length of FRP is greater than the effective bond 

length. βp 
takes into account the effect of the width ratio b bf /    . fcff ′    is the spec-

ifi ed compressive strength of concrete. 
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3.12      Comparison between the experimental load response of Fig. 3.2 

and the numerical analysis.  
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 A similar approach is proposed in the Italian guidelines (CRN-DT 

200/2004), in which a limit for the strain in the FRP is provided in order to 

prevent debonding:

    ε
γ γfdd

cr FK=
k

E tfγ c f ft
2Γ

    [3.16]   

 where kcr    can be taken equal to 3.0, ΓFK is the fracture energy GFG    , γ c  
is the 

 partial safety factor  for concrete that can be obtained from the Italian design 

code for RC structures, and γ f d
 
is the partial safety factor for FRP materials 

(CRN-DT 200/2004). A formula to compute the fracture energy is provided 

in the Italian document (CRN-DT 200/2004) and was used in Fig. 3.8:

    ΓFK ck ctm= 0 03k fc fc     [3.17]   

 In Equation [3.17] the fracture energy is related to the mechanical prop-

erties of concrete but it is also recognized to be dependent on the ratio b bf /     

through the coeffi cient kb    . fckff     is the characteristic compressive strength of 

concrete and fctff m    is the mean value of the tensile strength of concrete. In 

this chapter, since the tensile strength was not measured in the experimental 

work herein presented, it was assumed (Gunes  et al ., 2009):

    f fcffff 5 ′        [3.18]   

 The strain at debonding for test W_6 in Subramaniam  et al . (2007) deter-

mined from Equations [3.15] and [3.16] is equal to 6600 and 6700 με, respec-

tively. The term kcr / ( )
[ ][ ]

f cγ γf d  was not applied in Equation [3.16] because 

it contains safety factors. The width factors βp and kb     were equal to 1.22 

and 1.30, respectively. The experimental mean value of εyy , equal to 5560 

 με , is lower than the values of the strain obtained from Equations [3.15] 

and [3.16]. This can be justifi ed in part by taking into account that most of 

the formulas provided in the past were calibrated by using the approach of 

Equation [3.12]. 

 The strain at debonding could be calculated from Equation [3.11]:

    ε εyyε u

f f f

F

f f
yy

Pu

b tf E
GF

t Ef

=ε2
5330num με     [3.19]   

www.EngineeringBooksPDF.com



Bond characteristics between composites and concrete substrates   85

 The value of the strain obtained from Equation [3.11] is indicated with 

a double-bar sign. The fracture energy used in Equation [3.19] is the mean 

value from test W_6 (Subramaniam  et al ., 2007). The value obtained in 

Equation [3.19] equals the one in Equation [3.14] because the load-carrying 

capacity depends on the fracture energy and not on the shape of the cohe-

sive material law. 

 It is important to discuss the applicability of a strain limit. Wu and Niu 

(2007) noticed that the strain compatibility-based approach cannot be 

applied at those cross-sections where debonding occurs. In fact, the cross-

sectional analysis entails a perfect bond between FRP and concrete. Gunes 

et al . (2009) applied the global energy approach and observed that the ACI 

strain limit does not take into account the interaction between the shear 

and fl exural external reinforcements. The numerical analysis previously pre-

sented indicated that crack initiation could occur at a load level in the FRP 

much lower than the one corresponding to the strain in Equations [3.15] or 

[3.16]. Hence, the applicability of the cross-sectional analysis is questionable 

even before the debonding failure is reached. In order to partially overcome 

this issue, a maximum shear stress limit could be added to the strain limits 

of Equations [3.15] and [3.16]. Several expressions are available in the lit-

erature to evaluate the maximum shear stress τmax 
in the cohesive material 

law (Han, 2009; Ueno  et al ., 2013). The inclusion in guidelines and codes of 

formulas to calculate and limit the maximum shear stress at the interface 

could help the designer evaluate at what load level microcracking of con-

crete occurs and eventually decide whether an additional reduction factor 

should be applied to the strain limit in order to prevent brittle failure of the 

interface. 

 The issue related to the strain limit can be considered from another point 

of view. In this chapter, only the debonding mechanism initiating from a sin-

gle crack was considered. The presence of a multi-crack pattern corresponds 

to the possibility of crack-induced debonding at different cross-sections 

(Pan  et al. , 2010). If one considers that the FRP sheet between two fl exural 

cracks is subject to two tensile forces in opposite directions, two STZs form 

between two cracks that could potentially overlap if the sum of the lengths 

of the STZs is smaller than the crack spacing.  

  3.6     Future trends 

 There are still unresolved issues that need to be addressed in the near future 

to improve international guidelines and codes. In this last section, some of 

those issues will be briefl y presented. Finally, a newly-developed type of 

fi ber-reinforced composites will be introduced. 
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  3.6.1      Unresolved issues 

 Durability studies of the FRP strengthening technique are still limited, and 

additional data are necessary. Among the others, the effect of environmental 

conditions on the interfacial fracture properties was studied in Green  et al . 
(2000), Ching and Buyukozturk (2006), and Subramaniam  et al . (2008). It 

was recognized that freeze–thaw cycles determined a reduction of the load-

carrying capacity. Conversely, a recent study by Dash  et al . (2013) showed 

that the combined effect of moisture, temperature, and sustained loading 

could be benefi cial for the ultimate load-carrying capacity of the interface. 

 The fatigue behavior of the FRP interface has still not been fully 

investigated (Kim and Heffernan, 2008; Carloni  et al ., 2012; Carloni and 

Subramaniam, 2013). The limited studies available in the literature are con-

tradictory; however, it appears that fatigue loading even at low ranges could 

be detrimental for the stress transfer between FRP and concrete (Aidoo 

 et al ., 2004). The infl uence of the frequency (Diab  et al ., 2009) and the 

explicit dependence of the fatigue life on the load range and its mean value 

are not fully understood. Carloni and Subramaniam (2013) observed that 

fatigue-induced debonding could occur at the epoxy–fi ber interface rather 

than in a thin layer of concrete. The shift of the debonding interface entails 

reduction of the effective bond length. 

 The relationship between the results of direct-shear tests and the actual 

performance of FRP strips bonded to RC beams is still an open issue. The 

effect of the curvature of the beam and the relative vertical displacement 

at fl exural/shear cracks on the interface behavior is not easily captured by 

direct-shear tests. Sebastian (2001) observed that a strain distribution is pre-

sent in the FRP strip prior to initiation of debonding, which is not taken into 

account in direct-shear tests. He also observed that measuring the strain on 

the FRP surface could be misleading in beams because of the presence of 

curvature. Rosenboom and Rizkalla (2008) pointed out that the strain limit 

provided in codes might not be suffi cient to prevent debonding and noticed 

that the width effect in beams and direct-shear tests could be different. The 

relationship between the debonding mechanism in direct-shear tests and 

beams is also complicated by the fact that several direct-shear test set-ups 

are available and a standardized test is not available.  

  3.6.2      Fiber-reinforced cementitious matrix (FRCM) 
composites 

 Newly-developed composites that represent a sustainable alternative to 

FRPs are the so-called FRCM composites. In FRCM composites, fi bers are 

typically bundled, and modifi ed cement-based mortar is used instead of 
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epoxy as matrix. The limited available literature (D’Ambrisi and Focacci, 

2009; Ombres, 2012) suggests that FRCM composites can be used effec-

tively for strengthening of RC structures. However, in FRCM composites 

debonding is typically observed at the matrix–fi ber interface rather than in 

the substrate or at the matrix–concrete interface, which is typically observed 

in FRP composites. A complete understanding of the interfacial stress-trans-

fer mechanism in FRCM composites is not available yet, although research-

ers have applied the concept of cohesive crack to describe the matrix–fi ber 

interfacial behavior (D’Ambrisi  et al ., 2012; D’Antino  et al ., 2013). The studies 

available in the literature indicate that the effective bond length of FRCMs 

is much longer than that typically observed for the FRP–concrete interface. 

Moreover, friction between fi bers, and between fi bers and matrix, during 

the debonding process complicate the phenomenon. If these observations 

are confi rmed, the debonding would not be governed by the properties of 

the concrete but rather by the combination of fi bers and mortar used in the 

application.   
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  Abstract : A strain energy-based damage identifi cation method for 
plate-type structures is presented. The damage identifi cation method 
employs a damage location factor matrix and a damage severity 
correction factor (DSCF) matrix for damage localization and 
quantifi cation. An experimental modal test of an as-manufactured 
fi ber-reinforced polymer sandwich deck panel is conducted in the 
laboratory to demonstrate the applicability and effectiveness of the 
proposed DSCF-based damage identifi cation method. The composite 
deck panel at healthy and three damaged stages is tested using a 
surface-bonded polyvinylidene fl uoride sensor array and impact 
hammer system. The present damage identifi cation method can be 
used as a viable and effective technique for damage localization and 
quantifi cation of plate-type structures.  

  Key words : damage identifi cation, fi ber-reinforced polymer, composites, 
bridge decks, plates, structural health monitoring, damage quantifi cation, 
dynamics, sandwich structures. 

    4.1     Introduction 

 Most non-destructive damage identifi cation methods can be categorized 

as either local or global damage identifi cation techniques (Fan and Qiao, 

2011). Local damage identifi cation techniques, such as ultrasonic methods 

and X-ray methods, require that the vicinity of damage is known  a priori  
and is readily accessible for testing, which cannot be guaranteed for most 

cases in civil or aerospace engineering. The vibration-based damage iden-

tifi cation method as a global damage identifi cation technique is developed 

to overcome these diffi culties. The basic idea of vibration response-based 

damage detection is that the damage will induce changes in the physical 

properties (mass, damping, stiffness, etc.), which will in turn cause detect-

able changes in dynamic properties of the structure (natural frequencies, 
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modal damping, mode shapes, etc.) (Doebling  et al ., 1996). Therefore, it is 

intuitive that damage can be identifi ed by analyzing the changes in vibration 

features of the structure. 

 Many damage identifi cation methods have been proposed utilizing mode 

shapes (Ratcliffe, 1997; Hadjileontiadis  et al ., 2005), frequencies (Cawley 

and Adams, 1979; Salawu, 1997), or modal parameters derived from mode 

shapes and frequencies, such as modal strain energy (Stubbs  et al ., 1995; 

Stubbs and Kim, 1996), modal compliance (Choi  et al ., 2005), modal fl ex-

ibility, and uniform load surface (Zhang and Aktan, 1998; Wang and Qiao, 

2007). Even though many methods have been developed, no single method 

is completely effective in all situations. A comparative study by Farrar and 

Jauregui (1996) based on experimental data shows that the strain energy-

based damage index performed best among some popular existing damage 

identifi cation methods. 

 The modal strain energy-based method is a widely used category of 

damage identifi cation methods. This method uses the fractional modal 

strain energy change (MSEC) for damage detection. For beam-type or 

plate-type structures, the modal strain energy can be directly related to 

(and is usually derived from) the strain mode shape. Stubbs  et al . (1995) 

and Stubbs and Kim (1996) developed a damage index (DI) method based 

on the modal strain energy. This method assumes that if the damage is pri-

marily located at a single sub-region, then the fractional strain energy will 

remain relatively constant in sub-regions. For beam-type structures, the 

bending stiffness  EI  is assumed to be essentially constant over the length 

of the beam for both the undamaged and damaged modes. Shi and Law 

(1998) and Shi  et al . (2000) presented a damage localization method for 

beam, truss, or frame type structures based on the MSEC. The MSEC at 

the element level is suggested as an indicator for damage localization. Law 

 et al . (1998) applied this strain energy method to detect the damage loca-

tion in a structure with incomplete and noisy measured modal data. The 

method consists of three stages: expansion of the measured mode shapes, 

localization of the damage domain using the elemental energy quotient 

difference, and damage quantifi cation based on sensitivity of the modal 

frequency. 

 In this study, a modal strain energy-based damage severity correction 

factor (DSCF) method recently proposed for damage localization and 

quantifi cation of plate-type structures (Fan, 2011; Fan and Qiao, 2012) is 

experimentally verifi ed using a fi ber-reinforced polymer (FRP) sandwich 

deck panel with a surface-boned piezoelectric sensor array. The method 

can be easily implemented in experimental testing and can be used to both 

locate and quantify damage. The proposed method has been thoroughly 

investigated based on a series of numerically simulated data. However, 
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the damage identifi cation method may fail sometimes due to the effects of 

noise, measurement errors, and sensor placement, even though this method 

has been verifi ed with numerically simulated data. Therefore, the damage 

identifi cation method should further be verifi ed by experimental data on a 

real structure. 

 The objective of this chapter is to present an experimental verifi cation of 

the DSCF-based damage identifi cation method on an FRP sandwich deck 

panel with a polyvinylidene fl uoride (PVDF) sensor array. The method is 

applied to both the experimental data from modal testing and numerical 

data from a detailed fi nite element model. The theoretical background of 

the proposed DSCF method is fi rst introduced, followed by the experimen-

tal modal testing of an FRP sandwich panel using a PVDF sensor array. 

The DSCF-based damage identifi cation method is then applied to the 

experimental data for damage localization and quantifi cation. The numer-

ical simulation of the FRP sandwich panel is then presented to verify the 

experimental test and the damage identifi cation method. Finally, concluding 

remarks are provided.  

  4.2     The damage severity correction factor (DSCF) 
method for damage identification: theory 

 The equation of motion for free vibration of an undamped healthy struc-

tural dynamic system leads to the following eigenvalue problem:

    
( ) i =iφ))φ))) 0

    [4.1]   

 where:  K  is the stiffness matrix;  M  is the mass matrix; λ i  is the eigenvalue 

of the  i th mode, which is the square of the  i th modal frequency; and  φ   i   is the 

vibration mode shape vector of the  i th mode. Note that both  K  and  M  are 

symmetric matrices. 

 For damaged structure, assuming the mass loss is negligible, the eigen-

value problem of a damaged structure can be expressed as

    K K Mi i i( ) ( )⎡⎣⎡⎡ ⎤⎦⎤⎤ ( ) =ΔK ) − ( Δλ λi Δi +i φ φi +( Δ 0        [4.2]   

 Structural damage, such as cracks, delamination, debonding, and barely 

visible impact damage (BVID) in composite materials, usually causes a loss 

in stiffness but not a loss in mass. The change of structural stiffness matrix 

Δ K  introduced by structural damage can be modeled by a proportional 

damage model, i.e., Δ K  can be expressed as a function of the undamaged 

element stiffness by the equation
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    ΔK Kj jK
j

n

=
∑α

1

       [4.3]   

 where  n  is the total element number,  K   j   is the stiffness matrix of the  j th ele-

ment, and  α   j   is the damage severity of the  j th element. The damage severity 

is defi ned as the fractional change in elemental stiffness ( α   j   = 0 for a healthy 

element). 

 For a plate-type structure, the elemental modal potential energy can be 

expressed by the elemental modal strain energy. The potential energy of the 

j th element in the  i th mode of the healthy plate can be expressed as

φφφTφφ j iφ ij jK Uφiφ kj=ijU ( )κxxi yyi xxi yyi xyivκ xxiκ yyi κ xyivκ yyi −( )⎡⎣ ⎤⎦⎤⎤
1

2
κ κκ yyiv +κκ κ κκ d dxddy k k

A

i j iji

j

∫∫ kiγ γkij ki =iji

   [4.4]   

 where  k   j   = (EI)  j   is the bending stiffness of the  j th element in the healthy 

plate, which is a constant  k  over the plate, and  γ   ij   is defi ned as

    γ jγγ
A

x y
j

( )κxxi yyiκ xxi yyi xyiv xxi yyi+κ xxi + ( )⎡⎣ ⎤⎦∫∫ κκ+κ +κ κvκ κxxiκ d)κ xyiv) ⎤⎦⎤⎤κ d     [4.5]   

 where the curvature mode shapes  κ   xx  ,  κ   yy  , and  κ   xy   can be derived from the 

displacement mode shape data using the fi nite difference approximation, or 

they can be directly measured as the strain mode shape using piezoelectric 

sensors such as lead zirconate titanate (PZT) and PVDF. Deriving the cur-

vature mode shape from the displacement mode shape data using the fi nite 

difference approximation may signifi cantly magnify the effects of noise and 

measurement error. Therefore, using the directly measured strain mode 

shape data is advantageous (Fan and Qiao, 2011). 

 Combining Equations [4.3] and [4.4], we have

    φ φ α γφφTφφ i
j

n

j iγ ji
j

n

KΔ φKφi
=
∑ ∑φ φjα i

T
j iφφKφα i Kα φTφφ kφjφφKα φα i

Tφ
1 1j=j

    [4.6]   

 Similarly, the total potential energy of all elements in the  i th mode of 

healthy plate is

    φ φ γ γφφTφφ i
j

n

j
j

n

iKφφi kγ γγ
=
∑ ∑ijiU k=ijiU

1 1j=j

       [4.7]   
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 where  γ   i   is defi ned as

    γ γjγγ ij
j

n

A

x y=γ ij ( )κ xxiκ yyi xxi yyi xyiv xxi yyi+ +κ yyi (( )⎡⎣⎡⎡ ⎤⎦
=

∑∑
1

κκ + κ κ κvκ κκ yyi + d)κ xyiv) ⎤⎦⎤⎤κ d∫∫∫     [4.8]   

 The potential energy of the  j th element in the  i th mode of damaged plate 

can be expressed as

    φ φ φ φ γφφTφφ i
T

iφ φφ j iγ j iα γ jikααk γj γ(φ )( )j jK K (φ ) = k γj γ ( )Δφφi
Tφφ )(Kj Δφφφ * *γ *        [4.9]   

 where the superscript * denotes the damaged state. 

 Neglecting the high-order terms of Δ ϕ   i   in Equation [4.9] and using 

Equations [4.3], [4.4], and [4.6], we have

    
2 2( )1 +

= ( )1 −1

φ φ φ φ φ
γ)

i) γ) j iφφi
T

j iφ φφTφφ j iφ φφT
j iφ φφTφφ j iφk iγ j φφi

T KK T K

kγγ

* +φ φiφφ Tφφ Δ ΔφφφK

ijii i
T

j iK+ ( )j−2( φT)j φΔ
       [4.10]   

 So we can derive

    φφφTφφ j iφK
k

Δ =φiφφ
( )γ γj ij

2
       [4.11]   

 It can be further derived from Equation [4.11] that

    φ
α

φφTφφ j iφ jα

j

n

K kiφφiφφ
( )γ γiγ j iγi ji−

=
∑

21

       [4.12]  

    φ φ γ γφφTφφ i γ iK
k

Δ =φφi (γγ )
2

*        [4.13]   

 Substituting Equations [4.6], [4.7], [4.12], and [4.13] into Equation [4.2] 

and simplifying the equation, we obtain

    
γ γ
γ γ
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α λ
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Δ
       [4.14]   

www.EngineeringBooksPDF.com



Damage in honeycomb FRP composite sandwich bridge decks   99

 where Δλ λi iλ λλ     is the  i th eigenvalue change ratio, which refl ects the global 

effect of the damage on the  i th mode. Here, γ γj i     is defi ned as a damage 

location factor (DLF), which refl ects the sensitivity of the  i th vibration 

mode to the damage at the  j th element. The DLF is an important factor for 

damage localization and quantifi cation. While a DSCF is defi ned as

    DSCFijFF
j ij

i

=
+
+

γ γij

γ γi

*γ
*γ

1

1
    [4.15]   

 DSCF represents the nonlinear effect of damage severity  α   j   at the  j th 

element on the  i th modal frequency change ratio. It is a function of damage 

location and severity and can be easily calculated from the modal strain 

energy in the healthy and damaged state. In the case of minimum damage, 

DSCF ≈ 1 and the eigenvalue change ratio is a linear function of damage 

severity. 

 It should be noted that if the curvature mode shape data from the healthy 

and damaged state are not normalized on the same basis (e.g., mass-nor-

malized), the value of DSCF may differ depending on the normalization. In 

order to keep the DSCF consistent for unnormalized curvature mode shape, 

the healthy and damaged curvature mode shapes are normalized so that 

their total modal strain energies are the same. In this case, the DSCF can be 

approximated from the unnormalized curvature mode shape by

    DSCFijFF =
( )j i ij +ij i 1

2
    [4.16]   

 The DSCF is a good damage location indicator, as well as an important 

factor in damage quantifi cation.  

  4.3     DSCF-based damage identification method: 
key steps 

 The proposed DSCF-based damage identifi cation method (Fan, 2011; Fan 

and Qiao, 2012) consists of three steps: mode selection, damage localization, 

and damage quantifi cation. 

  4.3.1      Step 1: Selection of sensitive modes 

 The vibration modes for damage identifi cation are selected based on the 

eigenvalue change ratio Δλ λi iλ λλ    . Before applying any damage identifi cation 
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algorithm to modal parameters obtained in modal testing, the sensitivity of 

the vibration modes to the existing damage should be evaluated to ensure 

the effectiveness and accuracy of damage localization and damage quantifi -

cation. The eigenvalue change ratio Δλ λi iλ λλ     is adopted as a mode sensitivity 

indicator.  

  4.3.2      Step 2: Localization of damage 

 Damage is then localized using the DSCF and DLF. A DI based on the 

DSCF is proposed as a good indicator for damage location. The DI βij
*ββ     at the 

 j th element in the  i th mode can be defi ned as:

    βij

ij ij

ij

n

n

*ββ
%

%

=
>

≤

⎧

⎨
⎪
⎧⎧

⎨⎨

⎩
⎪
⎨⎨

⎩⎩

DSCFi if DLFi

if DLFi

5

1
5

    [4.17]   

 where  n  is the total element number. Since DLF  ij   is a damage location fac-

tor that refl ects the sensitivity of the  i th vibration mode to the damage at 

the  j th element, a vibration mode is insensitive to damage at an element 

with extremely low DLF in this mode. Therefore, this mode is inadequate 

to detect damage at this element, even if the damage exists. The DI with 

extremely low DLF  ij   is directly set to 1 correspondingly to avoid the poten-

tial numerical error. In this study, the criterion for extremely low DLF  ij   is set 

at 5% of the average of DLF  ij   in the  i th mode. 

 Then, assuming that the damage indices β *  at different elements is a nor-

mally distributed random variable, the DI βij
*ββ     can be normalized as

    Zij
j i

i

*

*

*
=

β βij
* −
σβi

       [4.18]   

 where βi    and σβiβ     represent the mean and standard deviation of the damage 

indices in the  i th mode, respectively. A damage detection criterion can be 

set as the normalized DI Zij
*     larger than 2, to fi lter out small damage indices 

induced by measurement noise.

    Zij ij
* * 20 ij

*Z <Zij
*Z     [4.19]   

 Furthermore, in order to eliminate false positive indications of dam-

aged element induced by the measurement and numerical errors at those 
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elements with low strain energy, a modifi ed damage indices  β   j   at the  j th ele-

ment can be derived from DLF  ij   and Zij
*     as 

    β j ij ii ji
i

m

Z ×ijiZ=
=
∑∑ * DLFi

1

    [4.20]   

 Finally, a normalized DI  Z   j   can be generated from  β   j   to indicate the dam-

aged elements,

    Zj
j=

β βj −
σβ

       [4.21]   

 and a similar damage detection criterion can be set as in Equation [4.19 ].

      Z   j   = 0 if  Z   j   < 2  [4.22]       

  4.3.3      Step 3: Quantifi cation of damage 

 Damage severity is fi nally quantifi ed using the eigenvalue change ratio, DLF, 

and DSCF. Once the damaged element is detected in Step 2, the DSCF can 

be further used to calculate the severity of damage. If multiple modes are 

available, Equation [4.14 ] can be written in the matrix form as

      RA  =  F   [4.23]     
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 where  m  is the total number of vibration modes,  n  is the total damaged ele-

ment number, and DLF is the damage location factor γ γj i    . 

 For a unique solution, the number of the used vibration modes should 

be equal to the total number of unknown parameters (elemental damage 

severities). However, for the laboratory test or  in situ  application, the num-

ber of accessible vibration modes that are suitable for damage identifi cation 

is very limited (typically the fi rst few modes), and it is usually much less than 
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the number of unknown parameters required. Furthermore, due to the exis-

tence of measurement errors, more measured modes than unknown param-

eters are required to construct a system of overdetermined equations to 

improve the accuracy of damage severities estimation. Therefore, to avoid 

non-uniqueness, appropriate assumptions on damage location or the dam-

age severity distribution pattern have to be made to reduce the number of 

unknown parameters. For example, in damage identifi cation with large sen-

sor spacing, it is usually assumed that the damage only happens in a single 

element. For example, in the delamination identifi cation case, it is reason-

able to assume that the damage severity is the same for one delaminated 

area since delamination usually propagates between the same layers inside 

a composite plate. 

 When the number of measured modes is larger than the total number of 

unknown parameters, the least square fi tting method is used to obtain the 

best solution.

      A  = ( R   T   R ) −1  R   T   F   [4.24]        

  4.4     Experimental verification of the DSCF-based 
damage identification method 

 To verify the proposed DSCF-based damage identifi cation method, a full-

size as-manufactured FRP sandwich deck panel was experimentally tested 

in Smart Structural Laboratory at Washington State University. 

  4.4.1      Description of the fi ber-reinforced polymer (FRP) 
sandwich deck panel 

 The FRP sandwich deck panel is a plate-type structure with a length of 

1.981 m and a width of 1.495 m. The sandwich panel was connected to two 

underlying concrete supports using steel bolted connectors, which are con-

sidered to provide a simply supported boundary condition. The FRP sand-

wich panel consists of two face laminates and a sinusoidal honeycomb core, 

as shown in Fig. 4.1. The thickness of face laminates and honeycomb core are 

 t   f   = 13.5 mm and  t   c   = 128 mm, respectively. The constituent materials used 

for the composite sandwich panel (both face laminates and core) consist of 

E-glass fi bers and polyester resin, and their mechanical properties are listed 

in Table 4.1.         

 The geometry of the sinusoidal core is shown in Fig. 4.2. The wave func-

tion of corrugated core wall can be defi ned as   
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2
1 c− os        [4.25]   

 The dimensions of the sinusoidal core are  a  = 50.8 mm,  b  = 50.8 mm, and 

 t  1  =  t  2  = 3.34 mm (as shown in Fig. 4.2).  

  4.4.2      Experimental setup 

 The modal testing of the FRP sandwich plate was conducted using a poly-

vinylidene fl uoride (PVDF) sensor network bonded to the top surface in 

the longitudinal direction. The PVDF sensors used in the experiment are 

Table 4.1     Mechanical properties of the constituent materials 

 Material   E  (GPa)   G  (GPa)   ν   Density  ρ  

(g/cm 3 ) 

 E-glass fi ber  72.4  28.8  0.255  2.55 

 Polyester resin  5.06  1.63  0.300  1.14 

Face laminate

Sinusoidal honeycomb core

Face laminate

tf

(a)

(b)

tf

tc

4.1      (a) Confi guration of  honeycomb FRP composite sandwich panel 

with sinusoidal core; (b) thickness notation of sandwich layers.  
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Model DT1–028K/L from the Measurement Specialties Company. A total 

of 285 nodes of PVDF sensors are uniformly distributed into 19 rows and 

15 columns on the surface of the panel to build a sensor array. The plate is 

divided into 18 × 14 elements by the 19 × 15 sensors. 

 The panel is subjected to a dynamic pulse load applied at the central point 

using a modally tuned hammer (PCB 086C20). The response measurements 

are captured by the 19 × 15 sensor network to record the response of the 

structure subjected to the fi xed point force excitation. A total of 19 × 15 

node points are monitored corresponding to an actual spatial sampling dis-

tance of 101.6 mm. The coherent signals of the excitation and the responses 

are digitized and collected by the data acquisition system dSPACE CP1103 

at a sampling frequency of 4000 Hz. Due to the fact that only 20 channels 

are available, only one column of nodes with 19 sensors is measured in each 

experiment. In this way, the 285 transfer functions between the hammer 

excitation and different PVDF sensors can still be measured for modal anal-

ysis in 15 experiments. The experimental setup using the distributed PVDF 

sensor array is shown in Fig. 4.3.    

 After the healthy FRP sandwich panel is tested, three stages of damage 

with increasing severity are artifi cially induced into the sandwich panel. In 

the fi rst stage of induced damage (Damage Stage 1), a saw cut is induced 

between the top face sheet and the honeycomb core, to simulate debonding 

between the top face sheet and honeycomb core. A 203.2 mm × 203.2 mm 

area of face sheet-core debonding (cut) is shown in Fig. 4.4. In the second 

stage of increasing damage (Damage Stage 2), another saw cut is further 

induced between the bottom face sheet and the honeycomb core in the same 

area of the top face sheet-core debonding, to simulate debonding between 

the bottom face sheet and honeycomb core. Finally, in the third stage of the 

t1
C

A

O

F

D

a/2B

y

a

b/2
b

E x

t2

 4.2      Geometry of sinusoidal core in honeycomb structures.  
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largest damage in this study (Damage Stage 3), the two vertical sides of the 

core between the two face sheet-core debonding areas are cut to simulate 

the core crashing scenario, as shown in Fig. 4.4.     

  4.4.3      Modal testing results 

 The measurements for each sensor node are repeated 16 times, and a pre-

trigger of 0.05 seconds at the level of 0.01 volt is set to synchronize the 

time-domain signal. The synchronized time history data from the excita-

tion and response measurements are averaged to enhance the signal-to-

noise ratio (SNR), as shown in Fig. 4.5. Then, the frequency-domain power 

spectral densities are generated from the excitation and response time-

domain data using fast Fourier transform (FFT), as shown in Fig. 4.6. The 

frequency-response functions (FRFs) of these tested points are calculated 

from the excitation and response frequency-domain data. The FRF curve 

and its coherence curve, corresponding to time-domain data in Fig. 4.5 and 

frequency-domain data in Fig. 4.6, are illustrated in Fig. 4.7. Finally, these 

FRF curves are imported to the modal analysis program ME’Scope for 

curve fi tting and modal extraction. The modal testing is conducted using 

a fi xed point force excitation and a distributed PVDF sensor network, so 

the extracted mode shape should be the strain/curvature mode shape of the 

plate (Wang, 1998).          

 4.3      Experimental setup of an FRP sandwich deck panel using the 

distributed PVDF sensor network.  

www.EngineeringBooksPDF.com



106   Advanced Composites in Bridge Construction and Repair

 Since the plate is tested using a PVDF sensor network in the longitudinal 

direction ( y -direction), only the curvature mode shapes in the longitudinal 

direction ( κ   yy  ) are captured. Therefore, only the longitudinal bending modes, 

in which  κ   yy   is dominant, are suitable for damage identifi cation. In the excita-

tion frequency range of the modally tuned hammer, the fi rst and third bending 

(a) (b)

1 4 7 10 13 16 19
1

8

15

(c)

Saw cut in Stage 2

Saw cut in Stage 1

Saw cut in Stage 3

Damaged area

 4.4      Artifi cially induced damage in the FRP sandwich deck panel. (a) 

Damage in Stage 3; (b) damaged area; and (c) schematic sketch of the 

three damage stages.  
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 4.5      Time-domain data from (a) actuator and (b) sensor (both at node 143).  
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modes are captured. However, the second bending mode cannot be captured, 

because the fi xed point force excitation is applied at the central point of the 

plate, which is at the nodal line of the second bending mode. Hence, the fi rst 

and third bending modes in the longitudinal direction are investigated for 

damage identifi cation. It should be noted that the modal frequency of the 

fi rst bending mode lies closely around 60 Hz. Because the unshielded PVDF 

sensors are prone to electro-magnetic interference (EMI), their responses 

around 60 Hz could be noisy due to EMI from power system. 

 In the healthy stage and the three damage stages, the modal testing is con-

ducted to extract the modal frequencies and curvature mode shapes of the 

FRP sandwich deck panel. The extracted curvature mode shapes and modal 

frequencies of the FRP sandwich deck panel for the fi rst and third bending 

modes are shown in Plates I and II (in the color section between pages 172 

and 173), respectively.   

  4.5     Implementing the DSCF-based damage 
identification method with the experimental data 

 The proposed three-step DSCF-based damage identifi cation method is 

applied to the experimental data, and their results are presented and dis-

cussed in the following subsections. 
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 4.6      Frequency-domain data from (a) actuator and (b) sensor (both at 

node 143).  
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  4.5.1      Step 1: Mode sensitivity 

 For the fi rst longitudinal bending mode, the modal eigenvalue change ratios 

at three damage stages are 0.57%, 0.91%, and 3.59%, respectively. While for 

the third longitudinal bending mode, the modal eigenvalue change ratios at 

three damage stages are 0.71%, 1.55%, and 4.07%, respectively. It can be seen 

from the eigenvalue change ratio that both the modes are sensitive to the 

damage evolution (severity). Thus, both are used for damage identifi cation.  

  4.5.2      Step 2: Damage localization 

 The modal strain energy of a plate can be derived from the curvature mode 

shapes of  κ   xx  ,  κ   yy  , and  κ   xy  . However, one PVDF sensor can only be used to 

measure the strain response in one direction. Therefore, a sensor array posi-

tioned in one direction can only capture the strain/curvature mode shape 

in that direction at one time. Hence, for a longitudinal bending mode, the 

modal strain energy is approximated by its partial modal strain energy in the 

dominant direction. Assuming  κ   xx   =  κ   xy   = 0, the partial modal strain energy in 

the  y- direction can be derived from Equation [4.5] as

0
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 4.7      A frequency–response function ((a) and (b)) and its coherence 

functions (c) (both sensor and actuator are at node 143).  
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    γ κjγγ yγγ yyi

A

x y
j

∫∫ 2κ d dx     [4.26]   

 The DLF and DSCF matrices for damage identifi cation can be generated 

as follows. First, a bivariate cubic spline interpolation function is constructed 

for the curvature mode shape. The bivariate cubic spline is constructed as 

the tensor product of two univariate cubic splines. It can be expressed as the 

weighted sum of products of two cubic spline functions:

    f x y a i j g x h yi jx h
ji

ia, y( )) ( ) ( ) ( )∑∑∑        [4.27]   

 where  g   i  ( x ) and  h   j  ( y ) are the cubic spline functions in  x-  and  y- directions, 

respectively. Then, using the bivariate cubic spline function, γ ij     and γ ij
*     can be 

calculated from Equation  [4.26]. Finally, the DLF and DSCF matrix can be 

calculated from γ ij   and γ ij
*    . 

 The DSCF-based damage indices using the modal strain energy from 

the fi rst and third longitudinal bending modes are shown in Plate III 

(in the color section between pages 172 and 173). Although the dam-

aged area does not exactly match the sensor grids, the DSCF damage 

localization method correctly approximates the location and area of the 

damage. It can be noticed that in Damage Stage 3 a false positive indica-

tion is given near the damaged area. There might be two reasons: (a) the 

effect of damage might have spread out to surrounding elements (Choi 

 et al ., 2006); and (b) when cutting the two sides of the damaged area, 

the saw cut might have damaged the sinusoidal core of the neighboring 

element.  

  4.5.3      Step 3: Damage quantifi cation 

 Assuming that each damaged element has the same damage severity, the 

DSCF method can be further applied for damage quantifi cation using the 

DLF and DSCF derived in Step 2. The damage quantifi cation results of 

the DSCF-based damage identifi cation method are presented in Fig. 4.8. 

The damage quantifi cation results, based on the four damaged elements 

indicated in Damage Stages 1 and 2, are marked in black in Fig. 4.8. The 

damage quantifi cation result, based on the six damaged elements indi-

cated in Damage Stage 3, is also shown in gray for comparison in Fig. 4.8. 

As shown in Fig. 4.8, the damage severity increases consistently with the 

Damage Stages 1 to 3.      
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  4.6     Using numerical modal analysis to identify 
damage 

 After the experimental modal testing of the full-size FRP sandwich panel, 

a numerical modal analysis of the FRP sandwich panel is conducted to 

verify the experimental results. The DSCF-based damage identifi cation 

method is also applied to the numerical data for damage localization and 

quantifi cation. 

  4.6.1      Modeling of face sheets and the sinusoidal core 

 The lay-up of the face sheets and sinusoidal core is shown in Fig. 4.9, and cor-

responding layer material properties are listed in Table 4.2. The face laminate 

includes fi ve ChopSM bonding layers (ChopSM308) and four bi-directional 

combination mat layers (CDM3208), while the microstructure of core walls 

consists of two layers of ChopSM (ChopSM308).         

 To predict the equivalent properties of the face laminates from the 

fi ber and matrix material properties, a micro–macro mechanics approach 

(Davalos  et al ., 2001; Qiao and Wang, 2005) is adopted. First, the properties 

of each layer in the face sheet can be computed using periodic microstruc-

ture (PM) approaches (micromechanics) (Barbero, 1999). Then, based on ply 

properties and lay-up, the apparent stiffnesses of the face laminate can be 

predicted using classical lamination theory (macromechanics). The equiva-

lent analysis of core is performed using the methods of homogenization and 
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 4.8      Damage quantifi cation of the FRP sandwich deck panel at three 

damage stages.  
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mechanics of materials approaches (Davalos  et al ., 2001; Qiao and Wang, 

2005). The derived equivalent stiffness properties of face laminates and core 

walls are listed in Table 4.3.       

  4.6.2      Finite element modal analysis of FRP 
sandwich panel 

 The commercial fi nite element analysis package ABAQUS is used to con-

duct an eigenvalue analysis of the FRP sandwich deck panel. A detailed 

model of the full-size sandwich panel is constructed in ABAQUS, as shown 

in Plate IV (in the color section between pages 172 and 173). The face sheets 

and the sinusoidal core walls are modeled as four-node fi rst-order plate 

elements S4 and three-node fi rst-order plate elements S3. The correspond-

ing stiffness properties of face sheets and core walls are given in Table 4.3. 

The boundary conditions are considered to be simply supported at both the 

transverse edges. 

 The FEA is conducted on both the health and damaged sandwich panel. 

Three damaged sandwich panel models are set up to simulate the FRP 

 Table 4.2     Layer material properties from micromechanics models 

 Ply  Orientation   E  1  

(GPa) 

  E  2  

(GPa) 

  G  12  

(GPa) 

 Thickness

 t  (mm) 
  ρ  ply  

(g/cm 3 ) 

 Fiber 

volume 

fraction 

 V   f   

 ChopSM 

308 

 Random  10.67  10.67  3.86  1.668  1.37  0.164 

 CDM 

3208 

 0°  34.38  12.08  4.25  0.49  1.74  0.424 

 90°  34.45  12.10  4.26  0.55  1.74  0.425 

 Random  19.59  19.59  7.04  0.25  1.70  0.396 

Bonding layer (ChopSM 308)
Bonding layer (ChopSM 308)
CDM 3208
ChopSM 308
CDM 3208

ChopSM 308
CDM 3208
ChopSM 308
CDM 3208 ChopSM 308

ChopSM 308

(a) Face laminate lay-up (b) Honeycomb core lay-up

 4.9      Lay-up of face laminates and core.  
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sandwich deck panels with artifi cially induced damage in the three dam-

age stages (see Fig. 4.4c). The debonding between the face sheets and core 

is simulated by detaching the node/element connection between the face 

sheets and core elements. The cuts in the sinusoidal core are similarly simu-

lated. The simulated mode shapes of the FRP sandwich panel are shown in 

Plate IV. The displacement mode shapes of the healthy and damaged panel 

are very close to each other; thus, only the displacement mode shapes of 

the healthy one are shown in Plate IV. The strain mode shape can be then 

extracted from the 19 × 15 nodes corresponding and identical to the 19 × 15 

PVDF sensors in the experimental test, as shown in Plates V and VI (see in 

the color section between pages 172 and 173), respectively, for the fi rst and 

third bending modes.   

  4.7     Damage identification using numerical data 

 Similarly, the proposed three-step DSCF-based damage identifi cation 

method is applied to the numerical fi nite element modal analysis data, 

and their results and comparison to the damage identifi cation outcomes 

with experimental data are presented and discussed in the following 

subsections. 

  4.7.1      Step 1: Mode sensitivity 

 The modal frequencies of the healthy sandwich panel from the FEA are 

62.983 and 418.6 Hz, which shows close agreement with the experimental test 

data of 61.08 and 403.00 Hz for the fi rst and third bending modes, respectively. 

The result confi rms that the boundary conditions at the two transverse sup-

porting ends should be modeled as simply supported, and the free vibration 

modes of the FRP sandwich panel can be accurately predicted by the detailed 

fi nite element (FE) model. The modal eigenvalue change ratios at three dam-

age stages from the FEA and experimental test are compared in Table 4.4. 

The FEA results also show that both the modes (fi rst and third) are sensitive 

to the damage, so both can be used for damage identifi cation. It can also be 

noticed that the FEA tends to underestimate the modal eigenvalue change 

ratios for the fi rst mode but over-predict the ratios for the third mode.       

 Table 4.3     Equivalent properties of face laminates and core 

    ρ  (g/cm 3 )   E  1  (GPa)   E  2  (GPa)   G  12  (GPa)   ν  12  

 Face laminate  1.506  15.30  15.06  4.21  0.29 

 Sinusoidal core  1.37  10.67  10.67  3.86  0.38 
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  4.7.2      Step 2: Damage localization 

 The DSCF-based damage identifi cation method is applied to the curvature 

mode shapes for damage localization. The damage indices using the modal 

strain energy from the fi rst and third longitudinal bending modes are shown 

in Plate VII (in the color section between pages 172 and 173). The results 

show the same indication of damaged elements in the fi rst and second stages 

as the results from experimental test data (see Plates IIIa and IIIb). In the 

third stage, the FE results indicate damaged elements at the two sides of the 

damaged core, which corresponds to the saw cut in the third damage stage.  

