Structures and Buildings
Volume 164 Issue SB4

Design guidelines for FRP reinforced
concrete structures
Pilakoutas, Guadagnini, Neocleous and Matthys

Paper 900009
Received 23/01/2009

ICE Publishing: All rights reserved

Kypros Pilakoutas PhD, DEng

Professor of Construction Innovation, Centre for Cement and Concrete,
Department of Civil and Structural Engineering, University of Sheffield,
Sheffield, UK

Maurizio Guadagnini Dott Ing, PhD
Lecturer, Centre for Cement and Concrete, Department of Civil and
Structural Engineering, University of Sheffield, Sheffield, UK

Proceedings of the Institution of Civil Engineers
Structures and Buildings 164 August 2011 Issue SB4
Pages 255-263 doi: 10.1680/stbu.2011.164.4.255

Keywords: composite structures/concrete structures/design methods & aids

Accepted 24/11/2009

ICa

Institution of Civil Engineers

publishing

Kyriacos Neocleous PhD
Senior Research Fellow, Centre for Cement and Concrete, Department of
Civil and Structural Engineering, University of Sheffield, Sheffield, UK

Stijn Matthys Ir, PhD
Professor, Magnel Laboratory for Concrete Research, Faculty of
Engineering, University of Ghent, Ghent, Belgium

This paper presents an outline of the approach proposed by fib task group 9.3 for the next generation of design

guidelines for fibre-reinforced polymer (FRP) reinforced concrete structures. The approach covers a range of FRP-

related topics, including material properties, durability, design philosophy, the limit states of bending, shear, cracking

and deflection, and bond.

Notation

As area of longitudinal reinforcement

Afmin  minimum limit for area of longitudinal reinforcement
b width (mm)

d effective depth (mm)

dy diameter of shear reinforcement (mm)

E¢ static modulus of elasticity of longitudinal

reinforcement (N/mm?)
Ex characteristic value of static modulus of elasticity of
longitudinal reinforcement (N/mm?)

Fe compression force developed in concrete (N)

Fr tensile force developed in an FRP bar (N)

fo concrete cylinder compressive stress (N/mm?)

fe concrete cylinder compressive strength (N/mm?)

Jea design value of concrete cylinder compressive strength
(N/mm?)

fox characteristic value of concrete cylinder compressive

strength (N/mm?)
Sfetm average value of concrete tensile strength (N/mm?)

S tensile strength of bent portion of shear reinforcement
(N/mm?)
fix characteristic value of ultimate tensile strength of

longitudinal reinforcement (N/mm?)

S ultimate tensile strength of longitudinal FRP
reinforcement (N/mm?)

Srw maximum allowable stress to be developed in the shear
links (N/mm?)

M, ultimate moment of resistance (Nmm)

b bend radius of shear reinforcement (mm)

X neutral axis depth (mm)

xprp neutral axis depth of concrete section reinforced with
FRP reinforcement (mm)

Xsteel  neutral axis depth of concrete section reinforced with
steel reinforcement (mm)

Olec coefficient taking into account the long-term effects on
compressive strength and unfavourable effects resulting
from the way the load is applied

B concrete strength factor

Ve partial safety factor for concrete

& concrete compressive strain

Ecu ultimate concrete compressive strain

&f tensile strain of longitudinal reinforcement

Efu ultimate tensile strain of longitudinal reinforcement

Efw maximum allowable strain to be developed in the shear
reinforcement

n factor defining effective strength of concrete

A factor defining effective height of compression zone

3 ratio of neutral axis depth to the effective depth

0t reinforcement ratio for longitudinal reinforcement

Db balanced reinforcement ratio for longitudinal
reinforcement

of tensile stress developed in longitudinal FRP
reinforcement

1. Introduction

The lack of formal design standards is a significant barrier for the
extensive use of fibre-reinforced polymers (FRPs) in reinforced
concrete (RC). The first draft design guidelines for FRP RC were
published in Japan (JSCE, 1992, 1993, 1997), followed by design
recommendations in Europe by the Eurocrete project (Clarke et
al., 1996), Canada (CSA, 1996) and the USA (ACI, 1998). The
American Concrete Institute (ACI) committee 440 recommenda-
tions have been upgraded several times and several European
countries have published their own codes or recommendations.

