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ABSTRACT : The increased use of FRP in reinforced concretstoaction is largely driven by the requirement for
improved durability especially for those applicagosubjected to the most severe environmental tonsli However,
the adoption of FRP as embedded reinforcement im stuctures has been much slower than in repair an
strengthening applications. This is due to thetlahiavailability of curved FRP reinforcing elemerits addition, the
mechanical performance of the bent portions of BRFR is significantly reduced under a multiaxiam&anation of
stresses, and the tensile strength can be as |d@%of the uniaxial tensile strength. This papesents and discusses
potential issues relating to the use of curved BRIR as embedded reinforcement in concrete andagsas example
one of the case studies that was examined dura&tinopean funded Project, CurvedNFR. A 6 m lomcoete plank
reinforced with thermosetting FRP bars as longitabireinforcement and thermoplastic FRP strips hsais
reinforcement was manufactured and tested. Theofi§&RPs allowed the reduction in the required cetgcicover
without compromising durability. This study showmet current design recommendations for FRP RC tstres are
effective in predicting deflections and crack weldt service load. It is also shown that in FRP &&yiceability limit
state can control the design.
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1. INTRODUCTION conventional steel reinforcing bars have a major
F' . . advantage since, due to their elastoplastic behatviey
ibre Reinforced Polymer (FRP) reinforcement hascan be easily formed by cold bending, and hencest mo
rapidly emerged as an effective alternative todetailing needs can be easily met at very low cost.
conventional steel reinforcement to overcome theExisting guidelines for the cold bending of steel
problem of corrosidH. Owing to its superior durability reinforcement specify, for mild steel, a bend radia
characteristics, the use of FRP reinforcement o#end  diameter ratio of 2 (for example BS 8666:2890which
the lifespan of concrete structures and reducedled for  would induce a plastic strain value of 20% in thetenial
maintenance or repair. However, although FRPs argFigure 1). FRP bars in tension behave substantialla
already adopted quite extensively in various sectifr linear material up to rupture. When cold bendingPFR
the construction industry (e.g. strengthening amair of  bars, however, the bar can either rupture in tensidail
existing structures), their use as internal recdarent due to buckling of the fibers located in the consgien
for concrete is limited only to specific structuedéments  side. The typical ultimate longitudinal strain valwf
and does not extend to the whole structure. Theorea FRP products varies between 1% to 2.5%, hence, the
for the limited use of FRPs as internal reinforcetre&an  amount of strain that is induced in the fibers setdbe
be partly attributed to the lack of commerciallyagable  carefully controlled to avoid premature failure thfe
curved or shaped reinforcing elements used for rsheaeinforcing baf!. As a result, cold bending of FRP bars

reinforcement or complex structural connectibfis requires very large bend radius to diameter raties
Most of the shaped steel reinforcing barsentty  shown in Figure 1.
used in concrete structures are provided pre-heuhtcat In cases where tight radii are needed (i.e. the

in the factory. These may be supplemented by alsmamanufacture of shear links and hooks), preformedecl
quantity of special one-off shapes bent directlysite.  bars of FRP are required. The high production casts
Whether bending occurs on site or at the factorylead times that are associated with the manufacjusf
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FRP curved elements may reduce the interest ingusin The experimental testing program conductedhia
FRPs for these types of applications. In additi@rious  study was part of the CurvedNFR projéét funded by
studie§” ® ” have shown that the tensile strength of FRRthe European Commission Framework 5 GROWTH
bars can substantially reduce under a combination dProgram, aiming to develop material, methodologg an
normal and transversal stresses. This phenomenon cenanufacturing process for a low-cost, curved fiber
often become an issue whenever non-straighteinforced plastic (FRP) rebar. The project paghir,
unidirectional composite elements are used as etacr which ended in 2005, included 8 specialist SME (Ema
reinforcement, and especially when the fibers areand Medium-size Enterprises) and 3 RTD (Researdh an
designed to carry high tensile stresses, since giteen  Technology Development) organizations across 6
failure can occur at the corner portion of the cosiie. European countries.
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2. ULTRA GUIDEWAY PROJECT
The ULTra-light Transport (ULTRAY guideway
project was used by CurvedNFR as a case studystgrde

