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Sammanfattning

Syftet med examensarbetet ar att analysera nagt@adorstarkningssystem med kolfiber
for en befintlig vagbro. Analysen gors ur ett ekonskt perspektiv dar olika
kolfiberalternativ jamfors. Syftet ar ocksa att jama tillvagagangssatt och resultat av
klassning samt forstarkningsbehov for den befiatllgon, enligt gamla och nuvarande
svenska normer. Examensarbetet ar teoretiskt odderdsm pa litteraturstudier och
berakningar for den befintliga bron. Resultatem fidrstarkningsberékningarna analyseras
ur ett ekonomiskt perspektiv dar material- och takestnad for de mdjliga forstarknings-
alternativen uppskattas.

Den studerade bron ar en armerad betongbro, soigt @nafikverket ar bevarandevéard.
Klassning och férstarkning av bron har redan geotsf enligt “Allman teknisk
beskrivning for Klassningsberdkning av vagbroarla@sning 1998) respektive Bro2004,
da bron skulle uppgraderas fran Barighetsklass B3)Rill Barighetsklass 1 (BK1). |
examensarbetet har klassningen gjorts enligt "Matslrivning 802 Barighetsutredning av
byggnadsverk” (Klassning 2009) och forstarkningsivet beraknats enligt TK Bro, d.v.s.
enligt de nya normerna. Resultaten fran Klassn®@@8lhar sedan jamforts med resultaten
fran Klassning 2009 och resultaten fran Bro2004j&aforts med resultaten fran TK Bro.
Forstarkning i bojstyvhet har analyserats for al¢iv med kolfibersystemen laminat, vav,
samt stavar. For tvarkraft har analysen enbartgfor alternativ med vav. De egenskaper
som har varierats ar kolfiberns elasticitetsmodjhing och tvarsnittsdimensioner, samt
for tvarkraft aven avstand mellan remsor och Igrpa fibrer.

Den enda skillnaden mellan klassningarna gjordagemllassning 2009 och Klassning

1998 ar tva extra typfordon i Klassning 2009. Rexteh fran klassningarna tyder pa ett
hogre forstarkningsbehov for bojstyvhet, men elkvdrdigt forstarkningsbehov for

tvarkraft, for fallstudien. Den kapacitetsanalys f@®jstyvhet som &r gjord enligt TK Bro

resulterade i ett betydligt lagre forstarkningshelo for analysen gjord enligt Bro2004.
Detta beror framforallt pa de olika berédkningsfilfierna gallande sakerhetsklassning.
Kapacitetsanalysen for tvarkraft gjord enligt TKoBresulterade i ett betydligt hogre
forstarkningsbehov an for Bro2004. Detta beror fimallt pa att en mer konservativ
berakningsmodell anvands i TK Bro.

Kostnaderna for alternativen med laminat och vé dked en 6kande elasticitetsmodul for
bade forstarkning i bojstyvhet och tvarkraft. Fajdtyvhet ar alternativ med vav generellt
billigast. Det fungerande alternativet med stavarbdligare an laminaten och vissa
alternativ med vav. Forankringslangden har ingémrstinverkan pa kostnaden, da alla
alternativen kraver ungefar samma férankringslamgat. ar inte mer effektivt att applicera
remsorna i 45° istallet for 90°.

For den studerade bron skulle det utifran gallamoiener och ekonomiska uppskattningar
rekommenderats att forstarkningen gjorts med vav oekanisk forankring for bade
bojstyvhet och tvarkraft.

Nyckelord: Kolfiber, Betong, Forstarkning, Eurocod& Bro, Ekonomisk optimering



Abstract

The purpose with this thesis is to analyze somencomstrengthening systems with CFRP
for an existing road bridge. The analysis is danenfan economic perspective, considering
different material properties of the CFRP. The psmis also to compare the procedures
and results for the classification assessments sarehgthening design of the existing

bridge, according to old and present Swedish cotles.thesis is theoretic and based on
literature studies and strengthening calculatioms the case study. The result of the
strengthening calculations is analyzed from an ecoa perspective where the costs of
material and labor are estimated for different fmesstrengthening alternatives.

The studied bridge is a reinforced concrete bridgeich according to Trafikverket is
important to preserve from a cultural historicalrgpective. The classification and
strengtheninghas been performed in agreement with “Allméan tdkreskrivning for
Klassningsberakning av vagbroar” (Classificatio®8Pand Bro2004, since the bridge had
to be upgraded from capacity class 3 (BK3) to cépatass 1 (BK1). In the thesis, the
calculations have been done according to Classdic2009 and TK Bro, according to the
present codes. The results for the present codesthan been compared to the results for
the old codes. The strengthening in flexure has lmewlyzed for alternatives with the
CFRP systems; laminates, sheets and bars (NSMR$heéar, the analysis has been carried
out only for alternatives with sheets. The propsriof the CFRP that have been altered are
the strain, moduli of elasticity, and cross-sediatimensions. For shear, the spacing of the
strips and the inclination of the fibres have disen altered.