Task group 9.3 of the International Federation for Structural
Concrete ( fib TG 9.3) has already published two technical reports
on the use of FRP reinforcement for strengthening applications
(fib, 2001a) and as internal concrete reinforcement ( fib, 2007),
and is currently working towards the preparation of a complete
set of design guidelines that will combine the latest research
efforts and the familiar format of modern Eurocodes.

This paper presents the general philosophy underlying the design
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of RC elements reinforced with FRPs and discusses the various
important design issues dealt with by fib TG 9.3. The mechanical
and physical characteristics of FRPs are presented, along with the
ways in which these can affect the overall performance of FRP
RC members at both serviceability and ultimate limit states,
including considerations on the bond between FRPs and concrete
and the resulting tension stiffening effect. The behaviour of FRP
RC members in flexure and shear is examined in detail and
various design approaches are presented and commented upon.

2. Design considerations

FRP reinforcement is linear elastic up to failure and, in general,
can develop much greater tensile strength than steel reinforce-
ment, but is less stiff, having an elastic modulus as low as
30000 N/mm?2. As a result, FRPs can lead to RC structures with
a very different behaviour from conventional RC. In this section
the behaviour of FRP RC members in flexure, shear and bond is
examined and various approaches for designing RC elements with
FRP reinforcement are described.

2.1 Flexure

It is universally accepted that the basic principles of section
analysis also apply in FRP RC. Plane sections are expected to
remain plane and no significant bond slip takes place (Duranovic
et al., 1997a, 1997b).

For flexural resistance, the amount of reinforcement required
depends on the stiffness and strength of the composite material.
The FRP strength to stiffness ratio is an order of magnitude
greater than that of steel and this has a significant impact on the
distribution of stresses along the section. When considering a
balanced section, as usually desired in steel RC design, the
neutral axis depth for the equivalent FRP RC section is relatively
small (Pilakoutas, 2000), as shown in Figure 1.

For such a section this implies that a larger proportion of the
cross-section is subjected to tensile stress and that the compres-
sive zone is subjected to a greater strain gradient. Hence, for a
similar cross-section as that used for steel RC, much larger
deflections and crack widths are to be expected. Furthermore,
anchoring of the FRP rebars becomes more difficult due to the
high strains developed in the tensile reinforcement.

?
Steel ° L o FRP ° L

—b—>  —>—>

Figure 1. Strain distribution for a GFRP RC section

If all other modes of failure are avoided, flexural capacity is
limited either by crushing of the concrete in compression or
rupture of the FRP reinforcement in tension. Although both modes
are brittle and undesirable, the approach currently adopted is to
accept that FRP RC sections will be over-reinforced and that the
ultimate failure will be by concrete crushing rather than by
reinforcement failure. This issue has been investigated by Pilakou-
tas et al. (2002) and a new approach for a design philosophy was
developed by Neocleous et al., 2005, as presented in Section 3.

The tensile rupture of FRP reinforcement depends on its type, but
also on its bond characteristics. High bond demand around the
crack can lead to bond slip, and that would result in violation of
the plane-sections assumption and lead to higher deformations. In
addition, high surface shear stresses will have a knock down
effect on the FRP strength due to development of lateral stresses,
leading to lower strength compared with the uniaxial material
strength (Imjai ez al., 2007a, 2007b).

