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Analysis of Alternative Ductile FRP Reinforcing Bar Concepts  

 
Bashar Behnam1 and Christopher Eamon2 

 
 

ABSTRACT 

Steel-reinforced concrete structural components are often associated with significant 

maintenance costs as a result of reinforcement corrosion.  To mitigate this problem, fiber-

reinforced polymer (FRP) bars have been used in place of traditional steel reinforcement for 

some applications. The non-ductile response of typical FRP bars is a concern, however. To 

overcome this problem, hybrid ductile FRP (HDFRP) bars have been developed for use in 

concrete flexural members with resulting ductility indices similar to sections reinforced with 

steel.  In this study, five different HDFRP bar concepts are analyzed and compared in terms of 

ductility, stiffness, and relative cost.  Of primary interest is the effect that the number of 

materials used in bar construction has on performance.  Reinforced concrete beam and bridge 

deck applications are considered for analysis.   It was found that all HDFRP-reinforced flexural 

members considered could meet code-specified strength and ductility requirements for steel-

reinforced sections, although service load deflections were approximately twice that of steel-

reinforced sections of the same depth.  In general, ductility increased, and overall material cost 

decreased, as the bar material layers increased from 2 to 4.  The 4-material continuous fiber bar 

approach was found to be most promising, with high ductility as well as relatively low cost.  
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INTRODUCTION  

 Extensive damage is caused to the civil infrastructure by steel reinforcement corrosion, 

where in the United States alone, upwards of 30% of bridges have been significantly affected by 

corrosion-induced deterioration, representing a repair cost of over $8 billion [1,2].  Bridge decks 

exposed to chlorides are particularly susceptible to this problem, where corroding steel may 

significantly increase in volume and fracture the concrete around which bars are embedded [3].  

To prevent this damage, various approaches have been considered, including using epoxy-coated 

bars; implementing cathodic protection measures; shielding bars from chloride penetration by 

increasing cover; and altering concrete properties to limit chloride action; among others. 

Although some damage mitigation has been achieved with these methods, a substantial corrosion 

problem still remains [2,3]. 

 A more recent approach to address this problem is to avoid the use of steel altogether, 

and reinforce concrete members using fiber reinforced polymer (FRP) composite materials. 

Although relatively small in number, FRP-reinforced concrete components have been 

implemented throughout the world as well as in the US, where the construction of various 

structures have been documented in the technical literature [4].  Currently, the two prevailing US 

guidelines governing reinforced concrete structural design, The American Association of State 

and Highway Transportation Officials (AASHTO) Bridge Design Specifications [5] and the 

American Concrete Institute Building Code Requirements for Structural Concrete, ACI-318 [6], 

for bridges and buildings, respectively, do not contain detailed guidelines for the use of FRP.  

However, both ACI as well as AASHTO have alternative design guides available that 

specifically address the use of FRP reinforcing bars in concrete flexural members: the ACI Guide 

for the Design and Construction of Structural Concrete Reinforced with FRP Bars, ACI-440.1R 
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[7], as well as the AASHTO LRFD Bridge Design Guide Specifications for GFRP-Reinforced 

Concrete Bridge Decks and Traffic Railings [8]. 

 Despite the availability of these design guides, the number of newly-constructed FRP-

reinforced structures, relative to steel-reinforced structures, is very small.   Various factors 

contribute to the limited use of FRP, such as high initial cost, lack of familiarity among 

designers, low stiffness, and lack of ductility.  Poor material and bar geometry choices may also 

lead to other problems, such as inadequate bond and material degradation, although most of these 

issues can be solved with careful selection of bar properties [9]. 

 In recent years, two of the major challenges with FRP, high cost and lack of ductility, 

have been considered by various researchers.  Ductility is a particular concern from a safety 

perspective [10], as the nearly linear-elastic response of traditional FRP bars until rupture allows 

little warning before failure, nor does it allow moments to be significantly redistributed in 

indeterminate structures.   In the last two decades, however, work has been done by various 

researchers to increase ductility, and significant ductility has been achieved by numerous bar 

designs [1, 9-15].   Although different techniques have been proposed to achieve pseudo-ductile 

response in FRP structures, most successful ductile FRP reinforcement bar designs have use the 

“hybrid” approach.  Here, the bars are manufactured not with a single fiber, but with several 

fibers that have different ultimate strain values.  Under load, the  fibers incrementally fail as the 

strain increases, reducing stiffness but retaining sufficient strength to produce an effective ductile 

response.  When used in concrete flexural members, the hybrid bars have generated  moment-

curvature responses that are similar to  steel-reinforced concrete members [9, 12]. 

