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PRESTRESSED FIBRE REINFORCED POLYMER (FRP) LAMINATES FOR THE
STRENGTHENING OF REINFORCED CONCRETE STRUCTURES

M.S.Mohamed Afi,D.J.Oehler$, D.Callary and D.Knight

School of Civil, Environmental and Mining Enginewgj University of Adelaide, Australia.

Abstract. Recent development in the field of strengtheniag keen the application of prestressing of FRP
laminate prior to bonding in order to exploit ity tensile strength. The method of prestressieglaminate
induces an initial tensile strain in the concresarhs upmost fibre, thus reducing the deflectiothef beam
throughout the design loads. This alteration oflieams structural characteristics provides advastagbeam
serviceability requirements. Structurally the beaamn withstand greater ultimate loads, while yiejdiof
internal reinforcement and cracking moments areayd®l substantially, compared to unlaminated beams.
Extensive experimental investigations have beererakien by many researchers with variables ranfyjom
anchorage type, number of laminates applied to béamsile reinforcement ratio and the initial press level

of laminates before bonding. Despite the large athaf experimental data in the field, current atiagt
models generally employ elementary procedures étlipting beam behaviour and as a result the analyti
results exhibit poor correlation with the experi@mesults. This implies the necessity for thealepment of

a generic model that can accurately predict bedmbeur that will be the basis of the present stidye focus

of this paper is the development of a new analltivadel that can accurately predict the behaviduaroRC
beam strengthened with an externally bonded (EB3tprssed fibre reinforced polymer (FRP) laminatbe
model will be critically compared to an experiméntiatabase for calibration purposes then applied in
parametric study.

1. Introduction

As many reinforced concrete (RC) structures meegtid of their service life due to deterioration or
the need to increase service loads, the developofealternatives to replacement are been found.
Such an alternative is that of retrofitting the cate structure with externally bonded fibre reinéul
polymer (FRP) laminates. This technique sufferanfrmany shortcomings including premature
debonding; primarily intermediate crack debondirtgoh affects flexural strength and ductility of the
beam (Oehlers and Sercacino 2004). As the lamitettends prematurely the full tensile strength of
the laminate, in excess of 3700MPa is not achievsdl therefore the method becomes inefficient.
Recent development in this field has seen the egmin of prestressing of FRP laminate prior to
bonding in order to exploit its high tensile stréngrhe method of prestressing the laminate induces
an initial tensile strain in the concrete beams oginfibre, thus reducing the deflection of the beam
throughout the design loads (Yu et al. 2008). H&iisration of the beams structural characteristics
provides advantages in beam serviceability requerdm Structurally the beam can withstand greater
ultimate loads, while yielding of internal reinferment and cracking moments are delayed
substantially, compared to unlaminated beams ( ¥rad 2008).

Extensive experimental investigations have beedertaken by many researchers with variables
ranging from anchorage type, number of laminatgdiegh to beam, tensile reinforcement ratio and
the initial prestress level of laminates beforeding (Xue et al. 2008; Yang et al. 2008). Desgike t
large amount of experimental data in the fieldrenr analytical models generally employ elementary
procedures in predicting beam behaviour and asudtrihe analytical results exhibit poor correlatio
with the experimental results (Yu et al. 2008). sThmplies the necessity for the development of a
generic model that can accurately predict beambehig that will be the basis of the present study.

2. Moment-Rotation model

After cracking occurs in an RC beam the full intdien( i.e. there is no slip occurs between the
reinforcement and surrounding concrete) approaciorbes inaccurate and therefore using a partial
interaction, moment- rotation approach is necess@hys approach has been developed at the
University of Adelaide in the past few years andnigst recently presented in Mohamed Ali et al.
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(2009) and Haskett et al. (2009). Both approacksarae a single crack at mid-span about which the
beam rotates, refer to Fig 1. This rigid body liotatan be idealised, as shown in Fig 3 (Haskedt.et
2009).