To predict the mode of failure of FRP RC section, it is necessary
to understand the stress developed in the reinforcement and
concrete. Figure 2 shows the stress level in the reinforcement at
concrete failure, as a function of the percentage amount of
reinforcement py for a particular section (Pilakoutas, 2000). It is
shown that the steel RC section becomes over-reinforced at p¢
around 3-2%. Below that pg, the section is under-reinforced. In
the case of GFRP (glass) and CFRP (carbon) reinforced sections,
they both remain over-reinforced for pg above around 0-5%
(assuming strengths of 850 and 1350 MPa for GFRP and CFRP,

17507 | — GFRP: £, = 50 GPa
& 1500 \ : --- CFRP: £ = 120 GPa
= 12501 — Steel: £, = 200 GPa
¢ 1000 f, = 35 MPa
% 750 A
o T T~ TTe=-TTD
E“ 500 remmmmmmtm e e T R e e T ——as —
2 2501 —

0

0 0-5 1-0 1-5 20 25 30 35 4-0
Ratio of longitudinal reinforcement, p¢: %

Figure 2. Stress in reinforcement at concrete failure versus
percentage amount of reinforcement

y \
Stress diagram

Strain diagram
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respectively). For ratios below 0-5%, rupture of the rebar occurs,
depending on the strength of the FRP.

It is obvious from Figure 2 that as the reinforcement ratio
increases, the stress developed in the FRP bar decreases. When
this stress reduces below the strength of steel, larger areas of
reinforcement are required to achieve the same moment. This has
several implications (Pilakoutas, 2000).

(a) Cost — higher ratios of reinforcement lead to less economic
results.

(b) Design philosophy — FRP material partial safety factors
become irrelevant if their design strength is not utilised
(Neocleous et al., 2005; Pilakoutas et al., 2002).

(c¢) Short-term deformations — they will be larger if high strains
are needed from the FRP.

(d) Long-term deformations — if the stress in the concrete
exceeds 0-45f;, then much larger creep deformations will take
place.

From the above discussion, it is clear that FRP over-reinforced
concrete sections will be inevitable in most structural applica-
tions. Other sources of ductility may be utilised if it is necessary
to overcome this problem. Possible solutions include confinement
of the concrete compression zone to provide concrete ductility,
use of hybrid FRP rebars or a combination of FRP rebars with
different characteristics (Burgoyne, 2001; Harris et al, 1998),
failing or being mobilised at different strains, to provide pseudo-
ductility. FRP rebars with plastic bond failure may also be used
to develop pseudo-plastic behaviour (fib, 2001b), or enhanced
structural redundancy may be provided through the addition of
sacrificial elements that do not lead to collapse once they fail.

2.1.1 Amount of longitudinal reinforcement for
‘balanced’ sections

Existing design guidelines for FRP (e.g. ACIL, 2006; ISIS, 2001)
distinguish between the two types of flexural failure (i.e. concrete
crushing and FRP rupture) through the reinforcement ratio for
‘balanced’ sections, pg,. This ratio is influenced by the mechani-
cal properties of FRP and concrete and is calculated from
expressions derived by considering internal force equilibrium
(Equation 1). Similarly, Pilakoutas et al. (2002) proposed Equa-
tion 2 for FRP RC beams, which also accounts for the material
variability of concrete.

_ . f_é Ereqy 2
1. P = 0 85ﬂ1 ffu Efgcu +ffu (N/mm )

o Ogl(fck + 8)gcu 2
2. "7 Sl Es) + €ad (N/mm?)

As expected, Figure 3 shows that the value of pg, increases with

Matthys
fe, = 800 N/mm?: fe, = 2000 N/mm?:
—— Equation1  ------- Equation 1
5 R 151 —o— Equation 2 —o— Equation 2
&
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Compressive cylinder strength, f: N/mm?

Figure 3. Effect of concrete and FRP properties on ps,

concrete compressive strength, while it reduces as the tensile
strength of FRP increases. The values given by the expressions
proposed by the authors are higher than those predicted by the
ACT 440.1R (ACI, 2006).