 High cost remains an important issue for the use of FRP, as common FRP reinforcing 

bars may cost up to 8 times more than steel reinforcement.  However,  the reduced corrosion-
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induced maintenance costs generally become beneficial in the long run, where life-cycle cost 

analyses of FRP-reinforced bridges revealed significant cost savings over a 50 to 75 year bridge 

lifetime, typically resulting in half or less of the total life-cycle cost of corresponding steel-

reinforced bridges.  In the considered cases, cost savings usually began at approximately 20 

years into the service life of the bridge [4].   However, with an expected 20-year pay-back 

period, initial cost is still a major concern, and any initial cost savings are clearly highly 

desirable.  

 In light of these critical issues for ductile FRP bars, this paper presents an analysis of 

several hybrid ductile fiber reinforced polymer (HDFRP) reinforcing bar concepts.  The 

objective of this study is to compare bar performance, in terms of ductility, stiffness, and cost, 

for different HDFRP bars.  Of primary interest in this study is the effect that material choices, 

particularly in terms of the type and number of materials used in bar construction, have on bar 

performance.   The effect of other factors related to the manufacturing of some bars, such as 

braiding, crimping, and twisting of the continuous fibers, are difficult to predict analytically and 

are not considered in this study. 

 

HDFRP BARS CONSIDERED 

 Various bar layouts are possible, with a generic scheme shown in Figure 1. In the figure, 

FRP materials are placed in concentric layers for illustration, although bar construction is not 

limited to this geometry.  Note that a relatively narrow range of bar layouts is actually feasible, 

once several other practical design constraints are considered, restricting the range of possible 

material properties and volume fractions, as discussed below.   
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In this study, five HDFRP bar concepts are considered: 2, 3, and 4-material bars 

composed of continuous fibers, designated B1, B2, and B3, respectively; a 4-material bar 

composed of 2 layers of continuous fibers and 2 layers of randomly-dispersed chopped-fiber 

materials, designated B4; and a 4-material bar composed of 1 continuous and 2 chopped fiber 

layers, as well as a small steel core (8mm diameter), designated B5.  In the first chopped-fiber 

layer scheme (B4), two layers are composed of intermediate modulus carbon (IM-Carbon) 

chopped fibers and small modulus carbon chopped (SM-Carbon) fibers, respectively, while the 

two remaining layers are continuous aramid (Kevlar-49) and continuous E-glass fiber.  Bar B5 is 

similar but it has a steel rather than E-glass core. This further reduces costs, and at the core, the 

steel is protected from the environment by the outer layers, as suggested by Terry [9]. The 

chopped fiber composite layers consist of 65% resin and 35% fiber, while the fibers are taken as 

randomly dispersed with a fiber length of 6 mm.   

The chopped-fiber layer schemes are considered due to an expected reduction in cost 

from using continuous fiber materials [16, 17].  Although less expensive than continuous fibers, 

a drawback is the strength and stiffness reduction associated with short fiber lengths and random 

dispersion. This is an important consideration for overall bar performance, particularly with 

regard to layer failure sequence.  For the bar to behave in a ductile manner, when the first fiber 

type fails, the remaining layers must have the capacity to carry the applied load. Similarly, when 

the second fiber type fails, the remaining layers must still carry the load, and so on, until the last 

material fails when the desired ductility is reached.  In the schemes presented, it is preferable that 

the carbon layers are placed on the exterior of the bar to protect the inner glass layers from 

alkaline attack in a cementitious environment.  
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 Table 1 provides the volume fractions of the materials used in each bar, while Table 2 

lists Young’s modulus (E) and ultimate strain (εu) of these materials.  Note that these 

configurations are not arbitrary, but carefully selected in order to meet both strength and ductility 

requirements, as described below.  

