Available online

European Journal of Advances in Engineering and Tdmology, 2015, 2(3): 59-68

qiber s 9*:..,1

Research Article ISSN: 2394 - 658X
Loy A

Flexural Strength Prediction in FRP Strengthened Cacrete Bridge
Girders
Muruganandam Mohanamurthy® and Nur Yazdanf?

'Structural Engineer — II, Parsons Brinckerhoff, Balore, MD 21201, USA
“Department of Civil Engineering, University of Texa Arlington, Arlington, Texas 76019, USA
yazdani@uta.edu

ABSTRACT

Fiber Reinforced Polymer (FRP) composite materialapg provide effective and economic solution for
rehabilitating and upgrading of existing reinforceahd precast concrete bridge structures with damage
deterioration, and is being used by many highwgyadimnents This study consisted of the review amdpesison

of relevant design guidelines and standards for RRBp strengthening of damaged concrete bridge eidgm
both from U.S.A. and abroad. Based on the flexioat carrying capacity of a prestressed bridge giréand
possible failure modes, the various design prowsioere validated against experimental results fiterature
and finite element analysis. FRP rupture, the prefé failure flexural mode, is validated in bothpeximental and
theoretical analysis. In general, the code and ficguidelines are quite conservative in predigtthe flexural
strength of AASHTO type bridge girders with FRP ppiag. FRP strengthening design provisions are
recommended based on the comparative study.
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INTRODUCTION

The infrastructure report card for U.S.A. stateatthver 11% of the nation’s 607,380 bridges aracsarally
deficient and an estimated $20.5 billion is reqiiemnually to upgrade the nation’s deficient brilgg the year
2028 [1]. However, the current annual expenditorebfidge investments is only $12.8 billion andaatditional $8
billion is required annually to upgrade the nat®deficient bridges. Feasible bridge retrofittingl aehabilitation
is, therefore, a viable option for upgrading dedfitti bridges, address budget constraints and rectutgtruction
times. Fiber Reinforced Polymer (FRP) strengtheiisngne such method that can increase the lifelofdge and
reduce the cost for replacement. The state highdegartments have to handle a considerable nunfilbemarete
bridges that are damaged due to vehicle or vesdigdion, reinforcing steel corrosion or fire. Oveeight vehicles
collisions due to low clearance of older bridgesrmrease of roadway overlay thickness is the pryjntause of
the first type of damage [2]. In the last decadegrgithening of damaged bridge girders was in scases
achieved by adding additional steel plates. Thithow has some disadvantages, such as transportatiadling,
and installing heavy plates and corrosion of pl§8sFiber Reinforced Polymer (FRP) strengtheniag been a
popular, economic and convenient method for restpand enhancing the strength and stiffness of datha
concrete bridges since 1999 [4, 5]. Fig. 1 showdamaged concrete bridge girder before and afterFRE
strengthening process.

FRP wrapping can improve flexural, shear, axiatl torsional strengths, and also the serviceahilitgxisting or
damaged bridges. Due to the changes in trafficaeland increasing truck loads, if bridges needetafpgraded
to carry the additional load, FRP strengthening lmarconveniently utilized for this purpose. Reagewelopments
in finite element software have allowed the effeetmodeling of FRP strengthened prestressed cenbrétge
girders [6]. A survey was conducted by the authweein of the state highway departments to find vileous
concrete bridge retrofitting techniques that ea@padtment is using. It was found that FRP stremutize
technique for concrete bridges is quite popular exganding. A total of 24 highway departments argently
using FRP laminate application as a bridge retinjt technique. The corresponding states are: Agha
California, Colorado, Florida, Hawaii, Idaho, Ind& lowa, Kansas, Louisiana, Michigan, Missouribheka,
Nevada, New Jersey, New Mexico, New York, North dlian, Oregon, Pennsylvania, South Dakota, Texas,
Washington and Wisconsin. Some other states argidenng the adoption of this technique.
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FRP is a composite material manufactured in thefof polymer matrix reinforced with fibers. Commamwailable