  4.7.3      Step 3: Damage quantifi cation 

 Assuming that the damaged elements have the same damage severity, the 

DSCF method can be further applied for damage quantifi cation using the 

FEA data. The damage quantifi cation results, based on the damaged ele-

ments indicated in Step 2, is shown in Fig. 4.10. As shown in Fig. 4.10, the 

 Table 4.4     Modal eigenvalue change ratios from FE and experiment 

 Vibration modes  1st stage (%)  2nd stage (%)  3rd stage (%) 

 1st mode  FEA  0.044  0.095  0.862 

 Experiment  0.57  0.91  3.59 

 3rd mode  FEA  0.925  2.356  8.635 

 Experiment  0.71  1.55  4.07 
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 4.10      Damage quantifi cation of FRP sandwich plate.  
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damage quantifi cation results from both the FEA and experimental data 

show the same trend, i.e., the damage severity increase consistently with 

the Damage Stages 1 to 3. The damage quantifi cation results based on the 

experimental data are also shown for comparison. It can be seen that in 

Damage Stages 1 and 2, both the experimental and numerical damage quan-

tifi cation results show close agreement with each other; while in Damage 

Stage 3 the results show considerable discrepancy due to their differences in 

the damaged element indication and modal eigenvalue change ratios. Based 

on the FEA data, the core crashing can induce over 90% stiffness reduction 

in the damaged elements.      

  4.8     Conclusions 

 In this chapter, a DSCF-based damage identifi cation method is proposed, 

and it is then applied to the experimental and numerical modal analysis 

data for damage localization and quantifi cation of an as-manufactured FRP 

sandwich deck panel. Both the experimental and numerical fi nite element 

modal analyses are adopted to examine the dynamic vibration modes of the 

FRP sandwich deck panel. The concluding remarks on this study are sum-

marized as follows:

   1.     The DSCF-based damage identifi cation method can be easily and effec-

tively applied to the experimental and numerical FE modal analysis data 

for both damage localization and quantifi cation.  

  2.     It is also shown that using the partial strain energy in the dominant direc-

tion of a pure bending mode can be used with the DSCF-based damage 

identifi cation. It thus makes the implementation of surface-based piezo-

electric sensors and their strain mode shape measurement along only 

one direction more feasible.  

  3.     The surface-bonded PVDF sensor network and impact hammer sys-

tem can be effectively used to capture modal frequencies and curvature 

mode shapes for the DSCF-based damage identifi cation method.  

  4.     The detailed FE model can be used to accurately predict the free vibra-

tion of the FRP sandwich deck panel with sinusoidal core. The shear 

bolt connections at two transverse supporting ends can be simplifi ed as 

simply supported boundary conditions.  

  5.     In damage quantifi cation, to avoid non-uniqueness, the assumption of 

uniform distribution of damage severity on damaged elements is made 

to reduce the number of unknown parameters in this study. Further 

study is needed for the damage severity distribution pattern.  

  6.     Studies toward the development of a real-time structural damage iden-

tifi cation system using the DSCF-based damage identifi cation method 
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and piezoelectric sensor array for  in situ  application are promising, and 

they should be the subjects of future research.     
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  Abstract : Large rupture strain (LRS) fi bre-reinforced polymer (FRP) 
composites are usually made of polyethylene naphthalate (PEN) or 
polyethylene terephthalate (PET) fi bres. They have a relatively low elastic 
modulus but a much larger rupture strain (usually greater than 5%) as 
compared to conventional FRP composites (i.e. carbon FRP, glass FRP 
and aramid FRP), and therefore provide a cheaper but more effective 
solution for the seismic retrofi t of reinforced concrete (RC) columns. This 
chapter fi rst discusses the strength and ductility of LRS FRP-confi ned 
concrete subjected to monotonic and cyclic compressive loading and then 
discusses the behaviour and design of RC piers seismically retrofi tted with 
LRS FRP composites under cyclic lateral loading. 

  Key words : fi bre-reinforced polymer, large rupture strain,  reinforced 
concrete  (RC) pier, seismic retrofi t, confi nement. 

    5.1     Introduction 

 Many existing RC piers do not satisfy the strength or/and ductility demands 

for seismic loading as they were designed based on outdated codes of prac-

tice. Due to the lack of suffi cient transverse reinforcement and/or appropriate 

seismic detailing, these substandard RC piers may encounter unductile shear 

failure (before or after the fl exural yielding of longitudinal reinforcement), 

confi nement failure of the fl exural plastic hinge region and lap splice debond-

ing of the longitudinal reinforcement during a major earthquake (Seible  et al ., 
1997). As a result, they need large strength and ductility improvements in order 

to meet the requirements of modern earthquake-resistance regulations. In 

recent years, the use of FRP composites as external reinforcement has become 

a very effective solution for the strengthening of existing RC structures, due 

to the high strength-to-weight ratio, non-corrosive property and the ease of 

construction of FRP composites. One of the most promising applications is to 

www.EngineeringBooksPDF.com



118   Advanced Composites in Bridge Construction and Repair

use FRP composites as a jacketing material with the main fi bres running in 

the hoop direction for the seismic retrofi t of RC piers. Because FRP jackets 

facilitate additional shear capacity as well as signifi cant lateral confi nement to 

concrete, the seismic resistance of RC piers can be signifi cantly improved. 

 Carbon FRP (CFRP), glass FRP (GFRP) and aramid FRP (AFRP), 

which are classifi ed as conventional FRPs in this chapter, are among the 

most commonly used FRPs for the seismic retrofi t applications. The stress–

strain behaviour of conventional FRPs is linearly elastic, with an ultimate 

tensile rupture strain of around 1.5% for carbon FRP (CFRP), 2% for glass 

FRP (GFRP) and 3% for aramid FRP (AFRP). It should be noted that 

for seismic retrofi t applications an FRP jacket with a larger rupture strain 

is generally benefi cial, as it leads to more ductile behaviour and a greater 

energy absorption capacity with the same degree of strength enhancement 

(Dai  et al ., 2011, 2012; Dai and Ueda, 2012). In recent years, a new cate-

gory of FRP composites has emerged as an alternative to conventional FRP 

composites. These new FRP composites are made of polyethylene naph-

thalate (PEN) fi bres or polyethylene terephthalate (PET) fi bres, which are 

recognized as having a large rupture strain (LRS) (usually larger than 5%) 

but a relatively low elastic modulus. Compared to conventional FRPs, LRS 

FRPs are cheaper and more environmentally friendly since they are often 

made from recycled plastic (e.g. PET bottles). This chapter focuses on the 

behaviour and modelling of LRS FRP-confi ned concrete subject to mono-

tonic and cyclic compressive loading as well as LRS FRP-jacketed RC piers 

under cyclic lateral loading.  

  5.2     Properties of large rupture strain (LRS) fibre-
reinforced polymer (FRP) composites 

 Both PET and PEN belong to polyester, a category of polymers which con-

tact the ester functional group in their main chain. PET is the most common 

polyester used for producing fi bres as well as soft drink bottles. Nowadays, 

it is also very common to recycle PET bottles after use by remelting them 

and extruding them as fi bres, to save valuable petroleum raw materials, 

reduce energy consumption and eliminate solid waste sent to landfi lls. PEN, 

a new generation polymer, is a high performance member of the polyester 

family. Its unique chemical structure renders it useful for fi bres, packaging 

and fi lms. The two condensed aromatic rings of PEN improve strength and 

modulus, chemical and hydrolytic resistance, gaseous barrier, thermal and 

thermo-oxidative resistance and ultraviolet (UV) light barrier resistance as 

compared to PET. Traditionally, signifi cant commercial markets have been 

developed for the application of PET and PEN in textile and industrial 

fi bres, fi lms and foamed articles, containers for carbonated beverages, water 
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and other liquids, and thermoformed applications. In recent years, Japanese 

manufacturers have produced PET or PEN in a sheet form (Fig. 5.1) as a 

type of external reinforcement for the strengthening of existing concrete 

structures.    

 Table 5.1 summarizes the typical material properties of LRS fi bres (i.e. 

PET and PEN fi bres) as compared to those of conventional ones. It  is seen 

that the tensile strengths of PET and PEN fi bres are similar, about one-

fourth to one-third of that of carbon fi bres. The elastic modulus of PEN is 

higher than that of PET but is still less than one-fi fteenth of that of carbon 

fi bres. The elongation of PET is higher than that of PEN and is about four 

times that of carbon fi bres. It should be noted that in order to achieve a 

certain level of tensile stiffness for structural strengthening applications, 

the aerial fi bre weight of one layer of LRS fi bre sheet should be four or fi ve 

times that of the commonly used carbon fi bre sheet (i.e. 200~300 g/m 2 ). As 

a result, the nominal thickness of one layer of LRS fi bre sheet is usually 

about 1.0 mm.      

Aramid

PET or
PEN

 5.1      PET or PEN fi bre sheets.  

 Table 5.1     Properties of different fi bres for structural strengthening applications 

 Fibre  Fibre type  Tensile 

strength 

(MPa) 

 Young’s 

modulus 

(GPa) 

 Rupture 

strain (%) 

 Density 

(g/mm 3 ) 

 Carbon 

(PAN) 

 High strength type  3790  242  1.55  1.81 

 High modulus type  2300  370  0.62  1.90 

 Carbon 

(Pitch) 

 Ordinary type  1100  41  2.80  1.65 

 High strength and 

modulus type 

 3210  940  0.36  2.20 

 Aramid  High strength type  2350  79  3.0  1.40 

 High modulus type  2060  118  1.8  1.45 

 Glass  E-glass  1720  72  2.4  2.6 

 S-glass  2530  87  2.9  2.5 

 PEN  790  15 ± 2  >5.0  1.41 

 PET  740  10 ± 1  >7.0  1.44 

PAN, Polyacrylonitrile
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 As shown in Fig. 5.2, the tensile stress–strain relationships of conven-

tional fi bres are linearly elastic to the point of rupture, while LRS fi bres all 

exhibit some material nonlinearity. Such nonlinear stress–strain behaviour 

is caused by the motion of amorphous phases and the sliding or failing of 

macromolecular chains in PET and PEN fi bres (Lechat  et al ., 2006, 2011). 

The initial elastic modulus of LRS fi bres is usually higher than that given in 

Table 5.1, in which a secant modulus of elasticity is given for conservative 

design purposes.     

  5.3     LRS FRP-confined concrete under monotonic 
compressive loading 

 To achieve a reliable design for FRP strengthening of RC columns under 

the action of axial loading or combined axial and lateral loading, an in-depth 

understanding of the compressive stress–strain behaviour of FRP-confi ned 

concrete is important. A large number of experimental tests have been 

conducted on FRP-confi ned circular concrete columns. Design-orientated 

and analysis-orientated models (e.g. Lam and Teng, 2003; Jiang and Teng, 

2007) have been developed to predict the ultimate strength and strain as 

well as the full-range stress–strain behaviour of FRP-confi ned concrete. 

However, studies on the compressive behaviour of concrete confi ned with 

LRS FRPs have been very limited. 
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 5.2      Tensile stress–strain relationships of conventional and LRS fi bres.  
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 Dai  et al . (2011) conducted compressive tests on a total of 42 cylindrical 

concrete specimens, comprising 36 FRP-wrapped specimens and six control 

specimens. Among the 36 specimens, nine specimens were wrapped with 

AFRP FRP jackets, another nine specimens were wrapped with PEN FRP 

jackets and the rest were wrapped with PET FRP jackets. It was found that 

the typical failure of LRS FRP-confi ned concrete was still due to the hoop 

tensile rupture of the FRP jacket outside the overlapping zone as observed 

in conventional FRP-confi ned concrete (Fig. 5.3). But the failure at the 

ultimate state was in a quiet manner, unlike the explosive one observed in 

AFRP-confi ned concrete. The average hoop rupture strain of FRP jackets 

from these compression tests was found to be 3.0%, 4.5% and 7.5% for 

AFRP, PEN FRP and PET FRP, respectively, while most existing tests on 

concrete confi ned with GFRP and CFRP exhibited hoop rupture strains of 

around 2% and 1%, respectively (Lam and Teng, 2004). Similar to those of 

conventional FRP-confi ned concrete with a suffi cient level of FRP confi ne-

ment, the stress–strain curves of LRS FRP-confi ned concrete also exhibit a 

monotonically ascending bilinear shape with rapid softening in a transition 

zone around the stress level of unconfi ned concrete strength. Both the com-

pressive strength and the ultimate axial strain are signifi cantly enhanced 

(Fig. 5.4).    

 An analysis-orientated model was also proposed by Dai  et al . (2011) 

to predict the experimentally observed stress–strain relationships of LRS 

FRP-confi ned circular concrete. The model was based on the Jiang and Teng 

(2007) model and hence called the modifi ed J&T’s model. In principle, an 

analysis-orientated model is applicable to concrete confi ned by all types of 

FRP materials once the relationship between the lateral strain and the lon-

gitudinal strain is established. In the analysis-orientated model, a generic 

AFRP PEN PET

 5.3      Typical failure of FRP-confi ned concrete.  
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relationship between the confi ning pressure and the lateral strain of an FRP 

jacket is given by:

    σ
εε

l

lE tε

R
l=

⋅t( )FRP FRP
    [5.1]   

 where:  σ   l   is the confi ning pressure (or lateral stress) of the FRP jacket;  E  FRP  

is the secant modulus of FRP, which is a constant for conventional FRP jack-

ets with a linear elastic stress–strain response but is dependent on the lateral 

strain (i.e.  ε   ι  ) of the FRP jacket for LRS FRPs with a nonlinear stress–strain 

response (Fig. 5.2);  t  FRP  is the nominal thickness of the FRP jacket; and  R  is 

the radius of the concrete core. In Jiang’s and Teng’s (2007) model, the fol-

lowing equation, which was originally proposed by Popovics (1973) and later 

employed in the model of Mander  et al . (1988) for steel-confi ned concrete, is 

adopted to predict the stress–strain curves of actively-confi ned concrete:

    
σ ε ε

ε ε
c

cc

c cε εε c

c cε εε c
mfc

m

m′
=

( )
− + ( )*

*

*1
       [5.2]   
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 5.4      Typical compressive stress–strain relationship of LRS FRP-confi ned 

concrete. J & T: Jiang and Teng (2007).  
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 where ′fccff *    and  ε   cc   
 *   are the peak axial compressive stress and the correspond-

ing axial compressive strain of concrete respectively under a specifi c con-

stant confi ning pressure; and  σ   c   and  ε   c   are the compressive stress and strain 

of FRP-confi ned concrete, respectively. The constant  m  is given by:

    m
E

E f
c

cff c cc

=
′* *ε

       [5.3]   

 where  E   c   is the elastic modulus of unconfi ned concrete. The peak stress on 

the stress–strain curve of the actively-confi ned concrete is given by:

    ′ ′ +f f′ =ff coff l
* 3 5. σ        [5.4]   

 while the axial strain corresponding to the peak compressive stress is given 

by:

    ε ε σ
ccεε co

l

cofc
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       [5.5]   

 where ′fcoff     is the compressive strength of unconfi ned concrete and  ε   co   is the 

compressive strain corresponding to the compressive strength of unconfi ned 

concrete. Based upon Dai  et al .’s (2011) test results, the lateral-to-axial strain 

relationship for LRS FRP-confi ned concrete can be expressed as follows:
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 Through a combined use of Equations [5.1], [5.2] and [5.6] and an incre-

mental analysis, the full-range compressive stress–strain curve of LRS FRP-

confi ned concrete can be predicted. It was found that the modifi ed J&T’s 

model performs satisfactorily, while the original J&T’s model is able to pre-

dict closely the compressive strength of LRS FRP-confi ned concrete but 

usually tends to overestimate its ultimate axial strain (Fig. 5.4). This weak-

ness was believed to be attributed to the fact that the lateral strain-to-axial 

strain relationship, which was originally proposed based on the test results 

of concrete confi ned with conventional FRPs (Teng  et al ., 2007), needs to be 

improved for high strain range. The modifi ed J&T’s model was also proven 
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to be applicable for both conventional and LRS FRP-confi ned concrete 

with suffi cient accuracy (Fig. 5.5).       

 Based upon the proposed analysis-orientated model, comparisons among 

concrete confi ned with FRP jackets using fi ve different fi bre sheets (CFRP, 
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 5.5      Performance of the modifi ed Jiang and Teng (2007) model in 

predicting the ultimate condition for FRP-confi ned concrete: (a) ultimate 

strain; (b) ultimate stress. CoV, coeffi cient of variance.  
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GFRP, AFRP, PEN and PET) were made. The results of comparisons are 

presented in Figs 5.6 and 5.7, in which all FRP-confi ned concretes are 

assumed to achieve the same displacement ductility and the same energy 

absorption at the rupture of the fi bre sheet. The energy absorption is evalu-

ated using the area underneath the compressive stress–strain curve. A con-

crete cylinder with an unconfi ned concrete strength of 38 MPa was assumed 

for such a comparison and the rupture strain of fi bres used in the analysis 

were assumed to be 0.095%, 1.7%, 3.0%, 4.5% and 7.5%, which are typical 

values for CFRP, GFRP, AFRP, PEN FRP and PET FRP, respectively. It is 

shown for both cases that the needed tension stiffness of PEN FRP and PET 

FRP jackets is signifi cantly lower than that of conventional FRP jackets. It 

is therefore very clear that LRS FRP jackets lead to a more economic and 

attractive confi nement solution for seismic retrofi t purposes.        

  5.4     LRS FRP-confined concrete under cyclic 
compressive loading 

 Compared with the large number of studies on the monotonic stress–strain 

behaviour of FRP-confi ned concrete, only a few studies exist on FRP-

confi ned concrete under cyclic axial compression (Lam  et al ., 2006; Shao 

 et al ., 2006; Lam and Teng, 2009; Wang and Li, 2009; Ozbakkaloglu and Akin, 

2012). No study has been conducted on the cyclic stress–strain behaviour of 

concrete confi ned with LRS FRP. In addition, only three theoretical models 

(Shao  et al ., 2006; Lam and Teng, 2009; Wang and Li, 2009) have been pro-

posed to predict such behaviour in the open literature. 

 Bai  et al . (2012, 2013) conducted tests on a total of 12 circular concrete 

cylinders (152 mm in diameter and 305 mm in height), comprising eight 

FRP-confi ned concrete cylinders and four unconfi ned control cylinders. All 

the tests were carried out under cyclic concentric axial compression. The 

average unconfi ned cylinder compressive strength was 35.6 MPa. The test 

parameters included the type of FRP materials (i.e. PEN and PET) and the 

number of layers of fi bre sheets (i.e. one or two layers). For each specimen 

confi guration, two identical specimens were prepared, but they were tested 

with different loading schemes. The two major loading schemes adopted in 

the tests are shown in Fig. 5.8: the fi rst scheme consists of one single full 

loading/unloading cycle at each prescribed displacement (Fig. 5.8a); the 

second scheme consists of three full loading/unloading cycles at each pre-

scribed displacement, with some partial unloading cycles and partial reload-

ing cycles incorporated (Fig. 5.8b).    

 The typical axial stress–strain curves of LRS FRP-confi ned concrete are 

shown in Fig. 5.9. It can be seen that, similar to conventional FRP-confi ned 

concrete, the unloading path of LRS FRP-confi ned concrete exhibits a 
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polynomial shape. The unloading stiffness of the stress–strain curve is ini-

tially large but decreases gradually with the axial strain, with the rate of 

decrease becoming much larger when the axial stress approaches zero. A 

similar trend is seen for the reloading paths. As the axial stress increases 

from zero, the reloading stiffness gradually increases until it reaches a nearly 

constant value. As a result, the major part of the reloading path is a nearly 

straight line, which is followed by a smooth parabolic portion before it 

returns to the envelope curve. The energy consumed in each unloading and 

reloading cycle increases with the plastic axial strain in concrete.    

 The prediction of the cyclic stress–strain relationships of LRS FRP-

confi ned concrete involves two steps of work: the fi rst is to predict the enve-

lope curve; the second is to predict the loading/unloading paths. A basic 

hypothesis in studies on the cyclic stress–strain behaviour of unconfi ned, and 

FRP or steel-confi ned, concrete is that an envelope exists and this envelope 
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 5.8        Loading schemes for LRS FRP-confi ned concrete: (a) loading 

scheme A; and (b) loading scheme B.  
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 5.9      Typical cyclic stress–strain relationship of LRS FRP-confi ned 
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layers of PEN fi bre sheets.  
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curve is approximately the same as the stress–strain curve of the same con-

crete under monotonic loading (Lam  et al . 2006). Such an envelope curve 

can be considered as the upper boundary of the response of the concrete 

subjected to various cyclic loadings in the stress–strain domain. This hypoth-

esis has been verifi ed by many studies (Ilki and Kumbasar, 2002, 2003; Lam 

 et al ., 2006; Ozbakkaloglu and Akin, 2012). The above discussed analysis-

orientated stress–strain model can be used for predicting the envelop curve 

of LRS FRP-confi ned concrete under monotonic loading to account for the 

nonlinear properties of LRS FRP. 

 It is worth noting that Lam and Teng (2009) developed a model to defi ne 

unloading and reloading paths of CFRP-confi ned concrete under cyclic 

compressive loading. In their model (Fig. 5.10a and 5.10b), the unloading 

path from the unloading strain to the reloading strain is described by a 

polynomial equation, while the reloading path is divided in two parts: the 

fi rst part is a linear curve extending from the reloading strain to the refer-

ence strain; the second part is a parabola extending to the envelope curve 

(or the next unloading strain). For use of Lam’s and Teng’s (2009) model 

with its envelope curve being given by the incremental analysis-orientated 

model, the determination of the intersection point between the reloading 

path and the envelope involves a double iteration process. This is more 

involved than the original Lam’s and Teng’s (2009) model, for which the 

envelope curve has a constant slope in the second portion (normally the 

much larger portion) of the stress–strain curve. For LRS FRP-confi ned con-

crete, this constant slope assumption is no longer valid and the slope pre-

dicted by analysis-orientated model may vary signifi cantly over the entire 

strain range (Fig. 5.9). More detail on the determination of the loading and 

unloading paths can be found in Bai  et al . (2012).    
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 5.10      Cyclic stress–strain model of FRP-confi ned concrete under 

compression: (a) envelope cycle and (b) internal cycle.  
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 Figure 5.9a and 5.9b present the comparisons between experimental cyclic 

stress–strain curves and predictions based on the proposed model, which is 

a combination of the analysis-orientated model for the envelope curve by 

Dai  et al . (2011) and the unloading and reloading paths of Lam’s and Teng’s 

(2009) model with slight modifi cations. Only two specimens are presented 

as examples. For the predictions, the unloading strains, reloading stresses 

and actual jacket rupture strains of LRS FRP-confi ned concrete obtained 

from the tests were used as the input parameters. The unloading stress, the 

plastic strain and the new stress at the unloading strain, as well as the whole 

loading/unloading history, can all be predicted using the proposed model. 

The predicted curve terminates when the hoop strain of the jacket reaches 

its rupture strain as found from the confi ned cylinder test. 

 Overall, very close agreement between the test results and the predictions 

is seen in Fig. 5.9. When the axial strain is relatively large, the initial part of 

the experimental reloading curve has a parabolic shape, which is different 

from the straight line predicted by Lam’s and Teng’s (2009) model. This dis-

crepancy may be explained by noting that LRS FRP-confi ned concrete usu-

ally has a large ultimate axial strain, and the degree of damage experienced 

by the confi ned concrete in a high axial strain domain is generally larger 

than that in a small axial strain range. As a result, at the beginning of reload-

ing at a large axial strain, the heavily damaged concrete undergoes a process 

of re-integration to regain its stiffness. To further evaluate the performance 

of the proposed cyclic compressive stress–strain model, Fig. 5.11 presents 
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 5.11      Comparison between the predicted and experimental plastic 

strains.  
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the experimentally observed plastic strain of each unloading cycle in com-

parison with the predicted results. In Fig. 5.11, the plastic strain of concrete 

is defi ned as the residual axial strain of concrete when it is unloaded to zero 

stress. Since many of the unloading curves were not terminated exactly at 

zero stress during the test, the plastic strain was determined by tangentially 

extending the unloading path to zero stress (Fig. 5.10). It is seen in Fig. 5.11 

that the average ratio of the predicted to experimental plastic strain is 1.12 

with a coeffi cient of variation (CoV) of 0.034, further demonstrating the 

applicability of the proposed cyclic stress–strain model.     

  5.5     Seismic retrofit of reinforced concrete (RC) piers 
using LRS FRP composites 

 Two major issues are needed for consideration for the seismic retrofi t of 

RC piers: one is shear enhancement and the other is ductility enhancement. 

FRP jackets provide additional shear capacity, which reduces the risk of 

a brittle shear failure, and also increase the strain capacity of concrete in 

compression, leading to signifi cant enhancement in the member ductility as 

described above. For the purpose of shear enhancement, the strain capacity 

of FRP may not be a concern. In fact, it is usually required to control the 

dilation of RC piers by limiting the strain in FRP under a certain value, e.g. 

0.4% (Priestley  et al ., 1996), to prevent the shear deterioration of concrete. 

LRS FRP composites have a relatively low modulus of elasticity. In order to 

satisfy a shear demand, a large amount of fi bre may be needed. Therefore, it 

may not be effi cient to use LRS FRP composites for the shear strengthening 

purpose. On the other hand, the inelastic deformation capacity of fl exural 

plastic hinge regions can be increased by the confi nement of RC piers using 

LRS FRP composites. It is noted that the ultimate state of a conventional 

FRP-confi ned RC pier is usually caused by fi bre rupture within its plastic 

hinge zone, particularly at the corner of a rectangular section, leading to an 

explosive failure of conventional FRP composites. LRS FRP composites are 

thus an excellent alternative to conventional FRP composites as a confi ne-

ment material of the plastic hinge zone of RC piers to avoid such an explo-

sive failure manner. 

 To combine the advantages of both conventional and LRS FRP com-

posites, a hybrid jacketing system has been suggested for the seismic ret-

rofi t of RC piers. In this system two types of FRP composites are used: 

one is the conventional FRP composite used outside the plastic hinge 

zone for shear strengthening purposes, and the other is the LRS FRP 

composite used within the plastic hinge zone for confi nement purposes 

(Fig. 5.12). The plastic hinge zone can be assumed to have a length of 
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1.5 D  above the pier base for simplicity, in which  D  is the diameter of a 

circular pier section or the dimension of the bending side of a rectangular 

pier section.    

 Figure 5.13 shows the procedure for the seismic retrofi t of an RC pier 

using the above-described hybrid jacketing method. The fi rst step is a failure 

mode check to guarantee the pier to fail in fl exure. The second step involved 

is a ductility check. The two-step check can be executed independently for a 

rectangular/square pier section, since the infl uence of FRP confi nement on 

the sectional moment capacity is marginal and can be ignored (Nakai  et al ., 
2005; Dai  et al ., 2012). However, for a circular pier section, the improved sec-

tional moment capacity due to FRP confi nement may need to be considered 

based on sectional analysis and accounting for the stress–strain behaviour 

of FRP-confi ned concrete. Thus, after the ductility strengthening design, the 

shear capacity may need to be re-checked as shown in Fig. 5.13. It should be 

also noted that, for bridge RC piers, usually the above two-step checks are 

needed to be conducted for both the longitudinal and transverse directions 

of a bridge.    

 The shear capacity of FRP-confi ned rectangular RC piers can be calcu-

lated as follows (JSCE, 2001):

      V   fyd   =  V   cd   +  V   sd   +  V  FRP   [5.7]      

D

Conventional FRP composites
for shear strengthening

LRS FRP composites for
ductility strengthening1.

5D

 5.12      Hybrid jacketing system for seismic retrofi t of RC piers.  
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 where:  V   fyd   is the shear strength of FRP-strengthened RC piers;  V   cd   is the 

shear contribution of concrete;  V   sd   is the shear contribution of transverse 

reinforcement and  V  FRP  is the shear contribution of FRP sheets.

      V   cd   =  β   d   ·  β   p   ·  f   vcd   ·  b   w   ·  d      

    V
A f

s
zsdVV wff yd s s

s

=
⋅f d +( )⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
⋅

sinα αs + cs + os
        

 where: f fff cff d′ ≤ ( )0 72cff d ≤ 0 MPa ; βd d= 1 1d ≤d 54 .    ; β ρp sβ ρβ    ;  b   w   = mem-

ber width (mm);  d  = member effective depth (mm); 
sρ w

ρs s wA bs d⋅b= A (( )4    ;  A   s   = 

section area of fl exural reinforcement (mm 2 );  f   cd   
 ’   = cylinder compressive 

strength of concrete (N/mm 2 );  A   w   = the cross-sectional area of transverse 

steel reinforcement within a distance  s   s   (mm 2 );  f   wyd   = yielding strength of 

transverse steel reinforcement (N/mm 2 );  α   s   = angle between transverse steel 

reinforcement and member longitudinal axis;  s   s   = spacing of  transverse 
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 5.13      Flow   chart for seismic retrofi t design of RC piers using the hybrid 

FRP jacketing method.  
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steel reinforcement (mm) and  z = d /1.15 (the arm length of fl exural 

reinforcement). 

 Regarding  V  FRP , for conventional FRP sheets:

    V K
A f

s
zFRVV P

Fff RP FRP FRP

FRP

⋅f +( )⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
⋅

sin α αFRPα + cFRP + os
    

      K  = 1.68 − 0.67 R , (0.4 ≤  K  ≤ 2.0)     
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E f
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( ) ⎛
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2 3 1 3

1
0 5 2 0, .(0      

 where:  A  FRP  = the total cross-sectional area of transverse FRP sheets within 

a distance  s  FRP  (mm 2 );  f  FRP  = tensile strength of FRP sheets (N/mm 2 );  E  FRP  = 

elastic modulus of FRP sheets (N/mm 2 );  α  FRP  = angle between fi bre direc-

tion and member longitudinal axis;  s  FRP  = spacing of FRP sheets (mm) and 

ρFRP FRP=( )2t bFRP w  is the volumetric ratio of FRP sheets, where  t  FRP  is the 

thickness of FRP sheets. 

 Very limited work has been conducted on the shear contribution of LRS 

FRP sheets (The Japan Railway Research Institute, 2006; Senda and Ueda, 

2009). The Japan Railway Research Institute (2006) recommended a pre-

liminary design equation for predicting the shear contribution of LRS FRP 

sheets as follows:

    V E
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 where: εFRP,d is the design strain of LRS FRP for shear strength calculation; 

 E  FRP, d   is the design elastic modulus of LRS FRP (N/mm 2 ) and  ε  FRP, u   is the 

rupture strain of LRS FRP. 

 The ductility of RC piers confi ned with LRS FRP composites under seis-

mic loading can be determined according to the moment-drift ratio enve-

lope curve as shown in Fig. 5.14. Anggawidjaja  et al . (2006) proposed the 

following way to calculate the maximum drift ratio of LRS FRP-jacketed 

RC piers:   
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 where:  θ   u   = the drift ratio of the member at the ultimate state;  θ   m   = the 

drift ratio of the member at the maximum load;  θ   mp   = the drift ratio of 

the member due to the plastic member rotation at the maximum load; 

 θ   me   = the drift ratio of the member due to elastic fl exural member rota-

tion at the maximum load;  θ  pull-out  = the drift ratio of the member due to 

θ
θc θy θm θu

M

Mu

My

Mc

 5.14      Moment-drift ratio envelop curve.  
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the rotation caused by the pull-out slips of longitudinal reinforcement at 

the footing-to-pier interface;  θ  shear  = the drift ratio of the member due to 

the shear deformation in the plastic hinge zone;  M   y   = the moment at the 

yielding load;  M   u   = the moment at the peak load;  ρ   w   = the ratio of lateral 

reinforcement (%);  ρ   t   = the ratio of tensile reinforcement (%);  η  = a factor 

to take into account the slope of the linear descending branch of the load-

displacement responses;  K   o   = a factor representing the confi nement effects 

of FRP jackets;  k   s   = a factor to take into account the strength of trans-

verse reinforcement and  K   u   = a factor to represent the FRP strengthening 

ratio. In Equation [5.8], the drift ratio,  θ   me  , due to elastic fl exural mem-

ber rotation at the maximum load is calculated using Euler’s beam theory 

and Branson’s equation to account for the effective moment of inertia of 

cracked RC columns (Anggawidjaja  et al ., 2006). The drift ratio,  θ  pull-out , is 

calculated using Ishibashi  et al . (2002)’s approach, which was also adopted 

by the JSCE Standard Specifi cations for Seismic Performance Verifi cation 

of Concrete Structures (JSCE, 2005). In Anggawidjaja  et al . (2006)’s model, 

the drift ratio,  θ  shear , is estimated to be 5~12% of the total drift ratio at the 

ultimate state. 

 Different from the above approach, The Japan Railway Research Institute 

(2006) also proposed a simple empirical equation accounting for all the 

deformation components at the ultimate state based upon the same test 

data as reported by Anggawidjaja  et al . (2006):

    θ
ρu

a

s

La

d
=

× ( )ρdE ⋅dE

×
5 03 1× 0 3 0LL× 651

0 0321

0 801 0 515

.

. .ρ×801 0
    [5.9]   

 where  L   a   = the shear span of the RC pier (mm). 

 A signifi cant difference between the ultimate state of LRS FRP-confi ned 

RC piers and that of conventional FRP-confi ned ones is that the fi bre sheets 

hardly rupture at the ultimate state in the former case (Fig. 5.15). On the con-

trary, the ultimate state of conventional FRP (particularly CFRP)-confi ned 

RC piers is usually caused by the sudden rupture of fi bres (e.g. at the cor-

ner of a rectangular pier section) followed by the complete loss of concrete 

cover in an explosive manner. The use of LRS FRP composites allows pro-

gressive bulking of longitudinal steel reinforcement while maintaining the 

integrity of concrete cover (Dai  et al ., 2012), so that a sudden loss of the 

load-carrying capacity can be avoided. Such a progressive and ductile fail-

ure mode is highly desired for structures in earthquakes. Figure 5.16 shows 

a practical application in which LRS FRP sheets were used for the seismic 

retrofi t of a railway bridge pier. Given the same ductility performance, the 
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use of PET FRP sheets as an alternative to AFRP sheets led to a decrease 

of construction cost by approximately 70% (Fig. 5.17), demonstrating that 

LRS FRP composites are a more economic and effective seismic retrofi t 

solution for RC piers.           

 5.15      Typical failure of RC piers jacketed with LRS FRP composites 

within the hinge zone at the ultimate state.  

 5.16      Seismic retrofi t of a railway bridge pier using PET FRP composites.  
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  Abstract : This chapter presents the design, manufacture, installation, 
and in-service structural performance of an all-composite sandwich 
bridge superstructure for accelerated bridge construction (ABC). The 
superstructure is made of fi ber-reinforced polymer (FRP). The discussions 
about the manufacture and installation include construction details when 
the FRP superstructure is implemented in practice. The assessment of 
the in-service structural performance may provide baseline data for the 
capacity rating and serve as part of the long-term performance monitoring 
of the FRP superstructure. Finally, this chapter explains why all-composite 
superstructures for ABC can be economically competitive in the future. 

  Key words : accelerated bridge construction, capacity rating, fi ber-reinforced 
polymer (FRP) composites, long-term performance, sandwich bridge 
superstructure. 

    6.1     Introduction 

 Recently, a main concern in bridge engineering had been the rehabilita-

tion and reconstruction of deteriorated bridge members. Accelerated bridge 

construction (ABC) can overcome the shortcomings of traditional con-

struction methods, which are typically labor-intensive and time-consuming. 

ABC can minimize disruption to public communities and save indirect costs 

associated with detouring traffi c. Concrete members prefabricated in fac-

tory are often utilized in ABC, where the connections of prefabricated con-

crete members have been extensively studied in recent years (Li  et al . 2010a, 

2010b; Ma  et al . 2012a, 2012b; Zhu  et al . 2012a, 2012b). As alternatives to 

prefabricated concrete members, bridge superstructures entirely made of 

advanced composites or fi ber-reinforced polymer (FRP) are also potential 

solutions to ABC, due to the following advantages of the materials:

    • Light weight  – FRP superstructures weigh about 25% or less of a con-

ventional reinforced concrete superstructure. Therefore, FRP composites 

www.EngineeringBooksPDF.com



144   Advanced Composites in Bridge Construction and Repair

reduce the dead load of a superstructure signifi cantly. Reduction of dead 

load can increase the rating factor when capacity rating of a bridge is 

performed. Since capacity rating of a bridge is proportional to the rating 

factor, the load carrying capacity of a superstructure reconstructed or 

rehabilitated with FRP composites may be re-rated to its original design 

load.  

   • Durability  – Corrosion of steel reinforcement in concrete is the leading 

cause of deterioration of conventional concrete superstructures. Steel 

reinforcement is susceptible to oxidation when exposed to deicing salt 

and other chlorides. Compared to conventional materials, FRP compos-

ites provide high resistance to corrosion. Therefore, less maintenance 

may be required for FRP superstructures.  

   • Rapid Installation  – Factory fabrication and modular construction 

of FRP superstructures allows rapid installation on construction sites. 

Installation of FRP superstructures in bridges with high traffi c volume 

can substantially reduce the construction time of superstructures to half 

when compared to the labor-intensive and time-consuming construc-

tion process of a conventional cast-in-place concrete superstructure. As 

a result, disruption to communities, and indirect costs associated with 

detouring traffi c, can be minimized by FRP superstructures.     

    • High Specifi c Stiffness/Strength   – Advanced composites offer the advan-

tages of high stiffness-to-weight ratios (specifi c stiffness) and strength-

to-weight ratios (specifi c strength) when compared to conventional con-

struction materials. Therefore, they can provide good combinations of 

strength/stiffness and weight for bridge superstructures.  

   • Lower Life-cycle Cost  – A life-cycle cost usually consists of an initial 

construction cost and maintenance cost. Since FRP superstructures are 

expected to have good long-term durability and require little mainte-

nance, they can be more cost-effective in service life than bridge super-

structures with reinforced concrete.  

  In the United States, there are more than 40 bridge superstructures with 

FRP composites (Triandafi lou and O’Connor, 2009). No-Name Creek Bridge 

built in Russell, Kansas, was the fi rst all-FRP bridge superstructure in the US 

(Plunkett, 1997). The FRP superstructure had a sandwich construction with 

honeycomb cores. Tech 21, the Smith Road Bridge built in Butler County, 

Ohio, was the third all-FRP superstructure in the US (Farhey, 2005). New 

York State Department of Transportation built an FRP superstructure in a 

demonstration project that had a cell core system providing stiffness in two 

directions (Alampalli, 2006). In other countries, all-composite superstruc-

tures have also been utilized in bridge construction. An FRP superstructure 

was installed and opened to the public in Yeongwol, Gangwon-Do, Korea 

in 2002 (Ji  et al ., 2007). The bridge superstructure was a sandwich structure 
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with corrugated cores that could contribute signifi cantly to the stiffness in 

the selected direction compared with other cores.    

 The projects above demonstrate how advanced composites or FRP mate-

rials were implemented in new bridge construction, or accelerated the 

rehabilitation of deteriorated bridges. Research on FRP superstructures 

indicates that their design should be controlled by stiffness rather than 

strength (Triandafi lou and O’Connor, 2009). Although the advantages of 

FRP composites are recognized, their application in bridges needs further 

investigation. In fact, a number of technical challenges concerning design 

methods, connection details, dynamic effects, and long-term performance 

still remain unsolved. This chapter demonstrates structural analysis and 

design, manufacture and installation, and in-service structural evaluation 

of an FRP superstructure to consider these challenges. Finally, costs of the 

FRP superstructure are compared to those of reinforced concrete bridge 

superstructures.  

  6.2     Structural analysis and design 

 When designing all-composite bridge superstructures, designers can tailor 

FRP materials and structural confi gurations of superstructures to meet 

design requirements. As an example, the design of a two-lane FRP super-

structure is discussed in this section. The FRP superstructure is now in 

service in South Korea, and has a sandwich construction (Ji  et al ., 2010). 

Corrugated cores are sandwiched between top facing and bottom facing. 

The sandwich construction in this study can reduce weight and provide 

signifi cant stiffness in the selected direction. The discussion in this sec-

tion includes design requirements, material selection, preliminary design 

based on design requirements, and detailed design of the cross-section. 

  6.2.1      Design requirements 

 The design of FRP superstructures is stiffness-oriented (Federal Highway 

Administration, 2011). Although no offi cial specifi cations are available for 

the defl ection limit of FRP superstructures, general design guidelines for 

conventional bridge superstructures are provided by the AASHTO LRFD 

Bridge Design Specifi cations (AASHTO, 2010). The AASHTO’s require-

ment for the stiffness of bridge superstructures with conventional materi-

als is that the maximum defl ection due to vehicular live loads should not 

exceed 1/800 of the bridge span length. 

 The criterion above was used to design the FRP superstructure in this 

chapter. The FRP superstructure in this chapter was expected to be in ser-

vice in South Korea. As a result, the design vehicular live load in this study 
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was consistent with Ministry of Construction and Transportation (MOCT) 

(2000a). As for the strength requirements, the maximum strain under service 

load should be limited to 20% of the ultimate strain. Laminate failure predic-

tion was based on the fi rst-ply failure criterion. 

 For a simply-supported bridge with span less than 44 m, the standard 

design truck load DB-24 produces higher moment and defl ection than the 

design lane load (MOCT, 2000a). A DB-24 truck load is approximately 

1.3 times heavier than the HS-20 truck load specifi ed in AASHTO LRFD 

Bridge Design Specifi cations (2010). One standard design truck load DB-24 

with tire contact areas, as shown in Fig. 6.1 (MOCT, 2000b), was assumed to 

be the design live load. The weight of a DB-24 truck is 423 kN.     