 

BAR ANALYSIS 

 The elastic modulus of a composite material composed of continuous fibers loaded in 

tension can be estimated with the  rule of mixtures: 

∑+=
i

fifimmc vEvEE                                 (1) 

where Ec is the tensile modulus of elasticity of the composite in the longitudinal direction;  Em is 

the matrix/resin elastic modulus; vm is the volume fraction of the matrix/resin;  Efi is the fiber 

tensile elastic modulus for material i, and vfi is the volume fraction of material i.  The 

corresponding tensile stress in the composite, σc can be similarly calculated by multiplying Ec 

with the composite strain εc.  For the scheme with a steel core, stress in the bar is calculated as σc 

= Ecεc + steelyvσ  for strains beyond steel yield strain, where  vsteel  is steel volume fraction and σy 

steel yield stress.  In this formulation, strain compatibility (i.e. perfect bond) is assumed to exist 

between the different materials in the HDFRP bars, such that the tension force can be fully 

transferred via shear from outer to inner materials.  Based on the existing experimental data 

summarizing tension, pull-out, and flexural tests, in which no significant slip between material 

layers was reported, this appears to be a reasonable model [1, 9-15]. 

 When chopped fiber layers are included in the composite bar, eq. (1) must be adjusted to 

account for the reduced effective modulus of the chopped fiber layers.   This can be done by 
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applying appropriate reduction factors to eq. (1), which takes into account the  effects of fiber 

length and orientation: 

   mmffOELEc vEvEE +⋅⋅= ⋅ηη                                    (2) 

where ⋅cE is the modulus of elasticity of the composite in the longitudinal direction; ⋅fE
 
is the 

modulus of elasticity of continuous fiber; ⋅mE is the  modulus of elasticity of the matrix; LEη  is 

the fiber length efficiency factor; and OEη  is the fiber orientation efficiency factor.  LEη  can be 

calculated from [18]: 
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In these expressions, l is the chopped fiber length; Gm is the shear modulus of the matrix; 

Ef is the fiber elastic modulus, rf is the fiber radius; and  D is the fiber diameter.   2R refers to the 

mean center-to-center distance between fibers, and can be calculated from: 
f

R

f v

K

r

R
= . The 

value of KR depends on the fiber packing geometry. For square packing, as assumed in this study, 

KR = π/4 [19] (Figure 2).   Eq. (3) describes a reduction in effective fiber modulus Ef for using 

short, equal-length fibers in the matrix in place of continuous fibers; Ef short = ηLEEf continuous. As 

given in [18], the expression was derived assuming Ef >> Em and perfect fiber-matrix bond.  

Values of ηLE may range from 0.20-0.99 for νf = 0.3 with fiber lengths from 0.1-10 mm and fiber 

diameters of 8-10 µm [20], with reasonable agreement to experimental results [21].  In this study, 
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chopped fibers are taken as a uniform length of 6 mm and diameter of 10 µm, and have a 

corresponding LEη  of approximately 0.98-0.99.   

 The fiber orientation efficiency factor OEη  accounts for effective modulus reductions 

based on fibers misaligned from the load axis; Ef misaligned = ηOEEf aligned; for aligned chopped 

fibers, OEη =1, whereas for fibers transverse to the load, neglecting the effect of transverse 

deformation, OEη = 0.  For fibers with arbitrary orientation, OEη  becomes [22]: 

n

n

nOE a φη 4cos∑=  (5) 

where an is the fraction of fibers with orientation angle φn with respect to the load axis.  

Randomly-dispersed, in-plane fibers, as considered in this study, have been modeled using eq. 

(5) assuming fibers are equally divided into four representative orientations with 45° separation 

each (i.e. with iφ = 0, 45, 90, and -45°, and ai = ¼), resulting in 
8

3
=OEη  (note fibers randomly 

dispersed in three dimensions produces = 0.5) [22].   This result has shown good agreement with 

experimental data [23, 24]. 