Concrete compression zone: In the analysis of fGebBam the concrete compression zone can be
split into two regions; the concrete softening oegand the concrete ascending region, refer t@Fig
Equations have been derived to determine the foraeach of these regions and are presented in
Haskett et al. (2009) and Mohamed Ali et al. (20@9pwn in Egs.1&2. When developing the new
model in this research, the two different cases weied to be taken into account for the compression
region as presented in Mohamed Ali et al. (2008itdlly in the case where the maximum strain,
£..maw N the concrete is less than the peak strajp, ( Fig 2) then there will be no concrete
softening i.e. no wedge forms. In this case aalirstrain profile is assumed in the compressiorezon
and therefore the force in the concrete can bedaiging the stress-strain relationship for concrete
under uniaxial compression, as shown in Fig. 2Bgd2. The second case is when the compressive
strain reaches peak strain and therefore therebeilh softening region with depth¢ and length,
Lsot (Fig 1). Shear friction theory has been usedna the force in the softening region and this éorc
can be found through knowing the stress at softenig., which is dependent on the lateral
confinemenisi,; Of the concrete and the shear friction materiapprties, m and c, refer Fig 2 and Eq
2.
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Where:f.is the concrete compressive strengls the width of the beand,..is the depth of the
ascending regiorx, is the strain in the reinforcementy is the depth of the softening region anig
the angle of inclination of the concrete wedge.
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Fig.1 Idealised rigid body rotation
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Fig.3 Moment-rotation analysis

Reinforcement force- slip relationship: The reinforcement force — slip relationship idical in
this approach as for a given slip (Fig 3), the esponding crack width (twice the slip) and the éorc
in the steel reinforcement can be found using @erigquations. This force - slip relationship is
dependent on the bond-slip characteristics betwbenreinforcement and the concrete. These
characteristics, control the interface slip anddeethe crack width and the rotation. Four typical
idealized bond slip relationships are shown in4&ig-or the model to be developed in this studg, th
uni-linear-descending relationship, line A-C, wile used as Eqgs. 3-7, have been developed by
Haskett et al. (2009) and Mohamed Ali et al. (20@2)sed on this relationship. These equations are
presented below and will be crucial when develomng model. Two equations are shown for the
force in the steel reinforcement as the force wdlty depending on when the steel yields. For our
model the equation for the force in the FRP reicganent will need to be modified to incorporate the
additional force due to the FRP laminate beingtpeesed. This additional force can be calculated
through knowing the additional strain in the lanéndue to prestressing as presented in Xue et al.
(2009). The slip at yield can be determined by:

ﬂ"}'ieid: 6rm ( 1- Cﬂ'stieiﬂ’eijj )
. -"”-J-"]‘ri ]
arcsin m

Where a, = ” (4)
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Fig.4 various interface bond characteristics

Equations for the force in reinforcing laminate andeinforcing bar prior to yielding are:

Preinf-plate = %SI‘H {wrccog {ﬂtj&}} %)
P oinf—bar — % NLTL {u‘r ceos {%—Eamm%}} (6)
P, ifbnr = % sin {a’rccos {mﬁ'ﬁ}} t+ 4,0, )
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Where: r,,,. is the interface bond-slip shear capacity (Figl4); and A are the perimeter and
cross sectional area of the reinforcement respsygfivi,, .. IS the bond slip capacity of the
reinforcing ;E;s is the elastic modulus of the reinforcing mater&}, is the strain hardening modulus
of steel and\, ., r—prwes Arsing—pur Myisza are the slips at the reinforcing laminate, thefreting
bar and at bar yield, respectively.

Through using the methods discussed above forrigndhe forces in the beam, an iterative
approach can be used to allow for a moment-rotagtationship to be derived. Many pivoting points
may be used when using an iterative approachhtoimodel in this research for ease of use, a depth
of the softening region,sg: will be initially assumed. Through knowing.gthe slip of wedge can be
found geometrically, which can then be used aspilietal point in the analysis, i.e. change the
rotation whilst keeping the slip in the wedge canstuntil the force equilibrium is satisfied. Ortbe
equilibrium is satisfied the moment for the givestation can be found. This partial interaction,
moment-rotation approach will be used for the asialyhroughout loading. At every stage of the
analysis, the limits on rotation will need to beecked. These limits are reinforcement debonding or
fractureand concrete wedge sliding. The slip to cause ff&Rure,A¢,.; s (MM), and debonding,

"Ij'r.n!l:ul.'vrer.n!ire_y (mm)| are given as.