  6.2.2      Materials and lamina design 

 Superstructures with FRP composites including the one in this study can 

be characterized at three levels: the lamina level (a single ply), the laminate 

level (multiple plies), and the structural level (Altenbach  et al ., 2004). This 

section focuses on the materials and lamina design. The design at the latter 

two levels will be addressed in the following sections. 

 The primary constituents of FRP composites are fi bers and resin matrices. 

In FRP bridge superstructures, glass fi bers are mainly used as fi ber rein-

forcement, and polyester or vinyl ester is the most widely used resin matrix. 

Their combinations can be the most cost-effective in current practice. In this 

study, E-glass fi bers and vinyl ester resin were chosen as the main constitu-

ents for the all-FRP superstructure for ABC. Their material properties are 

given in Table 6.1 (Ji  et al ., 2010).      

4200 mm

P = 23.52 kN

120 mm by 290 mm

P = 94.08 kN 18
00

 m
m230 mm by 580 mm

4200–9000 mm

 6.1      DB-24 truck load and tire contact areas.  
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 To design a superstructure with FRP composites, it is necessary to know 

the mechanical properties of a single ply or a lamina made of fi ber rein-

forcement and resin matrix. The properties of a lamina with unidirectional 

fi bers can be predicted from properties of fi bers and resin matrix accord-

ing to micro-mechanics models based on several simple rules of mixtures. 

Most calculations about the properties of a unidirectional lamina depend on 

the volume fraction of fi bers and resin matrix. The fi ber and matrix volume 

fractions,  V   f   and  V   m  , respectively, for a unidirectional lamina based on their 

weight fractions and densities are calculated in Equation [6.1].

    V
w

V VfVV f f

m
m fV VV V= ( )wf f + ( )

ρ
ρwm)f + ( and 1VVV     [6.1]   

 where  w   f   and  w   m   are the weight fractions of fi bers and resin matrix,  ρ   f   and  ρ   m   

are the densities of fi bers and resin matrix. 

 The mechanical properties of a unidirectional lamina with known fi ber 

and matrix properties and their volume fractions can be calculated by sim-

ple rules of mixtures as shown in Equations [6.2]–[6.5].

      E  1  =  η  0  E   f   V   f   +  E   m   (1 −  V   f  )  [6.2]     

    E2

1
=

( )V Ef fV EV + ( )EmE( )VfVV1 −1
       [6.3]  

    G12

1
=

( )V Gf fV GV + ( )GmG( )VfVV1 −1
       [6.4]  

      ν  12  =  ν   f   V   f   +  ν   m   (1 −  V   f  )  [6.5]      

 where  η  0  is the effi ciency factor of fi bers – for unidirectional fi bers,  η  0  is 

equal to 1.0;  E   f   and  E   m   are the Young’s moduli of fi bers and resin matrix, 

respectively;  G   f   and  G   m   are the shear moduli of fi bers and resin 

matrix, respectively, and;  υ   f   and  υ   m   are the Poisson’s ratios of fi bers and resin 

matrix, respectively. 

Table 6.1     Properties of constituent materials 

 Material   E  (GPa)   G  (GPa)   υ    ρ  (kN/m 3 ) 

 E-glass fi ber  72.4  27.6  0.22  25.4 

 Vinyl ester resin  3.91  1.38  0.37  12.4 

     E  is the Young’s modulus;  G  is the shear modulus; υ is the Poisson’s ratios; ρ is 

the density.    
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 For the FRP sandwich superstructure in this study, the unidirectional lam-

inae in it have  w   f   equal to 57% and  w   m   equal to 43%. Assuming that there 

are no voids in the FRP laminae, their mechanical properties predicted 

using Equations [6.1]–[6.5] are shown in Table 6.2 (Ji  et al ., 2010).      

 The FRP laminae discussed here, with various orientations, were used 

to construct the laminates for the facings and core walls of the FRP super-

structure. The details about the lay-ups of the laminates were determined 

based on the preliminary and detailed design, and will be discussed in the 

following sections. In design, it is often necessary to have a preliminary esti-

mation of the thickness of a laminate. The thickness that can be achieved is 

related to the mass of the materials used in the laminate. The thickness of a 

laminate can be predicted using a thickness constant in Equation [6.6]:

     Thickness of a laminate (mm) =  material mass (kg/m 2 ) 

× thickness constant    [6.6]    

 The thickness constant can be calculated from a given density in 

Equation [6.7]:

    Thickness constant
density

10= ( )kg m
×

1
3     [6.7]    

  6.2.3      Preliminary design 

 At the preliminary design stage, the required material and section properties 

for the FRP sandwich superstructure were determined based on the design 

load mentioned in Section 6.2.1. They should be obtained to guarantee that 

the midspan defl ection Δ under the maximum live-load effect would not 

exceed 1/800 of the bridge span length. The FRP superstructure discussed 

here was a simply-supported bridge with a single span and two traffi c lanes. 

It was 10 m long by 8 m wide. The placement of three wheel loads from the 

DB-24 truck is shown in Fig. 6.2. It was determined by the infl uence line to 

maximize the moment effect at midspan (Ji  et al ., 2010). The loads in Fig. 6.2 

are the wheel loads multiplied by the impact factor of 1.3.    

 Table 6.2     Mechanical properties of a unidirectional FRP lamina 

    E  1  (GPa)   E  2  (GPa)   G  12  (GPa)   υ  12  

 Predicted values  30.8  6.22  2.20  0.323 

 Experimental values  36.9  10.1  3.34  0.325 
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 At the preliminary design stage, it is desirable to perform the design with-

out invoking fi nite element analysis (FEA) (Triandafi lou and O’Connor, 

2009). The properties of the top and bottom facings and the depth of the 

FRP superstructure could be designed by the following two simplifi ed struc-

tural analysis methods without using FEA. In this study, the subscripts  x  and 

y  denote the transverse direction and span direction, respectively. 

  Principle of virtual work 

 According to the principle of virtual work, the required stiffness of the 

cross-section  E   y   I  times the midspan defl ection Δ for the loading case shown 

in Fig. 6.2 could be calculated in Equation [6.8] (Ji  et al ., 2010). It should be 

noted that  E   y   I  is constant along the span length.

    Δ
Δ

E I
L

yyI
L

L

L U

L

= ∫ ∫y
LL U∫ M M ∫L

M M yLM U ( )( )y

=

dM MLM Uy ∫y ( )E IyI =
0

800

0

800
    [6.8]   

 where  M   U   is the moment caused by the unit load acting at the midspan,  M   L   

is the moment caused by the actual loads,  E   y   is the Young’s modulus of the 

cross-section in the longitudinal direction,  L  is the bridge span length, and  I  

is the moment of inertia of the superstructure’s cross-section. 

 The FRP superstructure in this study has a sandwich construction. If the 

contribution of core walls to the moment of inertia  I  is neglected and the 

30.6 kN

122.3 kN C.L
122.3 kN

4.2 m 4.2 m

10 m

0.7 m

6.2      DB-24 truck load’s placement location. (C.L. refers to center line.)  
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Young’s moduli of top and bottom facings in the longitudinal direction are 

assumed to be the same, the expression for  E   y   I  is given in Equation [6.9].

    E I E
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z
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Wt z
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y yI f tf
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c

bf
bf c
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⎥⎦⎦
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       [6.9]   

 where  h  is the depth of the superstructure,  W  is the width of the super-

structure’s cross-section,  t   tf   and  t   bf   are the thickness of the top and bottom 

facing respectively,  z   c   is the distance between the centroid of the superstruc-

ture’s cross-section and the extreme bottom fi ber of bottom facing, and Ey
f     

is the Young’s modulus of the top and bottom facing in the longitudinal 

direction. 

 In order to satisfy the defl ection limit for the FRP superstructure, the 

actual  E   y   I  should be larger than the required one ( E   y   I ) min . This relation-

ship is indicated by Equation [6.10]. In practice, the material properties and 

thickness of the laminated facings and the depth of the FRP superstructure 

can be varied to satisfy Equation [6.10].

    
( )E Iy

( )E Iy

≥actual

min

1 0.     [6.10]    

  Equivalent strip width 

 The preliminary design could be further refi ned by using the equivalent 

strip width for FRP superstructures (Song, 2012). The FRP superstructure 

in this study was directly treated as a 1-D beam on the principle of virtual 

work, so that its actual width was utilized in the previous calculation. This 

assumption should be modifi ed because the FRP superstructure might 

behave like a 2-D plate instead of a 1-D beam. Further, Equations [6.8] and 

[6.9] neglected the defl ection of the FRP superstructure due to out-of-plane 

shear deformation. Considering these problems, the design at the prelimi-

nary design stage could be improved by using the equivalent strip width to 

design the superstructure as a 1-D Timoshenko beam. 

 Typical FRP superstructures can be idealized as single-layer specially 

orthotropic plates (Davalos  et al ., 1996, 2001; Zhou, 2002). An example of 

the idealization from previous research is given in Fig. 6.3 (Zhou, 2002). At 

the preliminary design stage, the equivalent material properties of idealized 

orthotropic plates, including the one in this study, are not known. As is evi-

denced in Fig. 6.3, the equivalent material properties are infl uenced by the 

properties of FRP laminae and laminates, and structural confi guration and 

www.EngineeringBooksPDF.com



All-composite superstructures for accelerated bridge construction   151

geometry of FRP superstructures. Few of these factors are available at the 

preliminary design stage. However, reasonable assumptions can be made 

about the equivalent material properties of idealized orthotropic plates.    

 FRP superstructures in practice are typically less than 18.3 m and their 

width-to-span ratios are less than 1.5. Most of them have one lane or two 

lanes and equivalent material properties described below. The ratio of the 

two equivalent Young’s moduli  E   x  / E   y   varies between 0.1 and 0.9. The equiv-

alent major Poisson’s ratio  υ   yx   changes from 0.1 to 0.4. The ratio of the equiv-

alent in-plane shear modulus  G   yx   to the equivalent Young’s modulus  E   x   is 

between 0.1 and 0.4. The ratio of the equivalent out-of-plane shear modulus 

G   xz   to the equivalent Young’s modulus  E   x  , and the ratio of the equivalent 

out-of-plane shear modulus  G   yz   to the equivalent Young’s modulus  E   y  , are 

at least 0.025. The combination of  E   x  ,  E   y  ,  G   yx  , and  υ   yx   for an FRP superstruc-

ture usually satisfi es the relationship in Equation [6.11].
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 Considering the discussions above about practical FRP superstructures, 

the equivalent strip width for the preliminary design of FRP superstructures 

is given in Equations [6.12]–[6.19] (Song, 2012). It should be mentioned that 

in essence Equations [6.12]–[6.19] are simplifi cations of 2-D plate analy-

sis. Therefore, each load on an FRP superstructure may correspond to an 

equivalent strip width. The equivalent strip width here is used to facilitate 

the midspan defl ection calculation by Timoshenko beam theory, in which 

only loading conditions in the longitudinal or span direction are required. 

In the transverse direction, it is assumed that design live loads have symmet-

ric distribution with respect to the centerlines of FRP superstructures. The 

symmetry can be utilized to reduce the number of equivalent strip width 

calculations at the preliminary design stage.

Laminated facing

Laminated facing

Step 1
Step 2

Idealized single-layer
specially orthotropic
plate

Z (Depth direction)

X (Width direction)

Hollow cores like tubes

Laminated facing

Laminated facing

Homogenized solid core

6.3      Equivalent single-layer orthotropic plate (Zhou, 2002).  
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 where  EW  is the equivalent strip width corresponding to a specifi c load,  w   p   

is the width of a pressure in the transverse direction,  b  is the distance from 

the center of a pressure to the closest support in the span direction, and  a  is 

the position of a pressure’s center in the transverse direction.  L  is the span 

length and  W  is the width of the superstructure.  x  is the coordinate of a point 

in the transverse direction at midspan. For one-lane FRP superstructures,  x  

is suggested to be either  W /2 or  a . For multi-lane FRP superstructures,  x  is 

suggested to be either  a  or the coordinate of the center of each lane in the 

transverse direction. 
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 Equations [6.12]–[6.19] only include three key parameters  n  1 ,  n  2 , and  υ   yx  , 

which have signifi cant infl uences on the equivalent strip width (Song, 2012). 

The actual values about  E   x  ,  E   y  ,  G   yx  ,  G   xz  , and  G   yz  , which are not known and 

diffi cult to assume at the preliminary design stage, are not required for the 

calculation of the equivalent strip width. Consequently, these equations can 

avoid inconvenient 2-D plate design based on fi rst-order shear deformation 

theory (FSDT) when the equivalent strip width from them is directly used 

with Timoshenko beam theory. It should be emphasized that  E   x  ,  E   y  ,  G   yx  ,  G   xz  , 

and  G   yz   are the equivalent material properties of an idealized single-layer 

specially orthotropic plate. They are generally not equal to the material 

properties of a lamina or a laminate in an FRP superstructure, as is implied 

in Fig. 6.3. Their calculation may be referred to several research studies con-

ducted previously (Davalos  et al ., 1996, 2001). 

 The equivalent strip width discussed here could be used to perform 

the preliminary design of the FRP sandwich superstructure in this study. 

Considering the properties of the FRP laminae in Table 6.2,  n  1  should be 

6 or less if the contribution of core walls were neglected. At the beginning 

of the preliminary design,  E   y   was arbitrarily assumed as 6.0 GPa.  υ   yx   might 

be assumed as 0.3. The span-to-depth ratio was considered as 12 (Federal 

Highway Administration, 2011). To use Timoshenko beam theory in design, 

another assumption about the out-of-plane shear modulus  G   yz   should also 

be made, although this assumption had no impact on the equivalent strip 

width calculation. In this study,  G   yz   was  E   y  /40. 

 The midspan defl ections at ( W /4,  L /2) predicted by Timoshenko beam 

theory with the equivalent strip width at several  n  1  are shown as the analyti-

cal results in Fig. 6.4 and Table 6.3. Correspondingly, the midspan defl ections 

at ( W /4,  L /2) from FEA using the commercial package ABAQUS are also 

shown in Fig. 6.4. The maximum defl ections from tire contact areas are shown 

in Table 6.3 to investigate the local deformation within these regions.         

 When the results in Fig. 6.4 and Table 6.3 were predicted, the placement 

of DB-24 truck loads in the span direction was the same as that in Fig. 6.2. In 

the transverse direction, two DB-24 trucks were considered, and each truck 

was symmetric with respect to the centerline of each lane. The modeling in 

FEA was consistent with FSDT. In FEA,  G   yx   /E   x   was equal to 0.25 and  G   xz   /E   x   

was equal to 0.025. These two ratios did not affect the equivalent strip width 

and Timoshenko beam theory but did affect FSDT  (Song, 2012). 

 Figure 6.4 shows that the equivalent strip width together with Timoshenko 

beam theory can be used to predict midspan defl ections and perform the 

preliminary design of the FRP sandwich structure in this study. Table 6.3 

indicates that the local deformation at tire contact areas is not signifi cant 

enough to invalidate the 1-D Timoshenko beam design with the equiva-

lent strip width discussed here. The maximum analytical defl ection from 
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Table 6.3 is about 1/1250 of the span length of the FRP sandwich super-

structure. As a result, a cross-section whose Young’s modulus in the span 

direction  E   y   and depth  h  satisfy the relationship in Equation [6.20] is nec-

essary to the FRP superstructure in this study. According to Fig. 6.3,  E   y   is a 

function of laminated facings and core walls. It also depends on the depth 

of the cross-section. For the FRP superstructure in this study, the material 

properties and thickness of the laminates in facings and cores and the depth 

can be varied to satisfy Equation [6.20].

      Ey  ∙  h  3  ≥ (3840) ∙ (10 000/12) 3  (N ∙ mm)    [6.20]    

 It should be mentioned that the equivalent strip width from Equations 

[6.12]–[6.19] is also suitable to perform parametric study and design opti-

mization. The procedure is explained as follows. The fi rst two steps in the 

procedure are utilized in the example above. The remaining steps should 

be followed if parametric study and design optimization at the prelimi-

nary design stage are conducted without using FEA. Although Equations 

[6.12]–[6.19] appear to be complex, they can be conveniently utilized in a 

spreadsheet. Once a spreadsheet is set up, minor modifi cations are required 

to cover different cases in the parametric study.  

 Table 6.3     Defl ections at ( W/ 4,  L /2) and tire contact area (unit: mm) 

  n  1   1  2  3  4  5  6 

 Analytical 

results 

 7.629  7.927  7.995  8.015  8.020  8.021 

 FEA results  8.144  8.214  8.271  8.321  8.365  8.406 
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 6.4      Defl ections at the position ( W/ 4,  L /2).  
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   1.     Calculate the aspect ratio  n  2  from the geometry of an FRP superstruc-

ture and make an assumption about the depth. The span-to-depth ratio 

is suggested to be equal to 12.  

  2.     Make an initial assumption about  n  1  and  υ   yx  . A reasonable assumption 

about  n  1  is 10, and  υ   yx   may be taken as 0.3. Then calculate the equivalent 

strip width for each load.  

  3.     Assume that  G   yz  / E   y   is 1/40, and then calculate the required  E   y   by 

Timoshenko beam theory based on the argument that the total midspan 

defl ection under design live loads is equal to its limit.  

  4.     Based on the calculated  E   y  , tailor FRP materials and design cross-

sections.  

  5.     Idealize the FRP superstructure as a single-layer specially orthotropic 

plate and update the equivalent properties  E   y  ,  E   x  ,  υ   yx  ,  G   yx  ,  G   yz  , and  G   xz  .  

  6.     Based on the actual equivalent properties of the cross-section, update 

the equivalent strip width.  

  7.     Modify laminates in components of the FRP superstructure and/or 

reduce the depth if predicted midspan defl ections with the updated 

equivalent strip width are not close to the limit.  

  8.     Repeat the process from Steps 5 to 7 until satisfactory results are 

achieved.      

  6.2.4      Detailed design 

 The FRP superstructure in this study has a sandwich structure with cor-

rugated core walls. Besides the parameters infl uencing the relationship in 

Equation [6.10] or [6.20], several geometric factors of corrugated cores also 

affect the behavior of the superstructure. These geometric factors are the 

corrugation angle, the ratio of the core depth to core wall’s thickness, and 

the ratio of the pitch to core depth as shown in Fig. 6.5 (Libove and Hubka, 

1951). All the parameters were determined based on a detailed design by 

FEA using the LUSAS software. In the detailed design, DB-24 trucks mul-

tiplied by the impact factor of 1.3 were considered as design live loads. The 

dead loads, including the self-weight of the superstructure and asphalt wear-

ing surface with a thickness of 50 mm, were also considered in the design.    

 Based on the FEA, the fi nal proposed section of the FRP sandwich super-

structure with corrugated cores for manufacturing is shown in Fig. 6.6 (Ji 

 et al ., 2007, 2010). The FRP superstructure is 10 m in length, 8 m in width, 

and 0.94 m in depth. The superstructure’s cross-section is constant along 

the whole span. The lay-ups of the FRP laminae in Section 6.2.2 in the 

laminates for facings and core walls are shown in Table 6.4. The corrugation 

angle, the ratio of the core depth to core wall’s thickness, and the ratio of 
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the pitch to core depth are selected to be 70°, 22, and 1.6, respectively. If the 

contribution of the core walls to fl exural stiffness is neglected, it is straight-

forward to show that the geometry and construction in Table 6.4 can satisfy 

the relationship in Equations [6.10] and [6.20]. Considering the material 

properties in Table 6.2, the  E   y   
 f   and  E   y   in Equations [6.9] and [6.20] can 

be calculated according to Equations [6.21]–[6.23] (Bank, 2006; Barbero, 

2010). The proposed section in Fig. 6.6 also satisfi ed the defl ection limit in 

the FEA.      
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 where  k  denotes the  k th lamina in the laminate for a facing,  t   k   is the thick-

ness of the  k th lamina,  z   k   is the distance between the centroid of the  k th 

lamina and the centroid of the cross-section of the FRP superstructure, and 

 E   y   
 k  ,  E   x   

 k  , and υyx
k     are  E  1 ,  E  2 , and  υ  12  for the  k th lamina if its orientation is 0°, 

and are  E  2 ,  E  1 , and  υ  21  for the  k th lamina if its orientation is 90°. 

Pitch

b2

b1

h

h

D

φ

 6.5      Confi guration of hat-type corrugation.  
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 The vehicle traffi c barrier system should also be designed for the FRP 

superstructure at this stage. Many demonstration projects show that con-

crete barriers are mainly used to contain vehicles on FRP bridge decks. The 

embedded steel bars and grout are usually applied to construct and attach 

reinforced concrete barriers to FRP bridge decks. As a result, the compo-

nents of the FRP decks, such as fl anges and webs, are often partly damaged. 

In this study, an improved vehicle traffi c barrier system separating barriers 

and the FRP superstructure, which is shown in Fig. 6.7 (Ji  et al ., 2010), was 

proposed for the FRP bridge construction. This barrier system was attached 

to the concrete abutment instead of attaching to the FRP superstructure. 

Consequently, it does not cause any damage to the FRP superstructure, such 

as local tearing of fi bers and resin matrix. It will also make future barrier 

upgrading possible without damaging the FRP superstructure.    

 Currently, there is no design guidance for the barrier system used for this 

study. As a result, specifi cations from AASHTO LRFD (2010) were chosen 

 Table 6.4     Lay-up of the laminates for facings and core walls 

 Components  Lamina lay-up  Ply thickness 

(mm) 

 No. of plies  Total thickness 

(mm) 

 Top facing  [0°/90°/90°/0°] 15   0.5  60  30 

 Core wall  [0°/45°/-45°/90°/

mat] 16  

 0.5  80  40 

 Bottom facing  [0°/90°/90°/0°] 15   0.5  60  30 
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 6.6      Cross-section of the FRP bridge superstructure (all dimensions in mm).  
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to design it. The design force for the barrier system is related to the Test 

Levels 1–6 specifi ed in AASHTO LRFD (2010). The choice of test level 

depends on several factors, such as bridge alignment, and traffi c volume and 

speed. For the FRP superstructure in this study, Test Level 1 was chosen for 

the design of the barrier system. The load capacity for the barrier system in 

this study is 675 kN, which is larger than the 120 kN required by Test Level 

1 (Ji  et al ., 2010). Consequently, this barrier system can be used for the FRP 

superstructure.   

  6.3     Manufacture and installation 

 The FRP sandwich superstructure with corrugated cores was manufac-

tured by commercial fabricators according to the detailed design drawing 

shown in Fig. 6.6. It consisted of two modular pieces, each 10 m long, 4 m 
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 6.7      Barrier details (units: mm).  
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wide, and 0.94 m deep. The modular pieces were the largest transportable 

units, due to shipping constraints. The FRP superstructure was completed 

by joining the two pieces on the fi eld application site. Each modular piece 

consists of three components: top facing, corrugated cores, and bottom fac-

ing. All components were manufactured by a hand lay-up method. Facings 

were hand-laid and their thickness was approximately 30 mm according 

to Table 6.4. The corrugated core’s walls were hand-laid at room temper-

ature on wood molds. Each wall contained 80 plies and the thickness was 

40 mm. Then, internal transverse FRP frames were coated with adhesives 

and bonded to the inside surfaces of corrugated cores to provide stability 

and to maintain wall thickness. The transverse frames were also applied at 

the superstructure’s end supports to provide end rigidity for load transfer 

from the superstructure to the abutments. After their fabrication, the cor-

rugated cores were hoisted onto bottom facings by a light duty crane. Then, 

M20 steel bolts with the spacing of 32 mm were used to fasten the facings 

to the corrugated cores. Figure 6.8 shows one fi nished modular piece of the 

FRP superstructure (Ji  et al ., 2010).    

 The two modular pieces were prefabricated in a factory and assem-

bled on the construction site. Their top and bottom facings were bolted 

to FRP cover plates in the fi eld. Figure 6.9 shows the connections of the 

modular pieces. Bolt diameter and bolt spacing were designed according 

to the EURO design code for bolting in FRP members (Eurocomp, 1996). 

 6.8      An FRP modular piece.  
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 6.9      Connections of the modular pieces: (a) front view; (b) side view.  

Figure 6.10 shows the entire FRP bridge superstructure (Ji  et al ., 2010). In 

order to prevent the local defl ection of the top facings between the cor-

rugated cores, the hollow cells of the superstructure were later fi lled with 

expandable polyurethane foams.       
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 In order to protect FRP superstructures from moisture and contami-

nation, wearing surfaces such as polymer concrete and asphalt concrete 

could be utilized in practical construction. In the FRP superstructure of 

this study, asphalt concrete was used as the wearing surface. Epoxy-coated 

fi ne aggregate overlay was applied on the surface of the superstructure to 

avoid delamination between the asphalt wearing surface and the top facing. 

The epoxy-coated fi ne aggregate overlay was 0.88 mm thick. The asphalt 

concrete wearing surface was 50 mm thick. In terms of thermal behavior, 

the FRP materials could resist a temperature up to 175°C. There was no 

deformation over the superstructure’s surface due to the heat of the asphalt 

concrete. 

 In this study, the FRP superstructure was easily placed on the concrete 

abutments using a light duty crane. The bridge seats were 50 mm thick 

neoprene pad shoes. In the actual construction, the neoprene shoes were 

adjusted to accommodate the unevenness of the superstructure’s bottom 

facing. Holes in the bottom facing of the superstructure were made to fi t 

over two stainless steel threaded rods on each concrete abutment. The 

threaded rods acted as anchors to tie the superstructure to the concrete 

abutments and prevent uplift at the bridge supports. Expansion joints which 

were 10 mm wide were provided at the supports. Finally, the reinforced con-

crete barriers were built after the fi rst fi eld load testing of the FRP super-

structure. The completed bridge is shown in Fig. 6.11 (Ji  et al ., 2010).     

 6.10      The entire FRP superstructure.  
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  6.4     In-service structural performance evaluation  

 The primary goals of the in-service structural performance evaluation were 

to investigate if the FRP superstructure could satisfy the design require-

ments for stiffness and strength in Section 6.2.1. The results from the in-

service structural performance evaluation could be utilized to investigate 

dynamic effects on the FRP superstructure and to perform capacity rating 

of the FRP superstructure as well. 

  6.4.1      Field testing 

 The fi eld testing was conducted in 2002, 2004, and 2011. The bridge with 

the FRP superstructure was tested using one or two dump trucks, like the 

one shown in Fig. 6.12. The wheel weights of one dump truck used for the 

fi eld testing in 2011 are shown in Fig. 6.13. The axle weights of the dump 

trucks for the fi eld testing in 2002 and 2004 are given in previous research 

(Ji  et al ., 2007). Both static and dynamic tests were conducted in the fi eld 

load testing. In static tests, the truck or trucks were placed at pre-marked 

positions shown in Fig. 6.13 to maximize the bending moment at midspan. 

The dynamic tests were conducted with the vehicle traveling over the bridge 

at speeds of 10–60 km/h. Static and dynamic tests consisted of four loading 

 6.11      Completed FRP bridge.  
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cases in which the truck or trucks are on the right lane (Load case 1 (LC1)), 

left lane (LC2), center lane (LC3), and two lanes (LC4) of the bridge.       

 The FRP superstructure was instrumented with conventional strain gages 

and linear variable differential transformers (LVDTs) on its bottom surface. 

The numbering of the positions where strain gages and/or LVDTs might be 

applied is shown in Fig. 6.14. The positions were chosen to investigate responses 

at several points at midspan and quarterspan. Further, an accelerometer was 

instrumented at the Position 5 for the fi eld load testing. Figure 6.15 illustrates 

the instrumentation of the accelerometer. Figures 6.16 and 6.17 show the 

results of static and dynamic displacements under the LC3 from the fi eld load 

testing conducted in 2011. It is noteworthy that the letter ‘D’ before a number 

denotes the defl ection at the point corresponding to the number.              

  6.4.2      Results and discussion 

 In order to investigate if the FRP superstructure satisfi ed the design require-

ments for stiffness and strength, the results from the fi eld testing in 2002 

should be invoked and compared with the defl ection and strength limit. The 

fi eld testing in 2002 was conducted before the FRP superstructure had the 

Rear axle
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3.3 m1.3 m
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 6.12      Dimensions of the test vehicle.  
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 6.13      Test vehicle’s placement location.  
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concrete barrier system and was opened to the public. The static responses 

measured in the LC3 by a loaded truck ‘crawling’ across the FRP bridge at 

about 5 km/h were used as a reference. The measured defl ection at midspan 

was 4.72 mm, less than its design limit  L /800, which was 12.5 mm in this 

7

10 m

8 
m

4 1

258

369

 6.14      Numbering of the positions for strain gages and LVDTs.  

 6.15      LVDT and accelerometer for the fi eld testing in 2011.  
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study. The midspan bending strain in tension was 101.72 με at a truck load 

of 250.56 kN. It was less than the allowable strain, which was 20% of the 

failure strain 19 317 με obtained from the manufacturers’ data. The results 

above also verifi ed that the FRP superstructure design should be controlled 

by stiffness rather than strength. 

 To study dynamic effects on the FRP superstructure, the data taken from 

the dynamic tests in 2002 under the LC3 at six speeds (10–60 km/h) were 

analyzed. The maximum dynamic defl ection was measured to be 4.78 mm at 

the speed of 40 km/h. This value was just a little more than 4.72 mm, which 

was from the static test under the same loading case. The largest impact fac-

tor was 0.016, and it was relatively small compared to the value of 0.33 for 

the cases of conventional materials (AASHTO LRFD, 2010). The results 

above showed that the dynamic effects induced by the passage of the truck 

at various speeds were not of much signifi cance. This conclusion was attrib-

uted to the difference between the natural frequency of the FRP superstruc-

ture and the forced frequency from the passing truck. 

 The damped natural frequencies from the test data obtained in 2002, 

2004, and 2011 were calculated by using the fast Fourier transformation 

(FFT) analysis of the natural vibration part of acceleration components. An 

example of the FFT analysis using the data obtained in 2011 is shown in 

Fig. 6.18. Table 6.5 shows the comparison of the damped frequencies from 

the experimental results and FEA.         
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 6.16      Results of static displacements at midspan (LC3).  
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 The recorded damped frequencies of the FRP superstructure are close to 

the predicted value of 10 Hz from  f =  82 L  −0.9 , where  L  is 10 m (Hayes  et al ., 
2000). They are also close to the value calculated by the FEA shown in 

Fig. 6.19. The FEA in Fig. 6.19 was conducted by ANSYS software (ANSYS, 

2005). Nine-node thick shell elements were used to model the FRP lami-

nates in the FRP superstructure. In the fi nite element modeling, the material 

properties and fi ber orientation of each lamina that constitutes a laminate 

were input for these shell elements. The boundary conditions were modeled 

as a pin and a roller at the end supports.    

 In 2002, the shear strength of the interfaces between the asphalt wear-

ing surface and the surface of the superstructure was measured from shear 

tests. The shear strength values were within the range 0.35 to 0.61 MPa. They 

exceeded the required shear strength of 0.15 MPa for the interfaces between 

steel deck plates and asphalt wearing surfaces according to the specifi cation 

for highway bridges in Korea (MOCT, 2000b). The measurement indicated 

that there was a good interface bond between the asphalt concrete wearing 

surface and the surface of the superstructure at that time. According to the 

fi eld inspection in 2011, cracks between the asphalt concrete pavement and 

the FRP superstructure have been found. These cracks might be caused by 
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 6.17      Results of dynamic displacements at midspan (LC3).  
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decreased shear strength between the asphalt concrete pavement and the 

FRP superstructure.  

  6.4.3      Capacity rating 

 Recently, interest in fi eld load testing of highway bridges has partly resulted 

from the large number of deteriorated bridges with posted load limits that 

 Table 6.5     Damped frequency comparisons 

 Load case  Speed (km/h)  Field measurement (Hz)  FEA (Hz) 

 2002  2004  2011 

 LC3  Crawl  –  –  –  11.117 

 10  9.9945  12.0056  11.5500 

 20  9.6802  12.6709  10.4444 

 30  10.0614  10.6567  11.2941 

 40  10.4340  11.7676  11.7059 

 50  9.4238  10.6567  10.6098 

 60  9.8813  11.4258  13.6184 

 Max  –  12.0728  11.0880 
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 6.18      Dynamic response of the FRP bridge in adjusted time: acceleration 

vs. frequency.  
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are below standard truck weights. Field load testing is an attractive tool to 

perform capacity rating of a bridge (Stallings and Yoo, 1993). The results of 

the fi eld testing in this study are used to refi ne bridge rating calculations. 

 The formula for capacity rating of an in-service bridge with conventional 

materials is given in Equation [6.24].

      P  = RF ×  k   s   ×  P   r    [6.24]      

 where RF,  k   s  , and  P   r   denote the rating factor, stress modifi cation coef-

fi cient, and test truck loading, respectively, and  P  is the capacity of the 

bridge. 

 

 

 6.19      Finite element model of the superstructure: (a) overview; (b) front 

view; (c) side view.  
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 For the FRP superstructure in this study, the rating factor (RF) in Equation 

[6.24] could be determined based on the allowable stress method. Its calcu-

lation is given in Equation [6.25].

    RF =
f f

f i1

df ff f
ff ( )     [6.25]   

 where  f   a   is the allowable stress,  f   d   is the stress due to dead loads,  f   l   is the max-

imum live-load stress produced by the standard vehicle, and  i  is the impact 

factor that accounts for dynamic loading effects. The  f   a   based on experimen-

tal data is 107.16 MPa in this study. The  f   d   and  f   l   could be determined from 

FEA. According to MOCT (2000a), the impact factor  i  could be calculated 

based on Equation [6.26].  L  in Equation [6.26] is the span length in meters. 

A summary of the RF obtained based on Equation [6.25] and Fig. 6.13 is 

shown in Table 6.6.   

    i
L

=
+

≤
15

40
0 3        [6.26]   

 The stress modifi cation coeffi cients  k   s   in Equation [6.24] can be calcu-

lated using Equation [6.27a] and/or Equation [6.27b]

    k
i
is = ×

+
+

ε
ε

cal

mea

cal

mea

1

1
    [6.27a]  

    k
i
is = ×

+
+

δ
δ

cal

mea

cal

mea

1

1
    [6.27b]   

 where  ε  and  δ  are the strain and defl ection of the bridge, respectively. The 

subscript ‘mea’ denotes the measured values and the subscript ‘cal’ denotes 

the calculated value from FEA. 

Table 6.6     Summary of RFs 

 Classifi cation   f   d   (MPa)   f   l   (MPa)  RF 

 LC1 + self-weight  2.205  9.192  8.78 

 LC2 + self-weight  2.205  8.928  9.05 

 LC3 + self-weight  2.087  8.340  9.69 

 LC4 + self-weight  2.205  8.477  9.53 
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 The response ratios based on static defl ections or strains will be defi ned as 

 δ  cal / δ  mea  or  ε  cal / ε  mea . According to Equation [6.27], they are required to calcu-

late the stress modifi cation coeffi cients  k   s  . The response ratios from various 

loading cases based on the fi eld testing in 2002, 2004, and 2011 are shown 

in Tables 6.7–6.14.                                         

 Finally, the capacity rating of the FRP bridge in 2002, 2004, and 2011 was 

calculated using the minimum RFs and stress modifi cation coeffi cients  k   s   

based on the tables discussed above. The minimum RF could be obtained 

from Table 6.6 directly. According to Equation [6.27], the minimum  k   s   should 

be the product of the minimum response ratios and impact factor ratios, 

defi ned as (1+ i  cal )/(1+ i  mea ). The minimum response ratios could be obtained 

from Tables 6.7 to 6.14. The impact factor ratio defi ned above should not 

exceed 1.0. Once the minimum RF and  k   s   were obtained, the capacity rating 

could be conducted according to Equation [6.24]. The results are summa-

rized in Table 6.15.      

 The capacity rating for the FRP bridge turned out to be DB24.00 (total 

weight of 432.645 kN) in 2002, DB24.99 (total weight of 441.10 kN) in 2004, 

and DB23.88 (total weight of 429.39 kN) in 2011. There was little difference 

in the capacity rating between 2002, 2004, and 2011. Since the rated capacity 

of the FRP superstructure in this study was close to the design live load, it 

might be concluded that the FRP superstructure had good in-service perfor-

mance in the past 9 years.   

  6.5     Construction time and costs 

 The construction of the FRP superstructure was quite effi cient in time and 

labor. It was completed in only 8 hours, with a crane and four workers on the 

construction site. If the fabrication period in the factory was also included, 

the FRP superstructure was completed in 30 days. The total construction 

 Table 6.7     Response ratios of static defl ections from LC1 

 Location  Field measurement (mm)  FEA 

(mm) 

 Response ratios 

 2002  2004  2011  2002  2004  2011 

 1  –  1.21  1.66  1.62  –  1.34  0.97 

 2  –  1.27  1.62  0.60  –  0.47  0.97 

 3  –  –  –  0.03  –  –  – 

 4  4.5  1.95  1.97  2.29  0.51  1.17  1.16 

 5  1.12  1.54  1.76  1.56  0.53  0.38  0.34 

 6  –  0.24  0.63  0.06  –  0.25  0.09 

 7  3.68  –  –  1.78  0.48  –  – 

 8  1.23  1.58  1.72  0.33  0.27  0.21  0.19 

 9  0.25  –  –  0.06  –  –  – 
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 Table 6.8     Response ratios of static defl ections from LC2 

 Location  Field measurement (mm)  FEA 

(mm) 

 Response ratios 

 2002  2004  2011  2002  2004  2011 

 1  –  0.19  0.47  0.04  –  0.21  0.09 

 2  –  1.23  1.39  0.42  –  0.34  0.30 

 3  –  –  –  1.68  –  –  – 

 4  1.07  0.23  0.52  0.07  –  0.30  0.14 

 5  1.22  1.45  1.57  1.41  0.29  0.48  0.41 

 6  –  1.87  2.01  2.26  –  1.21  1.12 

 7  0.92  –  –  0.06  –  –  – 

 8  2.09  1.48  1.76  0.66  0.32  0.45  0.38 

 9  7.29  –  –  1.68  0.23  –  – 

 Table 6.9     Response ratios of static defl ections from LC3 

 Location  Field measurement (mm)  FEA 

(mm) 

 Response ratios 

 2002  2004  2011  2002  2004  2011 

 1  –  0.67  1.59  0.67  –  1.0  0.42 

 2  –  2.57  2.97  2.67  –  1.04  0.90 

 3  –  –  –  0.78  –  –  – 

 4  1.66  0.79  1.77  0.94  –  1.19  0.53 

 5  4.70  3.24  3.46  3.10  0.60  0.87  0.82 

 6  –  0.68  1.79  0.97  –  1.43  0.54 

 7  1.21  –  –  0.75  –  0.62  – 

 8  3.67  3.26  3.52  2.61  0.71  0.80  0.74 

 9  1.69  –  –  0.69  0.41  –  – 

 Table 6.10     Response ratios of static defl ections from LC4 

 Location  Field measurement (mm)  FEA 

(mm) 

 Response ratios 

 2002  2004  2011  2002  2004  2011 

 1  –  1.42  2.22  1.67  –  1.17  0.75 

 2  –  2.77  3.21  1.02  –  0.37  0.32 

 3  –  –  –  1.71  –  –  – 

 4  6.95  2.18  2.56  2.36  0.34  1.08  0.92 

 5  6.87  6.48  7.04  5.32  0.27  0.38  0.35 

 6  –  2.14  2.64  2.32  –  1.08  0.88 

 7  4.87  –  –  1.85  0.38  –  – 

 8  4.01  3.29  3.63  0.99  0.25  0.30  0.27 

 9  6.31  –  –  1.74  0.28  –  – 
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 Table 6.11     Response ratios of static strains from LC1 

 Location  Field measurement (με)  FEA 

(με) 

 Response ratios 

 2002  2004  2011  2002  2004  2011 

 1  –  9.2  27.3  59.6  –  6.48  2.18 

 2  –  19.3  15.8  18.3  –  0.95  1.16 

 3  –  5.4  10.7  3.2  –  0.59  0.30 

 4  –  51.2  54.3  101.7  –  1.99  1.87 

 5  41.1  37.8  31.4  26.8  0.65  0.71  0.85 

 6  –  3.6  7.5  6.5  –  1.81  0.87 

 7  162.5  26.7  67.0  76.1  0.47  2.85  1.14 

 8  –  24.9  28.1  21.8  –  0.88  0.78 

 9  4.4  6.3  11.2  13.1  2.98  2.08  1.17 

 Table 6.12     Response ratios of static strains from LC2 

 Location  Field measurement (με)  FEA 

(με) 

 Response ratios 

 2002  2004  2011  2002  2004  2011 

 1  –  9.8  9.5  4.1  –  0.42  0.43 

 2  –  19.4  19.1  19.3  –  0.99  1.01 

 3  –  1.8  35.0  71.3  –  39.61  2.03 

 4  –  6.3  11.7  7.3  –  1.56  0.62 

 5  35.6  30.4  31.6  25.6  0.72  0.84  0.81 

 6  –  56.7  55.0  99.7  –  1.76  1.81 

 7  1.3  6.6  12.9  14.9  –  2.26  1.16 

 8  –  23.2  27.2  19.8  –  0.85  0.73 

 9  194.3  39.2  52.3  58.3  0.30  1.49  1.11 

 Table 6.13     Response ratios of static strains from LC3 

 Location  Field measurement (με)  FEA 

(με) 

 Response ratios 

 2002  2004  2011  2002  2004  2011 

 1  –  24.9  31.0  24.3  –  0.98  0.78 

 2  –  26.6  38.9  31.3  –  1.18  0.80 

 3  –  16.2  32.1  38.2  –  2.36  1.19 

 4  –  18.9  37.0  42.9  –  2.27  1.16 

 5  91.9  76.7  81.6  60.4  0.66  0.79  0.74 

 6  –  11.9  33.8  46.3  –  3.89  1.37 

 7  44.7  21.7  55.6  31.9  0.71  1.47  0.57 

 8  –  49.9  58.8  40.4  –  0.81  0.69 

 9  45.1  23.5  36.6  27.1  0.60  1.15  0.74 
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 Plate I      (Chapter 4) Longitudinal curvature mode shapes ( κ   yy  ) of the 1st longitudinal bending mode from experiment. 
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 Plate IV      (Chapter 4) The fi rst three longitudinal bending mode shapes of the simply supported FRP sandwich deck panel 
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cost of the bridge was $140 050. The total cost covered both the FRP super-

structure ($84 030) and concrete abutments ($56 020). The estimated con-

struction cost of the FRP sandwich superstructure with corrugated cores 

was $1750/m 2 , while an estimated cost for a concrete bridge was $1400/m 2 . 