The composite modulus of elasticity values predicted from eq. 2 has shown good 

agreement to the existing experimental data [24, 25].  For strength consideration, ultimate 

strength cuσ  of a chopped fiber layer can be calculated as: 

 ( )
mfffOSLScu vv σσηησ −+⋅⋅⋅= 1 ,        (6) 

where LSη  is the fiber length efficiency factor for strength, calculated as 
l

lc

2
1−  for 

lengths greater than critical length lc, and is 0.95 for the fibers used in this study [26]; OSη  is the 

fiber orientation efficiency factor, taken as 0.2 [27]; fσ is fiber failure stress; mσ  is the matrix 
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stress at fiber failure strain, and vf  is the volume fraction of fiber in the layer.  Chopped fiber 

length has a significant impact on stiffness, strength, and failure mode. The critical fiber length, 

lc represents the minimum length that will allow tensile failure of the fiber rather than shear 

failure (i.e pull-out) at the interface, and is given in terms of  fiber tensile stress σf, fiber diameter 

D, and the shear strength, τ, of the fiber-matrix interface or of the matrix itself (taken as 29 MPa 

in this study), whichever is lower, in the following expression:  
τ

σ
2

D
l

f

c = .  Typical values for 

critical fiber length are 0.2 mm for carbon fibers embedded in epoxy resin, 0.5 mm for glass 

fibers in polyester resin, 1.8 mm for glass fibers in polypropylene resin [17].   Once the fiber 

length is 5 times the critical fiber length, approximately 90% of the fracture stress can be 

achieved. In this study, the chopped fiber length (6 mm) is taken as 8 times the critical fiber 

length.   

 

DESIGN CONSTRAINTS 

 For HDFRP-reinforced concrete flexural members, in addition to strength, various other 

design constraints must be considered.  Some of these include ductility, stiffness, bond, 

deterioration, and cost.  In this work, it is assumed that the exterior fibers of the bar are sand-

coated or otherwise appropriately ribbed for adequate bond [28, 29], while appropriate strength 

reduction factors to account for potential deterioration are given in ACI 440.1R in terms of the 

environmental factor CE.  Ductility and cost are more specifically addressed below. 

 For reinforced concrete flexural members that use composite materials as tension 

reinforcement, ductility index can be calculated from the load deflection or moment curvature 

diagram  with the expression [30]: 
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where Etotal is computed as the area under the load displacement or moment curvature diagram 

and Eelastic  is the area corresponding to the elastic deformation. In this study, a minimum ductility 

index of 3.0 is specified for flexural member performance, which represents a lower limit similar 

to that of many steel-reinforced sections [31, 32]. 

 As discussed previously, HDFRP bar ductility is generated from non-simultaneous 

material failures, such that after a material fails, the remaining materials have the capacity to 

carry the tension force until the final material fails, to produce the desired ductility level. 

Correspondingly, before the desired level of ductility is reached, each bar material must fail 

before the concrete crushes in compression, which is assumed to occur at an ultimate strain of 

cuε = 0.003.  Enforcing the first constraint results in a bar stress-strain diagram that has 

subsequent stress peaks that do not decrease as bar strain increases, as shown in Figure 3 for bars 

B1-B5. 

 To evaluate the ductility of a HDFRP-reinforced section, the load deflection or  moment-

curvature function is needed.  In this study, the latter is considered.  Prior to concrete cracking, 

moment capacity M is calculated from elastic section properties according to 
t

gr

y

If
M =  , where 

rf  is the modulus of rupture of the concrete, Ig is the uncracked section moment of inertia, and yt 

is the distance from the centroid of the section to the extreme tension fiber.  The concrete stress-

strain behavior for cracked sections is developed based on the modified Hognestad model [33], 

and the corresponding resisting moment is then determined from: ( )cKdCM c 2−= , where Cc is 

the compressive force in the concrete; d is the distance from the top of the concrete compression 
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block to the reinforcement centroid; and c is the distance from the top of the concrete 

compression block to the section neutral axis.  To develop the moment-curvature response, 

curvature φc is calculated from  
c

c

c

ε
φ = , where εc is the concrete strain at the top of the concrete 

compression block.  For development of the moment-curvature diagram, it is assumed that once 

the failure strain of a particular bar layer is reached, the layer throughout the length of the bar 

immediately loses all force carrying capability.  This conservative assumption results in the non-

smooth moment-curvature diagrams shown in Figure 4.  At the peak moment values on the 

diagrams, two different capacity values are theoretically associated with the same curvature.  

This occurs because once the stiffest existing material in the bar fails, the stiffness of the cracked 

section decreases and less moment is required to deform the beam the same amount.  

