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Abstract

Different methods are used for retrofitting RC members. One of the new mathbdsfield is using externally bonded

fiberr einforced Concrete (FRC) sheets in ordeinthisstudy,ncrease
applicability of ultrahigh performance fibereinforced concrete sheets in shear and flexurabfiging of RC beams

was investigated. In total, eight RC beams (dimensions 10x20x150 cm) with two different bending capacity and lack of
shear strength were used and were testedpair®s bending test. Of these, four were control beams and four were
retrofitted with laterally bonded UHPFRC sheets. Dimensions of the sheets used for retrofitting were (3x15x126 cm).

Also FEM analysis was used to model the effect of The method. the results show that this method can be well used for
retrofiting RCbeams.Inhi s met hod the way of connecting sheets to be
of retrofitted beams.
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1. Introduction

Different methods are provided for retrofitting RC members such as using FRP, steel and concrete jacketing,
shotcrete. Each approach has advantages and disadvantages which must be inspected by the project engineer. As
technology advanced, a new type ofefiloeinforced concrete called ultragh-performance fibereinforced concrete
(UHPFRC) was produced, which continues to gain attention of engineers and professionals in the industry. UHPFRC
has good compressive, tensile bending strength, resistanceitonemental factors like freeze and thaw cycles, high
corrosion resistance and ductility. The fiber content ranges from 1 vol.% to 4 vol.%. The maximum compressive and
flexural strength of UHPFRC are up to about 200 MPa and 40 MPa [1].

Recently applicabilit of UHPFRC as a repairing/retrofitting agent is investigated. Studies have showed that using
UHPFRC as the reinforcing layer can be used to improve specimen weakness. Tayeh et al. (2012) used UHPFRC to
form a new overlay to develop a bonding layer betwiberdeteriorated concrete structures. Their results showed that
the overlay technique achieved high bond strength [2]. Iskhakov et al. (2013) proposed a repair method to increase
bending moment and ultimate deformation of member by castingfiterdd ligh-s t r e n gt h concr et e
compression zones. Their results showed high ductile behavior until failure but debonding between concrete layers
made this method unreliable [3]. Martinola et al. (2010) pointed out that installing UHPFRC jackets easeirstrear
capacity of RC members [4]. Wang et al. (2014) used-bitth strength fibereinforced concrete (UFC) for shear
retrofitting of RC beams. Their results showed high increase in shear strength of the specimens but the debonding
problem still ocarred [1]. Rosignoli ¢ al. (2012) used UHPFRC for seismic retrofitting. They used UHPFRC
jacketing to retrofit a RC columand used a cyclic loading to evaluate the RC column capddigir result showed
significant increase in bearing capacity and ditgtof RC member{5]. Bruhwiler et al. (20125howed that using
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UHPFRC for RC section rehabilitah can reach positive resulf]. In this paper, authors propose new shear
retrofitting method for reinforced concrete beams in which the prefabricated BHP s heet s are bonded
side surfaces, and studied the strengthening effect of the method.

2. Methodology
2.1 SpecimensProperties

In this paper, the proposed method aims to prevent shear cracks around the end of the RC beams from developing
by bonding them to prefabricated UHPFRC sheets. To achieve this approach, RC beams were produced and were
divided into two groups, first group were designed to have shear failure and second group were designed to have
flexural failure. Both groups had laek shear reinforcement. In total, two group of four RC beams with identical
dimensions (10 x 20 x 150 cm) were produced and were loaded wipbiatS8bending configuration. In every group,
two RC beams were control beams and two RC beams were reafrofitteprefabricated UHPFRC sheets. All beams
were cast is steel mould. The list of specimens is shown in table 1.

Table 1. Specimens properties

Specimen Type ) Tensile C_ompression ' Shear
reinforcement reinforcement reinforcement
B Control beam 27 10 276 A 6@ 20cm
S Control beam 2012 20 6 A 6@ 20cm
B-re Retrofitted 27 10 276 A 6@ 20cm
Sre Retrofitted 27 12 276 A 6@ 20cm

All beams had same loading span. The yield strength of tensile reinforcement was 400 MPa. The compression and
shear reinforcementere for maintenance only.