2.1.2 Approach for moment resistance of FRP RC
elements

The ultimate moment resistance of FRP RC sections can be
evaluated by adopting the framework of Eurocode 2 (CEN, 2004).
The compressive strength of FRP reinforcement can be ignored,
mainly due to the anisotropic nature of the reinforcement, creep
problems and its low contribution to the resistance capacity.
However, FRP can be used as compressive reinforcement if
concrete confinement is applied or hoop/helical FRP reinforce-
ment is used (Burgoyne, 2001; Ibell ef al., 2009).

When the amount of longitudinal FRP reinforcement p¢ is higher
than pg, flexural failure is expected to occur due to concrete
crushing, and the ultimate moment resistance M, can be calcu-

lated from
2 A&
S Mo=n/ubdGO(1-5 ) (Nmm)
where
fea =57 )
4, .
5. Qe = 10
o i _ Ecu
6 5 d & + €
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Equation 9 can be used to calculate the stress developed in the
FRP reinforcement and, hence, verify that failure due to FRP
rupture is avoided

or =g Er < & (N/mmz)
9. Ve

Alternatively, charts such as the one shown in Figure 4 for
constant-width FRP RC elements can be used to determine the
required reinforcement ratios given the applied moment. The
dimensionless parameter x is determined by dividing M by
bd zfcd. Once the required pr is determined, a check must be made
on the reinforcement stress o¢ by using charts such as the one
shown in Figure 5.

If the amount of reinforcement in an FRP RC section is below
P, the expected type of flexural failure is FRP rupture and, to
calculate the ultimate moment of resistance (Equation 10), it is
necessary to determine the concrete compressive strain &, at
which FRP rupture occurs. This can be achieved through an
iterative procedure by solving Equations 11 and 12.
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Figure 4. Design chart for flexural capacity of constant-width FRP
RC elements
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longitudinal reinforcement

where

X &

11. gzgzefﬁsc

€,

J-Cfc dec

A
Fc = Fr — bd&E™%—— = /i
12. & Vs

N)

where £ is calculated from Equation 13. The values proposed by
Eurocode 2 (CEN, 2004) are used for €., and &,

fc:fcd|:l_ (1—2)} forO0<e . <éey

€2 (N/mm?)
13, fe=fu

foreo <e. <écw

To ensure that the ultimate moment resistance is higher than the
cracking moment of the RC section, a minimum limit may be
applied on the amount of longitudinal reinforcement. Equation 14
can be derived by using the Eurocode 2 approach. It is noted that
this equation does not necessarily control cracking.

At min = 0267

14 A bd = 0-0013bd (mm)

2.2 Use of FRP as compression reinforcement

In most instances, the contribution of FRP bars in compression is
low and it can be ignored. However, as stated in Section 2.1.2,
concrete confinement and/or the use of helical/tubular FRP rein-
forcement may allow the use of FRP bars as compression
reinforcement (Ibell et al., 2009). More experimental research is
required to verify these conclusions.
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2.3 Serviceability limit states (SLSs)

There are no fundamental reasons why the principles behind the
verification of SLS for FRP RC elements are not similar to those
already established in the codes of practice for steel RC elements.
However, the actual limits could differ to account for differences
in both short- and long-term material properties. The following
SLSs for FRP RC members need to be considered

(a) stresses in materials
(b) deflections (short- and long-term)
(¢) crack width and spacing.

2.3.1 Stresses in materials

The stresses in materials (concrete and FRP) should remain near
their elastic limits to avoid long-term deterioration. At this level,
stresses can be evaluated using elastic section analysis.

Concrete compressive stresses could be limited to the levels
indicated by Eurocode 2 (CEN, 2004), with a maximum 60% of
the characteristic strength, but that may result in uneconomic
sections; more work is recommended in this respect.

As far as the reinforcement is concerned, the limitation on FRP
stress is more complex and important than for steel due to
cracking of the resin and stress corrosion (of glass fibres). fib
(2007) presents the levels of stress given by other standards, but
has not prescribed new values. The stress levels are also
discussed later in Section 3.