Experimental results of HDFRP-reinforced beams have developed somewhat smoother curves, 

closer to that found by drawing a line between the moment peaks and excluding the capacity 

drops as shown in Figure 4 [9, 12].  However, because including the theoretical low capacity 

points results in the most conservative ductility indices, this method is used to enforce the 

ductility constraint imposed in this study.  Based on the material properties considered (Table 2), 

this results in sections with tension reinforcement strain εt significantly higher (approximately 

0.02 < εt < 0.04) at concrete crushing than that required by ACI 318 for a tension controlled (φ = 

0.9) steel reinforced section (εt ≥ 0.005).  All of the bar configurations considered meet these 

ductility constraints.   

 The nominal moment capacity Mn of the HDFRP-reinforced concrete section is taken as 

the  first peak on the moment-curvature diagram, which represents the moment at which the first 

FRP material (i.e. lowest ultimate strain) in the bar ruptures, which is IMCF-I for B4 and B5 and 

IMCF-II for B1-B3 (see Tables 1 and 2).   
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 For all bar schemes except B5, in which all materials are composed of fiber, ignoring the 

concrete tensile strength, which is insignificant in section flexural resistance, an expression of 

HDFRP-reinforced concrete moment capacity can be developed as: 
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The first square bracketed term represents the distance between the centroids of the concrete 

compressive block and the reinforcement, while the second square bracketed term is the force in 

the reinforcement at first bar material failure.   In eq. (8), K1  and K2 are parameters used to 

define the parabolic shape of the concrete compression block in Hognestad’s nonlinear stress-

strain model, where K1 represents the ratio of the average concrete stress to the maximum stress 

'

cf  in the compressive block, while K2 provides the location of the centroid of the compressive 

block, in terms of a fraction of the neutral axis depth, as measured from the extreme fiber in 

compression;  AT is the total area of reinforcement; d is the distance from the tension 

reinforcement centroid to the extreme compression fiber in the beam; and b is the width of the 

concrete compression block, as shown in Figure 5.  For scheme B5, with a steel core, the 

resistance moment can be developed as:  
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where the second bracketed term represents the compressive force in the concrete at first material 

failure; sv  is the volume fraction of steel; and yf  is the yield stress of steel.  Note for bars B4 

and B5, where chopped fiber layers are considered, the effective elastic modulus of the chopped 

fibers Efi is calculated as ffOELEfi vEE ⋅⋅⋅= ηη , 

Due to the lower effective modulus of many composite materials as compared to steel, 

and particularly for chopped fiber layers, the possibility of excessive deflections must be 

considered.  This concern is recognized in ACI 440.1R, where recommended limits on 

span/depth ratios for composite-reinforced concrete flexural members are given. The estimation 

of flexural deflections in reinforced-concrete members becomes challenging, since the degree of 

cracking, and corresponding loss of stiffness, generally varies along the length of the flexural 

member.   To account for this, various methods are available, one of which is presented by 

Branson [34, 35], which estimates the effective moment of inertia Ie as:  
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where Mcr is the cracking moment and Ma is the applied moment.   Although the general form of 

the above equation was developed for steel-reinforced sections, an additional reduction factor, βd 

, is used to account for the typical lower stiffness associated with FRP reinforcing and potential 

bonding problems.  To estimate deflections in this study, βd is calculated as 
g

cr
d

I

I
3.3=β , where 

Ig and Icr are gross and cracked moment of inertias, respectively [36]. 



  

 14 

 

EVALUATION CASES 

 Two typical tension-controlled reinforced concrete flexural member applications are 

considered; a bridge deck and a building floor beam.  For the bridge deck (Figure 6), three girder 

spacings are considered; 1.8, 2.7, and 3 m (6, 9, and 10 ft), with corresponding slab thicknesses 

of 180, 200, and 230 mm (7, 8, and 9 in), with a 13 mm (0.5 in) integrated wearing surface and a 

65 mm (2.5 in) future wearing surface allowance.   Concrete strength is taken as fc’= 31 MPa 

(4500 psi), while 22 mm (7/8 in) diameter HDFRP bars are placed in the top and bottom of the 

slab with 25 mm (1 in) cover, as constructed in two FRP-reinforced bridge decks built in 