fibers are glass, carbon, or aramid, and polymeaslemup of epoxy, vinyl ester or polyester. FRP cositp

wrapping is a highly promising structural strengting process and has been successfully used. FRpping has
more advantages than adding reinforcement or gieéts to increase the strength of structuress itghter in

weight, non-corrosive in nature and has a signitidaad capacity. The installation of FRP laminaiedaster,

simpler and less labor intensive, compared to adsfiructural steel or casting additional reinforcedcrete. Use of
FRP wrapping for in-service bridge strengtheningdsnomic and fast, where prolonged constructioresi may
lead to transportation disruptions and associated@nic losses and mass inconvenience.

This article presents the design and developmetwoftopologies working at single and dual frequescSingle
frequency approach operating at 7.3 GHz with ifieetl antenna and dual-band operated switched bgstens
working at 7.0/8.1GHz are detailed and both arelémgnted on high resistivity silicon substrate. siga of
individual circuits like hybrids, phase shifterspss coupler, patch antennas are detailed andefuimtegrated to
realize broadband Butler matrix. Complete switchmthm assemblies are realized after incorporatinghpa
antennas at desired frequencies. Design detatiseofealized assemblies along with the experimeesllts are
detailed in this article.

Fig. 1 Damaged and Strengthened Girders

RESEARCH SIGNIFICANCE

Several design guides, standards and manufactguédelines are available for the design and amalg$iFRP
strengthening systems for concrete structures. Saofirtbese provisions are based on theoretical nsodehile
others are based on experimental work. The matanidlmechanics models used by the various guidesjuite
different in some cases. A comparative study watpaed herein to evaluate the strength predictfoos these
models so that the users have a basis of choosiag@opriate model.

Investigation of the prediction accuracy (from was available models) based on flexural load cépacrack
pattern, and failure modes using an available nmal finite element program was undertaken her&ime
analytical results were then compared with theltedrom a previous experimental study in orded#bermine the
relative accuracy of each analytical procedure.eBasn these comparisons, an appropriate code-ldesign
procedure for FRP strengthening of prestressedretmbridge girders was recommended.

REVIEW OF CURRENT DESIGN PRACTICE

Several standards and guidelines for FRP strenigitpaaf concrete structures from U.S and other coemtwere
located after a through literature review, and lated in [7-14]. When FRP strengthening was fadbpted by
highway departments, some of them used the FRP fagnwe’s guidelines to estimate FRP system sthengt
because there were no other available guidelime$998, the MBrace guide was developed by the B&lgfmnical
company, and it has been used since then by saghevay departments. BASF recently discontinued tizrdde
guide and currently recommends the ACI 440 guiésliriThe FIB report was published in 2011. In 2082)
published the first edition of the FRP strengthgrdiesign guide; it was developed based on the MBgaide. The
second edition of the guide was published in 2@®er guides were published in Canada [11] ang [@] In
U.K., the TR55 technical report was published firs2000, with subsequent upgrades. AASHTO pubtisthe
first edition of its guide specifications in 2083sed on NCHRP 655 and NCHRP 688 reports [7, 13, 15

Each publication specifies partial factors of safatharacteristic and design values of materialperties and
strength reduction factors. For flexural strengétedmination, generally the trial and error metl®dollowed to
estimate the neutral axis of the FRP strengtheneadtsres, in the absence of any direct methodfeBnt
interpolation methods are employed to calculatectiverete compression stress block parametersndysresult in
differences in predicted strengths.
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In ACI 440, the design recommendations are basedimih state method and ACI 318 [16] strength and
serviceability requirements. Additional load fast@re applied to the contribution of the FRP reitdment. These
factors were determined based on statistical etiatuaf variability in mechanical properties, pretid versus full-
scale test results, and field evaluations. FRReeleeduction factors were calibrated to produdialyity indices
typically above 3.5.