2.3.2 Deflections

Under similar conditions, in terms of concrete, loading, member
dimensions and area of reinforcement, FRP RC members would
develop larger deformations than steel reinforced members. This
is mainly due to the lower modulus of elasticity of the FRP
rebars, but is also influenced to a certain extent by the differences
in bond characteristics.

FRP rebars have high tensile strengths and a stress—strain behav-
iour that is linear up to failure. This leads, under pure bending
and beyond the crack formation phase, to almost linear moment—
curvature and load—deflection relationships up to failure. Despite
this brittle behaviour, FRP elements are capable of achieving
large deformations that are comparable to those of steel RC
elements.

The allowable overall deflection depends on the importance of a
given structural member, the type of action and the type of
structure being considered. To satisfy the SLS of deflection,
codes of practice for steel RC specify a minimum thickness by
limiting the ratio of the element’s effective span to its effective
depth. Alternatively, deflections can be calculated and checked to
be less than predefined limits that are normally taken as a certain
percentage of the effective span of the member. Eurocode 2, for
instance, typically limits the design deflections to either span/250

or span/500. Though the span/depth limits are still valid, the
span-to-depth ratios need to be redefined.

There are two main approaches to determining deflections of FRP
RC. The first involves modifying the ACI equations, which are
based on the second moment of area of cracked and uncracked
sections, as originally proposed by Branson (1977). Though there
are numerous modifications and bond correction factors, these
empirical modifications lack a fundamental base and are in
general limited in their applications.

On the other hand, the approach used by Eurocode 2 (and Model
Code 1990 (CEB-FIP, 1993)) appears to be more fundamental
and to be almost directly applicable to FRP RC. Modifications to
these equations to account for the use of FRP reinforcement are
discussed in detail in fib bulletin 40 (fib, 2007).

2.3.3 Cracks

Control of cracking in steel RC members is important for
aesthetic purposes, for mitigating the risk of corrosion of steel
rebars and for preventing water leakage. When FRP reinforce-
ment is used, corrosion is not the main issue; however, crack
widths have to be controlled to satisfy the requirements of
appearance and specialised performance. In addition, control of
cracking in FRP RC can be utilised as a valuable tool in
providing warning of problems in an essentially brittle element.

SLS cracking is normally dealt with by simplified reinforcement
detailing rules. Alternatively, the maximum crack width can be
calculated and checked not to exceed predefined limits. The
predefined limits have been relaxed for FRP, but in general can
be around 0-5 mm (ACI, 2006; fib, 2007).

There are many proposed equations for crack prediction, but the
situation is as for deflections. Most equations are empirical and
of limited applicability while the Eurocode 2 approach appears to
work with minor modifications.

2.4 Shear

Shear behaviour of RC members is a complex phenomenon that
relies on the development of internal carrying mechanisms, the
magnitude and combination of which are still subject to debate.
Nevertheless, it has been recognised that the shear resistance of
RC elements is determined mainly by the contribution offered by
the uncracked compression zone, aggregate interlock, dowel
action and, when provided, shear reinforcement. The development
of all of these basic mechanisms, however, depends not only on
the characteristics of the concrete but also on the mechanical
properties of the reinforcing material and the nature of the
interaction between concrete and reinforcement. The larger
strains that are induced in the reinforcement of FRP RC elements
in general result in larger deflections and wider cracks, and thus
affect the development of shear resisting mechanisms. The
absence of plastic behaviour in the reinforcement always leads to
brittle types of failure and not much dowel strength is expected
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from the more flexible FPR materials. Furthermore, due to the
anisotropic properties of FRP reinforcement, FRP links cannot
develop their full tensile potential and, as a result, FRP RC
elements can fail in shear due to the premature fracture of the
shear reinforcement at their bent portions.