"j'fl‘nﬂtnr#: am.n.r[l — COs (ﬂ-,[ﬂ,[jj (8)
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Where ¢;,.... iS the strain in the FRP laminate at debonding é&msl the effective depth of the
flexural member. The slip at which sliding failusgy;z. (mm), occurs is given by Haskett et al.
(2009) as:

St = 2.51‘%+u.42 (10)

Whereuw,,,, is the confinement provided by stirrups, thereibtbere are no stirrups then,, — C.

3. Typical results

A parametric study has been undertaken on beainddle changes in strength at serviceability due
to the increase of application of a prestressed FER#nate with varying prestress level using the
above model. The prestress level in this papeefirned to as the percentage axial strain applied
compared to that of the ultimate axial strain of #RP laminate. A small size beam is used with
prestress level varying from 25 — 50% of the astaéngth of the FRP laminate and is compared to
that of a virgin beam with the same material propsr Fig.5 shows an increase in ultimate load as
much as 230% is achieved with the application 808 prestressed laminate on the RC beam, in
comparison with the unplated beam. Furthermorecaedse in ductility of 46% is achieved with the
application of the 50% prestressed laminate. Desbpe increase in ultimate load of over 2 times th
virgin beam, it should be noted that the act oféasing the prestress level from 25% to 35% and
35% to 50% only increases the ultimate load by Hofb 11% respectively, which poses the question
if the extra amount of prestressing is worth thie gaultimate beam strength.
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Fig.6 Load Vs beam deflection

The affects of cracking load on the beam dyaréstress is similar to that of the changes imaite
strength with an increase of over 300% been acHielm to the application of a 50% prestressed
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FRP laminate. An increase in prestress level fr@% 2o 35% and 35% to 50% results in and
increase in cracking load of 17% and 20%, respelgtivi hese results and other findings suggest the
preliminary conclusion that the ‘optimal’ prestrésgel lies somewhere between 25-45% of the axial
strength of the laminate. From a serviceabilityspective, the application of a prestressed FRP
laminate greatly reduces the deflection of the b#@mwoughout the design loads and up until ultimate
failure. In reference to Fig,.& can be seen that the presence of a prestrémsdtate shifts the load-
deflection curve in a vertical manner. The 3-ponetsresented on from left to right are cracking]di
and ultimate, respectively. For example it can dengthat the load at 5mm deflection is increased by
in excess of 200%.It can then be concluded thtteifoptimal prestress level does lie within the 25-
45% region, then increases in prestress level efldminate do not increase the ultimate load

ABSTRACT: The roof slab of a portioaf a government public utility building situated @olombo, Sri Lanki
comprises of precastprestressed ‘T’ beams. There was a huge fire slthilding and during the subseqt
refurbishment of the building it was noted that thejority of the ‘T’ beams at this area were exhibi
distresses in the form of cracks. A thorough ingasion conducted by the concerned authoritiesoimjunctior
with the University of Moratuwa concluded that #teuctural distress was due to event overloadirig tireroof
slab during the fire fighting operations. It wasalconcluded that a requirement a&rtain remediation ai
retrofit measures to the distressed elements waressary to bring the ‘T' beams back to their ideshservic
performance level. This par describes in detail the site case study ofepairs and retrofit that was carried
to achieve the desired design objective. Repairsdoks were carried out using muytirt, low pressure res
injection, the retrofit was carried out using tbarbon Fibre Reinforced Polymer (CFRP) system, tasslting ir
a quick, discreet and cost effective way to meetdisign objective.

withstood, rather it will decrease the beams d&flac

4. Concluding Remarks

In this paper, a novel analytical model for estinmthe rotation and deflection in RC beams bonded
with prestressed FRP plate based on the rigid bisspfacement model at the University of Adelaide
and the study is under progress and the model spowvsise in estimating the optimal prestressing
level for a given RC beam and FRP parameters.
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