In AASHTO 2012, the provisions are limited to caeter compressive strengths not exceeding 55 MPa. The
consideration of service limit states, strengthitlistates, extreme event limit states and fatigmét Istate load
combinations are considered as per AASHTO LRFD igions [17].

In FIB 14, design calculations are based on armaltor empirical models. Design procedure considtsa
verification of both serviceability limit state andtimate limit state. Material partial safety fact are used to
estimate structural strength.

In TR 55, the flexural strength equation is basedhe parabolic-rectangular-stress-strain relatignéor concrete
in compression. Partial safety factors for concmteeinforcement are calculated based on desigat&ns. It is
also possible in some situations for the ultim#étaiis in the FRP to govern failure of a strengthiesucture.

In CNR 2004, strength and strain properties of FRRerials used for strengthening, as well as tludsexisting
materials, are described by the corresponding ctexstic values. The flexural analysis of FRP rafteened
members can be performed by using strain compiilaihd force equilibrium. The stress at any paind member
must correspond to the strain at that point; therival forces must balance the external load effect

In ISIS Canada, there are four potential flexu@lufe modes for externally-strengthened reinforcedcrete
flexural members. These are: concrete crushingréegfi@lding of the reinforcing steel, steel yielgifollowed by
concrete crushing, steel yielding followed by FRipture and de-bonding of the FRP reinforcementhat
FRP/concrete interface.
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Fig. 2 Experimental Prestressed Girder Cross Sectio

PREVIOUS EXPERIMENTAL STUDY

The literature review undertaken herein locatedrevipus experimental program against which the risgeal
analyses performed herein could be compared. Theriemental work involved half scale AASTHO presses
concrete Type |l girders and composite decking Was flexurally repaired with CFRP [18]. The girsldtad an
average concrete compressive strength of approgiyn®9 MPa, five low-relaxation grade 270 sevenewir
prestressing strands and three 345 MPa strengtiprestressed rebars. One of the strands was suppodee
broken in practice. An additional 102 mm thick degkwith two rebars was cast on top to simulatempmosite
section. Fig. 2 shows the cross-section and th&areiement details, including the CFRP arrangeméhis or
three layers of longitudinal CFRP 5.2 m in lengtlerev provided at the bottom of the girder for fleadur
strengthening. For shear strengthening, 305 mm @®ERP strips were used as transverse U-wraps (ceqe only)
that extended up to the girder web, as shown. EIgiRP strengthened girders were tested, five withlayers of
flexural CFRP strengthening and the remaining thvitle three layers of flexural CFRP.
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Table 1 presents the material properties for thRIEZksed in the experiments. Typical dry fiber props values

given are based on ASTM test results. The compgsidss-laminate properties of FRP system is caledlasing

the total cross-sectional area of the cured FREesysncluding all fibers and resin [8]. Fig. 3 sfwothe test setup
used in the experiment. The four point static logdivas applied using a 2224 kN load actuator, amcesponding

load and deflections were noted. The pertinent ex@atal results are presented in Table 2. All gisdfailed by

the CFRP rupture mode, which is the preferred nuddailure according to the design guidelines.

Table -1 Properties of One Layer of CFRP Material

CFRP Properties Typical Dry Fiber Properties *Compasite Gross Laminate Properties (one layer)
Tensile Strength 3.79 GPa 834 MPa
Tensile Modulus 230 GPa 82 GPa
Ultimate Elongation 1.7% 0.85%
Density 1.74 glcrh N/A
Weight per sq. yd. 644 gfm N/A
Rupture strain 0.012 0.012
Nominal Thickness N/A 1.0 mm
*Gross laminate design properties are calculatsédan ACI 440.
Applied Load /f— D1&Dz2
3 S
!
| 1.27M 77—
II Fd 7z I
[ ¥ '] ¥ B ¥ 1N 1
E b * PR * 5 3 3 N —
¥ L r - I 7
& . b
) b s ;,.r ) i e - . 554
b -] BE L a‘l a &
L b :. iFi Iy [} ]
IT - ol IT
\
i |
L :II
| 5 50M |3 Layers of FRP |