2.2 Concrete Properties

Mix design of theNC and theUHPFRC are shown in table2. The average compressive strength of standard
cylindrical concrete specimerfer NC and UHPFRC were 34 MPa and 140 MPa, respectividig length and
diameter of the steel fibeused were 30 mm and 0.75 mm (aspect ratio 40), the tensile and flexural strength of the
steel fibes were 1100 MPa and 800 MP&spectivel{ASTM A 820).

Table 2. Mix design of NC and UHPFRC

Materials UHPFRC (Kg/m®) NC (Kg/m®)
Cement 928 372
Water 207 211
Sand - 965
Silica sand 877 -
Gravel - 855
Ground quartz 77 -
Super plasticizer 29 -
Silica fume 222 -
Steel fiber 157 -

2.3. UHPFRC SheetsProperties and Bonding

For all bdhda mkngpsess fodbrtihcecat ed WBHBRMRCThheetwsas waet t o ¢
distributions offilishheoewst eperle ffaibbrdrc at e d UFHoPrF RWCo msdhieneg ss haefett
bedmurdace type oxfwadhdMeedane ptaile sproofpeepoxy adrlen atshissho
study, for better bonding between UHPFRC sheets and t
moulwhen CcEHRER@The beam surfaces wer e roughened by d
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distributed on both beam surfaces and UHPFRC sheet s,
figubheltimg imrg wiew e not wused for bonding

Figure 1. Prefabricated UHPFRC sheets

Table 3. Mechanical propertiesof adhesive epoxy[7]

Tensile strength Flexural modulus Tensile modulus
MPa GPa GPa
30 3.8 45

2.4. Three-Points Bending Test

In this study, to determine the ultimate bearing capacity of control and retrofitted beassirds ®ending test
with clear span of 130 cm was used. AtB8 hydraulic jack was used at the top surface of the beams for load
application. A LVDT with opening capacity of 25 mm was used to measurespaid deflection. Schematic
illustration of 3points bending test is shown in figure 3.
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Figure 2. Location of prefabricated UHPFRC sheets
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3. Experimental Results

3.1 S and Sre Series

The load testing results for S andeseries are given in table The S series were broken in shizlure mode In
Sre series prefabricated UHPFRC sheets were bonded to the beams in their shear span. As the results shows,
prefabricated UHPFRC sheets were able to alter the failure mechanism to flexural failure and increase the bearing
capacity by appramately 23%. Nodeboningbetween UHPFRC sheets and beam surfaces was observed. Maximum
crack opening was 2cm
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Figure 3. Schematic illustration of 3point loading test
Table 4. Load testing results for S and Se series
Specimens Py (KN) Failure mode

S1 58.1 Shear

S2 59.7 Shear
S3re 73 Flexural
S4re 72.3 Flexural

Figédshkows-dd Dladdction rel atei osnesrhiieps .f cAArs § hand eSS ults sho
of the retrofitted be 28 %iansc r e UHPHWRIECty saafppngkhmat aky TI
for Sraende Shown airmd, fsi guwhki ch the c¢cracks happened 1in bc
sample of beam’s crack opening is shown in figure

80

60
=2
= —S2
o 40 —_sa-
3 S4-re
S
@] —3S3-re
LL 20

S1
0 PR TR T NN [N TN TN TR TN NN SN TN TN TN NN TN Y TN SN AN SO TR T TR NN SR T N 1
0 -5 -10 -15 -20 -25 -30

Deflection fmm)

Figure 4. Load-deflection relationship for S and Sre series
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Figure 6. Failure mode of Sre series