The construction cost of the FRP superstructure was 25% higher than that 

for conventional concrete bridges. With further design optimization and 

effi cient manufacturing methods, the costs of bridges with FRP superstruc-

tures could be decreased in future applications. Therefore, bridges with FRP 

superstructures like the one in this study may be able to compete with those 

with conventional materials, especially when shorter on-site construction 

time and less required maintenance are considered in the future.  

  6.6     Conclusions 

 The design, fabrication, construction, and in-service structural performance 

of an FRP superstructure for ABC are demonstrated in this chapter. Based 

on the previous discussions, the following conclusions can be drawn:

 Table 6.14     Response ratios of static strains from LC4 

 Location  Field measurement (με)  FEA 

(με) 

 Response ratios 

 2002  2004  2011  2002  2004  2011 

 1  –  15.8  41.2  63.6  –  4.03  1.54 

 2  –  36.4  46.1  37.6  –  1.03  0.82 

 3  –  4.3  47.4  74.5  –  17.33  1.57 

 4  –  51.7  58.3  108.9  –  2.11  1.87 

 5  90.3  70.2  76.3  52.5  0.58  0.75  0.69 

 6  –  57.9  66.3  106.3  –  1.84  1.60 

 7  197.5  28.7  82.0  90.9  0.46  3.17  1.11 

 8  –  51.1  64.5  41.6  –  0.81  0.64 

 9  200.6  39.6  66.7  71.4  0.36  1.80  1.07 

 Table 6.15     Assessment of capacity rating 

 Year  Minimum RF  Minimum  k   s    Capacity 

rating 
 Response ratio  Impact 

factor ratio 
 Defl ection  Strain 

 2002  8.78  0.23  0.30  0.77  1.56 ×  P   r   

 2004  8.78  0.20  0.32  1.00  1.76 ×  P   r   

 2011  8.78  0.19  0.30  1.00  1.66 ×  P   r   
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   1.     The FRP sandwich superstructure discussed can effectively meet the 

requirements for stiffness and strength. Connection details are also pre-

sented and found working well.  

  2.     The preliminary design approach explained here is effective for esti-

mating the behavior of the FRP sandwich superstructure. It allows the 

preliminary design to be performed without applying more complicated 

methods like FEA.  

  3.     The dynamic effects in this study are of less signifi cance. The dynamic 

responses are close to the static ones, partly due to the difference 

between the natural frequency of the FRP superstructure and the forced 

frequency from the passing truck.  

  4.     The construction of the bridge with the FRP superstructure is very effi -

cient in time and labor. The proposed system is considered as a highly 

competitive short-span bridge alternative for ABC.  

  5.     In the FRP superstructure, there is no corrosion, or damage such as local 

tearing of the fi bers and resin matrix, around the connections of the 

FRP components. This observation could lead to reduced maintenance 

strategies compared to other superstructures with conventional materi-

als. However, some maintenance about the wearing surface might be 

required in the future.  

  6.     To date, a key issue is the lack of design standards relevant to long-term 

performance of bridges with FRP superstructures. The results presented 

in this chapter should provide baseline data for future capacity rating 

assessment, and serve as a part of the long-term performance monitor-

ing of the FRP superstructure.     
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  Abstract : Engineered cementitious composites (ECCs), by reducing the 
brittle nature of concrete, have opened a new world of possibilities to 
enhance the safety, durability, and sustainability of civil infrastructure. 
With a strategically designed microstructure, ECC features incredible 
ductility under tension, previously only seen in ductile metals. Cost 
savings can be realized through more effi cient design, and less frequent 
maintenance and repairs. When long-term environmental impacts are 
accounted for, the ECC advantages over concrete become even more 
compelling. This chapter presents the ECC fundamentals related to bridge 
construction, including the basics of material design theory, mechanical 
and durability characteristics, and application in bridges. 

  Key words : engineered cementitious composites, micromechanics, 
ductility, multiple cracking, durability. 

    7.1     Introduction 

 In the past decades, great strides have been made in developing high-perfor-

mance-fi ber-reinforced cementitious composites (HPFRCCs). HPFRCCs 

were fi rst classifi ed by Naaman and Reinhardt 1  as materials that can achieve 

different degrees of tensile ductility, often accompanied by a macroscopic 

pseudo-strain-hardening response after fi rst-cracking. Under this defi nition, 

HPFRCC is differentiated from normal fi ber-reinforced concrete (FRC), 

which has a tension-softening response (Fig. 7.1). 2  Efforts to design tensile 

ductility into cementitious materials started in the 1970s, and have mainly 

focused on using continuous aligned fi bers or large volumes of discontinu-

ous fi bers. Aveston  et al . 3  and Krenchel and Stang 4  achieved tensile ductility 

hundreds of times that of normal concrete using continuous, aligned fi bers 

in cementitious materials. Textile reinforced concrete materials, represent-

ing the modern version of continuous FRC, were developed by Curbach and 

Jesse 5  and Reinhardt  et al . 6  Pultruded continuous FRC was recently devel-

oped by Mobasher  et al . 7  Additionally, cementitious composite materials 

using discontinuous fi bers at high dosage (4–20%) in cement laminates 8  or in 
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slurry infi ltrated fi ber concrete (SIFCON) 9,10  attained higher tensile strength 

and strain capacity than normal concrete, but much lower tensile ductility 

than continuous fi ber and textile reinforced cementitious materials.    

 In recent years, a new class of HPFRCCs has emerged. Engineered 

cementitious composites (ECC) represent a family of fi ber-reinforced 

cementitious composite materials that uniquely feature tensile ductility 

and intrinsic crack width control capacity with a moderate amount (2% 

by volume) of short discontinuous fi bers such as polyethylene, poly-vinyl 

alcohol, or polypropylene fi bers. 11,12  While containing similar ingredients 

to concrete or FRC, the microstructure of ECC can be deliberately tai-

lored through the use of micromechanical models to achieve tensile strain-

hardening behavior and ductility levels approximately 200–600 times that 

of concrete under tension, thereby leading to delayed fracture localization 

(Fig. 7.2). 13,14  The fi ber/matrix interfacial micromechanical parameters are 

strategically tailored to allow ECC to dissipate energy through multiple 

microcracking with crack widths less than 100 μm (Fig. 7.3). The tensile 

strain-hardening behavior of ECCs signifi cantly differentiates them from 

other FRCs such as steel, polymeric, glass, and carbon FRCs, which exhibit 

tension-softening behavior.    

w or ε

σ

Fiber-reinforced
concrete (FRC)

Concrete

High-performance fiber reinforced
cementious composites (HPFRCC)

 7.1      Uniaxial tensile stress  σ  vs strain  ε  (or crack opening  w ) relation of 

concrete, FRC, and HPFRCC.  
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 The name ECC was adopted by its original developers. 11  The word ‘engi-

neered’ emphasizes the micromechanics-based design and manipulation of 

the material microstructure to achieve specifi c composite behavior dictated 

by particular structural applications. In this way, ECC represents a family 

of materials without fi xed ingredients or mixing proportion; more impor-

tantly, it also represents a versatile design philosophy. Microstructure design, 
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 7.2      A typical stress–strain curve of ECC under direct uniaxial tension. 14   

J'b ≡ σ0δ0 – ∫ σB (δ )dδ 
δ0

0

σssδss – ∫ σB (δ )dδ = Jtip 

δss

σss

δ0

σ0

σB

δ

δss

0

 7.3      Typical fi ber bridging stress vs crack opening  σ ( δ ) curve for a tensile 

strain-hardening composite. Hatched area represents complementary 

energy  J   ’    b  . Shaded area represents crack tip toughness  J  tip . 
16,17   
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rheology tailoring, and composite material science together serve as power-

ful tools to guide ECC material development for targeted composite prop-

erties, and enable a meaningful linkage between materials engineering and 

structural performance design. 15,16  It should be noted that the design of ECC 

is not dependent on a certain type of fi ber, although a large body of litera-

ture is on ECC incorporating poly-vinyl alcohol fi bers. Nor does ECC rely 

on increasing fi ber volume to achieve strain-hardening behavior. Instead, 

the ECC design philosophy emphasizes the synergistic interaction between 

fi ber, matrix, and the fi ber/matrix interface. An alternative name for ECC 

is strain-hardening cementitious composite (SHCC), given by RILEM TC 

HFC Technical Committee in 2006, 17,18  emphasizing its tensile strain-harden-

ing behavior as a constitutive law for structural engineering. Another name 

for ECC, given by Japan Society of Civil Engineers(JSCE), is multiple fi ne 

cracking fi ber-reinforced cementitious composites, 19  emphasizing the multi-

ple fi ne microcracking behavior of ECC and its durability aspects. 

 The development and understanding of ECC is still evolving. This arti-

cle presents some basic knowledge of ECC that does not cover the whole 

range of ECC materials that have been or are being developed. In the next 

section, the fundamentals of ECC design theory are introduced, followed 

by a section summarizing the mechanical properties and durability of ECC. 

The last section describes the implementation of a regular version of ECC, 

and a high early strength version of ECC in bridge-deck applications.  

  7.2     Engineered cementitious composites (ECCs) 
design theory 

 The design of ECC is based on micromechanics and fracture mechanics 

theory. Once the target ECC composite property is determined, it can be 

achieved through microstructure design coupled with rheology tailoring. 

  7.2.1      ECC design framework: scale linking 

 The micromechanics-based design theory of ECC was fi rst established in 

the early 1990s. 20,21  This theory links the measurable micromechanics param-

eters to the cracking propagation mode, and then to conditions for compos-

ite tensile strain-hardening. Scale linking is a fundamental characteristic of 

the ECC design approach, in which understanding and tailoring of micro-

scale constituent parameters are the keys to achieving target macroscale 

composite behavior. 16  

 As a composite material, ECC contains three main components: fi ber, 

matrix, and fi ber/matrix interface. Each component can be defi ned by a set of 

micro-parameters. Under uniaxial tension, ECC composites exhibit tensile 

strain-hardening behavior at the macroscale (mm–cm) through a multiple 
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cracking process. Steady-state crack propagation is a necessary condition to 

ensure multiple cracking, which is governed by the fi ber bridging proper-

ties across cracks at the mesoscale (μm–mm). The fi ber bridging spring law 

across a crack, quantifi ed by the fi ber bridging stress vs crack opening rela-

tionship  σ ( δ ), is the integration of the bridging force contributed by every 

single fi ber bridging the crack. For an individual fi ber, its bridging force for 

a given crack opening is determined by its debonding and pullout behavior 

from the surrounding matrix, and governed by fi ber and interface properties 

at the microscale (nm–μm), as well as by fi ber embedment length and incli-

nation angle between the fi ber axis and the crack face normal. In summary, 

the micromechanics model links microscale constituent parameters to fi ber 

bridging constitutive behavior on the mesoscale; steady-state crack analysis 

links fi ber bridging properties to tensile strain-hardening behavior on the 

composite macroscale. Once established, the model-based linking provides 

a systematic framework for optimizing ECC composite tensile properties 

with the minimum amount of fi ber by strategically tailoring the microstruc-

ture at the smallest scale. 16   

  7.2.2      Conditions for tensile strain-hardening 

 The tensile strain-hardening behavior of ECC is realized by tailoring the 

synergistic interaction between the fi ber, matrix, and fi ber/matrix interface 

using micromechanics theory. As a fi ber-reinforced brittle mortar matrix 

composite, ECC’s pseudo-strain-hardening behavior is achieved through 

sequential formation of matrix multiple cracking. The fundamental require-

ment for matrix multiple cracking is that steady-state fl at crack propagation 

prevails under tension, which was fi rst characterized by Marshall and Cox 22  

for continuous aligned fi ber-reinforced ceramics, and extended to discontin-

uous fi ber-reinforced cementitious composites by Li and Leung. 20  To ensure 

steady-state cracking, the crack tip toughness  J  tip  must be less than the com-

plementary energy  J   b   ’  calculated from the fi ber bridging stress σ vs crack 

opening  δ  curve, as illustrated in Fig. 7.3 and shown in Equations [7.1] and 

[7.2].   

    J Jbtip d( ) ′∫σ δ σ δ( ) δ
δ

0 0σ δσ
0

0

    [7.1]  

    J
K
E

m

m
tip =

2

    [7.2]   

 where  σ  0  is the maximum bridging stress corresponding to the opening  δ  0 , 

K   m   is the matrix fracture toughness, and  E   m   is the matrix Young’s modulus. 
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Equation [7.1] employs the concept of energy balance during fl at crack 

extension between external work ( σ  0   δ  0 ), crack fl ank energy absorption 

through fi ber/matrix interface debonding and sliding σ δ δ
δ

( )δδ
⎛

⎝⎜
⎛⎛

⎝⎝

⎞
δ

⎠⎟
⎞⎞

⎠⎠∫ d
0

0

, and crack 

tip energy absorption through matrix breakdown ( J  tip ). This energy-based 

criterion determines whether the crack propagation mode is steady-state 

fl at cracking or Griffi th cracking, 23  as illustrated in Fig. 7.4.    

 Apart from the energy criterion, another condition for pseudo-strain-

hardening is that the matrix tensile cracking strength  σ  c  must not exceed the 

maximum fi ber bridging strength  σ  0 .

      σ   c   <  σ  0   [7.3]      

 where  σ   c   is determined by the matrix fracture toughness  K   m   and the pre-

existing internal fl aw size  a  0  and distribution. While the energy criterion 

governs the crack propagation mode, the strength-based criterion controls 

the initiation of cracks. Satisfaction of both equations is necessary to achieve 

ECC strain-hardening behavior; otherwise, the composite behaves as a nor-

mal FRC, and results in tension-softening behavior.  

  7.2.3      Conditions for saturated multiple microcracking 

 For ECC materials with pseudo-strain-hardening behavior, high tensile strain 

capacity results from saturated formation of multiple microcracks. Once the 

steady-state cracking criteria are satisfi ed, the number of microcracks that 

(a) (b)

δss

δm (↑)

σ∝ (↓)σ∝ = σss

 7.4      (a) Steady-state cracking with a constant crack opening  δ   ss   

accompanied by a constant ambient load σ  ss  ; (b) Griffi th cracking with a 

widening crack opening  δ   m   accompanied by a descending ambient load. 16   
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can be developed is determined by (i) the maximum fi ber bridging stress 

 σ  0 , which is determined by fi ber/matrix interface properties and fi ber prop-

erties, and (ii) the matrix properties, in particular the pre-existing fl aw-size 

distribution, and the matrix fracture toughness. Considering that ECC is a 

non-homogenous brittle-matrix composite, fi rst-cracking strength is deter-

mined by the largest fl aw size in the section where the fi rst microcrack is 

initiated. Its ultimate tensile strength is determined by the ‘weakest’ section, 

where the fi ber bridging capacity (maximum bridging stress  σ  0 ) is the low-

est among all sections subjected to the same level of stress. Therefore, the 

maximum fi ber bridging stress  σ  0  at the ‘weakest’ section imposes a lower 

bound on critical fl aw size  c   mc  , so that only those fl aws larger than  c   mc   can be 

activated and contribute to multiple cracking. There also exists a minimum 

crack spacing controlled by interface properties, which imposes an upper 

bound for the density of multiple cracking. 

 Matrix imperfections, for example random distribution of pre-existing 

fl aws, is one cause of the variation in crack spacing and tensile strain capac-

ity. Therefore, a large number of fl aws slightly larger than  c   mc   are preferred 

for saturated multiple cracking and high tensile strain capacity. Flaws much 

larger than  c   mc   will lead to a reduction in the net cross-section and fi ber 

bridging stress at the crack section. Fiber dispersion non-uniformity is 

another contributor to the variation in tensile strain capacity and unsatu-

rated multiple cracking. With a fi xed fi ber volume percentage, the maximum 

fi ber bridging stress  σ  0  at the weakest section is determined by the degree of 

fi ber dispersion uniformity in the composite. Fiber dispersion uniformity is 

directly infl uenced by the rheology characteristics of the fresh ECC during 

processing. 24  Ideally, processing of ECC should optimize fi ber dispersion to 

achieve a uniform random distribution state, thereby minimizing the prob-

ability of creating ‘weak’ sections with lower fi ber content. By these means, 

the largest possible tensile strain capacity can be achieved by maximizing 

multiple cracking behavior.   

  7.3     ECC mechanical properties and durability 

 ECC’s high tensile ductility, deformation compatibility with existing con-

crete, and self-controlled microcrack width lead to its superior mechanical 

behavior and durability under various loading and environmental condi-

tions, 25  as summarized below. 

  7.3.1      Tensile behavior 

 The sole method to validate the true ECC tensile strain-hardening behavior 

is through direct uniaxial tension test. This is because some tension-soften-

ing materials can exhibit ‘pseudo-defl ection hardening’ under bending test, 
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depending on the geometry of the specimen. Figure 7.2 shows the typical 

tensile strain-hardening behavior of ECC under uniaxial tension, with ten-

sile strain capacity approximately 3.5%, which is 350 times that of concrete 

and FRC. Such strain-hardening and ductile behavior indicates high frac-

ture energy of the material for damage tolerance. Despite the difference in 

mix design, the ECC tensile stress–strain curve generally follows the same 

pattern containing three stages:

(1) the initial elastic stage, characterized by Young’s modulus; 

 (2) the strain-hardening stage, accompanied by multiple microcracking for-

mation. During this stage, the width of each microcrack slightly increases 

up to a strain level of 0.5% approximately, and then remains nearly con-

stant while the increasing applied strain only increases the number of 

microcracks. This stage is characterized by fi rst-cracking strength (i.e. the 

stress when the fi rst microcrack occurs), ultimate tensile strength (i.e. the 

peak stress before localized fracture occurs), and the strain capacity of 

the material (i.e. the strain corresponding to peak stress). As the uniaxial 

tension test is conducted under displacement control, small load ‘drops’ 

on the curve correspond to the released energy during the formation of 

each microcrack 

 (3) The tension-softening stage, accompanied by the formation of a local-

ized fracture at one of the microcracks and the continuous decrease in 

the ambient load. At this stage, ECC behaves similar to tension-soften-

ing FRC materials.  

  7.3.2      Compressive properties 

 The compressive strength of ECC typically ranges from 30 to 100 MPa, 26  

depending on its mix design. The most commonly studied version of ECC, 

M45, has a 28-day compressive strength of 50–60 MPa. The Young’s modu-

lus of ECC is 20–25 GPa, which is lower than concrete because ECC does 

not contain any coarse aggregates in general in its mix design. This relatively 

low elastic modulus of ECC is desirable for limiting the tensile stress built up 

under restrained shrinkage conditions. 27  The compressive strain capacity of 

ECC at 0.45–0.65% is slightly higher than concrete; the softening branch of 

ECC compressive stress–strain curve is longer, allowing for a more ‘ductile’ 

compressive failure mode with an approximately 45° fi nal fracture plane, in 

contrast with brittle splitting failure mode of concrete or high strength con-

crete (Fig. 7.5). 28      

  7.3.3      Inherent crack width control capacity 

 Concrete cracking is a result of the combined effects of mechanical loading 

and environmental conditions. 29  Concentrated chloride exposure is one of 
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the most severe and aggressive among all possible forms of environmental 

exposure for concrete structures. 30  Serious concrete deterioration is gen-

erally initiated by concrete cracking under restrained shrinkage or stress 

concentration, which leads to accelerated penetration of aggressive agents, 

subsequent corrosion of embedded reinforcing steel, and spalling of con-

crete cover. 31–34  Maximum allowable crack widths are thereby required in 

various codes and specifi cations for the design of reinforced concrete struc-

tures exposed to aggressive chloride environments. The allowable maximum 

crack width ranges from 150 to 300 μm, 35–39  with the most stringent require-

ments specifi ed by JSCE 38  and American Concrete Institute(ACI) 224R. 25  

According to ACI 224R, 29  the maximum crack width at the tensile face of 

reinforced concrete structures is specifi ed as 150 μm for exposure condi-

tions of seawater, seawater spray, wetting, and drying, and 180 μm for deic-

ing chemical exposure. As the microcrack width of ECC formed during its 

strain-hardening stage is intrinsically limited to below 100 μm (Fig. 7.6), 40  

which is independent of structural geometry and applied deformation, steel 

reinforcement is not required to control crack width even for the most strin-

gent allowable crack width requirement.     

(b)(a) 

 7.5      Compressive failure mode of (a) ECC and (b) concrete. 28   

Crack width 20~50 μm

Final failure

2 cm

 7.6      Multiple microcracking patterns in ECC during strain-hardening 

stage. Final failure occurs during the tension-softening stage. 40   
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  7.3.4      Flexural behavior 

 The popular nickname for ECC – ‘bendable concrete’ – results from its duc-

tile fl exural behavior. Under four-point bending, ECC fi rst undergoes an 

elastic stage, followed by a defl ection-hardening behavior accompanied by 

the formation of a number of microcracks on the tensile side of the speci-

men. This allows ECC to undergo a large curvature without fracture failure 

under excessively applied deformation. The defl ection-hardening response 

of ECC refl ects its tensile ductility, and is thus an intrinsic property. This is 

not the case for tension-softening FRC, for which, as beam specimen height 

increases, defl ection hardening becomes more diffi cult to attain. 41  Highly 

deformed ECC coupon and beam specimens are shown in Fig. 7.7. 14      

  7.3.5      Abrasion and wear resistance 

 To evaluate ECC’s abrasion and wear resistance for bridge-deck and road-

way applications, surface friction and wear track testing according to Michigan 
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 7.7      Flexural behavior of ECC 14 : (a) an ECC plate specimen under four-

point bending; (b) an ECC beam specimen under four-point ending; (c) 

bending stress vs displacement relation.  
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Test Method 111 was conducted in conjunction with Michigan Department of 

Transportation (MDOT) 42  using a static friction tester (Fig. 7.  8). These tests were 

conducted on a wet pavement surface with vehicle tires operating at 65 kph 

(40 mph). Initial friction forces between the tire and the ECC surfaces were 

determined. The ECC specimens were then subjected to 4 million tire passes to 

simulate long-term wear. After wearing, friction forces were again determined 

to evaluate deterioration or surface polishing during wearing. These fi nal mea-

sured frictional forces are called the aggregate wear index (AWI). AWI values 

for the textured ECC samples range from 1.6 to 2.3 kN, which are higher than the 

required minimum AWI of 1.2 kN for Michigan trunkline road surfaces. The test 

results show that ECC has good abrasion and wear resistance to heavy traffi c.     

  7.3.6      Freezing and thawing 

 Saturated concrete exposed to freeze–thaw cycles may experience disin-

tegration. Reduced freeze–thaw resistance has also been found in some 

 7.8      Driving surface static friction tester. 42   
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very high early strength concrete mixes, 43  limiting their applications in cold 

regions. Freezing and thawing testing was conducted on non-air-entrained 

ECC and normal concrete prisms 42  over 14 weeks based on ASTM C666A. 44  

After 5 weeks (110 cycles of freezing and thawing), the non-air-entrained 

concrete specimens had severely deteriorated and were therefore removed 

from the test. The non-air-entrained ECC specimens survived 300 cycles 

with no degradation of dynamic modulus (Fig. 7.9). The freeze–thaw dura-

bility factor of ECC was calculated as 100, far larger than 10 for the non-

air-entrained concrete. Additionally, uniaxial tension tests were performed 

on ECC coupons after being exposed to 200 cycles of freezing and thawing, 

and revealed no signifi cant decrease in tensile strain capacity. The freeze–

thaw resistance of non-air-entrained ECC is attributed to its pore structure, 

which is infl uenced by (i) the entrapped air size and distribution during 

processing of the mixture with specifi c viscosity and fi ber content, and (ii) 

the hydration process. The increased toughness (i.e. reduced brittleness) of 

ECC also leads to increased resistance to disintegration.     

  7.3.7      Restrained shrinkage cracking 

 Shrinkage of concrete, when constrained, often causes early-age cracking 

in concrete. The tensile strain capacity of ECC is two orders higher than its 

shrinkage strain. Therefore, ECC can accommodate the restrained shrink-

age deformation to suppress localized cracking. 40,45  Shrinkage ring tests were 

conducted to simulate the shrinkage of a freshly cast ECC layer constrained 
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 7.9      Relative dynamic modulus vs number of freeze–thaw cycles. 42  

Testing in accordance with ASTM C666A. (HES-ECC – high early 

strength engineered cementitious composites.)  
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by a steel ring. In contrast with the localized cracking in the control concrete 

specimens, whose crack width increased as the shrinkage strain increased 

with time, the ECC layer exhibited a number of distributed microcracks with 

crack width under 100 μm. The width of these microcracks did not increase 

the shrinkage strain increased was time; instead, the number of microcracks 

increased. The results indicated that ECC does not require steel reinforce-

ment to control shrinkage cracking. 

 In concrete repairs, shrinkage can induce repair surface cracking and 

repair/old interface delamination. As shrinkage deformation of the repair 

layer is restrained by surrounding concrete that has undergone most of its 

shrinkage, tensile stress can build up in the repair layer and cause surface 

cracking; a combination of tensile and shear stress can build up at the repair/

old interface and lead to interface delamination. Cracking and delamina-

tion are the main causes that initiate numerous durability issues in concrete 

repairs. Li and Li 45  experimentally (Fig. 7.10) and numerically validated 

that the high tensile ductility of ECC repair can accommodate its shrinkage 

deformation by forming multiple microcracks with tight crack width below 

60 μm. By these means, tensile and shear stresses at the repair/substrate 

interface were relieved, so that both repair surface cracking and interface 

delamination were limited to below 70 μm. It was also found that for nor-

mal concrete repair, several localized cracks over 450 μm in width formed in 

the repair layer. For steel FRC repair, several localized cracks formed with 

widths larger than 120 μm. Since the cracks were bridged by steel fi bers and 

could not open traction-free to accommodate the repair layer’s shrinkage 

deformation, the interface delamination became much larger (280 μm) than 

concrete and ECC repairs.     

  7.3.8      Water permeability 

 The transport properties of concrete cover determine the time needed for 

the penetration of water or aggressive agents to reach the steel reinforce-

ments. Transport mechanisms include permeation, diffusion, and capillary 

absorption. Permeability of cracked concrete scales with the third power of 
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 7.10      Layered repair specimen dimensions and potential failure 

modes. 45   
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crack width, 46,47  and a crack with width below 100 μm (50 μm for gas perme-

ability) tends to behave like sound concrete. Wang  et al . 47  and Lepech and 

Li 48  found that microcracked ECC exhibited nearly the same permeability 

as sound concrete, even when loaded to a tensile strain of 1.5% (Fig. 7.11). 

The low water permeability of ECC is due to its tight self-controlled crack 

width, which does not rely on the steel reinforcement ratio and is indepen-

dent of the applied strain level, as long as the strain capacity of the material 

is not surpassed.     

  7.3.9      Chloride diffusion 

 The corrosion of steel in concrete is a major durability concern for rein-

forced and prestressed concrete structures, demanding signifi cant amounts 

of repair and rehabilitation. 49–52  When concrete is cast around steel rein-

forcements, a passivation fi lm forms around the steel bars and protects them 

from corrosion initiation. However, chloride ions, whether airborne or from 

deicing salt or seawater, are often present, especially in coastal areas and 

snow regions where deicing salts are used. Corrosion starts when chloride 

ions pass through the sound or cracked concrete cover, reach the steel, and 

accumulate beyond a threshold concentration level. At this point the nat-

ural protection layer surrounding the steel becomes depassivated, if oxy-

gen and moisture are present in the steel–concrete interface. The oxidation 

products generate expansive forces within the concrete, eventually causing 
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 7.11      Permeability of precracked ECC and reinforced mortar. 48   
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the concrete cover to spall. 53  Moreover, the cross-section of the reinforc-

ing bar or prestressing strand is now diminished, leading to a reduction in 

the load carrying capacity of the concrete member. It is widely recognized 

that corrosion of reinforcing steel has led to the premature deterioration 

of many concrete structures in the United States, especially bridges and 

marine structures, before their design life was reached. Although corrosion 

is not the sole cause of all structural defi ciencies, it is a signifi cant contribu-

tor and has become a major concern. 51,54  

 Corrosion initiation time is governed by the chloride diffusion coeffi -

cient. Chloride diffusion coeffi cients of ECC beam specimens were deter-

mined and compared with control reinforced mortar specimens (without 

coarse aggregates). 55  The specimens were loaded under four-point bending 

to various deformation levels, and then were subjected to salt ponding of 

3% chloride solution according to AASHTO T259–80. 56  The chloride diffu-

sion coeffi cients of unloaded and loaded specimens were determined based 

on the chloride concentration profi le along the depth of the specimen. As 

shown in Fig. 7.12, the chloride diffusion coeffi cients were 6.75 × 10 −12  m 2 /s 

and 10.58 × 10 −12  m 2 /s for unloaded ECC and reinforced mortar, respec-

tively. When the applied bending deformation increased, the chloride dif-

fusion coeffi cients increased with a signifi cantly faster rate for reinforced 

mortar than ECC. This was because the increasing deformation of ECC 

was accompanied by an increasing number of microcracks, while the crack 

width of each microcrack remained hardly changed; in contrast, the increas-

ing deformation of reinforced mortar was accompanied by increasing crack 
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width. It was further revealed that the chloride diffusion coeffi cient of ECC 

increased linearly with the number of cracks, whereas the diffusion coeffi -

cient of reinforced mortar was proportional to the square of the crack width. 

At the same level of applied deformation, the chloride diffusion coeffi cient 

of ECC was far lower than reinforced mortar, indicating a signifi cantly 

longer chloride initiation time.     

  7.3.10      Corrosion resistance 

 In addition to prolonged corrosion initiation time, the high tensile ductility 

of ECC can lead to higher resistance to spalling induced by corrosion, and 

thus further prolonged service life. Şahmaran  et al . (2008) 57  conducted an 

experimental investigation on reinforced (R)/ECC cylinder with a single 

steel rebar embedded and subjected to accelerated corrosion by electro-

chemical method (Fig. 7.13). The corrosion-induced crack width of the mor-

tar specimens increased with time as the steel corrosion progressed. Larger 

crack widths, up to 2 mm wide, were observed in mortar at higher levels of 

corrosion. On the other hand, crack widths of ECC remained nearly con-

stant (~0.1 mm) with time as corrosion activity progressed, while the num-

ber of cracks on the surface of the specimen increased. The results of this 

study showed that ECC has signifi cant anti-spalling capability as compared 

to conventional mortar. If 0.3 mm maximum crack width limit for outdoor 

exposure, as specifi ed by AASHTO (2004), 58  were used to represent the ser-

viceability limit of reinforced concrete structures, the service life of rein-

forced ECC would be at least 15 times that of the reinforced mortar.    

(a) (b)

 7.13      (a) R/ECC specimen after 300 h accelerated corrosion; (b) R/mortar 

specimen after 75 h accelerated corrosion. 57   
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 Reinforcement corrosion in mortar specimens resulted in a marked reduc-

tion in stiffness and fl exural load capacity, as a result of mass loss of steel. 57  

After 25 h of accelerated corrosion exposure, the fl exural strength reduced 

to about 34% of the original fl exural capacity of the control mortar beam. 

In contrast, the ECC specimens after 50 h of accelerated corrosion exposure 

retained almost 100% of the original fl exural capacity. Beyond 50 h, the fl ex-

ural capacity decreased, but retained over 45% that of the original capacity, 

even after 300 h of accelerated corrosion exposure. Longitudinal cracks due 

to expansion of the corrosion products also affected the failure mode of the 

reinforced mortar under four-point bend loading. However, ECC deterio-

ration due to the corrosion of reinforcement did not modify the ductile fail-

ure mode in ECC beams. Overall, the experimental results from this study 

suggest that the propagation period of corrosion could be safely included in 

estimating service life of a structure when concrete is replaced by ECC.  

  7.3.11      Fatigue behavior 

 ECC has greatly improved fatigue response compared with normal concrete 

and FRC. Suthiwarapirak  et al . 59  conducted fl exural fatigue tests on ECC, 

and demonstrated higher ductility and fatigue life compared with polymer 

cement mortars commonly used in repair applications. Furthermore, fatigue 

loading does not seem to increase crack width. Kim  et al . (2004) 60  exper-

imentally validated that after 100 000 cycles of fatigue loading, the crack 

width in the reference concrete link slab specimen increased from 50 μm to 

over 0.6 mm, while the crack width in the ECC link slab remained close to 

50 μm.  

  7.3.12      Refl ective cracking in repairs 

 In bridge-deck overlay repairs, premature refl ective cracking is often the 

ultimate failure mode that limits repair service life. 61–63  Concrete or hot mix 

asphalt (HMA) overlays are primary methods for rehabilitating distressed 

asphalt and Portland cement concrete pavements subjected to moderate 

and heavy traffi c, including highways, bridge decks, and airfi elds. 64  Before 

the more expensive option of removal and re-construction of existing pave-

ments are undertaken, overlays can be used to provide smooth surfaces 

while utilizing the structure of existing concrete pavements. 65,66  Refl ective 

cracking is often the fi rst distress that occurs in overlays. 67  It is character-

ized as new cracks refl ected through the overlay from pre-existing cracks 

or joints in the substrate under repeated traffi c loads. In most cases cracks 

propagate through the new overlay during the fi rst few years of service. 68  

Under severe conditions, a refl ective crack can reach the surface of a 150 mm 

(6 in.) overlay in less than 1 year. 69  Refl ective cracking not only reduces the 
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overlay load carrying capacity and service life, but also provides a path for 

aggressive agents to infi ltrate the pavement or bridge-deck structure and 

cause early deterioration. 70  

 Traditionally, efforts undertaken to reduce refl ective cracking in overlay 

repairs have fallen into three broad categories 71 : (a) concrete slab frac-

turing, which includes rubblization, crack and seat (for plain concrete 

pavement), and break and seat (for reinforced concrete pavement); (b) 

stress-relieving interlayer, which is used between the concrete substrate 

and overlay, and includes paving fabric, modifi ed HMA interlayer, geogrid, 

and other proprietary interlayers; and (c) modifi ed overlay, which includes 

increasing overlay strength, increasing overlay thickness, adding fi ber rein-

forcement, introducing saw and seal joints in HMA overlay, etc. If used 

appropriately, these methods can delay refl ective cracking to a certain 

extent, although they will not fundamentally eliminate the fracture failure 

of the overlay. 

 Refl ective cracking can be suppressed when ECC is used as the repair 

material. 72  A layered repair system (Fig. 7.14) was investigated for resistance 

to refl ective cracking and delamination under four-point monotonic and 

fatigue bending loading. 16,73  This system contained a layer of repair material 

made of high early strength ECC (HES-ECC) or high early strength con-

crete cast on a substrate layer of old concrete with an initial vertical crack 

and interfacial delamination. When subject to monotonic loading, the HES-

ECC layered repair system exhibited 100% increased load carrying capac-

ity, and 5–10 times the deformation capacity of a concrete layered repair 

system. Instead of forming one single crack in the concrete repair layer, 

356 mm
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Overlay Initial unbonded zone
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 7.14      Layered repair system under four-point monotonic/fatigue 

bending. 16   
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the initial interfacial crack would kink into the ECC repair layer, and then 

become trapped there. Upon additional loading, delamination resumed at 

the interface. The unique kink-trap-cracking behavior repeated itself with 

increasing loading till the fl exural strength of HES-ECC was exhausted. In 

this way, repair spalling was successfully suppressed by using HES-ECC. 

Furthermore, when subject to the same level of fatigue loading, the HES-

ECC layered repair system showed signifi cantly longer service life than the 

concrete layered repair system (Fig. 7.15).         

  7.4     ECC application in bridges 

 ECC has been applied in bridge construction in the United States and in 

Japan, including repairs (Sections 7.4.1 and 7.4.2), rehabilitation (Section 

7.4.3), and new construction (Section 7.4.4). 

  7.4.1      ECC patch repair 

 One of the earliest applications of ECC was a small patch repair on a 

bridge deck in the US. 26,42  This application offers signifi cant insights into 

ECC’s long-term durability performance. In collaboration with MDOT, 
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this ECC patch repair was placed on the bridge deck of Curtis Road over 

M-14 in Southern Michigan in October 2002. For this project, one section 

of the deteriorated bridge deck was repaired with ECC, while the remain-

ing portion was repaired with a pre-packaged mixture of Portland cement 

and plaster of Paris, a commercial concrete patching material (Fig. 7.16). 

After placement, the ECC and concrete patching repairs were exposed to 

identical traffi c and environmental loads, thereby allowing for a meaning-

ful comparison of their long-term durability performance. Although the 

bridge has a relatively low average daily traffi c of 3000 vehicles per day, it 

is used frequently by 11-axle trucks heavily loaded with aggregates. Hence, 

mechanical (traffi c) loading on the patch repairs was signifi cant. Potential 

environmental loading on the patch repairs included shrinkage, tempera-

ture change, freezing and thawing, chloride penetration, salt-scaling, and 

steel corrosion.    

 The performance of the ECC and adjacent concrete patch repairs was 

assessed through site visits. Initial visits 2 days after construction showed no 

visible cracking in the ECC patch repair. However, a clearly visible crack, 

about 300 μm wide, appeared in the concrete repair. A possible reason for 

the cracking was restrained shrinkage. After 4-months winter exposure, a 

number of microcracks with width around 50 μm had formed in the ECC 

patch repair. In contrast, the initial crack formed in the concrete repair wid-

ened to 2 mm and was surrounded by deteriorated and spalling concrete. 

In 2005, the concrete repair has severely deteriorated with cracks larger 

than 3.5 mm and had to be re-repaired. In 2007 when the complete bridge 

deck was reconstructed, the last available data point indicates that the ECC 

patch had survived the combined mechanical and environmental loading 

ECC patch

Concrete patch

Original bridge deck

 7.16      ECC patch repair on Curtis Road Bridge, Michigan. 26,42   
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conditions with minor microcracking limited to less than 50 μm. No spalling 

or other deteriorations were found. The monitored crack width develop-

ment is shown in Fig. 7.17. Field performance data revealed that ECC is a 

durable construction material in the harsh environments of Michigan win-

ters in addition to heavy traffi c loads.     

  7.4.2      High early strength ECC patch repair 

 In November 2006, a patch repair made of a special version of ECC, HES-

ECC, was constructed on the Ellsworth Road Bridge over US-23 (S07 of 

81074) in Ann Arbor, Michigan. 16,74  MDOT repair personnel conducted par-

tial depth concrete removal, sandblasted the patch area, replaced damaged 

reinforcement, and completed patch preparation. Before pouring the patch 

materials, water fog was sprayed onto the concrete substrate to enhance 

repair bonding. The average temperature was 55°F (12.8°C) and rela-

tive humidity was 59.5% during this construction. 7 cubic feet (0.20 cubic 

meters) of HES-ECC was mixed using a 12 cubic foot (0.34 cubic meters) 

capacity concrete gas mixer provided by MDOT. The total mixing time was 

approximately 30 min. The fresh HES-ECC exhibited desirable viscosity, 

fi ber distribution, and fl owability. Flowability testing using a slump cone was 

conducted immediately after fi nishing the mixing and before repair place-

ment. With a 25.6 in. (650.2 mm) slump diameter, the HES-ECC achieved 

a self-compacting state. The HES-ECC material was then poured into 
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a wheelbarrow, transported to the patch area, and poured into the patch 

(Fig. 7.18). The self-compacting property of HES-ECC allowed it to easily 

fl ow into the corners of the patch area without any vibration. The surface of 

the HES-ECC patch repair was fi nalized by using a steel trowel, by hand.    

 Mixing of Thoroc 10-60 (a patch repair material frequently used by 

MDOT) was performed using the same mixer. The fresh Thoroc 10-60 was 

barely fl owable, resulting in much more effort and a longer time for con-

struction workers to place and fi nish (Fig. 7.19). The two patch repairs using 

HES-ECC and Thoroc 10–60 are shown side by side in Fig. 7.20. Latex-based 

curing compound was sprayed onto both patches to reduce evaporation and 

shrinkage.    

 The two side-by-side patch repairs on the Ellsworth Road Bridge were 

completed at around 1 p.m. on Tuesday, 28 November 2006, as shown in 

Fig. 7.20. Taking advantage of the rapid strength gain of the materials, traffi c 

reopened the next morning at 9 a.m.    

 The performance of the HES-ECC and adjacent Thoroc 10-60 patch 

repairs has been assessed through a series of 12 site visits. This fi eld per-

formance data for 2 years and 10 months of patch life reveals the prom-

ise of HES-ECC as a durable repair material in the harsh environments of 

Michigan winters (with combined effects of restrained shrinkage, freezing 

 7.18      Placement of self-compacting HES-ECC. 16   
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 7.19      Placement of  Thoroc 10-60. 16   

 7.20      HES-ECC and Thoroc 10-60 patch repairs side by side. 16   
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and thawing, exposure to deicing salts, temperature change, etc.) in addition 

to heavy traffi c loads, in terms of minimized surface cracking and old/new 

interfacial delamination (Figs 7.21 and 7.22).        