Fig.3 Static loading test setup
Table -2 Experimental Results

Average Flexural Flexural Failure Average Maximum | Maximum Deflection
Girder Group Failure Load (kN) Load Range (kN) Deflection (mm) Range (mm)
Five girders with two CFRP layers 372 344 - 401 50 40 — 62
Three girders with three CFRP layels 451 441 — 464 63 58 —70

FINITE ELEMENT MODELING (FEM)

ANSYS 14.5 version [19] was used herein to theoadlii model the experimental girders for compariponposes.
Both the girder groups with two and three layer€6RP were modeled herein. SOLID65, an ANSYS eleérfeen
3-D models of concrete structures, was used. Li@lkdl@Bments were used for discreet reinforcementSirad141
for both the CFRP wrapping and epoxy. Table 3 amiesent the geometric and material properties usede
FEM, respectively. An optimum mesh size of 38 x&152 mm was used herein. The FRP layers were a&sbton
be perfectly bonded to the concrete surface, aacefioxy layer between the FRP and the concreteignased.
This is because the experimental girders failureuoed due to FRP rupture, not due to FRP delimitatA
nonlinear analysis was performed herein to captiueeconcrete crack pattern from initial stage titufa stage.
Details of the FEM are available in the literat[26].

Table -3 ANSYS Geometric Properties

ANSYS Element Properties
Prestressing strand 74
Link180 Cross-Sectional Area, im| #3 Steel rebar 71
#4 Steel rebar 129
Material Number 0
Solid65 Volume Ratio Concrete 0
Orientation Angle 0
Shell41 Thickness, mm FRP 1.0
Solid185 ANSYS standard values Steel Plate N/A
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Fig. 4 shows the progression of crack patternaabus steps in the FEM, and also the extensivekirg at failure
in the girder model with three CFRP layers (step. The load associated with this step represeritediéxural
capacity of the FRP strengthened model. In the riaxeatal study, only the maximudeflection value at failure
was recorded. The final deflection values of 46 &8dmm from the FEM for 3-layer and 2-layer CFRRI@fs,
respectively, are slightly lower than the averageresponding experimental values of 50 and 63 ine 8%
difference shows that the FEM models were slightiffer than the experimental girders. The possibkeson is that
the FEM assumes a perfect bond between concretsteel] and achieving such perfection in an expemins very
difficult. Another reason could be the size of thesh used in the FEM. A smaller mesh size tharotigeused in
the FEM could possibly yield a more accurate redtilf. 5 shows the FEM strain values in one of tlexdtal
CFRP laminates at the time of failure. The maximupture strain of the FRP used in the experimegitdier was
0.012 (Table 1), closely matching the experimemtsult. From the crack patterns, strain compariaod
deflections, it is clear that the FEM supported BfRP rupture flexural failure mode observed in ¢élperimental
girders. Table 5 presents a comparison of the clafles from the FEM with those from hand calculasio The
values are very close, validating the accuracyhefREM.

Table -4 ANSYS Material Properties

Material Properties
Prestressing strand, . . Elastic Modulus 18.9 x 10
MPag Linear Isotropic Poisson’s Ratio 0.3
) . Elastic Modulus 19.9 x 10
. Linear Isotropic Poisson’s Ratio 0.3
Mild steel rebar, MPa . . Vield Stress 2130
Bilinear Isotropic Tangent Modulus 4130
Density Dens 2400 kgfin
Linear Isotopic Elastic Modulus 3.9 x faMPa
Poisson’s Ratio 0.25
Concrete Open Shear Transfer Coefficient 0.3
Concrete Closed Shear Transfer Coefficient 1
Uniaxial Cracking Stress 750
Uniaxial Crushing Stress -1
Elastic Modulus, E 82,000 MPa
Elastic Modulus, & 4800 MPa
Elastic Modulus, £ 4800 MPa
Poisson’s Ratio, PR 0.22
FRP *Linear Orthotropic Poisson’s Ratio, PR 0.22
Poisson’s Ratio, PR 0.30
Shear Modulus, & 3200 MPa
Shear Modulus, & 3200 MPa
Shear Modulus, & 1800 MPa
]
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Fig.4 Crack pattern variations in FEM due to load ncrements