25 1

Strain (%)

20 1~ maximum strain values induced and analyse an RC plank USIng Stralght and CUT%F

. / by cold bending of steel bars as internal reinforcement. Before giving more dtial

> o | details, a brief introduction is presented on theTka
range of ultimate strain values

10 .53 for typical FRP bars SyStem-

51 - 2.1 The ULTRa system
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This transport system, ULTra, offers an adeanc
form of environmentally friendly personal transport
system that uses a fleet of low power, electricallyven
vehicles on a dedicated guideway network of ro(des
Figure. 2). The system is designed so that themeois
waiting, no stopping and no transfers.

0 5 10 15 20 25 30 35 40
Bending radius to bar diameter ratio

Figure 1 Strain induced in cold bent bér

In fact, tests by different authors have shakat the
tensile strength of a bent portion of a composée dan
be as low as 40% of the maximum tensile strength th
can be developed in the straight paft The reduction in
strength that occurs at the corners of an FRP &arbe _
guantified using empirical models such as the one
initially proposed by the Japan Society of Civilgireers
(JSCE¥!, which is currently adopted in several design
recommendations for FRP RC structures includingeho
proposed by the American Concrete Institute Conemitt
440%; 1SIS Canad&” and the Institution of Structural
Engineer§’. However, the equation included in the
current design guidelines to predict the strength
degradation at the bent portion of a FRP bar is an
empirically derived equation which is mainly a ftioo
of bar geometry and does not seem to yield comiste
results when different types of composite are Bsed
Recent development of a macromechanical predictive
model that is proposed by the autflarould adequately
capture strength degradation due to the change in
geometry of the bent portion of the FRP bar.

One of the main advantages of using FRP
reinforcement is that the concrete cover can be kep
minimum and thin and light structural elements tan ()]
developed. One such example is the support steubur
a light transport system which will be used asangle
of an FRP RC structure which needed extensive tise
curved FRP. This paper will introduce this struetand
present some of the experimental work undertakemgliu
the design stage. The main issue that needed to be
examined was compliance with the serviceabilityitlim
stages.

Figure 2 (a) Driverless automatic ULTra vehicle (a) and
b) artistic impression of the overhead portion tbé
LTRa guideway system
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the curb elements located on both sides
are not connected to RC planks and do not
resist any loads

a cable tray used to support electrical
cables over service life

50x15 mm rebate to accept 150x32mm rebate to accept
grid covers AVP & Electric cables

To minimise visual intrusion, the geometry

Grid plates are placed_ in the middle of the cross-section of the RC guideway
of the RC planks to b”fjge the gap and is optimised and their overall depth of the
allow passengers walking across the planks sections are kept down to minimum values

Figure 3 Cross section of ULTra guideway
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Figure 4 Reinforcement arrangement for the ULTra guideway gnd cross section of the guideway (b, c) (all
measurements in mm). The concrete section is re@fowith glass FRP bars and the shear links ademé glass
fiber thermoplastic strips

Important aspects of the ULTra guideway projectportions of the structure (Figure 2b) evaluationtlod
included: 1) analysis of the environmental impaicthe  durability of the structural elements. As a resaltyery
infrastructure; 2) visual intrusion from the ovesde slim guideway system was conceived and FRP
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reinforcement was chosen to reinforce the concretéhe strain gauges to the bars and electrical wirese
planks to provide an elegant and durable solutiod a soldered to the terminal of each gauge for subsegque
limit the overall weight and deflections. The opg8ed connection to the data logger. A ready mixed cdecre
cross-section is shown in Figure 3. The main stnatt obtained from a local supplier was used to manufact

elements are two independent RC planks. the test specimens. The specifications of the nméxew
concrete C40 with 10 mm maximum aggregate size and
2.2 FRP RC Plank design cement type OPC with a slump of 100 mm.