  7.4.3      ECC bridge link slab 

 Many highway bridges are composed of multiple span steel or prestressed 

concrete girders simply supported at piers or bents. The girders support 

cast-in-place concrete decks. A mechanical joint is typically used at the 

end of decks to allow deck deformation imposed by temperature vari-

ation, concrete shrinkage, and girder defl ection. The bridge-deck joints 

are expensive to install and maintain. Debris accumulation can often 

cause deterioration of the expansion joints, which subsequently will lead 

to severe damage in the bridge deck and substructure. Thermal expan-

sion caused by a high temperature combined with debris fi lled expansion 

joints can cause cracks or spalls near the expansion joints. Water leakage 

through the joints can cause beam-end corrosion, spalling, and deteriora-

tion of pier caps. 

 A possible approach to address this problem is the replacement of 

expansion joints by a concrete link slab in multi-span bridges. A link 

slab is a section of the deck that connects the two adjacent simple-span 
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girders. A number of concrete link slabs have been constructed in other 

states, including Michigan and Florida, to address the continuing prob-

lem of deteriorating and leaking expansion joints (Fig. 7.23). In general, 

the link slabs are subjected to negative bending under traffi c conditions 

and environmental loads, and tensile cracks may form at the top of the 

link slab.    

 To address these challenges, a high performance and durable link slab 

made of ECC was constructed in Michigan to replace expansion joints for 

multi-span simply supported bridges 75  (Fig. 7.23). The ECC link slabs can 

maintain the simple-span performance of the bridge while accommodating 

mechanical and environmental (i.e. thermal) loads typically accounted for 

by the expansion joints. The ductile link slabs allow for a joint-free bridge 

deck, eliminating leaking problems while creating a smoother riding sur-

face. Notably, the ECC slabs can accommodate large deformation with self-

controlled microcrack width to far below the AASHTO limit, even without 

relying on steel reinforcement. In this way, the ECC link slab eliminates 

the tensile cracking problem at the top of conventional concrete link slabs. 

Furthermore, an integrated life cycle assessment and life cycle cost analysis 

(LCA-LCC) study showed that the bridge system incorporating ECC link 

slab consumed 40% less total primary energy, and 40% less carbon dioxide 

and other greenhouse gases, than the conventional bridge-deck system with 
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expansion joints. 76  Apparently, the long-term durability of ECC link slab 

leads to minimized maintenance and repairs, resulting in the signifi cantly 

reduced economic and environmental impacts.  

  7.4.4      ECC steel composite bridge deck 

 A composite ECC/steel bridge deck was constructed in 2004 for a cable-stayed 

bridge (Mihara Bridge) in Hokkaido, Japan. 77,78  The bridge, opened to traffi c 

in 2005, is 1000 m long with the middle span of 340 m. The full deck area is 

20 000 square meters (Fig. 7.24). The deck comprised a 38 mm thin layer of 

ECC placed on top of steel. This design took advantage of the high durability 

of ECC and its intrinsic crack control capacity, to protect the underlying steel 

from the penetration of moisture and chloride. This led to a super light-weight 

design with a 40% weight reduction, and thus a reduction of initial construc-

tion cost by 50%. With an expected service life of 100 years, the life cycle costs 

associated with maintenance, repair, and rehabilitation are also expected to 

be signifi cantly lower than conventional bridge-deck systems.      

ECC link slab

 7.23      ECC link slab in Michigan to replace bridge expansion joints. 75   
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 7.24      Mihara Bridge in Hokkaido, Japan, courtesy of Dr Tetsu Kanda. 77   
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  7.5     Conclusions 

 ECC, by fundamentally eliminating concrete brittleness, has opened a new 

world of applications in bridge decks and other structures. This chapter 

described the fi eld application of ECC in bridge-deck repairs, link slabs, and 

a new composite deck. The discussion on the properties of ECC under vari-

ous mechanical and environmental loading conditions has provided insights 

on why the ductile behavior of ECC can lead to the durable and sustain-

able (i.e. low environmental impact) performance of ECC repair and new 

construction systems. ECC technology is still evolving, which includes the 

design of different versions of ECC materials, the creation of smart and 

multifunctional ECCs, the understanding of their behavior under combined 

mechanical and environmental conditions, the establishment of reliable 

ECC constitutive models under complex loading, and the development of 

ECC structural design specifi cations and codes for the wide application of 

this material in civil infrastructure.  
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  Abstract : This chapter introduces fi ber-reinforced polymer (FRP) 
applications for cable-stayed bridges with carbon fi ber-reinforced polymer 
(CFRP) stay cables, hybrid stay cables, and/or a CFRP bridge deck. For 
each of these CFRP components, key design parameters and design 
strategies are determined and the appropriate value of each key design 
parameter is suggested. Using the suggested parameter values, six types of 
cable-stayed bridges with a main span length of 1400 m are selected and 
modeled with the fi nite element method, through which the procedures 
of designing composite cable-stayed bridges with CFRP components are 
presented in detail. From a mechanical-behavior viewpoint (static and 
dynamic) a comparative study of composite cable-stayed bridges with 
various CFRP components is performed through numerical simulation. 
The economic aspects of each type of cable-stayed bridge is also 
comparatively studied with respect to material prices. With their high 
strength-to-weight ratio, and other advantages of CFRP materials, it is 
proven in this study that the use of CFRP components in super-long-span 
cable-stayed bridges is feasible, and that these types of composite 
cable-stayed bridges could become excellent alternatives to steel 
cable-stayed bridges where super-long spans are desired . 

  Key words : cable-stayed bridges, CFRP bridge deck, CFRP stay cables, 
design theory, hybrid stay cables. 

    8.1     Introduction 

 Fiber-reinforced polymers (FRPs) materials are increasingly being used in 

engineering bridges with long spans (Meier, 1987; Schurter and Meier, 1996; 

Saadatmanesh and Ehsani, 1998; Rabinovitch and Frostig, 2003; Schilde 

and Seim, 2007). The use of cable-stayed bridges with FRP composite stay 

cables (including hybrid stay cables) and/or FRP composite bridge decks has 

become more popular. With their light weight and superior strength, FRP 

composite materials can be used to improve load-carrying effi ciency and 

to extend the span length of cable-stayed bridges over 1000 m. The excel-

lent durability and corrosion resistant behavior of FRP composite materials 
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make FRP composite cable-stayed bridges suitable in aggressive environ-

ments, such as crossing seawater. These features of FRP materials may make 

them very attractive and appropriate when designing cable-stayed bridges 

with super-long spans (Meier, 1987). Due to strength considerations,  carbon 

fi ber-reinforced polymers (CFRPs) become the best choice of FRP materi-

als, with the widest range of practical applications, which will be discussed in 

the following sections (Noisternig and Jungwirth, 1998; Noisternig, 2000).  

  8.2     Design of carbon fiber-reinforced polymer (CFRP) 
bridge decks 

 A number of commercial CFRP bridge decks are available in the market 

today; however, how to mechanically design a good CFRP bridge deck is 

still an unsolved issue, especially in making the most of the CFRP’s advan-

tages. In this chapter, two design theories of CFRP bridge decks, strength 

criterion design and stiffness criterion design, are proposed in detail. It 

can be concluded that the buckling and local stiffness need to be carefully 

designed when using CFRP materials for bridge decks. 

  8.2.1     Strength criterion design 

 The majority of CFRP bridge-deck systems generally use carbon- reinforcing 

fi bers set in a polyester, epoxy, or vinyl ester resin matrix, resulting in a light-

weight decking system that can be rapidly erected while providing excellent 

long-term durability. Typical CFRP bridge-deck systems consist of two prin-

cipal types:

   pultruded tubes that are bonded together with an adhesive and honey-• 

comb; or  

  sandwich core systems that are laid-up by hand or use vacuum-assisted • 

resin transfer molding techniques.    

 Several examples of CFRP bridge-deck systems are shown in Fig. 8.1. Each 

deck system is usually factory assembled into panels that are sized appro-

priately for shipment to site. The panels can then be erected and bonded 

together  in situ  using high performance adhesives.    

 A number of commercial CFRP bridge decks are already available in the 

market. However, the mechanical design of a good CFRP bridge deck is still 

a matter of debate (Hayes  et al ., 2000; Cai  et al ., 2009). According to ACI 

(2004), the ultimate strength of CFRP materials applied on the bridge deck 

(2700 MPa for tension and 1440 MPa for compression) is much higher than 

that of common steel materials (345 MPa for both tension and compression), 

which is one of the signifi cant advantages of CFRP materials. However, 
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usually this high ultimate strength will not be fully utilized, because the 

bridge deck needs to have a proper safety margin against sudden material 

damage or failure (or controlled by stiffness). Also, there is no early warning 

before sudden material damage or failure, due to the linear elastic behavior 

of CFRP materials and lack of yielding point. For these reasons, an allowable 

fl exural stress of CFRP materials, which is less than the ultimate strength, 

needs to be specifi ed when designing CFRP bridge decks. This allowable 

fl exural stress can be seen as one of the most signifi cant mechanical param-

eters of a CFRP bridge deck, determining the whole mechanical perfor-

mance of the deck during the design process. In view of this, a safety factor 

for a bridge deck was used to calculate the allowable fl exural stress of CFRP 

materials from their ultimate strength. Hereafter, the conditions under which 

the allowable fl exural stress is reached are designated as ‘design conditions,’ 

and the conditions under which the ultimate strength of materials is reached 

are referred to as ‘ultimate conditions’ of materials. 

 A practical and user-friendly approach was used in the present study to 

determine a proper value for the safety factor of CFRP materials applied 

in bridge deck (Xiong  et al ., 2011). Three typical expressions for the safety 

factor are:

    k
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, kL        [8.1]   

 8.1      FRP bridge-deck systems.  

www.EngineeringBooksPDF.com



The use of CFRP composites for cable-stayed bridges   213

 where  k   D  ,  k   L  , and  k   E   = safety factors defi ned by deformation, load-carrying 

capacity, and deformation energy, respectively; 

  D   u  ,  L   u  , and  E   u   = deformation, load-carrying capacity, and deformation 

energy in the ultimate condition of materials, respectively; and 

  D   d  ,  L   d  , and  E   d   = deformation, load-carrying capacity, and deformation 

energy in the design condition of materials, respectively. 

 It should be pointed out that all the different expressions of the safety 

factor ( k   D  ,  k   L  , and  k   E  ) need to be calculated based on the same design and 

ultimate conditions of materials. For steel materials, the allowable fl exural 

stress for bridge structure/component design (design condition) is typically 

set as 0.55 F   y   (where  F   y   is the yield strength, also the theoretical ultimate 

strength of steel materials in design or ultimate condition) to ensure ade-

quate safety against the catastrophic failure of materials. Then, in the given 

design and ultimate conditions of steel materials,  k   D   can be fi rstly set as 4.00 

based on the common ductility ratio in steel structure design (usually 4~6). 

The other safety factors,  k   L   and  k   E  , of steel materials can be easily calcu-

lated as 1.82 and 11.24 respectively, based on the pre-set value of  k   D   (4.00), 

Equation [8.1], and the idealized bilinear relationship of the stress–strain 

curve (Xiong  et al ., 2011). 

 If both deformation and load-carrying capacity are considered, a new 

expression for the safety factor can be established as:
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 where:  k   DL   = safety factor defi ned by both deformation and load-carrying 

capacity;    m  and  n  = weight coeffi cients, both of which are equal to 1.0 

in the present study. For steel materials, typically  k   DL   = 7.28 according to 

Equation [8.2]. 

 As with steel design, the design safety level of CFRP bridge decks can 

also be developed or adjusted using a proper safety factor value. A safety 

level of design similar to steel materials is proposed here for CFRP materi-

als before more appropriate strategies are available. This is the basic idea 

behind the proposed strategy specifying an allowable fl exural stress for 

CFRP materials applied in bridge decks. Assuming one of the four safety 

factors  k   D  ,  k   L  ,  k   E  , and  k   DL   of CFRP materials is identical to that of steel 

materials, the other three values, as shown in Table 8.1, can be determined 

using Equations [8.1] and [8.2]. Due to the linear elastic behavior of CFRP 

materials and lack of yielding point, the calculated  k   D   is the same as  k   L  , and 

 k   E   is the same as  k   DL   for CFRP materials.      
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 As can be seen from case (1) in Table 8.1, if the deformation safety factor of 

CFRP materials is taken to be the same as that of steel materials, i.e.,  k   D   = 4.00, 

the values of the other three safety factors such as  k   L   will be much larger than 

those of steel materials, indicating that the material strength will not be fully 

used. In contrast, if the safety factor of the load-carrying capacity of CFRP 

materials is set at the same level as steel materials, i.e.,  k   L   = 1.82 as in case 

(2), the values of the other three safety factors such as  k   D   will be much lower 

than those of steel materials, indicating insuffi cient ductility and possible cata-

strophic failure of CFRP materials. 

 If  k   E   and  k   DL   are given the same values as those of steel materials, i.e.,

 k   E   = 11.24 in case (3) or  k   DL   = 7.28 in case (4), the other three values for the 

safety factor of CFRP materials will be similar to those of steel materials. In 

other words, the safety level of designing CFRP materials using  k   E   = 11.24 or 

 k   DL   = 7.28 will be similar to that in designing steel materials. Therefore, they 

could be used in practical applications before further information on CFRP 

performance becomes available and design strategies are established. In the 

present study, the safety factor values resulting from  k   DL   = 7.28 in case (4) 

were selected for the design of a CFRP deck in the following study resulting 

in a safety factor for load-carrying capacity  k   L   = 2.7. This   k  L  value of 2.7 is 

similar to the 2.5 used for steel stay cables. As a result, the allowable fl exural 

stress of CFRP deck materials was calculated as 2700/2.70 =1000 MPa for 

tension and 1440/2.70 = 533.33 MPa for compression. 

 It can be clearly seen that the allowable fl exural stress of CFRP materials 

can be set much higher than for steel materials. Therefore, by following the 

 Table 8.1     Safety factor of CFRP materials 

 Safety factor  CFRP  Steel 

 Case (1) 

  k   D   is identical to that of steel 

materials 

  k   D     4.00    4.00  

  k   L     4.00   1.82 

  k   E     16.00   11.24 

  k   DL     16.00   7.28 

 Case (2) 

  k   L   is identical to that of steel 

materials 

  k   D     1.82   4.00 

  k   L     1.82    1.82  

  k   E     3.31   11.24 

  k   DL     3.31   7.28 
 Case (3) 

  k   E   is identical to that of steel 

materials 

  k   D     3.35   4.00 

  k   L     3.35   1.82 

  k   E     11.24    11.24  

  k   DL     11.24   7.28 

 Case (4) 

  k   DL   is identical to that of steel 

materials 

  k   D     2.70   4.00 

  k   L     2.70   1.82 

  k   E     7.28   11.24 

  k   DL     7.28    7.28  
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design procedure of traditional steel bridge decks, the strength requirement 

in designing CFRP bridge decks could be easily satisfi ed.  

  8.2.2     Stiffness criterion design 

 Besides the strength requirement however, the buckling and defl ection 

requirements of CFRP bridge decks, referred to as ‘buckling and local 

stiffness requirement,’ should also be satisfi ed in the design process. Due 

to the lower elastic modulus of CFRP materials, the buckling of a CFRP 

bridge deck could be a critical problem in design. Also, the defl ection 

of a CFRP bridge deck subjected to vehicle loads could be larger than 

that of a steel bridge deck of equal thickness. Excessive defl ection will 

not only accelerate the deterioration of bridge-deck pavement but will 

also affect ride quality and bridge-deck durability. Therefore, greater 

attention needs to be paid to buckling and local stiffness when designing 

CFRP bridge decks. 

 In the present study, to ensure adequate buckling capacity and local 

stiffness of CFRP bridge decks, the stiffness was designed to be equal to 

that of the reference model of traditional steel cable-stayed bridges, since 

there are no corresponding stiffness design guidelines for CFRP bridge 

decks. This practice was based on an assumption that the design for the 

steel bridge deck of traditional cable-stayed bridges completely satisfi es 

the buckling and local stiffness requirements. For a rectangular solid cross-

section of a CFRP bridge deck (or equivalently solid, because hollowed 

sandwich panels are commonly used for CFRP bridge decks), its thickness 

can be easily calculated based on the required local stiffness of the bridge 

deck:

    T
E T

E
h

hTT CFRP
steel steel

CFRP

=
⎛
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⎝⎝

⎞
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 where:  T   h CFRP  and  T   h steel  = thicknesses of the CFRP and steel bridge decks, 

respectively; and    E  CFRP  and  E  steel  = elastic modulus of the CFRP and steel 

materials, respectively. 

 For the buckling stiffness case, the thickness of a CFRP bridge deck can 

also be calculated using the same methodology.   From a construction view-

point, bonding issues between CFRP deck and steel girder are also very 

important. The materials used to reliably bond CFRP deck and steel girder 

could be considered the same as when using CFRP laminates to strengthen 

steel girders. Many related studies have been conducted and reported to 

ensure adequate adhesive capacity between CFRP laminates and steel 
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girders (Sen  et al ., 2001; Matta, 2003; Schnerch  et al ., 2004, 2005; Colombi and 

Poggi, 2006; Rizkalla  et al ., 2008; Zhao, 2008). Zhao and Zhang (2007) also 

gave a state-of-the-art review on the CFRP strengthened steel structures 

including bond test methods, failure modes in a CFRP bonded steel sys-

tem, bond strength, and bond-slip relationships. All the studies proved that 

appropriate bond materials and techniques between the steel and CFRP 

materials do exist (for example, epoxy resin) and can be reliably applied 

to strengthening structures. While it is reasonable to believe that a reliable 

bond between a CFRP deck and a steel girder should also be obtained using 

the same or similar bond materials and techniques as used for strengthening 

structures, the bond issue of CFRP bridge-deck design may deserve further 

research. 

 Based on the analysis above, the buckling and local stiffness needs to be 

carefully considered if using CFRP materials for bridge decks. The strength 

requirement of designing CFRP bridge decks could be easily satisfi ed, and it 

is believed that the connection between CFRP deck and steel girder can be 

also reliably constructed using the same bonding materials and techniques 

used for strengthening engineering.   

  8.3     Design of CFRP stay cables 

 With light weight and superior strength, the applications of CFRP stay 

cables should highly improve the load-carrying effi ciency and extend the 

span length of cable-stayed bridges to over 1000 m. Herein, the key design 

parameter for CFRP stay cables and their appropriate span lengths were 

investigated in order to assure a logical design. A conclusion can be drawn 

that 1400 m could be a good starting point to apply CFRP stay cables in 

cable-stayed bridges if considering an obvious advantage in stiffness. 

  8.3.1     Key design parameter for CFRP stay cables 

 CFRP materials, being stronger and lighter, can be used as new materi-

als for stay cables, improving their load-carrying effi ciency and effectively 

extending the span length of cable-stayed bridges to over 1000 m. Since the 

stiffness, weight, and ultimate strength of a stay cable largely depends on 

its cross-sectional area, in the present study the cross-sectional area of stay 

cables is determined as the key design parameter for CFRP stay cables. A 

stay cable design ensures adequate allowable strength for the stay cables 

if their design forces are given. Therefore, to obtain an appropriate cross-

sectional area, the allowable axial stress of CFRP stay cables should fi rstly 

be determined using the following expression (Xiong  et al ., 2012):
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    f
u

kS
CFRPff CFRP=     [8.4]   

 where:

f  CFRP  = allowable axial stress of the CFRP stay cables (working stress); 

u  CFRP  = ultimate strength (stress) of the CFRP stay cables; and 

k   S   = safety factor. 

 According to Xiong  et al . (2011, 2012), in the present study,  u  CFRP  and  k   S   

were set as 2550 MPa and 2.50, respectively, resulting in:

    fCFRPff MPa= =
2550

2 50
1020      

 Then the appropriate cross-sectional areas of CFRP stay cables can be 

obtained as:

    A
F

fCFRP

CFRPff
=     [8.5]   

 where:

A  CFRP  = cross-sectional area of the CFRP stay cable; and 

F  = unfactored design force of the stay cable. 

 For a given cable force the cross-sectional areas of CFRP stay cables can 

be calculated from the steel stay cables in traditional cable-stayed bridges 

using the equivalent strength criterion:

      A  CFRP   f  CFRP  =  A  steel   f  steel       

 where  A  steel  and  f  steel  are cross-sectional area and allowable axial stress, 

respectively, of steel stay cables used in traditional cable-stayed bridges.  

  8.3.2     Appropriate span lengths of CFRP stay cables 

 As is known, the equivalent stiffness of stay cables determined by cross-

 sectional area is usually seen as the judging criterion in determining appro-

priate span lengths. To better understand the effect of equivalent stiffness on 

the appropriate span lengths of CFRP stay cables, four mechanical param-

eters (equivalent stiffness and three other related parameters, see Table 8.2) 

were theoretically investigated through a parametric study by varying the 

‘cable span lengths’ (horizontally projected length of stay cables) from 50 
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to 25 000 m using analytical models (see Table 8.3). These four mechanical 

parameters enable the equivalent stiffness of stay cables to be comprehen-

sively described, directly or indirectly, and all of them are the key study 

objectives for span length studies in literature (O’Brien and Francis, 1964; 

Ernst, 1965; Irvine, 1981; Ahmadi-Kashani and Bell, 1988; Gimsing, 1997; 

Freire  et al ., 2006). Based on the results of this parametric study the appro-

priate span lengths of CFRP stay cables can be recommended.           

 Figure 8.2a–8.2d shows the performance of CFRP stay cables with regard 

to the investigated mechanical parameters when varying the cable span 

lengths from 0 to 30 000 m. The numbers 0.3, 0.4, and 0.5 in the fi gures 

denote the nominal gradients of stay cables ( k ) for the investigated cable 

models. Firstly, Fig. 8.2a–8.2d shows that the reduction or deterioration of 

mechanical behavior representing the equivalent stiffness of stay cables 

becomes more and more obvious when the cable span length increases from 

0 to 30 000 m. Furthermore, 5000 m could be a signifi cant cable span length 

 Table 8.2     Mechanical parameters and analytical solutions (Ernst, 1965; Gimsing, 

1997) 

 Mechanical parameters  Analytical solutions 

 1. Equivalent stiffness 

 
K E A

E A

EA

eq eq =E A ( ) ( ) +( )⎡⎣⎡⎡ ⎤⎦⎤⎤
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1
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11+ ( 2

2 2ll 1 2+ 1
2

2
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2 2ll 1
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γ σ)(2l 4l σ σ2 σ
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))E
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 3. Cable sag effects 
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σ σσ 2

2 σσ2 ) 2

2

1

4 h qhh l A h a l A

E h l A

0 2l 1 0s a 1

2

2A sh a l1sh a

2 Ech q l

σ2A σ
σq0q l0lγ EchcEchc

( ) ( )⎡⎣⎡⎡ ⎤⎦⎤⎤

( )
 

 4. Self-weight stress 

 σ
γ

g

cl k k l l

k l l
=

+ ( )
( )

k+ k

2k

2 2k+1
2

max

max

 

     Notes :  K  eq  = equivalent stiffness of stay cables;  E  eq  = equivalent elasticity modulus; 

 E  = elasticity modulus;  A  = area of the cross-section of stay cables;  γ   c   =  q  0 / A  = density of 

stay cables;  q  0  = distributed loads (uniform gravity loads) per unit length of stay cables; 

 l  = horizontally projected length of stay cables;  σ  1  and  σ  2  = stress of stay cable in two 

load conditions (usually dead load and dead + live load conditions), respectively;  V   T   = 

vertical component of the cable force in the actual curved cable;  H  = horizontal compo-

nent of the cable force in the actual curved cable;  h  = vertically projected length of stay 

cables;  k  =  h / l ;  l  max  = ultimate horizontally projected length of stay cables;  δ / L   c   = cable 

sag effect;  L   c   = chord length of stay cables;  ch ( ) = the function of hyperbolic cosine; and 

 σ   g   = self-weight stress of stay cables. The detailed derivations of these equations are 

not presented here and can be found in the literature (Ernst, 1965; Gimsing, 1997).    
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after which all the investigated mechanical behaviors deteriorate more rap-

idly and suddenly than before, or already have an unacceptable reduction. 

Indeed, almost a 20% reduction in equivalent stiffness, 18% reduction in 

load-carrying effi ciency, 0.0028 cable sag effects (about 70 m cable sagging), 

and 10% as the ratio of self-weight stress to breaking strength are observed 

at the 5000 m point in Fig. 8.2a–8.2d, respectively. By comparison Fig. 8.3 

demonstrates that steel stay cables (area = 0.00974 m 2 , design stay cable 

force = 5102 kN, elasticity modulus = 200 GPa, density = 7850 kg/m 3 , yield 

strength = 668 MPa, and safety factor = 2.50 (ACI 2004)) show an obvious 

advantage in stiffness before the cable span length reaches 1400 m; however, 

beyond this length CFRP stay cables have the advantage. In other words, 

1400 m could be a suitable starting point for CFRP stay cables in cable-

stayed bridges. Therefore, in the present study, 1400~5000 m was deter-

mined as an appropriate span length of CFRP stay cables from a stiffness 

viewpoint. Additionally, 30 000 m could be considered as the maximum span 

length for pure CFRP stay cables as beyond this span length almost all the 

stiffness has been lost.         

  8.4     Design of CFRP–steel hybrid stay cables 

 Directly replacing steel stay cables with CFRP stay cables could result 

in an increase in displacement under loading, which is actually the main 

obstacle to the development of such bridges with CFRP stay cables. Hybrid 

stay cables using CFRP and steel materials are a novel concept in applying 

CFRP materials to bridge engineering (Xiong  et al ., 2011, 2012). The basic 

idea of this hybrid concept is to create a new structure incorporating the 

advantages of both materials. There are several possible methods to form 

the hybrid stay cables. One of the most straightforward ways is to simul-

taneously install both CFRP stay cables and steel stay cables at the same 

 Table 8.3     Design parameters of analytical models (CFRP stay cables) 

 Design parameters  Values 

 Nominal gradient of stay 

cables ( k  =  h / l ) 

 0.3  0.4  0.5 

 Cable span length (m)  50~30 000  50~30 000  50~30 000 

 Vertically projected length 

of stay cables (m) 

 15~9000  20~12 000  25~15 000 

 Area (m 2 )  0.00638 

 Design stay cable (N)  5.102E + 6 

 Elasticity modulus (N/m 2 )  1.37E + 11 

 Density (kg/m 3 )  1.60E + 03 

 Breaking strength (MPa)  1.02E + 03 

 Safety factor  2.50 
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 8.2      Performance of CFRP stay cables vs cable span lengths. (a) Reduction of equivalent stiffness vs cable 

span lengths; (b) reduction of load-carrying effi ciency vs cable span lengths; (c) cable sag effects vs cable 

span lengths; (d) self-weight stress vs cable span lengths.  
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location as shown in Fig. 8.4. By doing this, CFRP stay cables retain all the 

advantages of CFRP materials, such as their light weight and high strength, 

while steel stay cables increase the axial stiffness and reduce the total cost 

of the materials. The steel and CFRP cables can be installed separately in 

order to control the forces in each cable component.    

 Due to the different roles played by these two materials, the material 

proportion of the hybrid stay cables is expected to be a principal factor 

affecting the behavior and cost of the stay cable. For this reason, in the 

present study, the ratio of the CFRP section area to the entire section 

area,  ρ  =  A  CFRP / A  steel +   CFRP , is determined as the key design parameter for 
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the hybrid stay cables. By adjusting the initial cable forces of both the 

steel and CFRP components, the possible effects of the differential elastic 

modulus of the two materials on the composite strength calculation can 

be resolved. It should be pointed out that the present study only aims at 

the mechanical or economical behavior of the hybrid stay cables without 

considering construction-related details, which will be the topic of a sep-

arate study. 

 The analysis conducted by the authors indicated the following:

   cable span lengths 0~700 m – pure steel stay cables are more appropriate;  

  cable span lengths 1400~5000 m – pure CFRP stay cables are more 

appropriate;  

  cable span lengths 700~1400 m – combined application of steel and CFRP 

stay cables may be more appropriate.    

 As a result, a type of hybrid stay cable system was proposed in the pre-

sent study for cable-stayed bridges with cable span lengths of 700~1400 

m. Through a rational design (see the details later), the hybrid stay cable 

system can be a good alternative to the traditional pure steel stay cables 

or pure CFRP stay cables in this particular span length range. In other 

words, this span length range, i.e., 1400~2800 m for main span lengths of 

cable-stayed bridges, or 700~1400 m for the longest cable span lengths, can 

be regarded as the appropriate application range for the hybrid stay cable 

system. 

  8.4.1     Hybrid stay cable system 

 Also, for this type of hybrid stay cable system, a further increase in the 

equivalent stiffness could be obtained with a reasonable increase in their 

safety factor, i.e., increasing the section area of stay cables. It should be 

noted that this increasing-safety-factor-method may not be the best option 

for either pure steel or pure CFRP stay cables because it could result in 

increased weight or higher cost. When building appropriate connections 

between the steel stay cables and CFRP stay cables during or after con-

struction, the hybrid stay cable can theoretically be regarded as a single 

cable with a composite section. 

 As stated earlier, in the present study, the ratio of the section area of 

CFRP stay cables to the whole cable area, i.e.,  ρ  =  A  CFRP /( A  steel  +  A  CFRP ), was 

determined as the key design parameter for the hybrid stay cable system. It 

is easy to understand that this parameter can directly determine almost all 

the mechanical behaviors of the hybrid stay cables, such as strength, density, 

elastic modulus, and self-weight.  
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  8.4.2      Analytical study for equivalent stiffness of the 
hybrid stay cable system 

 Before the introduction of design strategy (design criteria) an analytical 

study of the equivalent stiffness of the hybrid stay cable system was carried 

out. In the present study the equivalent stiffness of the hybrid stay cable 

system is defi ned as  E  eq  A :

    K E A
EA

E
eq eq =E A ( )⎡⎣⎡⎡ ⎤⎦⎤⎤1+ ( 2 2ll 1

3γ σlc lc l
    [8.6]   

 By assuming that the steel and CFRP stay cables can be pulled separately 

to achieve a desired force level for the hybrid stay cable system, each section 

area can be designed as:

    A
F F

a l
steel

steelFF steelFF

steel steel

= = ( )σ σa ( η
    [8.7]  

    A
F F

a l
CFRP

CFRPFF

C

CFRPFF

CFRP CFRP

= = ( )σ σa ( η
    [8.8]   

 where:  A  steel  and  A  CFRP  = section areas of the steel and CFRP stay cables, 

respectively;  F  steel  and  F  CFRP  = stay cable forces of the steel and CFRP stay 

cables, respectively;  σ   a steel  and  σ   a CFRP  = allowable stresses of the steel and 

CFRP stay cables, respectively;  σ   l steel  and  σ   l CFRP  = limit stresses of the steel 

and CFRP stay cables, respectively; and  η  steel  and  η  CFRP  = safety factors of 

the steel and CFRP stay cables, respectively. 

 The density of the hybrid stay cable system can be written as:

    γ γ γ
c

A Aγ
A A

=
γγ CFRP CFRP

steel CFRP

    [8.9]   

 where  γ  steel  and  γ  CFRP  = densities of the steel and CFRP stay cables, 

respectively. 

 By safely assuming the deformation compatibility between the steel and 

CFRP stay cables after they are installed, the elastic modulus of the hybrid 

stay cable system can be given as:
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    E
E A E A

A A
=

+steel steel steel CFRP

steel CFRP

    [8.10]   

 where  E  steel  and  E  CFRP  = elastic modulus of the steel and CFRP stay cables, 

respectively. 

 Substituting Equations [8.9] and [8.10] into Equation [8.6], the equivalent 

stiffness of the hybrid stay cable system can then be described as:

    

A A
A A

eq eq CFRP steel

CFRP steel

A= Eeq ( )
=

( )
( )A A E Asteel CFRP steel s( ) teeltt CFRP CFRP+

+ ( )
CFRP

)l2 3σ ))1 ( )steel steel CFRP CFRP stee+( )Asteel( A ACFRP )γ(( γ l Cll FRP+
2

    [8.11]   

 With the defi nition of  ρ  =  A  CFRP /( A  steel  +  A  CFRP ), Equation [8.11] can be 

further transformed into:

    

K
A A

l
eq

CFRP steel=
( )

( )( )Esteel ( ) + ( )(E ( 122 3)ECFRP) σ )1
33 ( )steel 1γ −−( ) +) + )2

    

[8.12]

   

 If considering material costs, the ratio of equivalent stiffness to material 

cost of unit cable length can be calculated as:

   

 ξ = ( )
( )( )ρ ρ( )ρ +

( )σ

A A+
ρ− )ρ +

CFRP steel

( ((
( )γ ρ−steel 1(( )ρ +

( )

)

κ γ κ γκκ CFRP κ steel

2

A A+γ κCFRP κκ  

 

  [8.13]   

 where:  ξ  = ratio of equivalent stiffness to the material cost of unit cable 

length;  κ  steel  and  κ  CFRP  = costs of unit mass for the steel and CFRP stay cables 

with the consideration of materials and construction, respectively. 

 By defi ning λ κ κCFRP steel , Equation [8.13] can be further written as:

   

 ξ

σ

= ( )( )ρ ρ( )ρ +

( )( )γ ρ γ ρ−( )ρ +

1

( (
122 3

ρ− )ρ +(
l

( )λκ steelss CFRP steelργ κ ρsteel γ+ κ steel (( )ρ
    [8.14]   
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 If the total cost for designing stay cables (including materials and con-

struction) of unit cable length is defi ned as  ψ , the section area of the hybrid 

stay cable system can be designed as:

    A = ( )+ −( )
ψ

+ )     [8.15]  

      A  CFRP  =  A  ·  ρ     [8.16]   

      A  steel  =  A  (1 −  ρ )    [8.17]    

 Then, substituting Equations [8.16] and [8.17] into Equation [8.12] the 

equivalent stiffness of the hybrid stay cable system under a given (pre-set) 

cost  ψ  (or ‘budget’) can be obtained. 

 For the convenience of discussion the costs per unit cable length of design-

ing pure steel and pure CFRP stay cables with a safety factor of 2.5 are 

denoted as  ψ  steel  and  ψ  CFRP  respectively and are regarded as the basic costs. 

Correspondingly, any other possible costs per unit cable length with other 

safety factors for the hybrid section can be expressed as  αψ  steel  or  α  ψ  CFRP .

    ψ
σ

γ κsteel
steel

steel

γγ steel= ⋅
Fs

a

    [8.18]  

    ψ
σ

γ κCFRP
CFRP

CFRP

γγ CFRP= ⋅
FC

a

    [8.19]  

    αψ α ψ αsteel steel= ×α =, ,α , ,1 2, n     [8.20]  

    αψ α ψ αCFRP CFRP= ×α =, ,α , ,1 2, n     [8.21]   

 where  αψ  steel  and  α  ψ  CFRP  =  α  times  ψ  steel  and  ψ  CFRP  , respectively. 

 All the discussed parameters and expressions that describe the character-

istics of the equivalent stiffness of stay cables will be used in the following 

studies.  

  8.4.3     Design criteria of the hybrid stay cable system 

 With the consideration of equivalent stiffness and cost, three design criteria 

for the proposed hybrid stay cable system are introduced in the following 

sections. Designers can choose one of these criteria in a design process, or 

other design criteria can be similarly developed. 
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  Design criterion 1: Best equivalent stiffness with a given safety factor 

 In this design criterion the best equivalent stiffness of stay cables with a 

given safety factor can be pre-designed by adjusting the area ratio  ρ  dis-

cussed earlier. To better understand the effects of  ρ  on equivalent stiffness, 

the equivalent stiffness of stay cables with different safety factors were the-

oretically investigated through a parametric study. Based on the results of 

this study, a design methodology for the hybrid stay cable system using this 

design criterion was recommended in assisting engineers to perform and 

optimize their designs. 

 To broaden the possible design conditions in the parametric study, four 

analytical models of stay cables with different horizontally projected lengths 

of 400, 700, 1000, and 1300 m respectively, and a constant designed cable gra-

dient of 0.4, were studied mainly using Equations [8.7]–[8.12]. The designed 

cable force was set as 5102 kN and retained as constant in all the models 

for convenience of comparison. Also, to verify the proposed methodology for 

stiffness improvement by increasing the safety factor, eight safety factor values 

were considered (2.5, 3, 3.5, 4, 4.5, 5, 5.5, and 6), although some of these safety 

factors are too high in practice. The other geometric and material properties 

used in the parametric study were kept the same as those applied previously. 

 Figure 8.5a–8.5d plots the equivalent stiffness of stay cables vs area ratio 

(0~1.0) obtained with different safety factors (2.5~6) and cable span lengths 

(400, 700, 1000, and 1300 m) separately. The effects of increasing safety fac-

tors on stiffness improvement are clear from these fi gures. In each fi gure, the 

equivalent stiffness of stay cables at 0.0 and 1.0 area ratios represent the two 

extremes, i.e., pure steel stay cables and pure CFRP stay cables, respectively. 

The results corresponding to the area ratios between 0.0 and 1.0 are calcu-

lated from the hybrid cases. Taking the results with a safety factor of 5 for 

example, the superior range of the hybrid stay cable system following design 

criterion 1 is marked by a dashed line between two circles where the equiva-

lent stiffness is higher than that of stay cables with both pure steel ( ρ  = 0) and 

pure CFRP ( ρ  = 1) materials. By repeatedly doing this, all the superior ranges 

of the hybrid stay cable system (the ranges of area ratio) with regard to dif-

ferent safety factors and cable span lengths can be obtained, and are shown 

in Fig. 8.6 as a design guide.    

 Based on the design guide shown in Fig. 8.6 the hybrid stay cable system 

can be easily designed using design criterion 1 as follows:    

 Step 1: Determining the span lengths of stay cables; • 

 Step 2: Determining the safety factor used in the cable design; • 

 Step 3:  From the design guide shown in Fig. 8.6, the appropriate area • 

ratio range for the hybrid stay cable system (dashed area) can be 

selected based on the cable span length and safety factor used in 
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 8.5      Equivalent stiffness of stay cables with different cable span lengths. (a) Stay cables with cable span length of 400 m; 

(b) stay cables with cable span length of 700 m; (c) stay cables with cable span length of 1000 m; (d) stay cables with cable 

span length of 1300 m.  
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design; furthermore, by using Fig. 8.5, the optimal area ratio cor-

responding to the highest equivalent stiffness can be obtained; 

 Step 4:  If no appropriate area ratio can be found based on the design • 

criterion 1, pure steel stay cables can be selected for short cables 

near the pylon and pure CFRP stay cables for long cables further 

away from the pylon.  

  Design criterion 2: Highest ratio of equivalent stiffness to material cost with 
a given safety factor 

 In this design criterion the highest ratio of equivalent stiffness to material 

cost with a given safety factor can be pre-designed by adjusting the area 

ratio  ρ  with a given price ratio of CFRP stay cables to steel stay cables. 

As with design criterion 1, to better understand the effects of  ρ  on this 

       8.6      Design guide for hybrid stay cable system based on design 

criterion 1. (a) Design guide with safety factor 2.5; (b) design guide with 

safety factor 3; (c) design guide with safety factor 3.5; (d) design guide 

with safety factor 4; (e) design guide with safety factor 4.5; (f) design 

guide with safety factor 5; (g) design guide with safety factor 5.5; 

(h) design guide with safety factor 6.  
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stiffness-to-cost ratio, a series of parametric studies were carried out in 

order to obtain a design methodology using design criterion 2. 

 The analytical models and investigated safety factors for the paramet-

ric study are identical to those used for design criterion 1. However, due 

to the cost factor in this design criterion, different price ratios of the two 

materials used in the hybrid stay cable system are studied to consider 

future cost changes. In this study, present prices of CFRP and steel stay 

cables are assumed as $77.1/kg and $2.9/kg, respectively, resulting in a price 

ratio of 27:1 (Xiong  et al ., 2011, 2012) and more price ratios of CFRP stay 

cables to steel stay cables are also studied, which are 20:1, 15:1, 10:1, 8:1, 

5:1, 2:1, and 1:1. For purposes of brevity, only the results of 700 m (Fig. 8.7) 

and 1000 m (Fig. 8.8) cable span lengths with different price ratios are 

presented here.    

 Figures 8.7a–8.7e and 8.8a–8.8e plot the ratio of equivalent stiffness 

to material cost vs area ratio (0~1.0) obtained with different price ratios 

(27:1~2:1), safety factors (2.5~6), and cable span lengths (only the 700 and 

8.6 Continued
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 8.7      Ratio of stiffness to cost for stay cables with 700 m span length and 

different price ratios. (a) Price ratio = 27:1; (b) price ratio = 10:1; (c) price 

ratio = 8:1; (d) price ratio = 5:1; (e) price ratio = 2:1.  
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1000 m) separately. The results demonstrate the benefi cial effects of increas-

ing safety factors on stiffness improvement. Following the method used in 

design criterion 1, the superior ranges of the hybrid stay cable system (the 

ranges of area ratio) with regard to different price ratios, safety factors, and 

cable span lengths can also be obtained using design criterion 2, which are 

shown in Figs 8.9 (price ratio = 15:1) and 8.10 (price ratio = 10:1) as a design 
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 8.8      Ratio of stiffness to cost for stay cables with 1000 m span length 

and different price ratios. (a) Price ratio = 27:1; (b) price ratio = 10:1; 

(c) price ratio = 8:1; (d) price ratio = 5:1; (e) price ratio = 2:1.  

guide. Again, the results of other price ratios are not shown here, for reasons 

of brevity.    