63



Mohanamurthy and Yazdani Euro. J. Adv. Engg. Tech., 2015, 2(3):59-68

Table- 1 Deflection Checks (Girder with two flexurd CFRP layers)

FEM Hand Calculation
Deflection due to prestress -5.9 mm -6.0 mm
Deflection due to self-weight and prestress -5.6 mm -5.7 mm

-108E-03 -OZRZY -ooSS48 - GONZED -81050
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Figure 1: FRP Bottom Layer Strain Distribution in FEM at Failure

COMPARISON AMONG DESIGN GUIDELINES

Different flexural strength equations are recomngehbly the identified codes and guidelines for FRénhgthening,

as discussed above. All the publications listecineinclude a term for the FRP laminate strengsham additional
guantity to the prestressing and mild steel flekgepacities. They also assume linear strain 8istions up to

failure, and a concentrated tensile force providgdthe FRP wrapping. Parabolic distribution of ocete

compressive stress is also common, with associat#ddngular equivalent compressive stress blockrd hre some
variations in the specification of the centroidtioé parabolic stress distribution, the width of #rpiivalent stress
block and the checking thresholds for the varidesural failure modes. In general, the followingdee modes are
considered: (1) Crushing of concrete in compressiefore yielding of the reinforcing steel; (2) \dalg of the

tension steel followed by rupture of the FRP lareénd3) Yielding of the tension steel followed bgncrete

crushing; (4) Shear/tension delamination of theccete cover; and (5) Debonding of the FRP fromdbecrete

substrate.

To compare the flexural strength predictions frdéma different sources, the flexural design load ciijes for the
experimental girders discussed previously wereutaied herein using the various guideline equatidhs average
values, together with the average experimental tandFEM flexural load capacities are shown in TaBleA

detailed worked out example for the experimentadlegi strength with two CFRP layers, and using ti& A40

provisions, is presented in App. A. The exampld b a good review source for readers, and it shioovs the

various numbers in Table 6 were calculated.

The assumed concrete compressive stress distrilsutary among the different guidelines, and thssiits in minor
variations in the corresponding load capacitiefieDpossible reasons for this variation are calmurgrocedure of
neutral axis in the moment calculations and diffiereartial safety factors in the various codes. Ghalelines
produce flexural capacities that have a wide rarfg¥’8 — 472 kN for girders with two CFRP layensda46 — 580
kN for those with three CFRP layers. All guidelinegperimental results, and FEM resulted in failomedes that
are initiated by FRP rupture, which is the preférmode that utilizes the full capacity of the FRFhe code
provisions allow for design moment calculations éther possible failure mode types as well, any tgecify
checks to consider or eliminate various failure s®dhe average of all failure load predictionsrfithe guidelines
is 419 kN for girders with two CFRP layers, and %8 for girders with three CFRP layers. It appethat these
values are a bit non-conservative, if they are e to the experimental values and FEM predictiaasseen in
Table 6. The experimental values are around 5% ridhen the FEM values, showing again the slightliffes
nature of the FEM. The averages from the guidefiredictions are around 10% higher than the expetiahe
results. All flexural capacities from guidelinesagreater than the experimental results, exceptHerFIB 14
prediction with 3 layers of CFRP. The ACI, FIB TZR55 and CNR guidelines are more in line with theotetical
and experimental results for the girder load capadiCl being the closest overall. MBrace has digtwied the
design guideline for FRP strengthening and is atilyaecommending ACI 440. In consideration of gndactors,
the ACI 440 guidelines seem to be the best prediztdhe flexural capacity of a typical AASHTO typidge
girder with CFRP strengthening.
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Table 2: Flexural Load Capacities of Strengthened ®ders Three Point Loading on 5.8 m Simple Span