The geometry of the cross section of the osoed
concrete guideway has been optimised during thigrles 3.2 Test set-up
and an attempt was made to keep the overall ddtieo Figure 5 shows the loading patterns to whinehldieam
structural elements down to minimal values to reducwas subjected during two successive phases afigesti
visual intrusion (Figures 3 and 4). A span/effeetdepth
of 27 was selected to avoid excessive deflectionsta
verify the suitability of simple design rules whepplied
to FRP RC elements. The design process focused on
providing sufficient reinforcement to resist thepkgd
loads (ultimate limit state design) and to control
deflection and cracking under operating conditions
(service limit state design). The design recommgods. =
proposed by ACI committee 440and the IStructg”
were adopted at the design stage. Standard sdctiona =t
analysis was used to determine the flexural progsedf :
the FRP RC section. At the ultimate limit state BR€
section was designed to fail due to concrete cngshi
compression (over-reinforced section). However, it
should be noted that the design was governed by the
serviceability limit state of deflection and crauffi The
maximum deflection allowed at service was 12 mm
(span/250) and the maximum crack width was 0.5 mm.

RH LH

a)

3. TEST PROGRAM

3.1 Beam preparation and material properties

Glass FRP thermosetting bafis=f00 MPag,=0.017
and E=45 GPa) were used as longitudinal reinforcing
material, and shear reinforcement was providedha t
form of links manufactured from FRP thermoplastic
strips §,=720 MPa,£;=0.019 andE=28 GPa). Owing to
the physical characteristics of FRP, the overaigieof
the reinforcing cage was only about 13.5 Kg, which
amounts to about 2% of the total weight of the cetec
By comparison, a similar reinforcing cage madeteéls
reinforcement would weight approximately 50 Kg (8%
the total weight of the concrete). The thermoptastiear  (b)
links were bent in the laboratory at the University
Sheffield by heating the composite with an air gara
controlled temperature and shaping it around aooust
made mould. The geometry of the specimen is ihtstt
in Figure 4b along with a schematic view of thessro

section showing the reinforcement details. . : .
Foil-type electric strain-gauges were posgidnat whilst thg load case .2 (Figure 5b) was appliedewegate
the maximum negative moment over the central suppor

various locations along the flexural and shearIn both cases. the load was aoplied in incremedbout
reinforcement to monitor variations in strains. The ’ PP

positions where the strain gauges were to be ldcatze 1.kN' At each load step, cracks were marked and the
. widths of selected target cracks were measuredralve
accurately marked on each bar and link and the . i
eflections of the beam were measured at different

surrounding areas were appropriately prepared t . : : ) .
. . . ocations using several Linear Variable Displacemmen
guarantee a successful installation of the gaugest to Transducers (LVDTs).

the application of the gauges on the GFRP bars, ghs
used to seal the surface. Cement glue was usetthth a

Figure 5 Test set-up and instrumentation for (top) load
case 1 and (bottom) load case 2

Load case 1 (Figure 5a) was applied to generate the
maximum positive bending moment in the RH span,
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4. DISCUSSION OF THE RESULTS
Three load cycles were performed at load

corresponding to (a) the load induced by standdr@ird
passenger-carrying vehicles (service load 1, abdt);

levels

5. CONCLUDING REMARKS
Based on the experimental work undertaken as paneo

(b) the load induced by a road sweeper (serviced la CurvedNFR Project, the following conclusions may be
about 10 kN) and (c) the design load (1.5 times thélrawn:

maximum service load, about 15 kN). In the casad
case 2, after reaching the design load, the appdad ©
was increased to about 50 kN with no severe
repercussions on the structural integrity of the RC
element. The load-displacement behavior for bottdlo
cases is shown in Figure 6.

Design load

Z
< 144 o
8 12
- 10 i Service load 2

[ )
// Service load 1

T T T T T

0 2 4 6 8 10 12
Displacement (mm)

Thermoplastic composites seem to offer a valid
solution for the manufacturing of FRP bends and
complex shapes.

Current design recommendations for FRP RC
elements such as the ACI recommendations by
committee 400, although conservative, can be used t
estimate both performance at ULS and at SLS.

For slim FRP RC elements, serviceability limit etat
govern the design.

The use of FRPs in applications where durabilitg is
main concern, can lead to significant reductions in
the required amount of concrete, thus contributing
the development of more elegant and sustainable
structural solutions.
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