 Based on the design guide shown in Figs 8.9 and 8.10, and other fi gures 

with more price ratios, the hybrid stay cable system can be easily designed 

using design criterion 2 as follows:       

 Step 1: Determining the span lengths of stay cables; • 

 Step 2:  Checking the recent price ratio of CFRP stay cables to steel stay • 

cables; 
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 Step 3: Determining the safety factor used in the cable design; • 

 Step 4:  From the design guide shown in Figs 8.9, 8.10, and other fi gures • 

with more price ratios, the appropriate area ratio range for the 

hybrid stay cable system (dashed area) can be selected based on 

the recent price ratio, cable span length, and safety factor used in 

design; furthermore, by using Figs 8.7 and 8.8, the optimal area 

ratio corresponding to the highest equivalent stiffness-to-cost 

ratio can be obtained; 
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        8.9      Design guide for hybrid stay cable system based on design criterion 

2 (price ratio = 15:1). (a) Design guide with safety factor 2.5~4; (b) design 

guide with safety factor 4.5; (c) design guide with safety factor 5; (d) 

design guide with safety factor 5.5; (e) design guide with safety factor 6.  
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 8.10      Design guide for hybrid stay cable system based on design 

criterion 2 (price ratio = 10:1). (a) Design guide with safety factor 

2.5~3.5; (b) design guide with safety factor 4; (c) design guide with 

safety factor 4.5; (d) design guide with safety factor 5; (e) design guide 

with safety factor 5.5; (f) design guide with safety factor 6.  

 Step 5:   As with criterion 1, if no appropriate area ratio can be found • 

based on design criterion 2, pure steel stay cables can be selected 

for short cables near the pylon and pure CFRP stay cables for 

long cables further away from the pylon.  
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      8.11      Equivalent stiffness of stay cables with 700 m span length and different price ratios. (a) Price ratio = 27:1; 

(b) price ratio = 20:1; (c) price ratio = 15:1; (d) price ratio = 10:1; (e) price ratio = 5:1; (f) price ratio = 2:1.  
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      8.12      Equivalent stiffness of stay cables with 1000 m span length and different price ratios. (a) Price ratio = 

27:1; (b) price ratio = 20:1; (c) price ratio = 15:1; (d) price ratio = 10:1; (e) price ratio = 5:1; (f) price ratio = 2:1.  
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  Design criterion 3: Best equivalent stiffness under a given cost 

 In this design criterion, the best equivalent stiffness of stay cables under a 

given cost can be pre-designed by adjusting the area ratio  ρ  under a given 

price ratio of CFRP stay cables to steel stay cables. The safety factor value 

used for cables will be automatically determined when the sectional area of 

each stay cable is set using Equations [8.15]–[8.17] as well as satisfying the 

strength requirement. As before, a series of parametric studies were carried 

out in order to obtain a design methodology using design criterion 3. 

 The analytical models and investigated price ratio for the parametric study 

are identical to those used for design criteria 1 and 2. However, in addition 

to the developing price ratio, various given costs ( αψ  steel  and  α  ψ  CFRP , using 

Equations [8.18]–[8.21] to defi ne them) prepared for the hybrid stay cable 

system should also be considered, which are 1 ψ  steel , 2 ψ  steel , 5 ψ  steel , 10 ψ  steel , 

15 ψ  steel , 1 ψ  CFRP , 2 ψ  CFRP , 5 ψ  CFRP , 10 ψ  CFRP , and 15 ψ  CFRP . Once again, only the 

results of 700 m (Fig. 8.11) and 1000 m (Fig. 8.12) cable span lengths with 

different price ratios are presented here.       

 Figures 8.11a–8.11f and 8.12a–8.12f plot the equivalent stiffness of 

stay cables versus area ratio (0~1.0) obtained with different given costs 

(1 ψ  steel ~15 ψ  steel  and 1 ψ  CFRP ~15 ψ  CFRP ), price ratios (27:1~2:1), and cable span 

lengths (only the 700 m and 1000 m). The reason for switching  ψ  steel  to  ψ  CFRP  

for the cases of 5:1 and 2:1 price ratios is that in these cases the cost of build-

ing CFRP stay cables has been similar to or even less than that of steel stay 

cables. As with the previous criteria, the dashed line between two circles in 

each fi gure shows the superior ranges of the hybrid stay cable system with 

cost 5 ψ  steel  or 5 ψ  CFRP . The superior ranges of the hybrid stay cable system (the 

ranges of area ratio) with regard to different costs, price ratios, and cable 

span lengths can also be obtained using design criterion 3, which are shown 

in Figs 8.13 (price ratio = 15:1) and 8.14 (price ratio = 10:1) as a design guide. 

Again, for reasons of brevity, other price ratios are not shown.       

 Based on the design guide shown in Figs 8.13, 8.14, and other fi gures with 

more price ratios, the hybrid stay cable system can be easily designed using 

design criterion 3 as follows: 

 Step 1: Determining the span lengths of stay cables; • 

 Step 2:  Pre-determining the costs (budget) for the cable design including • 

the materials and construction; 

 Step 3:  Checking the recent price ratio of CFRP stay cables to steel stay • 

cables; 

 Step 4:  From the design guide shown in Figs 8.13, 8.14, and other fi gures • 

with more price ratios, the appropriate area ratio for the hybrid 

stay cable system (dashed area) can be selected based on the pre-

determined costs, recent price ratio, and cable span length used 

in design. Furthermore, by using Figs 8.11 and 8.12, the optimal 
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area ratio corresponding to the highest equivalent stiffness can 

be obtained for a given cost; 

 Step 5:   As with criteria 1 and 2, if no appropriate area ratio can be found • 

based on design criterion 3, pure steel stay cables can be selected 

for short cables near the pylon and pure CFRP stay cables for 

long cables away from the pylon.   
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 8.13      Design guide for hybrid stay cable system based on design 

criterion 3 (price ratio =15:1). (a) Design guide with cost 1 ψ  steel ; 

(b) design guide with cost 2 ψ  steel ; (c) design guide with cost 5 ψ  steel ; 

(d) design guide with cost 10 ψ  steel ; (e) design guide with cost 15 ψ  steel .  
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      8.14      Design guide for hybrid stay cable system based on design 

criterion 3 (price ratio =10:1). (a) Design guide with cost 1 ψ  steel ; 

(b) design guide with cost 2 ψ  steel ; (c) design guide with cost 5 ψ  steel ; 

(d) design guide with cost 10 ψ  steel ; (e) design guide with cost 15 ψ  steel .  
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  8.4.4      Cable force distribution of the hybrid 
stay cable system 

 Once the value of area ratio is determined for the hybrid stay cable system, 

the cable force distribution between the steel and CFRP stay cables is the 

next issue. Appropriate cable force distribution affects the stiffness design 

of stay cables (Ernst, 1965; Ahmadi-Kashani and Bell, 1988; Freire, 2006). 

Therefore, this study went on to investigate the effects of cable force distri-

bution (defi ning β = +( )FF ( F���� �FF ����������))��CFRP , herein) on the equivalent stiffness 

of stay cables through a parametric study. 

 From Figs 8.15 and 8.16 and other fi gures with more cable span lengths 

(not shown here for reasons of brevity), the appropriate value of  β  for each 

study case usually ranges from 0.4 to 0.7, where the best equivalent stiffness 

of stay cables can be reached. The variation of the safety factor values has 

little effect on the  β  design. It can also be observed that the  β  value with 
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8.15      Results for hybrid stay cable system with cable span length of 

700 m. (a) Results with area ratio 0.3; (b) results with area ratio 0.5; 

(c) results with area ratio 0.7.  
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 8.16      Results for hybrid stay cable system with cable span length of 1000 m. (a) Results 

with area ratio 0.3; (b) results with area ratio 0.5; (c) results with area ratio 0.7.  
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regard to the equivalent stiffness of stay cables increases with the increase 

of an area ratio. This can be explained in that CFRP stay cables with higher 

area ratio need greater cable force applied to maintain their high equivalent 

stiffness. The fi nal decision as to cable force distribution can only be made 

when the cable stresses also satisfy the strength requirements. In practice, 

a good choice of the  β  value can complement the three design criteria to 

ensure a high equivalent stiffness for the hybrid stay cable system.         

  8.5     Case study: 1400 m cable-stayed bridges 

 From a mechanical-behavior viewpoint (static and dynamic), a comparative 

study of composite cable-stayed bridges with different CFRP components 

was performed through numerical simulations. The economical behavior of 

each type of cable-stayed bridges was also comparatively studied consider-

ing the varying material price. With the high strength-to-weight ratio and 

other advantages of CFRP materials, it was proven that the use of CFRP 

stay cables and CFRP bridge decks in super longspan cable-stayed bridges 

is feasible and these types of composite cable-stayed bridges can become 

an excellent alternative to steel cable-stayed bridges where super longspans 

are desired. 

  8.5.1     Bridge models 

 For a comparative study, six selected cable-stayed bridges are shown in 

Table 8.4 with different combinations of materials. Figure 8.17a shows the 

span arrangement of the six cable-stayed bridge models with two pylons and 

double cable planes. The center and side spans were designed as 1400 and 

636 m, respectively. For the side span, three intermediate piers were used at 

a distance of 100 m in order to increase the in-plane fl exural rigidity of the 

bridge. The full height of the A-shape pylon is 357 m, and 287 m of the pylon 

is above the girder (see Fig. 8.17b). Figure 8.17c shows the cross-section of 

the girder with a width ( B   u  ) of 32.5 m and a depth ( H   w  ) of 4.5 m. The span-

 Table 8.4     Defi nition of the six types of the proposed cable-stayed bridges 

 Type  Girder  Bridge deck  Stay cables  Pylons 

 I  Steel  Steel  Steel  Concrete 

 II  Steel  Steel  Hybrid  Concrete 

 III  Steel  Steel  CFRP  Concrete 

 IV  Steel  CFRP  Steel  Concrete 

 V  Steel  CFRP  Hybrid  Concrete 

 VI  Steel  CFRP  CFRP  Concrete 
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 8.17      1400 m span cable-stayed bridge model (unit: m). (a) Span 

arrangement; (b) pylon; (c) cross-section of girder (A, B, C, and D); (d) 

fi nite element model.  

www.EngineeringBooksPDF.com



The use of CFRP composites for cable-stayed bridges   245

to-width ratio of all the six bridges is 43, larger than the commonly adopted 

minimum value 40 (Leonhardt and Zellner, 1991). The span-to-depth ratio 

is 311, which is also larger than those used for other long span cable-stayed 

bridges, e.g. 285 for the Normandy Bridge (France) and 272 for the Sutong 

Bridge (China). Four typical cross sections (sections A, B, C, and D) with 

different properties (Table 8.5) were used in different locations along the 

span (Fig. 8.17a). The girder is suspended by diagonal stay cables anchored 

to the girder at 12, 16, and 20 m intervals. The cross-sectional areas of stay 

cables used in each bridge type are shown in Fig. 8.18. Using design criterion 

1, a  ρ  value of 0.60 for hybrid stay cables was determined as an appropriate 

value balancing mechanical behavior and cost and was therefore employed 

for the present case studies. The safety factor of hybrid stay cables was 

kept as 2.5, remaining consistent with other bridge types for a convenient 

 Table 8.5     Cross-sectional properties 

 Cross-section   B   u   (m)   H   w   (m)   A  (m 2 )   T   h   (m)   I   y   (m 4 )   I   z   (m 4 )   J  (m 4 ) 

 Types I, II, 

and III 

(Steel 

bridge 

deck) 

 A  32.5  4.5  1.688  0.018  5.861  235.418  20.076 

 B  32.5  4.5  2.016  0.022  7.078  281.029  24.361 

 C  32.5  4.5  2.360  0.026  8.308  332.812  28.793 

 D  32.5  4.5  2.947  0.033  10.433  417.841  36.327 

 Types 

IV, V, 

and VI 

(CFRP 

bridge 

deck * ) 

 A  32.5  4.5  1.560  0.020  5.343  219.586  18.142 

 B  32.5  4.5  1.860  0.024  6.447  262.137  22.024 

 C  32.5  4.5  2.195  0.029  7.630  317.376  26.123 

 D  32.5  4.5  2.712  0.037  9.494  388.970  32.822 

     *  Moment inertia for bending ( I   y   and  I   z  ) and torsion ( J ) of the cross sections of the 

girder with a CFRP bridge deck listed in Table 8.3 were obtained using an equiv-

alent pure steel cross-section.  B  u , width of girder;  H  w , depth of girder;  A , area of 

girder;  T  h , thickness of bridge deck;  I  y  and  I  z , moment inertia for bending along  y  

and  z  directions, respectively; and  J , moment inertia for torsion.    
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 8.18      Cross-sectional areas of stay cables for each bridge type.  
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comparison. It can be seen that a Type I bridge requires the maximum and 

a Type VI the minimum stay cable areas.                 

 There are several commercially produced CFRP stay cables (namely, 

Leadline, manufactured and distributed by Mitsubishi Chemical Company, 

and CFCC, developed by Tokyo Rope Mfg. Co. Ltd) with an elastic mod-

ulus from 130 to 160 GPa (Zhang  et al ., 2001; Grace  et al ., 2002; Jackson 

 et al ., 2005). For the CFRP stay cables (including the CFRP part of the 

hybrid stay cables) in this case study a value of 137 GPa was used for the 

elastic modulus based on a widely-used type of CFCC-brand CFRP stay 

cables (Xiong  et al ., 2011, 2012). For the CFRP bridge deck the elastic 

modulus was set as 135 GPa (Xiong  et al ., 2011). Steel with Chinese grades 

of Q345qD and Q420qD (with yield stress = 345 and 420 MPa; allowable 

stress = 190 and 200 MPa for normal static load, and 280 and 345 MPa for 

wind load, respectively) were used for the girder but the latter could only 

be used locally. C55 and C60 types of concrete (with allowable compres-

sion stress = 17.75 and 19.25 MPa, respectively) were used for the pylons. 

The cable-stayed bridges were designed to carry eight traffi c lanes in two 

directions and the secondary dead load was assumed to be 70 kN/m. The 

design wind velocity  V   d   for the bridge was 74.9 m/s using the assumed 

bridge site information. 

 The fi nite element (FE) models of the six bridges were created using 

ANSYS program, see Fig. 8.17d. The bridge decks, girders, diaphragms, and 

pylons were all modeled using beam elements with certain cross-section 

inputs (in total 4674 elements were used) which have three translational 

degrees of freedom (DOFs) and three rotational DOFs for each node (4659 

nodes were used in total). The stay cables were modeled using spar (truss) 

elements with ten elements for each stay cable and three translational 

DOFs for each node (Freire  et al ., 2006). The nodes of girders located at 

the diaphragms were meshed using structural mass elements with an initial 

input of torsion moments of inertia (the rotary inertia can be assigned in 

each coordinate direction). By doing this, the torsion moments of inertia 

provided by the diaphragms that increase the torsion stiffness of the bridge 

girder can be independently added to the girders of the beam elements. For 

each model the girder and pylons at the girder–pylon connections are free 

to move longitudinally.  

  8.5.2     Mechanical behavior and a comparative study 

 To compare the use of different combinations of CFRP and steel materials, 

the results of all six bridges for one specifi c parameter are discussed. The 

Type I bridge using only traditional steel and concrete materials is treated as 

a reference model in the following comparative study. 
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 The reasonable dead load conditions for the six bridges (Types I–VI) 

as shown in Fig. 8.19a and 8.19b were obtained using the proposed design 

strategies, analytical procedures, and fi nite element models. As expected, 

the bending moments of girders (half span) (Fig. 8.19a) and the stresses 

of pylons (Fig. 8.19b) in the reasonable dead load conditions are within an 

appropriate range as predicted on the basis of practical engineering expe-

rience (Gimsing, 1997; Nagai  et al ., 2004). The bending moments of girders 

with a CFRP bridge deck i.e. Types IV, V, and VI, are slightly lower than those 

with a steel bridge deck i.e. Types I, II, and III. It is noted that the peaks of 

moments at the locations of piers shown in Fig. 8.19a can be greatly reduced 

in the construction process if necessary. Based on the results, it can be con-

cluded that following the introduced analytical procedure the reasonable 
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dead load conditions of the cable-stayed bridges with CFRP components 

i.e. Types II to VI bridges can be designed to be quite similar to those of the 

reference Type I bridge.       

 The reasonable stay cable forces are shown in Plate VIII (in the color 

section between pages 172 and 173) (half span). As expected, due to the 

light self-weight of CFRP bridge decks, the reasonable stay cable forces 

of Types IV, V, and VI bridges are much smaller than those of Types I, II, 

and III. Therefore, using CFRP bridge decks can signifi cantly decrease the 

amount of material used for stay cables, further reducing the self-weight 

of bridges and reducing the necessary foundations. However, only negli-

gible differences in the reasonable stay cable forces are found if the stay 

cable materials are changed from steel to CFRP materials (Types I vs III 

and IV vs VI). 

 Figure 8.20a–8.20f show the structural performance of several com-

ponents of interest under a moving HS20 truck (AASHTO, 2004) vs the 

vehicle location of the rear axle along the bridge span. It can be seen from 

Fig. 8.20a that the vertical displacements at the mid span of the bridges 

with a CFRP bridge deck i.e. Types IV, V, and VI, are clearly larger than 

those of the bridges with a steel bridge deck i.e. Types I, II, and III, which 

indicates a decrease in global stiffness by using CFRP bridge decks. This 

decrease is mainly due to the lower elastic modulus of CFRP materials and 

lower stay cable forces and stiffness. Furthermore, among all the cases using 

CFRP bridge decks, the vertical displacement at the mid span of the Type 

VI bridge with CFRP stay cables is larger than that of the Type V bridge 

with hybrid stay cables. Both are larger than that of the Type IV bridge with 

steel stay cables. This indicates that both CFRP bridge decks and CFRP stay 

cables tend to reduce the global stiffness of bridges, although the decrease 

is insignifi cant and acceptable in engineering practice. This conclusion can 

also be supported by the results of horizontal displacements at the top of 

the pylons and bending moments at their bottom, as shown in Fig. 8.20b 

and 8.20c respectively, since both have a direct correlation with the vertical 

displacements at the mid span. 

 Figure 8.20d shows that the bending moments at mid span are very close 

to each other, which means that the low global stiffness of the bridge due 

to CFRP components has only marginal effect on the bending moments 

of the girders. Figure 8.20e and 8.20f show an insignifi cant effect of CFRP 

components on the stay cable force variations under the moving truck load-

ing. Cable No. 1 is the longest cable in the side span and No. 76 is the longest 

one in the center span. 

 The cases using heavier or more trucks show similar results. It should 

be noted that all these results are only for bridges of 1400 m span length. 

With the extension of bridge span lengths, the equivalent elasticity mod-

ulus of steel stay cables will be greatly reduced in contrast to that of the 
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lighter CFRP stay cables. Therefore it can be predicted that the global stiff-

ness of bridges with hybrid and CFRP stay cables may eventually be higher 

than those with steel stay cables. A study in this regard is ongoing by the 

authors. 

 The natural frequencies and mode shapes of the six bridges are presented 

in Table 8.6 and several signifi cant conclusions can be drawn. The reason for 

including 16 modes for each case is to include a torsion mode shape. By gen-

erally comparing the results of Types I, II, and III bridges with Types IV, V, 

and VI it is clear that CFRP bridge decks can result in a signifi cant increase 

in natural frequency.      

 The natural frequencies of the vertical bending modes of the bridges with 

hybrid and CFRP stay cables i.e. Types II and III are slightly lower than 

those of the bridge with steel stay cables i.e. Type I. This is mainly due to 

the lower equivalent elasticity modulus of hybrid and CFRP stay cables, 

which can decrease the supporting stiffness to the girder by the stay cables. 

The opposite conclusion could be reached if considering the various effects 

of stay cable materials on bridge stiffness when the bridge span is extended 

beyond 1400 m. 

 On the other hand, the natural frequencies of the lateral bending modes 

of Types II and III bridges are higher than those of Type I. Since the con-

tribution of stay cables to the lateral stiffness of the girders is small, the 

light weight of CFRP materials may be the main reason for the higher fre-

quencies. In addition, the natural frequencies of torsion modes in Types II 

and III bridges are higher than those in Type I, due to the light weight of 

CFRP materials. The same conclusions can also be obtained for the cases 

of CFRP bridge decks shown at the bottom part of Table 8.6 (Types IV, V, 

and VI). 

 Using the natural frequencies of torsion and vertical bending modes in 

Table 8.6, the critical wind speed due to a fl utter phenomenon ( V  cr ) for each 

bridge type was calculated and shown in Table 8.7. It can clearly be seen that 

all the  V  cr  are higher than the design wind velocity  V   d  , i.e., 74.9 m/s. By com-

paring these values, high natural frequencies of torsion modes can increase 

the  V  cr  value; however, a decrease of  V  cr  can also be observed when using 

light CFRP bridge decks, due to the lower  μ  values. Referring to  V  cr  = 51 m/s 

(bridge over the Dala, Switzerland) and  V  cr  = 111 m/s (bridge at Diepoldsau, 

Switzerland) (Walther  et al ., 1999) all the  V  cr  of the six bridges are accept-

able in most fi eld applications, although the bridges with a CFRP bridge 

deck could have slightly lower  V  cr  than those using steel bridge decks. When 

necessary, the critical wind velocity of bridges with a CFRP deck can be 

enhanced with many other countermeasures, such as streamlining the deck 

shape, though it is beyond the scope of the present study.      

 Again, the safety factor of the hybrid stay cables remained as 2.5, consistent 

with other types of bridges to provide a convenient comparison. Actually, as 
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 Table 8.6     Natural   frequencies and mode shapes of each bridge type 

 Order 

of mode  

 Type I  Type II  Type III 

 Freq. 

(Hz) 

 Mode shape  Freq. 

(Hz) 

 Mode shape  Freq. 

(Hz) 

 Mode shape 

 1  0.0523  1st sym.

L (girder) 

 0.0533  1st sym. 

L (girder) 

 0.0537  1st sym. L 

(girder) 

 2  0.0638  LM (girder) and 

LB (pylon) 

 0.0650  LM (girder) 

and LB (pylon) 

 0.0655  LM 

(girder) 

and LB 

(pylon) 

 3  0.1239  1st anti. L 

(girder) 

 0.1250  1st anti. L 

(girder) 

 0.1255  1st anti. L 

(girder) 

 4  0.1722  sym. L (pylon)  0.1735  sym. L (pylon)  0.1742  sym. L 

(pylon) 

 5  0.1723  anti. L (pylon)  0.1737  anti. L (pylon)  0.1743  anti. L 

(pylon) 

 6  0.1986  1st sym. V 

(girder) 

 0.1852  1st sym. V 

(girder) 

 0.1771  1st sym. V 

(girder) 

 7  0.2312  2nd sym. L 

(girder) 

 0.2266  1st anti. V 

(girder) 

 0.2160  1st anti. V 

(girder) 

 8  0.2447  1st anti. V 

(girder) 

 0.2353  2nd sym. L 

(girder) 

 0.2373  2nd sym. L 

(girder) 

 9  0.3098  2nd sym. V 

(girder) 

 0.2962  2nd sym. V 

(girder) 

 0.2868  2nd sym. V 

(girder) 

 10  0.3568  2nd anti. V 

(girder) 

 0.3457  2nd anti. V 

(girder) 

 0.3373  2nd anti. V 

(girder) 

 11  0.3852  2nd anti. L 

(girder) 

 0.3824  3rd sym. V 

(girder) 

 0.3697  3rd sym. V 

(girder) 

 12  0.4041  3rd sym. V 

(girder) 

 0.3906  2nd anti. L 

(girder) 

 0.3933  2nd anti. L 

(girder) 

 13  0.4624  3rd anti. V 

(girder) 

 0.4372  3rd anti. V 

(girder) 

 0.4228  3rd anti. V 

(girder) 

 14  0.4626  sym. T (girder) 

and L (pylon) 

 0.4694  sym. T (girder) 

and L (pylon) 

 0.4530  4th sym. V 

(girder) 

 15  0.4635  anti. T (girder) 

and L (pylon) 

 0.4703  anti. T (girder) 

and L (pylon) 

 0.4727  sym. T 

(girder) 

and L 

(pylon) 

 16  0.5029  4th sym. V 

(girder) 

 0.4713  4th sym. V 

(girder) 

 0.4737  anti. T 

(girder) 

and L 

(pylon) 

discussed earlier, increasing the safety factor could be a good way to enhance 

the mechanical performance of the hybrid stay cables. Therefore, according to 

this comparative study, cable-stayed bridges with hybrid stay cables (Types II 

and IV) could potentially have better mechanical performances by increasing 

the safety factor under different design criteria.  

    Notes : L, lateral bending; V, vertical bending; T, torsion; LM, longitudinal moving; LB, 

longitudinal bending; sym., symmetric; anti., antisymmetric.   
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 Order 

of 

mode 

 Type IV  Type V  Type VI 

 Freq. 

(Hz) 

 Mode shape  Freq. 

(Hz) 

 Mode shape  Freq. 

(Hz) 

 Mode 

shape 

 1  0.0595  1st sym. L 

(girder) 

 0.0608  1st sym. L 

(girder) 

 0.0615  1st sym. L 

(girder) 

 2  0.0704  LM (girder) and 

LB (pylon) 

 0.0717  LM (girder) and 

LB (pylon) 

 0.0722  LM 

(girder) 

and LB 

(pylon) 

 3  0.1445  1st anti. L 

(girder) 

 0.1461  1st anti. L 

(girder) 

 0.1468  1st anti. L 

(girder) 

 4  0.1735  sym. L (pylon)  0.1746  sym. L (pylon)  0.1751  sym. L 

(pylon) 

 5  0.1737  anti. L (pylon)  0.1747  anti. L (pylon)  0.1752  anti. L 

(pylon) 

 6  0.2026  1st sym. V 

(girder) 

 0.1892  1st sym. V 

(girder) 

 0.1812  1st sym. V 

(girder) 

 7  0.2582  1st anti. V 

(girder) 

 0.2393  1st anti. V 

(girder) 

 0.2282  1st anti. V 

(girder) 

 8  0.2698  2nd sym. L 

(girder) 

 0.2750  2nd sym. L 

(girder) 

 0.2776  2nd sym. L 

(girder) 

 9  0.3230  2nd sym. V 

(girder) 

 0.3102  2nd sym. V 

(girder) 

 0.3012  2nd sym. V 

(girder) 

 10  0.3749  2nd anti. V 

(girder) 

 0.3665  2nd anti. V 

(girder) 

 0.3596  2nd anti. V 

(girder) 

 11  0.4255  3rd sym. V 

(girder) 

 0.4025  3rd sym. V 

(girder) 

 0.3889  3rd sym. V 

(girder) 

 12  0.4485  2nd anti. L 

(girder) 

 0.4560  2nd anti. L 

(girder) 

 0.4446  3rd anti. V 

(girder) 

 13  0.4672  sym. T (girder) 

and L (pylon) 

 0.4595  3rd anti. V 

(girder) 

 0.4596  2nd anti. L 

(girder) 

 14  0.4682  anti. T (girder) 

and L (pylon) 

 0.4727  sym. T (girder) 

and L (pylon) 

 0.4753  sym. T 

(girder) 

and L 

(pylon) 

 15  0.4861  3rd anti. V 

(girder) 

 0.4733  anti. T (girder) 

and L (pylon) 

 0.4759  anti. T 

(girder) 

and L 

(pylon) 

 16  0.5109  sym. L (pylon)  0.5017  4th sym. V (girder)  0.4830  4th sym. V 

(girder) 

 

  8.5.3     Economic aspects and a comparative study 

 In addition to the mechanical behavior, economic aspects (material and con-

struction cost) also need to be studied to examine the feasibility of a new 

cable-stayed bridge type using CFRP components. Using the six selected 

cable-stayed bridges, the cost for the stay cables and bridge girder and deck 
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can be directly calculated from the previous design. However, the cost of the 

substructure (including pylons) needs to be estimated following the discus-

sions below. 

  Analytical model for cost study of substructures 

 In this section, the pylon component is simplifi ed as a column under an axial com-

pression load, as shown in Fig. 8.21. Some assumptions need to be followed:
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 8.21      Calculation sketch for pylons. (a) Material amount (weight) of 

anchorage zone; (b) material amount (weight) of no-anchorage zone.  

 Table 8.7     Critical wind speed due to fl utter phenomenon 

    η   s     η   α     f   T     f   B     ε    r  (m)   m  

(kg/m) 

  b  (m)   μ    ω   B     V  cr  

(m/s) 

 Type I  0.9  0.7  0.4626  0.1986  2.3293  11.8096  26588  16.25  24.6539  1.2478  96.7 

 Type II  0.9  0.7  0.4694  0.1852  2.5346  11.8096  26588  16.25  24.6539  1.1636  99.0 

 Type III  0.9  0.7  0.4727  0.1771  2.6691  11.8096  26588  16.25  24.6539  1.1128  100.1 

 Type IV  0.9  0.7  0.4672  0.2026  2.3060  11.8651  20511  16.25  19.0190  1.2730  87.5 

 Type V  0.9  0.7  0.4727  0.1892  2.4984  11.8651  20511  16.25  19.0190  1.1888  89.1 

 Type VI  0.9  0.7  0.4753  0.1812  2.6231  11.8651  20511  16.25  19.0190  1.1385  90.0 

    η s  =  V  c (0°)/ V  co , correction coeffi cient of cross-section shape; η α  =  V  c (α)/ V  c (0°), correc-

tion coeffi cient of an angle of incidence σ;  V  co      = theoretical critical wind speed of 

fl at plate due to fl utter phenomenon  f  T  and  f  B  = natural frequencies of torsion mode 

and vertical bending mode, respectively; ω T  and ω B  = natural circular frequencies 

of torsion mode and vertical bending mode, respectively; ε = ω T /ω B  =  f  T / f  B , ratio of 

natural frequency of torsion mode to that of vertical bending mode;  r  =  radius of 

gyration;  m  = mass per unit length of girder;  b  = half width of deck;  ρ  = density of 

air (1.3 kg/m 3 );  μ  = πρb 2 ; and V cr  = critical wind speed due to fl utter phenomenon.    
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   (a) cross-sectional area of the pylon in the anchorage zone is varied linearly, 

based on the varying compression loads ( A   t 1  = cross-sectional area at the 

top pylon; and  A   t 2  = cross-sectional area at the bottom of the anchorage 

zone in the pylon);  

  (b) a no-anchorage zone is seen as a column under a constant axial com-

pression load.       

  I. Material amount (weight) of anchorage zone in the pylon  Q  t1   

    Q A A ht t t tA bAt t 2

1

2
+A 1At(( )γ        [8.22]   

 where:

γ   t   = density of pylon materials; and 

h   b   = height of anchorage zone in pylon. 

 The axial compression loads at the top pylon,  N   t 1 , can be calculated as:

    N Ht1 H ( )tanα β)t+ an        [8.23]   

 where:

H  = horizontal component of the fi rst stay cable forces, assuming the one on 

the left side equal to the right side (in Fig. 8.21a); and 

α  and  β  = incline angle of stay cables on the left and right side of the pylon, 

respectively. 

 Then the cross-sectional area at the top pylon can be obtained as:

    A
N H

t
t

t t
1

1= =
( )

σ
α β)
σ

tanα +
       [8.24]   

 where: 

σ   t   = allowable compressive stress of the pylon materials. 

 Other parameters can be found in Fig. 8.21a. 

 The axial compression loads at the bottom of the anchorage zone in the 

pylon,  N   t 2 , can also be calculated using the equilibrium equations shown 

below:

    N N w p
l l

Q Q Qt t
s ml l

s mQ QQ Q t1NtN 1
2

=N 1N +( )⎛
⎝
⎛⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞⎞
⎠⎠
⎞⎞⎞⎞ + QQ +        [8.25]  

    Q h
N N

t t b
t

t

t

t

1 2Nt 2+t1hb

⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

γ
σ σt

       [8.26]   
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 where: 

w  and  p  = uniform gravity loads and distributed live loads per unit length of 

the girder, respectively; 

  l   s   and  l   m   = side span and main span length of the cable-stay bridge, respectively; 

 Q   s   and  Q   m   = self-weight of stay cables in the side span and main span of the 

cable-stay bridge, respectively (corresponding to one pylon); and 

  Q   t 1  = self-weight of the pylon in the anchorage zone. 

 Then, Equations [8.25] and [8.26] give:

    N
w p l l Q Q h N

h
Nt

s ml l s mQ QQ Q t

t
t2 1

2

1 2h
=

+( )( ) + QQ + ( )
( )( ) +

σNt1γ ht bh (
γ σt bh 2ht bh(

       [8.27]   

 Substituting Equations [8.23] and [8.27] into Equation [8.26], the material 

amount of an anchorage zone in the pylon,  Q   t 1 , can be fi nally estimated.  

  II. Material amount (weight) of no-anchorage zone in the pylon  Q   t 2  

 Figure 8.21b apparently gives:

    

N N Nt t
t

t
tdNtdN

γ
σ

ξd( )ξξ ( )ξξ ( )ξξ + ( )ξξ
    [8.28]   

 where: 

N   t  ( ξ ) = axial compression loads in the pylon; and 

  ξ  =  section distance from where  N   t 2  applies. 

 Therefore,

    

dN Nt
t

t
t

γ
σ

ξd( )ξξ = ( )ξξ
    [8.29]   

 The differential equation of  N   t  ( ξ ) is then calculated as:

    

N ct
t

t

γ
σ

ξ( )ξξ ⎛
⎝⎜
⎛⎛
⎝⎝

⎞ξ
⎠⎟
⎞⎞
⎠⎠1 exp

       [8.30]   

 where  c  1  = any arbitrary constant. 

 Substituting the boundary conditions that  ξ  = 0 and  N   t  (0) =  N   t 2  into 

Equation [8.30], the variable axial force  N   t  ( ξ ) can be solved:

    

N Nt tN t

t

γ
σ

ξ( )ξξ ⎛
⎝⎜
⎛⎛
⎝⎝

⎞ξ
⎠⎟
⎞⎞
⎠⎠2 exp

       [8.31]   
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 Then the material amount of a none-anchorage zone in the pylon,  Q   t 2 , can 

be easily calculated:

Q N N N h h h N N h h ht t t t bh t tN t

t
t bh2 3NtN 2Nth ht bhtN 2 1−N 3N hhNNtN −(( ) =N 2N + h( )⎡

⎣
⎢
⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
−

⎧
⎨
⎧⎧

⎩
⎨⎨ p

γ
σ

⎫⎫
⎬
⎫⎫⎫⎫

⎭
⎬⎬

   [8.32]   

 where  N   t 3  = axial compression loads at the bottom of the pylon.  

III. Cost for one pylon  

 Based on the values of  Q   t 1  and  Q   t 2 , the cost for one pylon can be expressed as:

    C Q Q Qp tQ t×QtQ Q( ) × μQtQ tQQμt = ( ) ×Qt        [8.33]   

 where: 

Q   t   = material amount of one pylon; and 

μ   t   = cost (price) per unit weight.  

IV. Cost for foundation structures  

 Based on Equation [8.31] the reaction force at the location of one pylon can 

be calculated as:

    N N h h ht
t

t
t bh3 2NtN ⋅N 2N +ht( )⎡

⎣
⎢
⎡⎡

⎣⎣

⎤

⎦
⎥
⎤⎤

⎦⎦
exp

γ
σ

       [8.34]   

 All the reaction force of the half bridge structure,  W , is:

    W w p
l l

Q Q Qs ml l
s mQ QQ Q t+w(( )⎛

⎝
⎛⎛⎛
⎝⎝
⎛⎛⎛⎛ ⎞

⎠
⎞⎞⎞
⎠⎠
⎞⎞⎞⎞ + QQ +

2
       [8.35]   

 The reaction force taken by the side and abutment piers in the half span, 

N   b  , is:

    N W Nb tW N−WW 3        [8.36]   

 Then, the material amount of foundation structures at the location of 

pylon and piers of the fi rst half span bridge can be written as:

    Q k Nj jQ k t 3        [8.37]  

    Q k Nb bk b        [8.38]   
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 where:

 Q   j   and  Q   b   = material amount (weight) of the foundation structures at the 

location of pylon and piers of the fi rst half span bridge, respectively; and 

  k   j   and  k   b   = weight coeffi cients for the pylon and piers respectively, both of 

which are equal to 4.0 based on the Chinese code for budget estimate of 

bridge engineering in the present study, or are determined by the design-

ers’ experiences (JTG B06–2007, 2007). 

 Based on the values of  Q   j   and  Q   b  , the cost for the foundation structures in 

the half span can be obtained as:

    C Q Qf jQ j b+QjQ μQμ j bQ+j        [8.39]   

 where  μ   j   and  μ   b   = cost (price) per unit weight for the pylon and piers, 

respectively.  

   V. Cost for substructures  

 Finally, the substructure cost (including pylons) for the whole bridge struc-

ture can be calculated using the expression below:

    C Q Q Q Qt t j j bQ bsub +( ) +Q j⎡⎣ ⎤⎦⎤⎤1 2QtQ+ μ μt jQQjQ μ     [8.40]     

  Discussion of economic aspects of each bridge type 

 For the purposes of comparison, the current cost of each main component in 

the six selected bridge cases is assumed in Table 8.8 (JTG B06–2007, 2007).      

 Based on Equations [8.22]–[8.40], costs listed in Table 8.8, and design 

parameters already obtained from bridge models, the overall costs 

required for the six cable-stayed bridges using CFRP components can 

be directly calculated and are shown in Table 8.9. The area ratio of the 

hybrid stay cables (Type II and Type V) is 0.6 based on the results in 

Section 8.4.3.      

 Table 8.8     Current cost for each main component 

 Components  Cost  Components  Cost 

 Steel stay cables  $3.0/kg  Steel girder  $3.3/kg 

 CFRP stay cable  $80.0/kg  Concrete pylon  $0.3/kg 

 Steel bridge deck  $3.3/kg  Foundation  $0.2/kg 

 CFRP bridge deck  $85.0/kg  Piers  $0.2/kg 
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 Table 8.9     Costs for the six types of cable-stayed bridges 

 Components/bridge types  Type I  Type II  Type III  Type IV  Type V  Type VI 

 Superstructure 

(Million $) 

 Steel stay cables  75.20  26.39  –  54.89  19.79  – 

 CFRP stay cables  –  145.21  220.22  –  108.9  162.97 

 Total for cables 

(percentage of 

total) 

 75.19 

 (11.5%) 

 171.60 

 (24.1%) 

 220.23 

 (31.6%) 

 54.89 

 (6.6%) 

 128.71 

 (14.6%) 

 162.97 

 (18.8%) 

 Girder and deck 

(percentage of 

total) 

 234.58 

 (35.9%) 

 234.58 

 (33.0%) 

 234.58 

 (33.6%) 

 524.84 

 (63.2%) 

 524.84 

 (59.5%) 

 524.84 

 (60.5%) 

 Subtotal (percentage 

of total) 

 309.77 

 (47.4%) 

 406.19 

 (57.1%) 

 454.80 

 (65.2%) 

 579.73 

 (69.8%) 

 653.54 

 (74.1%) 

 687.81 

 (79.3%) 

 Pylon (Million $) (percentage of total)  74.41 

 (11.4%) 

 66.16 

 (9.3%) 

 52.60 

 (7.5%) 

 54.32 

 (6.5%) 

 49.62 

 (5.6%) 

 38.92 

 (4.5%) 

 Pier (Million $) (percentage of total)  268.84 

 (41.2%) 

 239.05 

 (33.6%) 

 190.02 

 (27.2%) 

 196.26 

 (23.6%) 

 179.29 

 (20.3%) 

 140.61 

 (16.2%) 

 Total cost (Million $)  653.02  711.40  697.42  830.30  882.45  867.34 

 Total cost per span length (Million $/m)  0.3207  0.3494  0.3425  0.4078  0.4334  0.426 
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 According to Table 8.9, the cost of both CFRP stay cables and bridge 

deck is still higher than that of steel design even though their light self-

weight can signifi cantly reduce the cost of the substructures. The designs 

using hybrid stay cables (Types II and V) are a little more expensive 

than others using pure steel or CFRP materials as stay cables. It can be 

concluded that the cable-stayed bridges using CFRP materials do not 

refl ect any initial cost benefi t from the current price of CFRP materials. 

However, CFRP materials may have life-cycle cost benefi ts that are not 

discussed here. 

 Also when it comes to costs, the factor of varying price for each material 

needs to be further considered. The current price ratio of CFRP to steel 

materials is roughly determined as 27/1. The CFRP material price has been 

signifi cantly reduced in the last decade and will be further reduced in the 

near future, which will lower the price ratio used in Table 8.9 and lead to 

different conclusions. 

 Figure 8.22 shows the varying cost of the six cable-stayed bridges or 

their components based on a cost ratio variation of CFRP to steel mate-

rials from 27/1 to 2/1. All the costs for components or the entire bridge 

using CFRP materials could be reduced signifi cantly with a decrease in 

the price ratio from 27/1 to 2/1, especially for the cases with both CFRP 

stay cables and CFRP bridge decks (Types III and VI). The cost percent-

age of each component is also seen in Fig. 8.22b and 8.22d. Both reduc-

tions on CFRP stay cables and bridge deck can result in an increasing 

percentage of costs for substructure (piers and pylons), which is shown 

in Fig. 8.22e.    

 In summary, Fig. 8.22 shows that using CFRP materials for the compo-

nents or entire bridge could be more cost-effective than the traditional 

design when the price ratio is over a certain value. For example, in 

Fig. 8.22a for stay cable cost, when the price ratio is less than 8/1 the stay 

cables using CFRP materials (Types II, III, V, and VI) are more econom-

ical than steel ones; while in Fig. 8.22f looking at the total cost, this divid-

ing ratio value is 16/1 for those using CFRP components (Types II–VI). 