Despite the differences underlined above, the typical shear modes
of failure that can occur in an FRP RC element, most commonly
diagonal tension failure and shear compression failure, initiate
and develop in a similar manner to those of conventional RC
members. As a result, most of the researchers working in this
field have been trying to address the shear problem in a similar
way as for steel RC elements and have proposed the use of
modification factors for inclusion in existing predictive code
equations (Nagasaka et al., 1993).

All of the shear design approaches proposed thus far rely on the
fundamental assumption that the shear capacity can be expressed
in terms of a concrete contribution and an additional contribution
provided by the shear reinforcement. This approach has the
perceived advantage that the code committees are more likely to
accept such modifications than they are to adopt fundamental
changes to the underlying design philosophy, thus enabling a
more rapid adoption of FRP reinforcement in the construction
industry.

2.4.1 Shear design approach

The basic principle underlying existing recommendations for the
design of FRP RC structures is that, assuming adequate bond
between concrete and reinforcement can be developed, the con-
crete section experiences forces and strains that are independent
of the type of flexural reinforcement utilised. Hence, if a design
using FRP maintains the same strain in the longitudinal reinforce-
ment (& =¢&) and the same design forces are developed
(Fy = Fy), then that design, by definition, will lead to the same
safe result as when steel reinforcement is used. In the literature,
this is most often referred to as the ‘strain approach’ (Guadagnini
et al., 2003). Based on this assumption (Equation 15), an equiva-
lent area of flexural reinforcement 4. can be determined accord-
ing to Equation 16

15. Ff = 8fEfAf = SSESAS = FS

Most researchers and code developers working in the field adopt
this principle of equivalent area of reinforcement, or apply similar
correction terms that take into account the different axial rigidity
of the flexural reinforcement, in order to evaluate concrete shear
resistance.

260

As far as shear reinforcement is concerned, the amount of FRP
required is determined by controlling the maximum strain (&gy)
that can be developed in the shear reinforcement. The limiting
values of strain used in initial design recommendations were
based on the yielding strain of steel (between 0-2 and 0-25%; see
Figure 6) (IStructE, 1999), and were imposed primarily to
preserve the integrity of the section and guarantee the additive
nature of the resisting mechanisms. The maximum stress that can
be developed in the shear links (fi) is then simply computed
according to Equation 17 and the amount of shear reinforcement
is designed according to the well-established truss analogy theory

17.  fiw = émwErw

On the basis of experimental evidence, higher allowable strain
values (up to 0-45%) were subsequently proposed (El-Ghandour
et al., 1999; Guadagnini ef al., 2006) by members of FIB TG 9.3
to capture more adequately the true behaviour of FRP RC
elements and have been considered for implementation in next
generation design of guidelines. A similar higher value was also
included in the latest revisions of the design recommendations
produced by the ACI (ACI, 2006).

It should also be mentioned here that, although a variable strut
angle approach is the only shear design method used in the
current revision of Eurocode 2 (CEN, 2004) for steel RC beams,
the simplified, fixed strut angle approach (6 =45°) is still
recommended by the various committees when calculating the
shear resistance of RC beams with FRP shear reinforcement, and
the additive nature of the shear resistance offered by concrete and
shear reinforcement is maintained.

2.5 Bond of FRP bars

Bond between concrete and reinforcing bars is the key to
developing the composite action of RC elements. Owing to their
unique physical and mechanical properties, the bond behaviour of
FRP bars to concrete is expected to vary significantly from that
of conventional steel bars. In addition, the different local bond
behaviour of FRP bars greatly affects the tension stiffening effect

800 1 i i
| | Strain limit for FRPs .
| | (e = 02-045%) Té@é?'
6004 . I .
© quldlng ‘
s f I -— ==
v 4001 | : Typical
¢ [ [ steel
R [ [
| |
200 A I |
| |
-
0 I L, . . . ,
0 0-5 1-0 1-5 2-:0 2-5

Strain: %

Figure 6. Limiting strain for shear reinforcement adopted by initial
and current design recommendations for FRP RC
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of the surrounding concrete and is paramount in determining the
structural response of an RC element at a global level, especially
at service loads, affecting both cracking and deflections.