3.2. B and Bre Series

The load testinrge rseesruiletss afSoer TdBievaeBnd siBmr i te s b-flwleerxeu rbarl o kneond
InrB serbrisc aptreed aUHPFRC sheets were bonded to the be:
prefabricated UHPFRC sheets 1ncr2e7a%mnd tchacu sbeedh rai nfgl ecxawpraac
No debonding bet ween UHPFRMa ss hoebestesr vaendd bMaaxfic meuunr fcarcaec k ¢

Table 5. Load testing results for B and Bre series

Specimens Py (KN) Failure mode

B1 36 Shearflexural

B4 38.2 Shearflexural
B3-re 47.5 Flexural
B2-re 46.8 Flexural
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FigdOnsdhowsl otdhdef ] ect i on r el atrieo nssehriipe sf orAsB tdird rBsult s
retrofitted beams increased significantly, a sr ea sreersiuelst
are s howf. iAn sfaingpulree ko fo pbeenaimm’gs ics®.aschown in figure
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Figure 7. Load-deflection relationship for B and B-re series
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Figure 8. Crack pattern: (a) B series, (b) Bre series

Figure 9. Failure mode of Bre series
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4. Numerical Analysis

Finite el ement failure analysis was performed to mo ¢
laboratory results. The FEM paékjig@gwasbasgad/ fvpandandyé:
control met hod wahse ubscecadc itnog decatpk r pna smte o fr atc.hke ntge dbmsh a vi o

4 .Materi al Properties and Constitutive Model s
4. 1. Concrete

Concrete damage plasticity theory was used to model the concrete behavior. This model assumes that the main two
failure modesare tensile cracking and compressive crush@igThe type of element used for concrete was isotropic
8-node solid element which has the ability to be used for nonlinear modelling.

To define the stresstrain relation of concretan compressionuser neesl to enter the stresses, inelastic strains
corresponds to stress valueg , and damage propertiéd:) in tabular format. ABAQUS converts total strain values
to the inelastic strains usimguation(1):

6 - - (1)
ABAQUS calculateshe plastic strain corresponding to concrete stress esjnation(2):
ye ye 'Q ” (2)
-9 -9 =
o Qao

Typical compressive stressrain relationship with damage properties and terms are illustrated in figure
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Figure 10. Terms of compressive stresstrain relationship for concrete [9]

In order t o dvthiethea vti lbpa od mpcroenscsrielt %y 4 mo dAeBIA QWpSs, Tals ieHds u|
mo d e 1 calcul at eesu stidnggu a@®mem et e stress

(©)
In whiehdare concrete peak compression streng@Ph and

parameter depesndrsaimn dtilbgghatms e sTddl main mechanical prop
concmodding
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Table 6. Mechanical properties assumedor NC

Density 0 @ ) Compresive strength (MPa) Poisson’s Elastic modulus (MPa)

2405 34 0.2 26870

Concrete damage plasmodditygtUHdPFRCalkw as dvedrefloasv idoe f i -
of UHPFRC in ABAQUS, a model lproffbas edmbyge Gr a8 gbecasl atve s

us ienqgu a (4) 9)n a6t d (

£ R%p | 4)
% oYt &£ 00O )
T O (6)

In whaald, are ck.] Qalmlda t2e4d ¢ s pe c t7isvheolwys. tThhebl main mechani
assumed for UHPFRC modeling.

Table 7. Mechanical properties assumedor UHPFRC

Density 0 "B ) Compresive strength (MPa) Poisson’s Elastic modulus (MPa)

2500 140 0.21 45435

To definettrlnd nstreredsagsnohgowdfisemnoeedse to enter the pe.
strains, and (ddmageabmdapedftorenat. ABAQUS <calculates thce
stresesqusf@)ngn (

, , ’Q ” (7)

-9 -9 T
op QaO

Typical temsale s¢rh@sisonship with damage Iplr oApBeArQtUiSe s
default tensile behavior for <concr et ePewaks tuesnesd lteo smordee
concrete and maxi mum 3 nMPlaa sQtni@dd Oslt2Ha prcart e edysumed

In order to define UHPFRC tensile 1ble.h aTvhiiosr, moWdell ed s
UHPFRC tensile behavior tol2Phaketphasts astsrehgtwh ofi U
cracknionpg ar% . MPas hanmhde s pecti vel y.
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Figure 12. Terms of tensile stresstrain relationship for UHPFRC [12]

To model steel reinforcement, ad8nension truss element with elasgierfectly plastic behavior, identical in

tension and
and 0.3, respectively.