Due to the large amount of material in the bridge deck, the cases using 

CFRP bridge deck (Types IV–VI) could show greater economic bene-

fi t from the reduced price ratio. It is logical to predict that the advan-

tages of using CFRP components will be further enhanced with the rapid 

decrease in the cost of CFRP materials. In the near future, the proposed 

cable-stayed bridges using CFRP stay cables and/or CFRP bridge deck 

could be an excellent alternative to the traditional steel cable-stayed 

bridges, not only from a mechanical viewpoint but also from an econom-

ical viewpoint.    
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  8.6     Conclusions and future trends 

 Based on the numerical study, cable-stayed bridges with CFRP components 

(CFRP bridge deck, CFRP stay cables, and hybrid stay cables) can be an 

excellent alternative to traditional steel cable-stayed bridges, especially for 

bridges with super-long spans. Although in the present study only the cable-

stayed bridges with a main span length of 1400 m were studied, it can still 

be predicted that the advantages of using CFRP components will be further 

enhanced with the continuous extension of bridge span lengths and decreas-

ing cost of CFRP materials. For future work, a study of the span extension/

limitation and construction design for the proposed cable-stayed bridges 

with CFRP components are also needed.  
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 Repair of deteriorated bridge substructures 

using carbon fiber-reinforced polymer (CFRP) 
composites   

    M. E.   WILLIAMS ,    Walter P. Moore and Associates, Inc., USA    

   DOI : 10.1533/9780857097019.2.265 

  Abstract : This chapter presents a case study in the evaluation and repair 
of a 10-year-old highway bridge with substructures undergoing moderate 
to severe premature concrete deterioration and expansion due to 
alkali-silica reaction (ASR). Detailed visual observations of distressed 
conditions, structural analysis, and results of laboratory materials testing 
are presented as contributors to the development of a repair course of 
action. Carbon fi ber-reinforced polymer (CFRP) composite applications 
for confi nement and anchorage concepts are discussed as they relate to 
the structural repair methodology presented. CFRP testing procedures 
are discussed to ensure quality control in the repair implementation. 

  Key words : alkali-silica reaction (ASR), concrete bridges, premature 
concrete deterioration, CFRP. 

    9.1     Introduction 

 The condition of an aging highway bridge infrastructure continues to be a 

subject of concern. The vast majority of bridges built to last 50 years in the 

USA now have an average age of 43 years. According to the National Bridge 

Inventory (NBI), one out of every four bridges is structurally defi cient and 

in need of repair or functionally obsolete. As the cost of new bridge con-

struction continues to soar, bridge repair, where possible, has generally 

become more economical than bridge replacement. Increasing transporta-

tion demands, and increasing economic impacts of bridge traffi c closures, 

have been an impetus for pursuing durable and long-lasting repair solutions 

with minimal impact on bridge operations. 

 Concrete bridge deterioration can be caused by many factors. Bridges 

can experience distress due to growing traffi c volumes, higher loads, and 

harsh environments. Bridges can also experience premature concrete 

deterioration due to material defects or adverse reactions of the concrete 
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constituents. In certain instances, premature concrete deterioration can be 

more severe than progressive deterioration from corrosion or other related 

material damage mechanisms. For concrete bridges, alkali-aggregate reac-

tions such as the alkali-silica reaction (ASR) can be detrimental, leading to 

the potential loss in structural capacity and uncertain bridge life expectancy. 

This chapter presents a case study in the evaluation and repair of bridge 

substructures experiencing premature concrete deterioration, using carbon 

fi ber-reinforced polymer (CFRP) composites. 

 The subject of the case study is a concrete bridge that serves as a major 

connector for a high traffi c volume toll road and has been in service for 

approximately 10 years. The multi-span bridge consists of precast concrete 

beams supported by cast-in-place reinforced concrete straddle bents, as 

shown in Fig. 9.1. Two concrete straddle bents in this case study span over 

an easement designated for future light rail expansion. The straddle bents 

are approximately 12 m in height, with inverted T-beams spanning approx-

imately 17 m between two concrete 2 m diameter columns (Fig. 9.2). The 

two straddle bents are similar in design, and are separated by approxi-

mately 30 m. Both straddle bents are supported on drilled pier deep foun-

dations. The straddle bents and bridge were constructed in accordance 

with the original design drawings and specifi cations.        

 9.1      Overview of bridge and two substructure straddle bents.  
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  9.2     Investigating deterioration of concrete in bridges 

 A prior routine bridge inspection noted cracking distress in the concrete 

bent substructure, particularly at the ends of the bent beams. Based on a 

review of bridge maintenance documents, cracking was believed to have ini-

tiated approximately 5 years after construction. An in-depth inspection was 

conducted to study the nature and cause of the cracking, in order to develop 

a future course of action for repair. 

 A close-up evaluation of the bridge substructures in this case study was 

performed in order to understand the nature and extent of the concrete 

deterioration. The investigation proceeded with a visual investigation of 

the substructures, followed by non-destructive evaluation, and concrete 

materials testing in a laboratory. The fi ndings of these three phases of the 

investigation established the nature and causation of the observed concrete 

deterioration. 

  9.2.1      Visual investigation 

 The primary means of visual evaluation was by up-close observations using 

aerial lift access. Concrete distress conditions were documented by way of 

fi eld notes and crack mapping. Predominantly, the two straddle bent beams 

21.0 m

17.4 m1.7 m 1.7 m

0.5 m 1.1 m 0.5 m

2.7 m

1.3 m

1.4 m

13 m

PLAN

SECTION

ELEVATION

 9.2      Schematic drawings of straddle bent.  Note : Additional reinforcing 

steel omitted on drawing for clarity.  
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exhibited map cracking on all surfaces, with visible white staining exuding 

from cracks, as shown in Figs 9.3 and 9.4. Crack widths ranged from hairline 

to 3 mm on the surface of the bent beams. Severe concrete deterioration, in 

the form of wide cracking and concrete spalling, was observed at the ends 

of the bent beams (Fig. 9.5). At these locations, concrete crack widths up to 

12 mm were recorded. Less notable map cracking was also observed near 

the top of the reinforced concrete columns supporting the substructure bent 

beams.           

  9.2.2      Non-destructive evaluation 

 Non-destructive evaluation techniques were deployed to study the con-

crete deterioration in the two straddle bents. The substructure elements 

were scanned using ground (surface) penetrating radar (GPR) to identify 

the presence of reinforcing steel and to verify as-built conditions. Where 

possible, the bent beams were scanned in a single horizontal pass for side-

by-side comparison with the as-built construction drawings. As shown for a 

particular bent beam end in Fig. 9.6, the horizontal GPR scan of the T-beam 

revealed conformance of reinforcing steel stirrups and longitudinal column 

steel placement with the as-built drawings. This fi nding was typical for the 

placement of reinforcing steel at both straddle bent beam end locations. The 

 9.3      Partial elevation view of straddle bent with visible white staining 

exuding from cracks.  
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reinforcing steel placement was a key factor in determining the type and 

extents of the CFRP repair solution discussed later in this chapter.    

 Acoustic sounding techniques were deployed to obtain measurements 

of crack depth. Impact-echo testing was conducted at cracked concrete 

elements at selected locations. Impact-echo testing showed typical crack 

depths of 50–150 mm at locations of map cracking. Most notably, these 

crack depths exceeded the concrete clear cover at the reinforcing steel. 

Further testing of the bent beam ends showed full depth cracking, through 

a bent beam width of approximately 1.1 m. Crack depth measurements 

were further corroborated with crack length measurements along cores 

excised through cracks.  

  9.2.3      Concrete materials testing 

 Although there were some visual cues to possible mechanisms causing 

premature concrete deterioration, laboratory testing of excised concrete 

specimens was utilized to identify the specifi c deterioration mechanism. 

Exploratory coring was conducted to evaluate the concrete material prop-

erties and deteriorated condition of the concrete. Core samples were 

excised to obtain representative samples of deteriorated (cracked) and 

 9.4      Map cracking with visible white staining exuding from cracks.  
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 non-deteriorated concrete areas for subsequent laboratory testing and com-

parative study. 

 Concrete petrography was conducted on excised specimens at a testing 

laboratory in accordance with ASTM C 856 (standard practice for petro-

graphic examination of hardened concrete) to study the cause of the con-

crete deterioration. Concrete samples were cut and examined under a 

stereomicroscope at 45 times magnifi cation, and then as thin sections under 

polarized light up to 400 times magnifi cation. The petrographic analysis 

indicated that the general quality of the original concrete was good, based 

largely on paste properties, water–cement ratio, and consolidation. The 

excised concrete cores, however, showed signs of randomly-oriented micro-

cracks under microscopic evaluation, with evidence of ASR gel formation 

in voids and around quartzite aggregate particles. The ASR gel reaction 

 9.5      Severe cracking at end of straddle bent beam.  
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product in the presence of moisture was believed to be the primary con-

tributor to the expansion within the concrete and subsequent premature 

concrete deterioration. If left unchecked, further expansion of the ASR 

gel would lead to continued and more severe concrete deterioration of the 

bridge substructure. 

 Concrete deterioration due to ASR gel expansion can be infl uenced by 

concrete confi nement, degree of restraint, and placement of reinforcing 

steel to control concrete cracking. In focusing on the substructure beam 

ends experiencing the most severe cracking, a review of the as-built con-

struction drawings revealed the placement of limited reinforcing steel stir-

rups at the substructure beam ends. While additional reinforcing steel was 

not required for structural design purposes, the lack of confi ning steel stir-

rups provided ripe opportunity for ASR gel expansion in the presence of 

moisture. In addition, column longitudinal reinforcing steel extending up 

into the substructure bent beams for continuity was curtailed just below 

where the most severe cracking developed at the beam ends (Fig. 9.6).   

  9.3     Analysis of concrete deterioration in bridge 
substructures 

 The evaluation of structures undergoing premature concrete deterioration 

continues to be the object of research work seeking to incorporate long-

term effects from deleterious reactions such as ASR. Finite element mod-

els of structural behavior, including expansive behavior of concrete gravity 

dams due to alkali-aggregate reactions, have been developed by Léger  et al . 
(1996), Malla and Wieland (1999), and Sellier  et al . (2009). While the fi nite 

element models reported in these research works have been validated with 

experimental test data, additional work is needed for general use on con-

crete bridge structures. Research has also been conducted to predict the 

swelling pressure of concrete undergoing expansion due to ASR. Work by 

Pike (1967) reported expansive pressures for mortars confi ned in a special 

metal container ranged from 2.5 to 14 MPa. Subsequent work by Lenzner 

and Ludwig (1978) measured expansive pressures of 2.5 to 4 MPa in mortars 

constrained with reinforcing bars. More recent work by Ferraris  et al . (1997) 

measured expansion pressures ranging from 2 to 9 MPa depending on the 

level of reactivity in the concrete test specimens. 

 While considerable research has been conducted on ASR in concrete test 

specimens, there is limited published literature on the structural analysis of 

concrete bridge elements undergoing ASR expansion and subsequent dete-

rioration. Accordingly, the bridge analysis presented in this case study relies 

on fundamental principles of structural mechanics with material behavior 

assumptions for expansive pressures exerted within the concrete bridge 

elements. 
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 As previously shown, premature concrete deterioration was on-going in 

two concrete substructures. The straddle bent beams were undergoing map 

cracking throughout and severe cracking and splitting at the bent beam ends. 

Given the apparent cracking at the surface and confi rmation of crack depths 

beyond the reinforcement cover, the substructure beams were suspected of 

undergoing expansive stresses exceeding the tensile strength of concrete 

(modulus of rupture). For the bridge substructures in this case study, the 

modulus of rupture was calculated to be approximately 4 MPa based on 

a concrete compressive strength of 42 MPa (AASHTO, 2012). Computer 

modeling of expansive behavior of rectangular or inverted T-shaped sec-

tions to replicate the level of concrete surface cracking would have been a 

complex endeavor involving nonlinear material behavior. 

 The extents of concrete cracking were considered in assessing the struc-

tural capacity of the substructures. Despite extensive map cracking and 

severe concrete deterioration at the bent beam ends, the concrete structure 

appeared to be generally intact, based on acoustic (hammer) sounding, and 

devoid of corrosion-related activity. Structural analysis of the substructure 

bent beams showed adequate structural capacity based on the original design 

parameters. However, knowing the substructures were undergoing irrevers-

ible concrete deterioration and the indeterminacy of the substructure capac-

ity due to extensive cracking, structural remediation was the prudent course 

of action. Due to the expansive nature of ASR, structural remediation by 
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 9.6      GPR scan showing as-built reinforcement locations.  Note : 

Additional reinforcing steel omitted on drawing for clarity.  
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confi nement of the expanding concrete elements was required. This con-

fi nement was achieved by application of CFRP composites to the straddle 

bent beams.  

  9.4     Repair of bridges using carbon fiber-reinforced 
polymer (CFRP) composites 

 Repair of bridge substructures undergoing premature concrete deteriora-

tion can be achieved using a number of methods. Given the overwhelming 

need to keep the bridge open to service, partial demolition and repair or 

section enlargements were dismissed as repair options due to their potential 

functional and esthetic impact, respectively. Steel jacketing was also consid-

ered, and dismissed due to potential long-term maintenance issues. Repair 

using CFRP composites was preferred, due to its small and light footprint 

and ease of application while the bridge was in service. Among compos-

ite strengthening materials available for concrete, CFRP was preferred to 

glass-fi ber or aramid reinforcement for exterior environments exposed to 

moisture. The high tensile strength of CFRP composites was also a compel-

ling factor when selecting the material for the repair solution. The end goal 

of the repair was to counteract expansive pressures exceeding 4 MPa and 

subsequent surface cracking induced from ASR. 

  9.4.1      Design basis 

 In the repair methodology, CFRP composites were designed in a manner to 

provide external confi nement of the bent beams. Research and experimen-

tation in the confi nement of concrete elements using CFRP has produced 

varied results. CFRP composites are more effective in confi ning circular 

concrete elements (i.e. columns). Confi nement of non-circular concrete 

sections using CFRP can be achieved to a lesser extent using an equivalent 

diameter and shape factors (ACI, 2008). An important distinction to make 

in this case study is that CFRP was provided to confi ne further concrete 

expansion rather than to provide additional concrete compressive strength 

or joint confi nement, as is the typical application for CFRP confi nement in 

axially loaded members. In addition, some confi nement is already provided 

by way of the reinforcing stirrups in the bent beams at locations of map 

cracking. Ideally, confi nement and arrestment of future cracking would 

be achieved by a combination of existing reinforcing stirrups and exter-

nal CFRP application. One drawback of this CFRP repair methodology is 

that the concrete element wrapped in CFRP must fi rst expand in order to 

engage the CFRP and initiate restraint through confi nement. This is some-

what counterintuitive, in that the CFRP composites are being provided to 
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prevent further expansion due to ASR. However, applications of CFRP for 

confi nement can be justifi ed considering that some residual expansion is 

to be expected given the latent moisture conditions contributing to ASR 

within the bent beams. 

 CFRP composites were also designed to control expansion at the beam 

ends where there were minimal steel reinforcing stirrups. Calculation of 

the amount of CFRP composite strengthening was achieved by deter-

mining the design strength of the reinforcing stirrups at the typical 

spacing within the bent beam, had they been provided at the bent ends. 

Computation of the CFRP material requirements was similar to that for 

shear strengthening.  

  9.4.2      CFRP design for substructure beam 

 CFRP composites were designed for placement in locations to control 

concrete expansion along the straddle bent beams. A single ply of CFRP 

was designed for application along the beam where there was extensive 

map cracking. Given the angular geometry of the inverted T-beam, a sin-

gle wrap was not possible, due to re-entrant corners. CFRP wrapping was 

therefore designed in two pieces. A single ply CFRP was designed to be 

applied as a three-sided U-wrap to the top leg of the inverted T-beam and a 

three-sided U-wrap on the fl ange of the inverted T-beam (Fig. 9.7 – Section 

‘B’). Since the confi nement procedure was designed in two pieces, CFRP 

end anchorage was provided to create pseudo-continuity between top and 

bottom of the beam in CFRP applications. End anchorage was provided 

by saw cutting a slot in the beam and embedding saturated plies in resin 

in the slot (Fig. 9.7). A single U-wrap application to the bottom fl ange of 

the beam was provided where access to the top leg of the inverted T-beam 

was not possible due to interference with the precast bridge beams and 

bearing seats (Fig. 9.8).        

  9.4.3      CFRP design for substructure beam ends 

 CFRP composites were designed for placement in locations to control con-

crete expansion at the straddle bent beam ends. In the case of the beam ends, 

a horizontal CFRP application was designed to control lateral expansion of 

the outside face of the bent beam end. Additionally, calculations showed 

that three vertical plies of CFRP would be required to supplement the exist-

ing minimal reinforcing steel stirrups, over a distance of approximately 2 m. 

These three plies were designed to be applied as a three-sided U-wrap to the 

top leg of the inverted T-beam. The CFRP installation drawings provided 

work phasing such that the horizontal CFRP application at the outside face 

of the beam was applied fi rst (to the top leg and then bottom fl ange of the 

www.EngineeringBooksPDF.com



CFRP L-WRAP (3 plies)
(install second)

Saw cut notch along
flange stem CFRP
termination

CFRP U-WRAP (1 ply)
(install first)

CFRP U-WRAP (3 plies)
(install third)

Fill with epoxy saturant
after installing CFRP

CFRP U-WRAP
(1 ply)

CFRP U-WRAP
(1 ply)

2 m
(3 CFRP plies)

0.5 m
5.5 m

(1 CFRP ply)
Beam
4

Beam
3

Beam
2

Beam
1

2.5 m
0.5 m

2 m
(3 CFRP plies)

(1 Ply)

21 m

“A
”

“A
” “B
”

Fiber
direction

F
ib

er
di

re
ct

io
n

BEAM SECTION ‘A’ BEAM SECTION ‘B’

CFRP L-WRAP (3 plies)
(install second)

 9.7      CFRP design for wrapping straddle bent. The bottom fi gure shows 

the bridge straddle bent in elevation. The top two fi gures show a section 

cut through that elevation. Section ‘A’ shows the end of the bridge 

straddle bent. Section ‘B’ shows a cut through the bridge straddle bent.  

Beam seat

CFRP
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inverted T-beam) followed by the vertical U-wrap application (see Fig. 9.7 – 

Section ‘A’).  

  9.4.4      CFRP design specifi cations 

 Drawings and technical specifi cations were developed prior to the appli-

cation of CFRP composites. Documentation for concrete surface prep-

aration was provided to include the removal of existing paint fi nishes 

on the concrete surfaces as well as surface roughness criteria using con-

tained abrasive blasting. Although most CFRP confi nement designs are 

generally not bond critical, surface roughness was specifi ed to enhance 

bond to control concrete surface expansion. Procedures for crack repair 

were also provided in this construction documentation. Cracks with 

widths less than 6 mm were fi lled by injection of epoxy. Cracks with 

widths exceeding 6 mm, at the bent beam ends for example, required 

additional concrete removal and patching with concrete repair materials 

(Figs 9.9 and 9.10).       

 Several approved CFRP systems were specifi ed for possible use on the 

project. Each system provided a layered application approach consisting 

of a primer, epoxy putty for surface irregularities, saturant, CFRP fab-

ric, and protective top coat. The CFRP composite could be applied using 

either a wet or dry layup, depending on the contractor’s repair approach. 

A protective UV stable coating was specifi ed for application over the 

fi nished CFRP composite. The coating was color-matched to other 

coated concrete surfaces in order to minimize the visibility of the CFRP 

application.   

  9.5     Review of CFRP repair of bridge substructure 

 Installation of the CFRP composite strengthening for the substructure ele-

ments was overseen for conformance with the repair design specifi cations. 

A mock-up was fi rst installed to verify the proper CFRP application steps. 

Preparation of the concrete substrate to receive the CFRP was reviewed 

throughout the project, as proper surface preparation is critical to develop-

ing the necessary bond between the CFRP and concrete surface. The con-

crete surface was also observed to be sound and free of delaminations prior 

to the CFRP application. Temperature and relative humidity readings were 

recorded during mixing and application of the CFRP components. Finally, 

material batch numbers were logged for each application area in the event 

of a location-specifi c defect in the CFRP installation. 

 The CFRP composite application occurred in multiple phases. CFRP 

wrapping began at the end of each straddle bent beam (Fig. 9.11). CFRP 
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 9.9      Cracking and unsound concrete at the termination of longitudinal 

column reinforcement, prior to repair.  

 9.10      Severe cracking at end of straddle bent beam, prior to repair.  
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wrapping then proceeded along the top of the bent beam (Fig. 9.12). CFRP 

was then applied to the bottom of the inverted T-beam and anchored into 

the slots previously installed along the beam (Fig. 9.13). Throughout this 

process, a work platform for the CFRP installation was provided by system 

scaffolding (Fig. 9.14).             

 CFRP installations were visually reviewed during and after application 

phases. Where possible, voids and delaminations were corrected prior to 

initial set of the CFRP composite. Such defects can occur due to various 

factors including sagging of CFRP material, outgassing due to temperature 

variations, improper saturation, and improper rolling and fi nishing. Defects 

noted after initial set of the CFRP composites were marked for repair. As 

discussed later in this chapter, excessive delaminations necessitated removal 

and reinstallation of CFRP composites (Fig. 9.15).     

  9.6     Site testing of CFRP repair and laboratory testing 
of materials 

 In addition to visual reviews of the CFRP installation, various site testing 

methods were employed to check the CFRP installation for conformance 

 9.11      Application of CFRP composite U-wrap to the straddle bent beam 

end.  
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 9.12      Application of CFRP composite U-wrap along straddle bent beam.  

 9.13      Application of CFRP composite anchor in slot (prior to fi nal anchor 

installation).  
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 9.14      Overview of CFRP composite application to straddle bent beam.  

 9.15      Areas of delamination marked after visual inspection of CFRP.  
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with the design specifi cations. Site testing methods include bond testing, 

infrared thermography, and acoustic (impulse response) testing. 

  9.6.1      CFRP bond testing 

 In this case study, CFRP test patches were installed for each application day 

and batch of resin used. Patches were tested for adhesion after curing to 

ensure conformance with ASTM D7522/D7522M–09 (standard test method 

for pull-off strength for FRP bonded to concrete substrate). A minimum 

pull-off tensile strength of 1.4 MPa was specifi ed for bond.  

  9.6.2      Acoustic sounding 

 Acoustic sounding techniques were utilized to rapidly detect CFRP bond 

defects that were not visible during initial inspection. Delaminations detected 

by acoustic sounds, typically light tapping, were noted to have a dull, hollow 

sound upon testing. Although the testing can be performed quickly, there 

can be a high degree of inaccuracy, often leaving voids under the CFRP 

systems undetected. Those defects that are detected can be marked and sub-

sequently repaired after acoustic sounding.  

  9.6.3      Infrared thermography 

 Infrared (IR) thermography is the science of acquisition and analysis of 

thermal information from non-contact thermal imaging devices. IR ther-

mography detects emitted radiation in the infrared range of the elec-

tromagnetic spectrum. This corresponds to wavelengths longer than the 

visible light portion of the spectrum. Thermal imaging can therefore be 

utilized to detect defects in the CFRP installation that may not be visible. 

Voids or delaminations in the CFRP installation are shown with a unique 

thermal signature due to entrapped air between the CFRP composite and 

the concrete substrate. As shown in Fig. 9.16, CFRP delaminations exhibit 

a dark thermal signature in comparison to well bonded CFRP applica-

tions. As such, defects were marked and subsequently repaired after ther-

mal inspection.     

  9.6.4      Impulse response testing 

 Impulse response is a non-destructive testing technique used to evaluate the 

integrity of concrete elements. In this test, a low-strain impact is applied to 

excite the structure and the response of the structure is measured. The concrete 
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element is struck by using a small impactor, which has a built-in load cell that 

measures the impulse imparted. The response (vibration) of the concrete ele-

ment is monitored by a velocity transducer (geophone) placed adjacent to the 

impact location. The geophone is connected to a data acquisition and process-

ing system, which calculates the dynamic mobility as a function of the frequency 

of the excitation. The dynamic mobility was analyzed as a secondary means to 

characterize the condition of the CFRP composite and concrete substrate con-

ditions, and the probability of delaminations in the CFRP application that may 

not be visible at the surface. Defects identifi ed by impulse response testing 

were marked and subsequently repaired after inspection (Fig. 9.17).     

  9.6.5      Laboratory testing of CFRP materials 

 Laboratory testing is typically conducted to verify the mechanical prop-

erties of the CFRP composite. In this case study, witness panels were con-

structed by the repair contractor for each application day and batch of 

resin used in order to ensure quality control. Three-ply CFRP witness pan-

els were created to match the installation condition on the straddle bents 

(Fig. 9.18). A portion of these fully cured witness panels were sent to a qual-

ifi ed testing laboratory with experienced personnel to validate the CFRP 

material properties with those used in the design. Witness panel testing was 

 9.16      Areas of CFRP delamination identifi ed by infrared thermography 

(black spots).  
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conducted to determine the CFRP composite thickness, tensile strength, 

modulus of elasticity, and percent elongation. The test results were then 

compared to the published mechanical properties from the CFRP material 

manufacturer.      

  9.7     Dealing with defects in CFRP repairs 

 Some defects are likely to occur given the labor intensive process of mixing 

multi-component materials and applying CFRP composites to existing con-

crete elements at a bridge site. ICC-AC 178 (2008) provides the following 

guidelines for judging CFRP defects and possible recourses for repair:

   Small entrapped air pockets and voids (approximately 1.6–3.2 mm in • 

diameter) naturally occur in mixed resin systems and generally do not 

require repair.  

  Except at the edges or boundaries, delaminations of less than 130 square • 

mm are generally permissible.  

  No more than ten delaminations of this size shall be allowed per 1 m • 

square of the laminated area.  

  Any delaminations spanning more that 5% of the surface area shall be • 

repaired by any method approved by the engineer.    

 9.17      Impulse response testing to identify extent of CFRP delaminations.  
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 In this case study, several CFRP U-wrap applications to the bent beams had 

delaminations well in excess of the 5% judging guideline, thereby requiring 

removal and replacement. The CFRP wraps in question experienced sudden 

outgassing during initial set due to rapid temperature variations between 

the application faces. Under direct sun exposure, the outgassing resulted 

in bubble formations through the CFRP application strips. The contractor 

removed the CFRP wraps in this location and successfully reinstalled the 

material at a later date.  

  9.8     Conclusions 

 This case study has provided a methodology for assessing and repairing con-

crete bridge substructures undergoing premature concrete deterioration. 

Once the deterioration was diagnosed and attributed to ASR expansion, a 

repair scheme using CFRP composites was implemented for two straddle 

bent substructures. It is worth noting that this major connector bridge was 

evaluated and repaired without removing the bridge from service. CFRP 

applications in lieu of straddle beam replacement or section enlargement 

provided a cost-effective solution to mitigating ASR expansion and further 

concrete deterioration. The CFRP repair also proved to be suitable from an 

 9.18      Preparation of CFRP witness panels.  
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 9.19      Overview of straddle bents after repair.  

esthetic standpoint, as it generally goes unnoticed by the casual observer 

(Fig. 9.19). The CFRP repair has been in place for several years and appears 

to be performing as intended, based on periodic visual reviews. Long-term 

monitoring of these concrete members will help to validate the success of 

the remedial repairs in mitigating future concrete deterioration.     
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  Abstract : This chapter fi rst reviews current structural applications of fi ber-
reinforced polymer (FRP) composites in bridge structures, and describes 
advantages of FRP in bridge applications. The chapter then introduces 
the design of a hybrid FRP–concrete bridge superstructure, which has 
been developed at the University at Buffalo for the past ten years, and 
discusses structural performance of the superstructure based on extensive 
experimental and analytical studies. 
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 Note: This chapter is an adapted version of Chapter 14 ‘Fiber-reinforced 
polymer (FRP) composites for bridge superstructures’ by Y. Kitane 
and A. J. Aref, originally published in  Developments in   fi ber-reinforced 
polymer (  FRP) composites for civil engineering , ed. Nasim Uddin, 
Woodhead Publishing Limited, 2013, ISBN: 978-0-85709-234-2. 

    10.1     Introduction 

 In this section, bridge conditions in the United States and advantages of 

fi ber-reinforced polymer (FRP) composites over conventional materials are 

reviewed. 

  10.1.1      Bridge conditions in the USA 

 Civil infrastructure systems play a crucial role in social and economic activ-

ities in any society. Considering their importance, it is not surprising that 

the total investment in civil infrastructure is massive. The Federal Highway 

Administration (FHWA) estimates that the federal government alone has 

invested over $1 trillion in the US highway system (Wu, 2005). However, 
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the US is now facing a major challenge to keep the nation’s infrastructure 

systems in usable condition. 

 In 1967, the collapse of the Silver Bridge turned the bridge engineer-

ing community’s attentions toward safety of bridges. State Departments of 

Transportation and FHWA collaborated to establish a systematic evalua-

tion of structural safety, which resulted in the National Bridge Inspection 

Standards (NBIS) issued in 1971. These standards provide uniform proce-

dures for the collection and maintenance of inventory and inspection data, 

minimum qualifi cations for bridge inspection personnel, and standardized 

methods for evaluating bridge conditions. The data collected by each state 

are submitted annually to FHWA, and FHWA maintains the data in the 

National Bridge Inventory (NBI) database. This NBI database contains only 

data for structures with a span of more than 6.1 m (Dunker and Rabbat, 

1995; Small and Cooper, 1998). 

 A bridge is classifi ed as defi cient or not defi cient by the inspection. There 

are two categories for defi cient bridges: structurally defi cient and function-

ally obsolete. The former indicates a defi ciency in the health of a structure; 

the latter indicates a defi ciency in the performance. Their defi nitions are 

as follows: bridges are structurally defi cient if they have signifi cant deteri-

oration and have been restricted to light vehicles, and require immediate 

rehabilitation to remain open, or are closed; and bridges are functionally 

obsolete if they have deck geometry, load-carrying capacity, clearance, or 

approach roadway alignment that no longer meet the criteria for the system 

of which the bridge is an integral part. 

 The number of defi cient bridges is the most common indicator of the over-

all condition of bridges in the US, and the data for the last 20 years are plot-

ted in Fig. 10.1. As of 2011, nearly 24% of 600 000 public bridges were either 

structurally defi cient or functionally obsolete. Figure 10.2 shows a histogram 

of ages of US public bridges. The average age is about 40 years and, as can 

be seen in the fi gure, a ratio of structurally defi cient bridges to the number 

of bridges increases with age, implying that there will be an increasing need 

for maintenance work in coming years. According to a study by Brailsford 

 et al.  (1995), bridge decks are ranked the No. 1 bridge maintenance item by 

State Department of Transportation (DOT) agencies. Tables 10.1 and 10.2 

show the leading bridge maintenance priorities and the typical sources of 

bridge deterioration, respectively.       

 Although a quarter of US bridges are classifi ed as defi cient, the number of 

defi cient bridges has been decreasing for the past few years, as can be seen 

in Fig. 10.1. There are a few reasons for this decreasing trend. First of all, the 

funding for preservation of the highway system has steadily increased to 

maintain deteriorating bridges. Secondly, the periodic and uniform inspec-

tion of bridges has played an important role in this decrease of defi cient 

bridges. Not only does the inspection help State DOTs to locate defi cient 

bridges, but the NBI database helps bridge experts and engineers point out 
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critical problems with current bridge design practices. Thirdly, new materials 

and structural designs that require less maintenance have been developed 

and implemented in recent years. 

 However, this decreasing trend in the number of defi cient bridges may 

not continue without better maintenance strategies. A large volume of the 

bridges were built in the 1960s (the Interstate era), and they will need more 

maintenance, major rehabilitation, or replacement in the near future. The 

US DOT also reported that it would require a signifi cant increase in bridge 

funding in the coming years to fi x all current and new defi ciencies caused 

by further deterioration, since the investment that has been committed is 

only suffi cient to preserve the bridge conditions and keep them from getting 

worse (US Department of Transportation, 2000).  

 Table 10.1     Bridge maintenance priorities at State DOTs 

 Rank  Maintenance items 

  1  Bridge decking 

  2  Expansion joints 

  3  Steel trusses/connections 

  4  Painting 

  5  Concrete beams/columns 

  6  Steel bearings 

  7  Bridge railings 

  8  Timber piling 

  9  Drainage systems 

 10  Abutments/pier caps 

 11  Channel protection 

 12  Impacts 

 13  Electrical/mechanical 

     Source : Brailsford  et al . (1995).    

 Table 10.2     Typical sources of bridge deterioration 

 Rank  Deterioration mechanism 

 1  Road deicing salts 

 2  Salt-water environment 

 3  Impact 

 4  Fatigue 

 5  Other: 

   General aging 

   Calcium chloride 

   Freeze–thaw 

   Alkali–silica reaction of concrete 

   Timber decay 

     Source : Brailsford  et al . (1995).    
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  10.1.2      Advantages of FRP composites 

 It is imperative to build bridge systems that have long-term durability and 

low maintenance requirements. As mentioned in the previous section, about 

11% of US bridges are structurally defi cient as of the year 2011, and billions 

of dollars will have to be spent in maintaining and improving conditions of 

the defi cient bridges. A solution to this challenge may be to use new materi-

als or to implement new structural systems. Among new structural materials, 

FRP composites have recently gained much attention in the civil engineer-

ing community due to their superior material properties, such as high spe-

cifi c stiffness, high specifi c strength, and high corrosion resistance. 

 FRP composites were applied in industry for the fi rst time about 80 years 

ago. Since then, FRP composites have been developed mostly in the 

defense industry, particularly aerospace and naval applications. In the last 

two decades, considerable efforts have been made to apply FRP compos-

ites in the construction industry, and recently structural applications of FRP 

composites have started to appear in civil infrastructure systems. State-of-

the-art reviews on FRP composites for construction can be found in papers 

by Karbhari and Zhao (2000) and Bakis  et al.  (2002). Some of the advan-

tages of FRP composites over conventional materials in civil infrastructure 

applications are: high specifi c strength and stiffness, corrosion resistance, 

enhanced fatigue life, tailored properties, ease of installation, lower life-

cycle costs, etc. 

 With these advantages, FRP composites have great potential to be suc-

cessfully applied in bridge structures. The high corrosion resistance of FRP 

composites makes them ideal alternative materials to resolve a number of 

persistent problems that the US highway system is now facing. Moreover, 

FRP composite structures can be much lighter than those built with conven-

tional structural materials, which leads to reduction of dead load and ease of 

erection. Some of the research efforts and applications of FRP composites 

in bridge structures can be found in papers by Zureick  et al.  (1995), Seible 

 et al.  (1998), Tang and Hooks (2001), and Mufti  et al.  (2002).   

  10.2     Fiber-reinforced polymer (FRP) applications in 
bridge structures 

 Structural applications of FRP composites can be categorized into two 

large groups: rehabilitation and new construction. In a rehabilitation pro-

gram, defi ciencies of a structure are eliminated so that the structure can 

meet requirements of design codes as well as social and economic demands, 

and depending on its objective, the structural rehabilitation can be further 

divided into three groups: repair, strengthening, and retrofi tting. Repairing a 

structure is to fi x defi ciencies by using FRP composites, so that the structure 
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can regain its originally designed performance level. Strengthening a struc-

ture by applying FRP composites is to enhance the designed performance 

level. The retrofi tting of a structure is to upgrade the seismic capacity of a 

structure by the use of FRP composites. For new construction, FRP com-

posites can be used as reinforcing bars and tendons in concrete bridges, 

structural members of pedestrian bridges, deck and superstructure of vehic-

ular bridges, bridge accessories such as inspection decks and manhole cov-

ers, etc. FRP applications in bridge structures are reviewed briefl y in this 

section. 

  10.2.1      Rehabilitation 

 Repairing or strengthening beams, slabs, or bridge decks with FRP com-

posite laminates is one of the most popular applications of FRP compos-

ites in bridge systems. There are many bridges where strengthening of the 

soffi t of beams, slabs, or bridge decks is required. In some cases, concrete 

beams, slabs, and decks have deteriorated due to corrosion of steel rein-

forcement and freeze–thaw action. In other cases, structures have to be 

upgraded to bear higher load levels. Conventionally, either the external 

post-tensioning or the addition of epoxy-bonded steel plates to the soffi t is 

used for the repair and strengthening of concrete beams, slabs, and decks. 

Recently, externally-bonded FRP laminates have gained more popularity in 

this repair and strengthening procedure than the use of steel plates, because 

FRP is corrosion resistant and very easy to handle. 

 A number of steel truss bridges in the US need either rehabilitation or 

replacement. As shown in Table 10.1, steel trusses are ranked No. 3 in the 

leading bridge maintenance priorities. Because a bridge replacement pro-

ject can be very costly, a rehabilitation project is usually preferred if it is a 

viable option. In 2000, rehabilitation of a steel truss bridge was successfully 

completed by replacing the reinforced concrete deck with an FRP compos-

ite deck in the village of Wellsburg, NY (Alampalli and Kunin, 2001). This is 

the fi rst project using this type of rehabilitation method. In this project, the 

application of an FRP composite deck reduced dead load of the bridge by 

240 metric tons (the dead load became about one-fi fth of the original dead 

load), and resulting in doubling the load ratings. The total cost of the project 

was $0.8 million, while it would have been $2.2 million to replace the entire 

bridge. In addition, a signifi cant time reduction for the entire rehabilitation 

project was demonstrated.           

 In addition, FRP sheet bonding repair can be applied to repair corrosion-

damaged steel bridges. In 2007, corrosion-damaged lower chord members 

of Asari Bridge, a three-span continuous steel truss bridge in Japan, were 

successfully repaired by bonding carbon fi ber-reinforced polymer (CFRP) 

strand sheets. 
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 For seismic retrofi t, the most popular application of FRP composites is FRP 

composite jacketing of concrete columns. Recent earthquakes have shown 

the vulnerability of existing older concrete columns in bridges and buildings. 

Particularly, reinforced concrete bridge piers, designed before the 1971 San 

Fernando earthquake, are vulnerable because the transverse reinforcement 

is inadequate. Lessons learned from the 1971 San Fernando earthquake and 

the 1989 Loma Prieta earthquake led to the development of a steel jacket 

system for retrofi tting those reinforced concrete (RC) columns with substan-

dard details. Although steel jackets work very well, they are costly because 

the installation is time-consuming, and they require constant maintenance. 

To speed up the installation of column jackets and reduce maintenance 

work, various column-jacketing techniques using FRP composites have been 

developed and successfully used in seismic retrofi t projects.  

  10.2.2      Reinforcing bars and tendons 

 FRP reinforcing bars and tendons have been used for new concrete struc-

tures. Feasibility studies of FRP reinforcing bars began in the 1950s, and 

their applications gained much attention to prevent corrosion of steel rein-

forcing bars in the late 1980s (Bank, 2006). Currently, there is a design guide 

published by the American Concrete Institute (2006). 

 FRP composite tendons were implemented in a highway bridge deck in 

Germany in 1986, for the fi rst time in the world. It has been over two decades 

since the fi rst application, and the FRP tendons have widely been accepted 

in bridge construction. Pre- or post-tension tendons and stay cables made of 

FRP composites have an advantage over steel tendons and cables in their 

corrosion resistance. For these applications, aramid fi ber-reinforced poly-

mer (AFRP) and CFRP composites are often used due to their superior 

creep resistance. Moreover, FRP tendons and cables are lightweight and 

much easier to handle than those of steel.  

  10.2.3      Pedestrian bridges 

 The fi rst pedestrian FRP composite bridge was built by the Israelis in 1975 

(Tang, 1997). The fi rst all-composite pedestrian bridge was installed in 1992 

in Aberfeldy, Scotland (American Composites Manufacturers Association, 

2004). It is a cable-stayed bridge, with a total length of 113 m. Many others 

have been built, in Asia, Europe, and North America, since then. The devel-

opment of pultruded structural shapes has contributed to this increase in 

the number of FRP composite pedestrian bridges. Advantages of FRP com-

posite pedestrian bridges over those made of conventional materials are 

light weight, ease in installation, and low maintenance. These advantages 
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have made it possible to easily install pedestrian bridges in areas that are 

inaccessible by heavy construction equipment and environmentally restric-

tive. For this reason, many FRP composite pedestrian bridges can be found 

in State and National Parks in the US.  

  10.2.4      Decks 

 As shown in Table 10.1, bridge decks require the most maintenance of all ele-

ments in a bridge superstructure because the wearing surface deteriorates or 

wears out, and the deck system itself deteriorates due to deicing salt and other 

causes. There has been a need for bridge decks made of new materials that can 

offer long-term durability and low life-cycle costs. To resolve these issues, FRP 

composite bridge decks have been developed and installed in many bridges. 

FRP composite bridge decks have several advantages over conventional bridge 

decks. First of all, because FRP composites are corrosion resistant, bridge decks 

made of FRP composites have lower life-cycle costs. Secondly, they are very 

easy to install due to their light weight. Thirdly, they can be prefabricated. This 

makes the products uniform in quality and the installation time much shorter. 

Lastly, the reduction of deck weight is a major benefi t to the bridge system. By 

reducing dead load, the bridge system with an FRP deck can either be used 

for higher live-load levels or longer spans than a bridge system with a conven-

tional bridge deck system. The use of an FRP bridge deck is reported to reduce 

the weight of conventional construction by 70–80% (Tang, 1997). 

 Many deck systems have been developed and tested since the early 1990s. 

The fi rst US all-composite vehicular-bridge deck was built in 1996 in Russell, 

Kansas (Tang and Podolny, 1998), where the FRP deck panel is a sandwich 

construction of composite honeycomb and two composite face sheets. It 

took only one day to install the bridge deck in Russell County, showing how 

easy it is to install this type of modular FRP composite bridge deck. 

 One of the most popular types of FRP composite bridge deck is the one 

that has a sandwich structure. It consists of a core and top and bottom face 

sheets, and the core can be foam, honeycomb cells, or made of hexagon 

and double-trapezoid profi les. Other types of FRP composite decks have 

also been developed by making use of pultruded structural shapes (see, for 

example, Hayes  et al. , 2000). 