The only difference for the classification assesasidone in agreement with Classification
2009 and Classification 1998 is the additional giesrucks in Classification 2009. The

results of the classification assessments indiaatggher required flexural strengthening,
but an essentially equal required shear strengtheiiihe capacity analysis in flexure, done
according to TK Bro resulted in a significantly lewrequired strengthening than the
analysis done according to Bro2004. The differetioces mostly depend on the different
design philosophies considering the safety clasgibn. The calculation done with TK Bro

resulted in a significantly higher required sheterggthening than the calculation done
with Bro2004. This is mainly because TK Bro utisz& more conservative model for shear.

The cost of the alternatives with sheets and lategancreases with the modulus of
elasticity. The results show that generally theratitives with sheets are cheaper. The
alternative with bars is cheap compared to therates, and some of the alternatives with
sheets. The anchorage length for the alternativeffiexure does not have a significant
effect on the cost, since the variation of the anape lengths is small. It is not more
effective to apply the strips with an inclinatioh4®° instead of 90°.

For the studied bridge, with regards to the presedes and the economical estimations, it
would have been recommended to strengthen the éondth sheets and mechanical
anchorage in both flexure and shear.

Keywords: CFRP, Concrete, Strengthening, EurocdleBro, Economical optimization
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Allowed axle load for casgN]

Cross-sectional area of the concrieten?]

Cross-sectional area of CFRRm?]

Cross-sectional area of the tensile steel reiefoent/mm?]
Cross-sectional area of shear reinforcenrent?]

Minimum tensile reinforcement ar¢mm?]

Allowed bogie load for cagdé&N |

Modulus of elasticity of the adhesiy¥& Pa]

Design value of modulus of elasticity of concrga]
Characteristic value of the modulus of elastioitgoncretd MPa]
Secant value of the modulus of elasticity of cetefMPa]
Design value of the logdN|]

Design value of modulus of elasticity of CFR®PPa]

Design value of the modulus of elasticity of témsteel reinforcemenfM Pa]
Tensile force in the tensile steel reinforceniént]

Adjusted tensile force in the tensile steel reioémentkN]
Compressive force in concrdteV ]

Tensile strength in the CFRRN |

Tensile force at the position of anchorage ofGR&RP[kN]
Tensile force in the position of anchorage of @eRP[kN]
Maximum effective tensile force in CFRRN|]

Reduced load within the distance3ef from the system lingkN]
Yield force in the tensile steel reinforceméhw |

Required flexural strengthening forfgaV]

Shear modulus of adhesii@Pa]

Fracture energy of concrete in the bonded Zéf@a]
Characteristic value of the total permanent Ipgad]
Characteristic value of permanent load from thespaent[kN |
Moment of inertia of transformed uncracked crasstisn[mm?*]
Moment of inertia of transformed cracked crosgisadmm*]
Total length of the bridgpen]

Length of beanfmm]

Minimum bond length for an NSMR binm|

Effective anchorage lengfimm]

Perimeter of potential failure plane for an NSM#& pnm|
Length that requires flexural strengthen[ngn]

Design value of the moment in ULBNm|

Design value of the moment during the strengtrgefitvm]
Design value of the moment at positiofikNm ]

Design value of the shifted moment at the positibanchoragékNm]
Moment at the position of the last crd@&im]

Design value of the normal for¢eN]

Design value of the normal force in UILGN]

Design value of the normal force at positiofkN]

Design value of the shifted normal force at thsifpon of anchoraggkN|
Corresponding point loadN|



Pimax)L Maximum bond strength of NSMRN ]

Q1x Value of vertical axle loafkN]

Qk1 Characteristic value of the main live logaV]

Qk,i Characteristic value of an interacting live Idad/]

Qi Value of characteristic longitudinal forces (brakiand acceleration forces)
/A Shear capacity of concreftleN |

Vared The shear force calculated with reduced Ipad]

Vao The shear force for the actual o0& ]

Vea The design shear in considered cross-section dextéonal load$kN |
V; Varying effective deptlkN]

|78 Required strengthening in sh¢an |

Vra Design capacity of shear for members with shaafaeementkN]
VRa,c Design capacity of shear for members without sheiaforcemen{kN ]
Vra s Contribution of the CFRP to the shear capadiiy]

VRrdmax Maximum design capacity for the concrete compressiauts[kN |
Vras Design capacity of shear limited to yielding oéahreinforcemerittN]
Vs Shear capacity of shear reinforcemgii|

Vsa Total design value of shear loHdV]

Vew Design load of shear, for self-weidltN|

Ves Design load of shear, for superstructi&y'|

Virarrica  Design load of shear, for design truck with thizdead A[kN]
Virarrics  Design load of shear, for design trucks with tbgib load B[kN]
W, Flexural resistancenm?]