4.1.3 Interaction

ABAQUS default properties were assumed to model the interactitre bond between steel reinforcement and

compression,

wa S

us ed.

Yield strength

and

NC was assumed as perfect bondignce there were no debonding between prefabricated UHPFRC sheets and

surface of the beams, the bond between UHPFRC sheetb and m’ s

5. Numerical Results

5.1. S and Se Series

Loaddeflection curve for beastype S and Se obtained from experimental and FEM analysis are shown in figure

was asfumed assperfect bonding

13. There is good agreement between FEM and experimental results. The jumpsdefleetion curve for S type
beam caused bgoncrete damage plasticity theory which tries to converge after a massive diagonal crack.occurred
The FEM analysis of retrofittedeam predicts the beam to be stiffer and stronger which is because of the perfect
bonding assumption and lack of information in UHPFRC modelling. Identical to experimental results, FEM analysis
for retrofitted beam showtbe retrofitting method to beffedive in energy absorption. The failure mode of beaype
S and Se are shown in figure 14
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Figure 13. FEM load-deflection relationship: (a) S type; (b) Sre type

Figure 14. Failure mode of bears: (a) S type; (b) Sre type

5.2 Band B-re Series

Loadle fl ection sctuyrpvee BframarndbbetBamned from experiment al an
figu¥eThere is good agreement b dunwe einul &FfEdMe datnido re xpwerr vi eme
beam chaywyeoerdrete damage plasticity sthlebawe yk Thewdbfe trmite s
failed in flexural mode and themndartgkendd agonal ack aoks
i Bt ype HeamsThe FErM tarnoafliytstiesd obfeam predicts the beam t
perfect bonding assumption ankdnligacKhef fanfsoympma tBio dhm dio iB
re are shadoéon in figure
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Figure 15. FEM load-deflection relationship: (a) B type; (b) B-re type

Figure 16. Failure mode of bears: (a) B type; (b) B-re type

6. Discussion

In this study, thickness of the prefabricated UHPFRC sheets were set to 3 cm to ensure the random distribution of

steel fibers. Increasing thickness of the UHPFRC s heet
the thickness seems lagi. By decreasing thickness of the UHPFRC sheets steel fibers shall not be randomly
distributed. The authors believe that in case the thi

fibers will distributein the longitudinal directiorwhich may lead to increase in bearing capacity of the retrofitted
beam. The effect of the thickness must be investigated in further studies.

7. Conclusion

This paper has discussed a retrofitting method for RC beams which have lack of shear reinfdrgensarg
prefabricated UHPFRC sheets in order to increase bearing capacity and alter the sudden faipreewarrang
failure. Experiments were conducted to investigate the efficiency of the method and FEM analysis have done to verify
the laboratory radts. The loading test have illustrated that this retrofitting method achieved significantly positive
effects. Further important results are discussed below:

Prefabricated UHPFRC sheets were able to increase the bearing capacity of RC beams by appodt. 25%

alter the sudden failure mechanism to-paning failure mechanism.
Using UHPFRC sheets caused significantly

increase

were able to absorb the loading energy and even increase the ductilityRe? theams up to 278%.
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Other advantages of using prefabricated UHPFRC sheets are as below:

Protecting the RC beam from fire

Protecting the RC beam from freeze and thaw cycles due to low water content of UHPFRC
Easy to use and handle

Low cost compare tother retrofitting methods and high durability

B

B

B

B

B

., In this study, adhesive epoxy used to bond the pre
wereno debonding between UHPFRC sheets anduseblimam’ s s
strenghening methods and cost reduction.
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