Average Flexural Load Capacity (kN)
2 CFRP layers (five girders) 3 CFRP layers (tlyiegers)
FEM 395 474
Experimental (EISafty and Graeff, 2013) 372 451

ACI 440 394 469
AASHTO 472 580
FIB 14 378 446
ISIS 463 532
TR55 384 465
Mbrace 458 563
CNR 383 467

Limitations
The various guidelines considered in this studyvidi® procedures for finding the flexural, sheard aaxial
capacities of FRP strengthened members. This dtudlgnited to investigation of flexural capacitidsie to FRP
rupture only.

CONCLUSIONS AND RECOMMENDATIONS

The following conclusions may be based on the figdifrom this study:

« Many U.S. highway departments have adopted FRmhgitrening as an option for rehabilitating damaged
highway concrete bridge elements.

« A number of design codes, standards and guidedireavailable worldwide that deal with FRP streegthg of
concrete structures. They contain equations foptiediction of flexural, shear, axial and torsiosikngths of
such strengthened structures. Some of these dot¢simentain different stress distributions for thextiral
strength determination and it results in variatiomsapacity predictions.

» ANSYS 14.5 version software is capable of predigctinack patterns, failure mode and flexural loapacity in
a FRP strengthened girder. This is evident fromwthkdation of the finite element model results iwthe
experimental results. The difference between erpartal and the theoretical results was around 5%.

» Experimental and FEM procedures both resulted ilnréa of the subject girder due to FRP rupture, clshihe
desired mode and is recommended by all identifieidedines. The maximum flexural load capacity foFRP
strengthened girder was obtained through the AASHDQ2 guidelines, and the minimum through the FIB
guidelines. The variations in load capacities alestantial.

» Various design standards are quite conservatiy@edicting the flexural load capacity of a FRP mgithened
AASHTO girder.

It is recommended that the ACI guidelines be fobowfor designing FRP strengthening systems for resec

bridges. The ACI guidelines are reasonable andigirettength values that are consistent with themtétical and

experimental results.
APPENDIX

Sample Example for Flexural Capacity Calculation
The following example calculates the flexural lazapacity for the experimental girder with three GFfexural
strengthening layers. ACI 440 provisions are apipfierein.

Girder Details
Compressive strength of concrete f'c = 69 MPa
Ultimate strength of strands = 1862 MPa
No.of 11 mm diameter undamaged strands = 4
Yield strength of mild steel f, = 414 MPa
Area of girder = 94838 mm?
Moment of inertia = 3.4 x 109 mm4
Distance from girder top to the prestress centroid d, = 457 mm
Distance from girder top to the CFRP centroid df = 559 mm
ds, = 508 mm Y, = 305mm

CFRP Physical Properties
Thickness per CFRP layer t; = 1.016 mm
Ultimate tensile strength of CFRP fr, = 834 MPa

CFRP rupture strain [&] _fu = 022mm
Modulus of elasticity of CFRP layers E; = 82048 MPa
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Step 1 — Calculate the CFRP System Design MateriBroperties
The girder is located in an exterior exposure cimtiand a CFRP material will be used. Therefoeg, ACI 440, an
environmental reduction factor of 0.85 is used.

Modified CFRP ultimate strength f;, = Cg fr,, = 0.85(121) =709 MPa

Modified CFRP strain € s, = Cgep, = (0.85)(0.0085) = 0.0072

Step 2 — Preliminary Calculations
Properties of Concrete:
Strength modifierp; from ACI 318-11, section 10.2.7.3 = 0.65

Concrete Modulus,E, = 57000,/f; = 57,000 v10000psi = 39300 MPa

Properties of the Prestressing Steel
Area of prestressing strands A,s = 297 mm?
Modulus of steel E,;, = 189605 MPa

Properties of CFRP
Area of CFRP wraps Ay = (3 plies)(0.1016 cm/ply)(22.86 cm) = 6.97 cm?
Modulus of CFRP,Ef = 82048 MPa