While the interaction between deformed steel bars and the
surrounding concrete relies mainly on the mechanical interlock of
the bar lugs, the bond mechanisms developed in an FRP RC
element are controlled predominantly by friction. As a result of
the different nature of the fundamental interaction mechanisms,
bond failure in steel RC occurs by crushing of the concrete in the
vicinity of the lugs, whereas bond failures of FRP RC elements
are mainly characterised by partial failure of the concrete
surrounding the bars as well as damage within the surface of the
FPR bars. Although maximum bond strength values of FRP bars
in concrete are generally lower than for steel reinforcement, it has
been observed that the more ductile nature of the bond mechan-
ism can lead to a better distribution of bond stresses and, hence,
to reduced anchorage lengths.

All of the equations currently available to determine the basic
development length of FRP bars adopt existing design equations,
which were originally developed for steel reinforcement, and
implement a series of modification factors to account for
differences in local bond behaviour (ACI, 2006; ISIS, 2001). The
modification factors implemented thus far, however, are based on
empirical data and there is still a lot of debate among researchers
in the field as to the validity and performance of such approaches.
The bond behaviour between the large variety of already available
types of FRP reinforcement and concrete requires further investi-
gation and a more fundamental approach is needed if optimal
structural as well as economic solutions are sought.

2.6 Detailing

Although FRPs have been largely adopted in various sectors of
the construction industry, their use as internal reinforcement for
concrete is currently limited to specific structural elements and
does not extend to the whole structure. One of the main reasons
for the limited use of FRPs as internal reinforcement is the scarce
availability on the market of curved or shaped reinforcing bars
that could be used for the detailing of structural connections or to
resist internal forces such as shear and torsion.

Furthermore, research studies have shown that the tensile strength
of FRP bars can be largely reduced under a combination of
tensile and shear stresses (Ehsani et al., 1995; Ishihara et al.,
1997). This phenomenon can often become an issue when curved
unidirectional composite elements are used as reinforcement in
concrete structures (Figure 7) and especially when the fibres are
designed to carry high tensile stresses, since premature failure
can occur at the corner portion of the composite. In fact, tests by
different researchers (Imjai et al., 2007a; Morphy et al., 1997;
Yang et al., 2004) have shown that the tensile strength of a bent
portion of composite bar can be as low as 40% of the maximum
tensile strength that can be developed in the straight part.

0, + 00,
m o, = tensile stress developed in the bar

0, = stress induced by the confined concrete

— 7 = bond stresses developed along the
concrete—bar interface

Figure 7. Longitudinal and transversal stress acting on an FRP
bent bar embedded in concrete

Although a design model based on macromechanical principles
has been recently developed and proposed by Imjai er al
(2007b), the reduction in strength that occurs at the corners of an
FRP bar is commonly quantified using empirical models such as
that proposed by the Japan Society of Civil Engineers (JSCE,
1997) (Equation 18). In this simple model, the strength of the
bent portion fi is expressed in terms of the uniaxial tensile
strength of the composite f, and the bar geometry (i.e. bar
diameter d,, and bend radius r,)

"o
= (0-05—+03 S5
o So= (0057 103) 7= p

Equation 18 and the relevant strength limit are also adopted in
the different design recommendations that have been proposed
thus far for FRP RC structures (ACI, 2006; JSCE, 1997).

3. Design philosophy

The current approach of developing FRP RC design guidelines
by modifying conventional RC codes of practice may seem
reasonable, but it may not be entirely appropriate. The rationale
behind this statement is that conventional RC codes of practice
assume that the predominant failure mode is always ductile due
to yielding of the flexural reinforcement. However, this is not the
case for FRP RC design guidelines, which assume that brittle
flexural failure would be sustained due to either concrete crushing
or rupture of the FRP reinforcement. In addition, existing codes
of practice have fundamental structural safety uncertainties that,
in conjunction with the change in the type of failure and other
design issues relevant to FRP RC, have major implications for
the structural design and safety of FRP RC elements (Pilakoutas
et al., 2002).