Wisconsin [29, 37].   For reference,  AASHTO GFRP [8] specifies a minimum of 19 mm (¾ in) 

cover for slabs reinforced with FRP bars.  To allow use of HDFRP ductility, the deck is designed 

as a tension-controlled member for positive and negative moments using the equivalent strip 

method according to AASHTO LRFD [5], where the governing design equation is: 

IMLLDWDWDCDCn MMMM +++= 75.1γγφ .  Here, φ  is taken as 0.55 [8]; MDC and MDW are 

moments caused by the self weight of the deck and wearing surface, respectively; γDC are γDW are 

load factors that may vary from 1.25 to 0.9, and 1.5 to 0.65, respectively, to generate maximum 

load effect; and MLL+IM is the moment caused by 72 kN (16 kip) truck wheel loads on the slab (in 

addition an impact factor of 1.33), positioned to generate greatest moment.  An environmental 

factor used to account for material degradation is taken as CE = 0.9, as recommended in ACI 

440.1R for carbon FRP bars, as in this study, the outer material of the HDFRP bars considered 

are carbon. A summary of the resulting deck slab reinforcement ratios (ρ), ductility indices ( φµ ), 

and maximum deflections (∆, mm) are given in Table 3. As shown, reinforcement ratios were 

approximately 0.002-0.006. The resulting ductility indices ranged from approximately 3 for slabs 
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reinforced with bars B1-B2,  4 - 5 for bar B5, 5 - 6 for bar B3, and 6 – 7 for bar B4.  Note that 

these values are higher than the steel-reinforced slabs.  This is because the post ‘yield’ (i.e. after 

first material failure) deformations of HDFRP-reinforced slabs are greater than those of the 

corresponding steel reinforced sections before ultimate failure (concrete crushing).  Deflections  

were similar for all HDFRP-reinforced schemes, and approximately twice that of steel-reinforced 

slabs of the same depth, as shown in Table 3.   

 For the building beam (Figure 7), three span lengths, 6, 7.6, and 9.1 m (20, 25, and 30 ft), 

were considered, with fc’ = 38 MPa (5500 psi).   A simple-span beam was considered for 

analysis, although a continuous member does not significantly alter results.  The beam width was 

300 mm (12 in).  Beam height was selected to satisfy the minimum recommendation given in 

ACI-440.1R for non-prestressed FRP-reinforced beams (1/10 of span length for simply supported 

beams), which resulted in reinforcement depths d of 560 mm (22 in) for the 6 m span, 710 mm 

(28 in) for the 7.6 m span, and 865 mm (34 in) for the 9.1 m span.  As with the slab, a tension-

controlled member is considered.  The relevant flexural design equation is 

LLDLn MMM 6.12.1 +=φ , where φ  is 0.55 [7] and MDL and MLL are the dead and live load 

moments, respectively.  Resulting beam characteristics are presented in Table 4.  Also included 

for comparison are a steel-reinforced beam of the same dimensions as the FRP-reinforced section 

and a steel-reinforced beam using the span/depth recommendation given in ACI 318 (1/16 of 

span length for simple beams for simple spans), resulting in d = 318 mm (12.5 in ), 412 mm 

(16.3 in), and 510 mm (20  in) for the 6, 7.6, and 9.1 m spans, respectively.  As shown, HDFRP 

reinforcement ratios were from 0.003-0.01.  Ductility indices ranged from approximately 3.3 – 

3.4 for beams reinforced with bars B1 and B2, and from approximately 5 - 6 when reinforced 

with bars B3, B4, and B5.  Steel-reinforced beam ductility indices were 3 for the smaller ACI-318 
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span/depth ratio beams and 7 for the deeper beams matching the HDFRP-reinforced section 

dimensions.  Deflections  were similar for all HDFRP-reinforced schemes, where, similar to the 

bridge slab results, steel-reinforced section deflections were about half that of the HDFRP 

sections of the same depth.  Using the larger span/depth ratios recommended in ACI-318 for the 

steel-reinforced sections (case “Steel 2” in Table 4) produced deflections approximately equal to 

the thicker-deck HDFRP sections. 

 It should be noted that to date, experimental results have considered determinate 

members, and the effect of the pseudo-ductile response of HDFRP-reinforced members  on load 

redistribution during overloads has not been studied.  This is an area of potential concern and 

additional research is needed to verify performance in structural systems. 