Section Properties:
Area of girder A,y = 94,838 mm?
Distance to girder cg fromtopy, = 254 mm
Moment of inertia of girder I, = 3.4 x 109 mm4
Radius of gyrationr = 1890 mm, Effective prestress f,, = 827 MPa
Strain for ef fective prestress e, = 120/27500 = 0.0044
Effective prestress force P, = 0.46 x 120 = 245.5 kN
Eccentricity of prestressive force e = dp —yt =18 -10 = 203 mm

Step 3 — Determine the existing state of strain ahe soffit
The existing state of strain is calculated assurthieggirder is uncracked and the only loads adinfpe time of
FRP installation are dead loads.
MDL = 296 kN —m (kN - m?), maximum dead load moment with the girder self — weight and slab.
s .. . o _ _—Pe [27)) MpLyp _ _
Initial strain in the beam sof fit: ep; = FeAc (1 + rZ) + Tely 0.0001
Step 4 — Determine the design strain of the CFRP stem
The strain in the CFRP, accounting for deboninlyfaimode, is:

&rq = 0.083 e =0.0069 >0.9¢, = 0.0069 > 0.0065 where deboning does not control.
ra nrErty Ju

So, &7 = 0.0065
CFRP rupture mode controls, as preferred.

Step 5 — Estimate c, the depth to the neutral axis
Assume a reasonable initial value of ¢ = 102 mm.

Step 6 — Determine the efficiency level of straimithe CFRP reinforcement
£r¢ = 0.003 (‘ifc‘c) — £, = 0.013 < &4 = 0.0065.
So, assumefe = 0.0065

Step 7 — Calculate the strain in the existing prestssing steel and regular steel:

dy— . - . .
Epnet = (sfe + Sbi) (;_Z) = 0.0052, net tensile strain in the prestressing steebbdylecompression.
Prestress strain, &y; = &, +

Pe

(1 + )+ €pnee = 0.0097 < 0.035, ok.
ds_c) = 0.0059
df—c
Step 8 — Calculate the stress levels in the presssng steel, regular steel and CFRP
For 1862 MPa prestressing steel:
28500¢,,, for gy, < 0.0086
fps = {

Regular steel strain, &; = (sfe + ebi)<

270 — &,for £ps = 0.0086, controls
£ps—0.007

So,fps = 1758 MPa
For mild steel, f; = E; &, = 1172 MPa = f, = 414 MPa
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So,fs = 413.7 MPa
For CFRP, f;. = 0.5 E; &, = 266.8 MPa

Step 9 — Calculate the internal force resultants athcheck equilibrium
The strain in concrete at failure can be calcul&tech strain compatibility as follows:

c

ec = (gre + €ni) (m) = 0.0015

Concrete stress block factor may be calculatedyusidl 318, as follows:
_ 4-82— £ _

B = ool 2e. = 0.699

where:g/' is strain corresponding ta;ftalculated as:
4
gl = % = 0.003
c

Approximate stress block factor may also be catedl®ased on the parabolic stress-strain relatiprishconcrete,
as follows:

I_ .2
a, =% — 9591

3B1€c

Step 10 — Adjust c until force equilibrium is satified
Steps 6 through 9 were repeated several timesdifférent values of ¢ until equilibrium was achievé he final
results are:

c = 87.6mm, g, = 0.0097 < 0.035,f,s = 1758 MPa, f; = 414 MPa, f;, = 266 MPa,

Ere = &4 = 0.0065 ¢ = 0.0012,8; = 0.693,a; = 0515

Step 11 — Calculate design flexural strength of theection
The design flexural strength is calculated usirggetuation below. An additional reduction factgr= 0.85, is
applied to the contribution of the FRP system.

OM,, = 0.9 [Aof; (ds = ) + Apofys (dy — 2) + 085 Arfye (df — 229)] = 301 kN —m (kN-m ?)

2
For a point load on a three point bending and 3s8mple span, failure load = 394 kN.
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