During this work, it was revealed that application of the current
partial safety approach (limit state design) does not lead to
uniform safety levels and results in RC elements with larger
amounts of reinforcement or larger dead to live load ratios being
safer. In addition, the resistance capacity margins between the
flexural mode of failure and other modes of failure are quite
variable and a designer has no reliable means of assessing them.
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Hence, if there is flexural overstrength, codes of practice do not
provide information about the failure mode that will actually
occur first and at which load level.

Regarding the issues relevant to FPR RC, it was shown that
concrete crushing is the most probable type of flexural failure, as
the ultimate tensile strength of FRP is rarely attained in normal
concrete sections. Furthermore, the use of partial safety factor for
longitudinal reinforcement (yprp..) may not be essential for the
design of FRP RC, as long as the flexural failure intended at
design is due to concrete crushing.

Another issue arises from the assumption that application of
yrrp-L Will always lead to the desired type of flexural failure. This
is not always valid, especially for large values of ypgrp.L, Which
are normally expected to lead to flexural failure due to FRP
rupture. However, it was highlighted that application of high
safety factors would actually lead to concrete crushing and will
not necessarily improve the safety of elements.

Additional issues that require further investigation arise when
considering the long-term behaviour of FRP RC elements. The
application of multiple strength-reduction factors, intended to
account for the long-term effects of FRP reinforcement, may have
the same effect as large values of yrrp.. (Neocleous et al., 2005;
Pilakoutas et al., 2002) and, thus, may not lead to the mode of
failure aimed at the short-term design. The application of multi-
ple strength-reduction factors, as proposed, may even lead to
uneconomical designs if it does utilise effectively the strength of
FRP reinforcement. It is therefore essential to develop appropriate
design provisions that take into account the long-term behaviour
of FRP reinforcement. One possible solution is to use the short-
term properties for the limit state design and, subsequently, to
verify that (at various time intervals) the applied stress is less
than the FRP strength that is available at each time interval.

In view of the above findings, a new design and safety philosophy
was developed for FRP RC (Neocleous et al., 2005). The basis of
design is still limit state design, but with the main aims being the
attainment of a predefined failure mode hierarchy and the
satisfaction of target safety levels (e.g. an annual probability of
failure of 107%). The proposed philosophy can be implemented
through a framework that enables the determination of appro-
priate safety factors and forms part of an overall code develop-
ment process. This approach was adopted because it would
enable new materials to be used as they are developed without
the need for rewriting the design guide each time. Hence, as a
result, the engineer or code committee selects whether concrete
crushing, bond failure or shear failure is to be the predominant
mode of failure for design purposes but also allows the second
failure mode to be determined. This approach will always ensure
the correct safety level in a structure without undue conservatism
in the second failure mode.

To demonstrate this approach, work at Sheffield University
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(Neocleous et al., 2005) has resulted in a proposal for a new set
of partial safety factors for use with the Eurocrete FRP bar. For
this particular bar, the predominant mode of failure is chosen to
be by concrete crushing, hence only relatively modest safety
factors are imposed on the reinforcement.

4. Conclusions

Although FRP materials have fundamentally different mechanical
characteristics than those of steel, the design of FRP RC elements
can be based on the same fundamental principles as far as
flexural design, shear design, cracking and deflections are
concerned. However, a different philosophy of design is needed
that addresses the issue of safety at a more fundamental level.

Despite the extraordinary progress made to date in the use of
these advanced composite materials, many aspects of their
structural behaviour have to be addressed in detail before their
full potential can be exploited in new construction.

First-generation design recommendations incorporating the use of
FRPs in RC structures are already available and a huge interna-
tional effort is taking place that will soon produce more advanced
guidelines.
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discussion in a future issue of the journal.
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