 

 COST COMPARISON 

 Although various factors affect cost, two primary considerations include material and 

manufacturing costs.  For comparing material costs, in this study, specific cost sc, as a proportion 

of HDFRP bar cost to that of steel, is considered: 

ss

ff

C

C
sc

ρ

ρ
=           (11) 

where Cf is the cost of fiber material per unit weight, ρf is the density of the fiber, Cs is the cost 

of steel, and ρf is steel density.  The specific costs considered in this study are given in Table 2, 

as taken from the available literature [9, 16, 28].  During the material manufacturing process, 

chopped fibers generally need not be dried or wound onto bobbins as with continuous fibers, 

resulting in a potentially significant cost reduction, estimated to be 1:1.6 for chopped fiber layers 

as compared to continuous fibers [16].  The resulting relative unit costs per weight of the bar 
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schemes is given in Table 5, which indicates that bars using chopped fiber layers (B4, B5) are 

least expensive. However, bars using chopped fiber layers require more overall material to 

account for losses in strength as compared to continuous fibers.  The total relative cost of using 

each bar is also given in Table 5, which is found by multiplying the relative unit cost by the 

average reinforcement ratio for the example applications considered.  In this case, the least 

expensive schemes are composed entirely of continuous fiber layers (B1-B3).  Of these, the bars 

composed of 3 and 4 materials are least expensive overall (B2, B3).  Note that Terry [9] proposed 

a continuous ductile bar scheme which is in fact significantly less expensive than all bars 

presented in Table 5.   However, the cost savings results from the fact that the bar is largely steel 

(60%; as compared to 20% for B5 in this study), which may limit its long-term durability in a 

corrosive environment. 

As HDFRP bars have yet to be mass-produced on a wide scale for commercial sale, there 

is no readily available product manufacturing data to compare other cost influences. Thus, the 

values given in Table 5 are initial estimates only.   

 

CONCLUSIONS 

  With careful selection of bar material properties and proportions, all HDFRP-reinforced 

flexural members considered could meet code-specified strength and ductility  requirements for 

steel-reinforced sections, though service load deflections were approximately twice that of steel-

reinforced sections of the same depth.  As it was found that HDFRP-reinforced sections using the 

span/depth ratios recommended in ACI-440.1R were similar to steel-reinforced sections using the 

span/depth ratios given in ACI-318, the existing ACI-440.1R recommendations appear to well-

apply to sections reinforced with HDFRP bars as well.  With the range of material choices 
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considered in this study, sections reinforced with continuous fiber HDFRP bars (B1-B3) required 

lower reinforcement ratios than beams reinforced with Grade 60 steel, though sections using 

chopped fiber layer bars (B4, B5) required approximately twice the reinforcement ratio of the 

continuous fiber bars to meet strength requirements.    The chopped fiber layer schemes were 

less expensive per bar, but more costly overall than continuous bars.  Continuous fiber bars with 

2 and 3 materials (B1, B2) had ductility indices slightly greater than 3, the lower limit of 

acceptability in this study, while when 4 materials were considered (B3), ductility index 

increased to approximately 5.  The 4 material chopped fiber bar had greatest ductility, from 6-7, 

equivalent to the same section with steel reinforcing.   

 Although the chopped fiber layer bars provided greatest ductility, the associated large 

reductions in strength, and corresponding need for larger reinforcement ratios, resulted in this bar 

type as a relatively costly option.   For the continuous fiber bars, ductility increased, and material 

costs decreased, as layers increased from 2 to 4.  This resulted in the 4-material continuous fiber 

bar approach to be most promising, with high ductility as well as relatively low cost.   
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Table 1.  Material Volume Fractions in Considered HDFRP Bars 

Bar Number: B1  B2 B3 B4 B5 

No. of Layers: 2 3 4 4 4 
IMCF-I* - - - 0.19 0.15 
IMCF- II 0.29 0.20 0.20 - - 
SMCF-I - 0.06 0.07 - - 
SMCF-II* - - - 0.09 0.06 
AKF-I - - - 0.04 0.10 
AKF-II 0.29 0.25 0.10 - - 
EGF - - 0.17 0.06 - 
Steel - - - - 0.20 
Resin 0.42 0.49 0.46 0.62 0.49 
*Chopped fiber layers  