 Based on experiences with different types of FRP decks, maintenance issues 

peculiar to each type have been found. To have standard guidelines to inspect 

and evaluate the condition of existing FRP bridge decks, National Cooperative 

Highway Research Program (NCHRP) conducted a research project and pub-

lished an inspection manual as NCHRP Report 564 (Telang  et al. , 2006).  
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  10.2.5      Accessories (such as inspection walkways and 
manhole covers) 

 Recently, accessories such as inspection walkways and manhole cov-

ers made of FRP composites have begun to be used. Corrosion of con-

ventional steel inspection walkways in the bridges located in corrosive 

environments is always a problem. The use of FRP inspection walkways 

requires much less maintenance in such severely corrosive environments 

than conventional ones. In addition, the light weight of FRP compos-

ites makes installation work of FRP inspection walkways much simpler, 

without any heavy equipment, and FRP manhole covers much easier to 

handle.  

  10.2.6      Superstructure 

 With the knowledge obtained from constructions of pedestrian bridges and 

bridge decks, many researchers and engineers have been trying to develop 

cost-effective all-FRP composite vehicular bridges. Advantages of FRP 

composite vehicular bridges over bridges of conventional materials include 

corrosion resistance, ease of installation, reduction of construction period, 

less maintenance requirements, less dead load, a capability to have a longer 

span, and lower life-cycle costs. 

 Early examples of all-FRP vehicular bridges include Laurel Lick Bridge, 

Tom’s Creek Bridge, Tech 21 Bridge, Kings Stormwater Channel Bridge.  

   The Laurel Lick Bridge, with a span of 6.1 m, was built in 1997. The • 

bridge has modular glass fi ber-reinforced polymer (GFRP) decks 

on pultruded GFRP wide fl ange beams (Creative Pultrusions, Inc., 

2002).  

  The Tom’s Creek Bridge, with a span of 5.33 m, was built in 1997. The • 

bridge utilized pultruded hybrid FRP double-web beams as superstruc-

ture, and the FRP beam was composed of E-glass and carbon fi bers in a 

vinylester matrix (Neely  et al.,  2004).  

  The Tech 21 Bridge, with a length of 10.1 m, was built in 1997. The bridge • 

has GFRP decks of sandwich construction on three GFRP beams with 

trapezoidal cross-section (Farheyl, 2005). The GFRP beams were com-

posed of E-glass fi bers and polyester resin.  

  The Kings Stormwater Channel Bridge, with a length of 20.1 m, was built • 

in 2000. The bridge has modular GFRP decks supported by concrete-

fi lled fi lament-wound CFRP tubes (Seible  et al.,  1999).    
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 In spite of various advantages, there are several developments required 

to realize a successful design of a cost-effective all-FRP composite vehicular 

bridge. Some of the areas needing more developments are:

   Although FRP composites have high specifi c strength, the stiffness has • 

controlled the design rather than strength in almost all the demonstration 

FRP vehicular-bridge projects where GFRP is used. It has been reported 

that the maximum stress level rarely exceeds 10% of the ultimate strength 

of the materials in these bridges (Karbhari and Zhao, 2000). To use the 

strength of the materials effi ciently, more improvements and develop-

ments are needed on FRP composite bridge systems. Examples are struc-

tural optimization of the cross-sectional geometry, hybrid use of glass and 

carbon fi ber, and hybrid use of FRP and conventional materials.     

   FRP composites are susceptible to stress concentration due to their • 

anisotropic material properties. Because FRP composites are not as duc-

tile as steel, catastrophic failure may occur once the stress reaches the 

ultimate stress level. Therefore, better ways to connect FRP members 

have to be developed in order to avoid these high stress concentrations. 

Some connection details of FRP members developed in the aerospace 

industry should be examined and transferred for bridge applications.  

  Pultruded FRP composite structural shapes should be standardized. This • 

will lead to achieving the uniform quality of structural components and 

reducing the initial costs. In addition, the standardization of structural 

shapes is necessary to facilitate the development of design guidelines for 

FRP composite bridges.  

  Environmental durability of FRP composite materials has to be thor-• 

oughly investigated and well understood. The experimental and fi eld 

data on the long-tem durability of FRP composites will facilitate the 

development of a design philosophy based on life-cycle costs. In addi-

tion, long-term performance data of FRP bridges should be accumu-

lated so that proper maintenance procedures can be standardized.  

  Initial costs of FRP composite bridges are still too expensive to compete • 

with bridges of other conventional materials. Standardization of struc-

tural shapes and design with effi cient use of materials are required to 

reduce the initial costs.      

  10.3     Hybrid fiber-reinforced polymer (FRP)–concrete 
bridge superstructures 

 This section introduces the design concept of a hybrid FRP–concrete bridge 

superstructure and discusses its structural performance based on experi-

mental and analytical studies. 
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  10.3.1      Hybrid FRP–concrete structural system 

 To resolve some issues that all-FRP composite bridges have, combina-

tions of FRP and conventional materials have recently been investigated 

by a number of researchers. A good review on the combined or hybrid 

construction can be found in the paper by Mirmiran (2001). The advan-

tages of the hybrid structural systems include the cost effectiveness and 

the ability to optimize the cross-section based on material properties of 

each component. According to Mirmiran (2001), the most effective use 

of FRP composites is in the form of hybrid construction with concrete, 

where FRP acts as a load-carrying constituent and a protective measure 

for concrete. 

 The innovative idea of a hybrid FRP–concrete structural system for fl ex-

ural members was fi rst proposed by Hillman and Murray (1990). They pro-

posed the combination of pultruded FRP sections and concrete to form 

lightweight decks in order to reduce the dead load in steel frame buildings. 

The FRP section was designed to serve as both reinforcement and perma-

nent formwork. Most of the concrete was located above the neutral axis of 

the hybrid section. The study concluded that the weight reduction would 

be more than 50% when compared with a common type of concrete slab 

system. 

 Bakeri and Sunder (1990) investigated hybrid FRP–concrete bridge deck 

systems. They proposed a deck system of a simply curved membrane of FRP 

composites fi lled with concrete that was intended to resist the compressive 

force. A fi nite element analysis was performed to evaluate the mechanical 

performance of the deck system under an HS20-44 truck loading. They con-

cluded that the hybrid FRP–concrete system was promising, particularly 

from the viewpoint of cost. 

 Saiidi  et al.  (1994) conducted experimental and analytical studies on com-

posite beams that consist of CFRP structural sections and reinforced con-

crete slabs. Although in their study an epoxy resin was used to provide the 

bond between the concrete deck and the CFRP sections, they concluded 

that the use of epoxy resin to bond concrete to CFRP was only partially 

effi cient, and that mechanical connectors or other reliable means would be 

needed to develop a good composite action between CFRP elements and a 

concrete slab. 

 Deskovic  et al.  (1995a) presented an innovative design of a hybrid FRP–

concrete beam. The proposed beam consists of a fi lament-wound GFRP box 

section combined with a layer of concrete in the compression zone and a thin 

CFRP laminate in the tension zone. Three-point bending test results con-

fi rmed that the proposed design was feasible for producing an effi cient and 

cost-effective hybrid system. They also studied long-term behavior (creep 

and fatigue) of the proposed hybrid section experimentally and analytically 
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(Deskovic  et al. , 1995b). Their analytical model agreed closely with exper-

imental results. They concluded that the proposed hybrid section had very 

good time-dependent response characteristics. 

 Seible  et al.  (1998) designed a two-span, 210 m long, two-lane highway 

bridge with lightweight concrete-fi lled circular CFRP composite tubes. 

Their study showed that the design is stiffness-driven for this modular beam 

and slab bridge system, and that signifi cant strength reserve remains in the 

carbon shell. Their preliminary estimates indicate that two different bridge 

systems, the concrete-fi lled CFRP beams with RC deck and the concrete-

fi lled CFRP beams with pultruded modular E-glass deck, are 20% and 

100% more expensive, respectively, when compared to a conventional RC 

slab bridge. 

 Ribeiro  et al.  (2001) investigated the fl exural performance of hybrid 

FRP–concrete beams. In their design, GFRP pultruded channel profi les 

were assembled with a layer of concrete. Four types of hybrid rectangu-

lar beams were tested in the four-point bending. Two of them had all the 

section fi lled with concrete, while the other two had concrete only in the 

upper part of the profi le. To compare the fl exural performance of each 

assembly, they used two indices: fl exural specifi c rigidity and synergistic 

effect. Flexural specifi c rigidity is a ratio between the fl exural rigidity and 

the specifi c weight, while synergistic effect is a ratio of the ultimate load of 

the assembly to the sum of the ultimate loads of its two elements (GFRP 

channel and concrete). Test results showed that the fl exural specifi c rigid-

ity the inserted for the specimen that has more GFRP in the tension side 

and concrete only in the compression side. The synergistic effect was the 

highest for the specimen that did not exhibit a bond failure at the FRP–

concrete interface. No special measure to provide the bond at the inter-

face was taken in any specimen. 

 Fam and Rizkalla (2002) studied fl exural behavior of concrete-fi lled 

FRP circular tubes experimentally. This hybrid system was developed as 

an excellent alternative for structural components subjected to aggressive 

corrosive environments. The FRP tube provides a lightweight permanent 

formwork for fresh concrete and acts as a non-corrosive reinforcement. 

The concrete core has two main functions: (1) to provide internal sup-

port to the tube and, consequently, prevent the local buckling of the FRP 

tube; and (2) to provide the internal resistance force in the compression 

zone and increase the strength and stiffness of the member. A total of 

20 beams including steel tubes were tested in four-point bending. GFRP 

tubes were either fi lament-wound or pultruded. Some of their conclu-

sions were: (1) the higher the stiffness of the hollow tube, the lower the 

gain in fl exural strength and stiffness resulting from concrete fi lling; (2) 
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although  concrete-fi lled pultruded GFRP tubes showed higher stiffness 

than concrete-fi lled fi lament-wound GFRP tubes of the same thickness, 

they failed prematurely by horizontal shear due to the lack of fi bers in the 

hoop direction; (3) concrete-fi lled FRP tubes with thicker walls or a higher 

percentage of fi bers in the axial direction tended to fail in compression; 

(4) a higher fl exural strength-to-weight ratio was achieved by providing 

a central hole in the core; (5) a shear transfer mechanism is necessary at 

the interface between the concrete core and the GFRP tube in fl exural 

members; and (6) experimental results did not show a signifi cant effect 

of the confi nement of concrete on fl exural strength, while ductility was 

improved. 

 Van Erp and his group (2002, 2005) have been developing hybrid FRP–

concrete beams for a bridge application. The proposed beam is very sim-

ilar to the one proposed by Deskovic  et al.  (1995a). The beam consists of 

two parts: concrete and FRP box section. The FRP box section is made of 

GFRP, and additional CFRP is added to the tensile fl ange of the box sec-

tion to increase the stiffness of the beam. A layer of concrete is bonded on 

the GFRP box section by a high-quality epoxy adhesive. The weight of the 

hybrid beam is claimed to be about one-third that of a reinforced concrete 

beam. The top GFRP fl ange was designed to sustain more compression force 

after concrete is crushed. Concrete crushing is a warning of failure in this 

design. A full-scale bridge superstructure with a span of 10 m and a width of 

5 m was designed and built with these hybrid beams. The beams were assem-

bled using a high-quality epoxy adhesive to make up the bridge. The bridge 

was installed in Toowoomba, Australia, in January 2002. Field test results 

demonstrated high load-carrying capacity, excellent fatigue behavior, out-

standing durability, and ability to carry high concentrated loads.  

  10.3.2      Design concept of the hybrid FRP–concrete 
bridge superstructure 

 By utilizing the concept of the hybrid FRP–concrete structural system, 

an FRP bridge superstructure has been developed at the University at 

Buffalo for the past ten years. Although many different confi gurations of 

hybrid FRP–concrete bridge superstructure are possible, the structural 

confi guration shown in Fig. 10.3a, where supports are not shown, was cho-

sen based on numerous fi nite element analyses leading to the particular 

geometrical parameters. In combination, glass fi ber reinforcement, and 

vinyl ester matrix were selected as constituents for the GFRP compos-

ites, because glass fi ber reinforcement is much cheaper than carbon or 
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aramid fi ber reinforcement, and vinyl ester has high resistance to corro-

sion. Figure 10.3b shows a cross-section of the proposed bridge superstruc-

ture. In this fi gure, parts in black are made of GFRP laminates, while the 

shaded portion is fi lled with concrete. In this design, three trapezoidal box 

sections are bonded together to form a one-lane superstructure. A trape-

zoidal shape was chosen so that forces could transfer between box sections 

effi ciently. After being assembled, these trapezoidal sections are wrapped 

with a GFRP laminate, which ensures that three sections act together 

to produce an integral bridge superstructure. Advantages of this bridge 

superstructure are summarized as follows:     

   GFRP is corrosion resistant, and concrete is not exposed to environ-• 

mental conditions; therefore, the system is resistant to corrosion, and it 

requires less maintenance than conventional bridges.  

  Concrete has high strength- and stiffness-to-cost ratio; thus, by using • 

 concrete effi ciently, the total amount of FRP can be reduced, which leads 

to the reduction of initial costs.  

  Concrete is designed to be always under compression in the longitudi-• 

nal direction. The fact that concrete is not used in the tension side leads 

to signifi cant weight reduction when compared to a concrete-fi lled FRP 

tube design.  

  It has been reported that the local deformation under a loading point • 

may become large for all-composite bridge decks (Bakeri and Sunder, 

3785(b)

(a)

116099GFRP Concrete

18 288

 10.3      Hybrid FRP–concrete bridge superstructure (dimensions in mm). 

(a) Overall confi guration; (b) cross-section.  
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1990; Aref, 1997). A layer of concrete can reduce this local deformation 

of the top fl ange.  

  Most parts can be fabricated in the factory; therefore, good quality con-• 

trol can be assured and the construction period can be shortened.     

  10.3.3      Design features 

 As the fi rst trial design, a prototype bridge was designed as a simply sup-

ported single-span, one-lane bridge with a span of 18.3 m. Design parame-

ters were determined to meet a set of design criteria by applying AASHTO 

design loads. 

  Design philosophy and assumptions 

 The design philosophy and assumptions used in the design process are as 

follows:

   In fl exure, concrete should fail in compression fi rst before GFRP lami-• 

nates fail in either compression or tension.  

  Under the service limit state condition, concrete does not crack due to • 

the bending in the transverse direction.  

  Under the strength limit condition, the top fl ange of the box section • 

should resist the tire pressure with GFRP laminates only for the bend-

ing in the transverse direction if the concrete is already cracked.  

  A perfect bonding between concrete and GFRP laminates is assumed.  • 

  Confi nement effect on the concrete strength is neglected.  • 

  A knock-down factor or strength reduction factor for the GFRP is taken • 

as 0.4. Seible  et al.  (1995) used 0.5 and Dumlao  et al.  (1996) used 0.25 in 

their designs. The value of 0.4 was chosen simply as a value between 0.25 

and 0.5.  

  Long-term degradation factor for FRP composites is not considered • 

because the data are not available for the particular material used in 

this study. Typical values of degradation factors can be found in vari-

ous sources. For example, see  ICE Design and Practice Guides  (Moy, 

2001).     

  Box section 

 Box sections were chosen to be a basic structural form of the proposed 

design. According to Ashby (1991), thin-walled box sections are the most 

effi cient structural forms for beams. However, the thin-walled box sections 
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made of GFRP laminates have some disadvantages (Deskovic  et al.,  1995a), 

which include:

   the compressive fl ange is considerably weaker than the tensile fl ange • 

due to the local buckling failure;  

  the failure of GFRP usually occurs in a catastrophic manner without giv-• 

ing much warning because the stress–strain curve of GFRP in the fi ber 

direction does not show plastic deformation as much as conventional 

materials such as steel and concrete do;  

  the design of a GFRP beam is usually governed by stiffness instead of • 

strength; this is often resolved by introducing more material in the beam; 

therefore, the design tends to be uneconomical and the strength of the 

material is not used effi ciently.    

 To overcome these disadvantages, a thin layer of concrete was decided to 

be placed in the compression zone of the section as shown in Fig. 10.3b. The 

section was designed in such a way that concrete is surrounded with GFRP, 

and concrete will be protected from environmental exposure.  

  Web inclination 

 Another feature of the design is to have trapezoidal box sections, although 

it is more common to have a square or rectangular shape for a box sec-

tion. When many rectangular box sections are put together to comprise a 

superstructure, the force will be transferred between the adjacent sections 

mainly through shear and bending. However, FRP composites usually have 

very low shear stiffness when compared to their normal stiffness in the fi ber 

directions. By having the webs inclined, the structural shape of the cross-

section becomes more of a truss, and a greater portion of the applied load 

will be carried by axial force in FRP laminates within the cross-section. 

 The inclination angle was determined based on fi nite element analyses of 

hybrid bridge superstructures with several different inclination angles sub-

jected to live loads. The inclination of 3/8 (= 21°) was chosen because that 

yielded the minimum deformation at the riding surface.  

  Stacking sequences 

 In the design process, it was assumed that the GFRP parts would be fab-

ricated by a hand layup process. The inner trapezoidal tube is fabricated 

fi rst, and the outer tube laminate is laid up onto the inner tube. After a 

certain number of the trapezoidal tubes are put together, they are wrapped 

with the outermost laminate. These three different laminates are shown in 

Fig. 10.4. Considering that the hand layup process is time-consuming, it is 

best to make the stacking sequences of these three laminates as simple as 
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possible. A woven fabric was chosen as reinforcement; therefore, a layer of 

fabric has reinforcement fi bers in the two orthogonal directions. The stack-

ing sequence chosen for the outer tube and inner tube laminates was all 0°, 

while for the outer tube laminate, ±45° and 0° laminae were used for 67% 

and 33% of the thickness, respectively. The direction is measured from the 

longitudinal direction of the bridge. Because the reinforcement type is of a 

woven fabric, a 0° lamina has fi bers in the 0° and 90° directions. By introduc-

ing ±45° laminae in the outer tube laminate, the shear stiffness of the hybrid 

bridge can be increased as the outer tube laminates make a large portion of 

the interior webs.     

  Thickness of the concrete layer 

 The thickness of the concrete layer is a key design parameter to optimize 

the hybrid FRP–concrete structural system because the increase in the 

thickness of concrete leads not only to a reduction in initial costs by reduc-

ing GFRP composites but also to an increase in the total weight. By exam-

ining fl exural rigidity, it was found that the fl exural rigidity rapidly increases 

with the concrete thickness until the concrete thickness is about 10% of 

the superstructure depth. After that point, additional concrete may not be 

used effi ciently to increase the fl exural rigidity, although the cracking and 

ultimate moments will still get benefi ts from the increase in the concrete 

thickness. Therefore, the maximum thickness of concrete that will increase 

fl exural rigidity effi ciently without adding too much weight was determined 

as 10% of the bridge depth for the proposed hybrid bridge. In the fi nal 

design, the thickness was chosen as 99 mm, which is 8.5% of the total depth 

of the bridge. Thus, the ratio of the area of concrete to the total area in the 

cross-section comes to 0.3.  

  Shear keys 

 To have good composite action between GFRP laminates and concrete, 

GFRP shear keys, as shown in Fig. 10.5, were designed. They are to be 

Outer tube laminate

Outermost laminate

Inner tube
laminate

 10.4      Three different laminates in the superstructure.  
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installed in staggered positions on the top and bottom laminates with a 

required interval.      

  10.3.4      Experimental study 

 To verify the feasibility of the proposed hybrid FRP–concrete bridge super-

structure by examining the performance under live loads, a series of quasi-

static loading tests and a fatigue loading test were performed on a test 

specimen of the proposed bridge superstructure. 

  Test specimen 

 The test specimen is a one-fi fth scale model of the 18.3 m hybrid FRP–

concrete bridge superstructure shown in Fig. 10.3. Its cross-section is shown 

in Fig. 10.6. Each trapezoidal box section was fabricated individually by the 

hand layup process. Each section consists of two layers of laminates: the 

inner tube laminate and the outer tube laminate. The inner tube laminate 

was fi rst constructed with a [0° 7 ] laminate construction, and the outer tube 

Longitudinal direction of the bridge

Shear key

3048

1524

254 24

 10.5      Shear keys (dimensions in mm).  
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 10.6      Cross-section of the test specimen (dimensions in mm).  

www.EngineeringBooksPDF.com



Sustainable replacement of aging bridge superstructures   305

laminate was constructed over the inner tube laminate with a [(±45) 4 0° 4 ] 

laminate construction. At the same time, a cavity for concrete was created 

at the top of each section. Then, three trapezoidal sections were assembled 

together. A layer of glass fi ber chopped strand mat wetted with vinyl ester 

resin was applied between box sections as a bonding material. After being 

assembled, the three sections were wrapped with the outermost laminate, 

whose stacking sequence is [0° 16 ].     

  Materials 

 E-glass woven fabric was chosen as reinforcement of FRP, and vinylester 

resin was chosen as the matrix. To determine the mechanical properties of 

an FRP laminate made of E-glass woven fabric and vinyl ester resin, tensile, 

compressive, and in-plane shear tests were conducted according to ASTM 

D3039-76, ASTM D3410-75, and ASTM D4255/D4255M-83, respectively. 

Tensile and shear coupons were cut from a 10-layer laminate, while com-

pressive coupons were cut from a 20-layer laminate. These laminates were 

made by a hand layup process. Fiber volume fractions of the 10- and 20-layer 

laminates were 0.295 and 0.355, respectively. 

 The material properties based on testing are shown in Table 10.3. Modulus 

of elasticity and Poisson’s ratio were determined for a strain range of 0.001 

to 0.003, −0.005 to −0.007, and 0.001 to 0.005, for tensile, compressive, and 

shear tests, respectively. Stress–strain relationships of tension and com-

pression were slightly nonlinear, while that of shear was highly nonlinear. 

Ultimate shear strain was not obtained because it was beyond the capacity 

of the strain gages used in the test.      

 As cavities for concrete in the test specimen were small, coarse aggregate was 

not used. The maximum aggregate size was 4.75 mm, and Type I Portland cement 

was used. The weight proportions of constituent materials in the concrete mix 

were: 9.4% water; 20% cement; 70% fi ne aggregate; 0.11% superplasticizer; and 

 Table 10.3     GFRP material properties 

 Test type  Direction  Modulus of 

elasticity (GPa) 

 Strength 

(MPa) 

 Ultimate 

strain 

 Tension  Fill  16.6  285  0.0218 

   Warp  17.9  335  0.0235 

   Average  17.3  310  0.0227 

 Compression  Fill  15.9  241  0.0177 

   Warp  22.5  265  0.0158 

   Average  19.2  253  0.0168 

 Shear  Fill  2.72  56.1  – 

   Warp  2.45  63.8  – 

   Average  2.59  60.0  – 
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0.39% shrinkage reducer. Four cylindrical specimens of 152.4 mm in diameter 

and 304.8 mm in length were prepared according to ASTM C192/C192M-98. 

Specimens were moist-cured until an age of 28 days after the mixing of concrete. 

Compressive test of cylindrical specimens was performed until an age of 28 days’ 

cure according to ASTM C39-96. The obtained compressive Young’s modulus 

and strength were 8.38 GPa and 37.9 MPa, respectively. The Young’s modulus is 

about one-third that of normal con-crete, due to the lack of coarse aggregate.  

  Test set-up 

 Figure 10.7 shows the test set-up. Loads are applied vertically to the top 

surface of the test specimen by the actuator hanging from the top beam of 

a reaction frame. The specimen is instrumented with potentiometers and 

strain gages at various locations to measure displacement and strain, respec-

tively. Spreader beams spread the load from the actuator to four contact 

points. The load confi guration simulates the tandem load specifi ed in the 

 AASHTO   LRFD Bridge Design Specifi cations  (AASHTO, 1998). The design 

tandem load is a live load that has two axles of 110 kN, where one axle is 

1200 mm away from the other. Each axle has two tires that are 1800 mm 

apart center-to-center, and each tire area is 510 mm long and 250 mm wide. 

For the one-fi fth scale model, this design tandem load becomes two axles of 

4.4 kN, 240 mm apart. Two tires of each axle are 360 mm apart and each tire 

area is 102 mm long and 50 mm wide.    

 The test specimen is supported by concrete blocks at its two ends. To pro-

tect the bottom surface of the specimen from damage and to allow rotation 

at the supports, elastomeric bearing pads are placed on the concrete blocks, 

(b)(a)

Actuator

Load cell

Swivel

Spreader beam

Bridge model

Elastomeric
bearing pad

Concrete
block

 10.7      Test set-up. (a) Schematic drawing; (b) photo of test set-up.  
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and the specimen sits on the pads. Each elastomeric bearing pad is 13 mm 

thick and made of neoprene.  

  Test procedures 

 A series of non-destructive tests were fi rst performed on the test specimen 

to obtain its structural characteristics in the elastic range under fl exural 

loading. Then, the capacity of the specimen was investigated by destructive 

tests. Loading confi guration for the static and fatigue loading is shown in 

Fig. 10.8. Displacement and strain measurement locations during the exper-

iment are shown in Fig. 10.9.       

(b)(a) 1221707

3658

180 180

 10.8      Loading confi guration (dimensions in mm). (a) Elevation; (b) 

cross-section.  
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 10.9      Instrumentation layout and displacement measurement 

(dimensions in mm).  
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 Before concrete was cast into the specimen, the FRP-only specimen was 

tested in fl exure in order to examine the behavior without concrete. The test 

was performed by displacement control, and the maximum displace-ment 

applied was  L /480 (7.6 mm), where  L  is a span length. The hybrid FRP–

concrete bridge specimen was then tested in fl exure up to the maximum 

displacement of  L /480. Then the test specimen was subjected to 2 × 10 6  load 

cycles in fl exure. This fatigue test was performed by force control with a load 

range of 0–17.6 kN and a frequency of 3.0 Hz. The maximum load of 17.6 

kN is equivalent to twice the design tandem load for this test specimen. The 

test specimen was subjected to a static fl exural loading every 2 × 10 5  cycles 

to obtain its stiffness and examine stiffness degradation. 

 After the fatigue test, the bridge model was tested in fl exure to failure 

to examine its residual strength and failure modes. This test was performed 

by displacement control, and it was divided into two steps. In the fi rst step 

(Step I), a cyclic displacement profi le was used with the amplitude gradually 

increased. For each cycle, the displacement ranged from 0 to a predeter-

mined amplitude, and three cycles were applied for each amplitude. 

 Although it was planned to repeat this process until failure of the bridge 

model, the test was stopped at the maximum displacement of 77.7 mm (17 × 

 L /800) because the maximum force became close to the capacity of the load 

cell. By using a load cell with a higher capacity, the second step (Step II) of 

the test was performed. In this step, displacement was increased monotoni-

cally until the test specimen failed.  

  Test results 

 No sound of cracking of either the concrete or GFRP was heard during 

the non-destructive fl exural loading where the applied maximum displace-

ment is  L /480. The obtained force–displacement responses were very much 

linear, as shown in Fig. 10.10. Stiffness of the hybrid bridge specimen was 

19% higher than that of the FRP-only specimen, which shows the effective-

ness of concrete. For the prototype bridge, the stiffness increase resulting 

from the inclusion of concrete is expected to be as much as 40%, because 

Young’s modulus of normal concrete to be used in the prototype bridge 

will be about three times as high as that of the concrete used in the test 

specimen. Figure 10.11 shows the deformed shapes of the top and bottom 

surfaces, respectively. It can be observed from the fi gure that the three box 

shapes deformed as a unit and there was not signifi cant local deformation, 

even near the loading points.       

 It is recommended in the  AASHTO   LRFD Bridge Design Specifi cations  

that the maximum defl ection under live loads be smaller than  L /800 ( L  = 

span length). The live load for this check is (1 + IM) × truck load, where 

IM = dynamic load allowance, and has a value of 0.33 in this case. In this 
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study, the condition was checked with the tandem load instead of the truck 

load. As the span length of the test specimen is 3.66 m, the maximum defl ec-

tion under (1 + IM) × tandem load has to be smaller than  L /800 = 4.6 mm. 

 The obtained defl ection of the hybrid specimen due to (1 + IM) × tandem 

load was 0.547 ×  L /800. The hybrid specimen well satisfi ed the AASHTO 

live-load defl ection recommendation. 

 Variations of longitudinal strains over the height of the superstructure 

on the exterior web at the midspan of the specimen are shown in Fig. 10.12. 

Longitudinal strains on the web varied linearly, implying that the bending 

theory for small strain can apply, i.e., the plane section before deformation 

remains plane after deformation.    

 Figure 10.13 shows stiffness degradation over 2 × 10 6  cycles in the fatigue 

test. The stiffness degradation is defi ned as a ratio of the stiffness measured 

after a certain number of load cycles to the stiffness measured in the last 

cycle of the non-destructive fl exural test. Although the trend of stiffness 

degradation is not very clear in this fi gure, it can be concluded that stiffness 

degradation was insignifi cant. The degradation was 5.9% after two million 

cycles.    

 Figure 10.14 shows force–displacement responses obtained at H-TOP-T 

and G-BOT-C during the destructive fl exural test (Steps I and II). At the 

load of 19.1 × tandem load in Step I, there was a loud cracking sound from 

concrete under the loading points. This is a local failure mode. The failure 

load was 8.2 times the AASHTO requirement of 1.75 (1 + IM) × tandem 
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 10.10      Force–displacement relationship at G-BOT-C.  
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load for live loads in the Strength Limit I State. After concrete cracked 

under the loading points, the bottom fl anges of the spreader beams came in 

contact with the top surface of the specimen, and the loading confi guration 

became two line loads instead of four-point loads. Therefore, further local 

deformation was not observed at H-TOP-T.    

 The load path from Step II shows that the reloading path is very much lin-

ear until the maximum load experienced before. A global failure occurred 
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at 35 × tandem load, which is 15 times the 1.75 (1 + IM) × tandem load. A 

sequence of failure leading to global failure can be described as follows. 

Concrete failed in compression fi rst, then the GFRP fl anges took over 

the compressive force that had originally been carried by concrete. GFRP 

compression fl anges failed in compression when the compressive stress 
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 10.12      Longitudinal strain on the exterior web at Section G.  
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 10.13      Stiffness degradation obtained from fatigue test.  
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reaches the compressive strength, followed by failure of the webs in com-

pression. The bottom GFRP fl ange was found to be intact. Although the 

failure was sudden, due to the nature of GFRP composites, the obtained 

global failure mode can be considered to be favorable because it did not 

lead to collapse of the entire bridge. At the failure section, crushing of con-

crete, compressive failure of the GFRP top fl ange, buckling failure of the 
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 10.14      Force–displacement relationships in the destructive fl exural test. 

(a) Top surface at Section H; (b) bottom surface at Section G.  
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GFRP interior fl ange, and signifi cant delamination of the GFRP lami-nates 

were observed. 

 After the strength test, the test specimen was cut at a few sections that 

were away from the damaged section (Section H) to investigate the inter-

face between the GFRP and concrete. Visual inspection did not fi nd any 

trace of slippage between the GFRP and concrete. 

 The experimental study demonstrated excellent performance of the pro-

posed hybrid FRP–concrete bridge superstructure. As is often the case with 

many GFRP composite bridges, stiffness governs the design of the proposed 

bridge superstructure. Clearly, the proposed design can be designed to meet 

the AASHTO live-load defl ection recommendation. Also, the fatigue test 

revealed that the stiffness degradation was not signifi cant over 2 × 10 6  cycles 

of the load equivalent to twice the tandem load. However, the test results 

showed that the proposed design has much higher strength than is required, 

i.e., the design was conservative. The depth of the bridge may be increased 

so that the same fl exural rigidity can be achieved with less material and the 

strength can be used more effi ciently.   

  10.3.5      Structural analysis 

 In this section, detailed fi nite element analysis (FEA) of the hybrid FRP–

concrete bridge superstructure and simple methods of analysis are introduced, 

and their applicability for the proposed hybrid superstructure is discussed. 

  Linear fi nite element analysis 

 For the detailed fi nite element analyses of the hybrid FRP–concrete bridge 

superstructure, the general purpose commercial FEA software, ABAQUS 

ver. 6.1 (Hibbit, Karlsson & Sorensen, Inc., 2000), was used. A four-noded 

general shell element was used for GFRP laminates, while a general 3D 

eight-noded solid element was used for concrete. Figure 10.15 shows the 

fi nite element model for the one-lane hybrid FRP–concrete bridge super-

structure. The longitudinal, transverse, and vertical directions are referred 

to as the  x ,  y , and  z  directions, respectively. In this model, the total number 

of elements is 38º892 (22º764 shell elements and 16º128 solid elements), and 

the total number of nodes is 31º857.    

 The FEA model was supported by a line at each end. Boundary conditions 

were imposed to two lines of nodes of the bottom surface. Nodes at  y  = 0 and 

 z  = 0 were restrained in the  y  and  z  directions, and nodes at  y  =  L  and  z  = 0 

were restrained in the  z  direction. In addition, nodes at  x  = 0,  z  = 0, and  y  = 0 

and  L  were restrained in the  x  direction, too. 

 Material properties of GFRP and concrete obtained from the experimen-

tal study presented in Section 10.3.4 were used in the FEA. Although the 
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obtained tensile and compressive properties are different to some degree, 

they are assumed to be the same in the analysis. The experimental study 

showed that GFRP almost behaves as a linear-elastic material until failure, 

and that concrete cracking or compressive failure occurs at a much higher 

load level than the design load level. Therefore, only the linearly elastic 

behavior of the hybrid bridge superstructure is examined in this section, 

and only elastic properties are used in the FEA. A perfect bonding between 

concrete and GFRP laminates was assumed in the analysis.  

  Simple methods of analysis 

 Because a detailed fi nite element analyses for every trial design is very time-

consuming and not cost-effective to select the bridge design parameters in a 

preliminary design phase, it is necessary to have a simple and quick method 

to analyze the bridge behavior under various loading conditions. The beam 

and orthotropic plate analyses are presented here as the simple methods of 

analysis. It is assumed that the estimation of defl ection will be the primary 

objective of the simplifi ed analysis because the design of the hybrid bridge 

superstructure is controlled by defl ection. To model the bridge superstruc-

ture as a beam or a plate, cross-sectional properties are the key parameters. 

The procedures to evaluate the cross-sectional properties are presented 

based on the classical lamination theory. 

 It is assumed in the beam analysis that the cross-section in the  xz  plane 

will not deform. The bridge superstructure is modeled as a beam with span 

length,  L , effective fl exural rigidity,  EI  eff , and effective torsional rigidity,  GJ  eff . 

The evaluation of  EI  eff  and  GJ  eff  is the main task of modeling the bridge super-

structure as a beam. Equation [10.1] calculates the effective bending rigidity.

    EI E z Ay

Ay

effff dAA= ∫ 2     [10.1]   

x

y

z

 10.15      Finite element mesh.  
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 where  Ē   y   is the effective modulus for laminates in the  y  direction or Young’s 

modulus for the concrete;  z‾  is the vertical coordinate taken from the loca-

tion of the neutral axis; and  A   y   is the cross-sectional area in the  xz  plane. 

 The effective engineering properties of a laminate were obtained based 

on the classical lamination theory. The effective engineering properties of 

different laminates are given in Table 10.4, and names of different laminates 

are found in Fig. 10.4.      

 The effective torsional rigidity,  GJ  eff , is evaluated by considering the shear 

fl ow around the box section. Here, the following assumptions are made:

   the net shear fl ow through interior webs is negligible and the shear • 

fl ow through the top and bottom fl anges and exterior webs is of prime 

signifi cance;  

  the magnitude of the shear fl ow does not change along the top and bot-• 

tom fl anges and the exterior webs;  

  the shear fl ow goes through the median line of each member;  • 

  the top fl ange consists of the outermost laminate, the outer tube laminate, • 

the concrete layer, and the inner tube laminate; and the top fl ange extends 

over the bridge width without any interruptions by the interior webs;  

  the bottom fl ange consists of the outermost laminate, the outer tube • 

laminate, and the inner tube laminate; and the bottom fl ange extends 

over the bridge width without any interruptions by the interior webs.    

 Based on these assumptions, the effective torsional rigidity may be approx-

imated by using Bredt’s formula:

    GJ
G t sxykG k

k

effff
encl

d
=

∑∫
4 1Aencl

1

2

    [10.2]   

 where  A  encl  is the area enclosed by the median lines of the top and bottom 

fl anges and the exterior webs;  G‾    xyk   is the effective shear modulus of the  k th 

layer in a member;  t   k   is the thickness of the  k th layer in a member; and  s  is 

the axis along the median line of each member. 

Table 10.4     Effective engineering properties of 

different laminates (units in GPa) 

 Laminate   Ē   x     Ē   y     G‾    xy   

 Outermost  18.6  18.6  2.94 

 Outer tube  13.1  13.1  6.47 

 Inner tube  18.6  18.6  2.94 
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 In Equation [10.2], the summation is carried out over layers in a member; 

for instance, there are four layers in the top fl ange: the outermost laminate, 

the outer tube laminate, the concrete layer, and the inner tube laminate. 

The integration is carried out along the median line of each member. 

 In the orthotropic plate analysis, the hybrid bridge is modeled as an 

orthotropic plate with two opposite edges simply supported as shown in 

Fig. 10.16. By assuming some of the bending extension coupling stiffnesses 

are insignifi cant, the governing equations for the orthotropic plate model 

of the hybrid bridge superstructure can be expressed as follows (Aref 

 et al. , 2005):       
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 where the following notations are used:
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 and  w   o   is vertical defl ection, and  D   ij   
 x   and  D   ij   

 y       are 3 × 3 bending stiffness matri-

ces evaluated by the classical lamination theory for the transverse direction 

x

y
z

q(x,y)

P(xl,yl)

 10.16      Bridge model for the orthotropic plate analysis.  
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and the longitudinal direction, respectively. These bending stiffness matrices 

can be evaluated by choosing representative units for the longitudinal and 

transverse directions as shown in Fig. 10.17. The solutions of Equation [10.3] 

can be found in Cusens and Pama (1975).    

 Table 10.5 compares defl ections obtained from the three different ana-

lytical methods and the experiment at the center of the test specimen of 

the bridge superstructure subjected to the fl exural loading of twice the 

tandem load. Figure 10.18 compares deformed shapes from the three dif-

ferent analytical methods and the experiment at twice the tandem load. As 

can be seen in the table and fi gure, the predictions by the beam and plate 

analyses are very close to those by the detailed FEA with the maximum dif-

ference being only about 1.0%. Therefore, in this particular case, either the 

beam or the orthotropic plate analysis can be a very good tool to estimate 

the overall bridge behavior under different loading conditions. However, 

when the bridge superstructure becomes wider, a variation of defl ection in 

the transverse direction will get larger. To predict the maximum defl ection 

of the hybrid bridge with more than three lanes, it is recommended to use 

the orthotropic plate analysis instead of the beam analysis.           

bybx

(a) (b)

 10.17      Representative units for the orthotropic plate analysis. (a) 

Longitudinal direction; (b) transverse direction.  bx  = width of the 

representative unit of the bridge in the longitudinal direction  by  = width 

of the representative unit of the bridge in the transverse direction  

 Table 10.5     Defl ection at midspan under twice the tandem load 

   Defl ection  Difference from FEA 

   (mm)  ( L /800)  (%) 

 Linear FEA  3.89  0.850  −1.04 

 Beam analysis  3.85  0.842  0.687 

 Orthotropic plate analysis  3.92  0.856  0.706 

 Experiment  3.88  0.849  −0.135 
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  10.3.6      Practical issues 

 Judging from results from the experimental and numerical study, the pro-

posed hybrid FRP–concrete superstructure is highly feasible from a struc-

tural engineering point of view. To fully develop the superstructure and 

apply the concept in an actual bridge project, the following issues will have 

to be investigated in the future:

   automated fabrication process for trapezoidal sections,  • 

  methods to expand traffi c lanes,  • 

0.0

0.2

0.4

0.6

0.8

1.0

Y-coordinate (× span)

D
is

pl
ac

em
en

t (
× 

sp
an

/8
00

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

(m
m

)

FEA
Beam
Plate
Experiment

0.0

0.2

0.4

0.6

0.8

1.0

(a)

(b)

X-coordinate (m)

D
is

pl
ac

em
en

t (
× 

sp
an

/8
00

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

(m
m

)

0.0 0.2 0.4 0.6 0.8 1.0

–0.4 –0.2 0.0 0.2 0.4

FEA (Top) FEA (Bot.)
Beam Plate
Exp. (Top) Exp. (Bot.)

 10.18      Deformed shapes from different analyses. (a) Longitudinal 

variation; (b) transverse variation.  
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  effi cient methods to cast concrete in the fi eld,  • 

  design details to make better use of strength,  • 

  design for the section to resist negative moments in a continuous • 

girder,  

  installation method of guard fences,  • 

  response to thermal effects,  • 

  long-term performance degradation and maintenance requirements, and  • 

  life-cycle costs.      • 

  10.4     Conclusion 

 The concept of the hybrid design is a very prudent way to design a structure, 

because different materials can be used effi ciently where they perform best. 

In this chapter, the hybrid FRP–concrete bridge superstructure is introduced, 

where the novel concept of the hybrid FRP–concrete design is applied. The 

trial design of the bridge superstructure was proposed, and its structural per-

formance was investigated through the detailed FEA and a series of static and 

fatigue loading tests. In addition, simple methods of analysis for this hybrid 

bridge superstructure were also proposed. Results from the research to date 

have showed that the proposed hybrid bridge superstructure has excellent 

structural performance, and the hybrid FRP–concrete system for the bridge 

superstructure is highly feasible from a structural engineering point of view.  
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