 
Table 2.  HDFRP Bar Material Properties 

Label Material E GPa (ksi) εu Density 
(g/cc) 

Specific 
cost 

IMCF-I IM-Carbon Fiber Type I 650 (95000) 0.0045 1.76 70 
IMCF-II IM-Carbon Fiber Type II 400 (58000) 0.0050 1.76 50 
SMCF-I SM-Carbon Fiber Type I 238 (34500) 0.0150 1.76 6.0 
SMCF-II SM-Carbon Fiber Type II 230 (33400) 0.0150 1.76 6.0 
AKF-I Aramid Kevlar-49 Fiber Type I 125 (18000) 0.0250 1.45 8.0 
AKF-II Aramid Kevlar-49 Fiber Type II 102 (15000) 0.0250 1.45 8.0 
EGF E-Glass fiber 74 (11000) 0.0440 2.56 1.0 
Steel Steel, Grade 60 200 (29000) 0.0207 7.80 1.0 
Resin Epoxy 3.5 (540)* 0.0600 1.05 1.5 
*Shear modulus G is taken as 1.26 MPa (194 ksi).  Note yield stress for steel is given. 

 
Table 3. Bridge Deck Characteristics 

 Bridge Deck Reinforcement 

 B1  B2 B3  B4  B5  Steel   

L=1.8 m (6 ft), h= 180 mm (7 in) 
ρ 0.0026 0.0031 0.0032 0.0066 0.0061 0.0046  

φµ  3.3 3.2 5.2 6.4 4.3 3.0  

∆ 10.1 10.0 10.0 9.2 9.1 4.8  

L=2.7 m (9 ft), h = 200 mm (8 in) 
ρ 0.0025 0.0030 0.0031 0.0064 0.0059 0.0044  

φµ  3.2 3.4 5.5 6.8 4.8 3.0  

∆ 20.2 20.3 20.1 18.0 17.9 9.5  

L=3.0 m (10 ft), h = 230 mm (9 in) 
ρ 0.0023 0.0028 0.0028 0.0060 0.0056 0.0041  

φµ  3.3 3.3 5.8 6.8 5.0 3.0  

∆ 18.0 18.1 18.1 16.2 16.0 8.7  
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Table 4. Beam Characteristics 

 Beam Reinforcement 

 B1  B2 B3  B4  B5  Steel  Steel 2* 

L=6 m (20 ft) 
ρ 0.0040 0.0048 0.0049 0.0102 0.0094 0.0073 0.020 

φµ  3.3 3.4 5.2 6.3 4.6 7.0 3.0 

∆  29.7 29.7 29.7 27.2 27.2 14.2 33.3 

L=7.6 m (25 ft) 
ρ 0.0038 0.0046 0.0046 0.0097 0.0090 0.0069 0.019 

φµ  3.3 3.4 5.2 6.6 5.0 7.0 3.0 

∆ 36.6 36.3 36.3 32.8 32.8 17.3 38.4 

L=9.1 m (30 ft) 
ρ 0.0032 0.0039 0.0039 0.0083 0.0077 0.0064 0.0172 

φµ  3.3 3.3 5.2 6.6 5.0 7.0 3.0 

∆ 41.4 41.4 41.7 37.7 37.8 19.9 43.7 
*Span/depth recommendation as per ACI-318.   

 
 
 
Table 5. HDFRP Bar Relative Cost 

Bar Relative Unit 
Cost 

Relative Total 
Cost 

B1 1.96 1.26 
B2 1.29 1.00 
B3 1.29 1.01 
B4 1.14 1.88 
B5 1.00 1.53 
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Figure 1. HDFRP Bar Concept 

 
 
 

 
 

 

Figure 2. Square Packing Arrangement  
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Figure 3. Stress-Strain Curves for HDFRP Bars 
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Figure 4. Moment-Curvature Diagram of HDFRP-Reinforced Beams 

 
 

 
 

 

Figure 5. Beam Section  

 

 
 

 
 
Figure 6. Bridge Deck  

cε

f1ε

φ

reinfT

cT

cC

cK ⋅2

d h

N.A. 

b

TA

d

cfK ′⋅3

ff

c

avec
f



  

 28 

 

 

 
 
 

 

 

 

 

 

 

 

 

Figure 7. Building Beam  
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