a Distance from node to end of CFIRRm|]

aq The distance from the system line to where theeMoad is placefim]
a; Displacement of tensile force curfy@m]

a, Distance from the end of the column to the wheatl[m]

b Width of cross-sectiohmm]

by Width of CFRP[mm]

b, Width of the groove for NSMR bgmm]

c Depth of covefmm]

d Effective depth of bearfinm]

des Available bond lengtifimm]

ds Height of shear strengthening above tensile seédelorcemen{mm]|
fea Design value of the compressive strength of caa¢iPa]

fek Characteristic value of the compressive strenfttoocretel MPa|
feta Design value of tensile strength of conciigté®a]

fetk Characteristic value of the tensile strength afartete[MPa]

fetm Average value of the tensile strength of concf&tEa]

fo Shear strength of concrdtdPa]

for Increased value of the shear strength of con¢iéRz |

fya Design value of yield strength of tensile steaifacemen{MPa]
fyk Characteristic value of yield strength of tensiieel reinforcemenfMPa]
fywa Design value of yield strength of shear reinforeathM Pa]

fywk Characteristic value of yield strength of shearfeecemenMPa]
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Height of flanggmm]

Coefficient|- |

Size factof- |
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1 Introduction
1.1 Background

During the last years the need to strengthen egistoncrete structures in Sweden has
increased. The reason is mostly because of deddoror because the bearing capacity of
the structure is not high enough for current tcafiemands (Betongféreningen, 2002).
Unless more advanced assessment methods fail ity isrsafety, the structures must be
either improved or rebuilt (Vagverket, 2000).

The most common ways of strengthening concretectsires are by increasing the
dimensions of the cross-section, installing extepwst tensioning or applying external
reinforcement. Earlier, the most common externaifoecement method was externally
bonded steel plates. However, installations of Garbibre Reinforced Polymers (CFRP)
are getting more common (Vagverket, 2000).

CFRP consists of carbon fibres embedded in a thesthing plastic, and can be applied
with an adhesive on a concrete surface (Betongidgen, 2002). The most commonly
used CFRP strengthening systems are externallyeoblachinates or sheets, as well as bars
(Near Surface Mounted Reinforcing, NSMR) (fib, 2R0%trengthening with CFRP has
become popular due to the high strength and stiffreé the fibres, and also because of the
light weight of the fibres compared to other matsri(Al-Mahmoud et al., 2010). An
advantage is also that strengthening can be dotiuwtichanging the appearance of the
structure too much (Smith and Teng, 2000).

Within the field of civil engineering, the use oFRP composites is still seen as a new
technique which is in progress (fib, 2001). Morewitedge is therefore needed about the
long-term behavior of CFRP strengthening, its muesteffects on concrete structures,
environmental effects, behavior in extreme tempeest and so on (fib, 2001). One
drawback with CFRP strengthening is that most failmodes of CFRP strengthened beams
are brittle, and give no indication of failure (Mgaand Leong, 2005). Another major
drawback with the CFRP strengthening is the coshefmaterial, which is high compared
to steel and concrete (Téaljsten, 2006). Even thdbghmaterial cost is high, other costs, for
example the labor cost can be lower for CFRP sthemgng than for other strengthening
methods.

Since the interest in performing CFRP strengthenivag increased, the interest in
understanding the strengthening technique from eon@mic perspective has also
increased, especially to choose best suited mistama systems for the right purpose.



Figure 1 presents the calculation procedure fapasting bridge. At first, a classification
assessment is done to determine if the bridge megjstrengthening. In case strengthening
is required, a strengthening design is carried out.

Classification assessmemnt:

Isstrengthening required | Classification 1998 vs.
Classification 2009) 7

/ |

MNao Yes

Strengthening design:

Capacity analysis of existing structure {TK Bro vs. Bro 2004
CFRP strengthening (Design guideline)

Figure 1. Calculation procedure for an existing brdge.

Earlier, classification assessments of Swedish braldjes have been carried out according
to Vagverket's “Allman teknisk beskrivning for Kissingsberdkning av vagbroar;
1998:78” (Classification 1998), and strenghtenirgsign has been done according to
"Vagverkets allménna tekniska beskrivning for nybggde och forbattring av broar,
Bro2004; 2004:56” (Bro2004). In July 2009 the Ewap building code, Eurocode became
the governing code for Swedish bridge design. Caqunesetly, Vagverket created national
documents on how to apply Eurocode for Swedishgerdesign. Since 2009, classification
of bridges should be based on the document “Metldbhaing 802 Barighetsutredning av
byggnadsverk; 2009:61” (Classification 2009) indteaf Classification 1998. The
strengthening designs should be done in agreemigmt\Mégverket's “TK Bro; 2009:27”
(TK Bro) instead of Bro2004.

1.2 Purpose and goal

The purpose with this thesis is to with help obae study increase the understanding of the
differences between the earlier Swedish codes hednew, existing ones, regarding
classification assessments and strengthening desegmneinforced concrete bridge.

The purpose is also to analyze some common CFRRgslrening systems for a reinforced
concrete bridge. The analysis is done from an aovimperspective, considering different
alternatives of material properties, such as thdulus of elasticity and the cross-sectional
dimensions of the CFRP.



1.3 Objectives and limitations

The following objectives and limitations are deaith in this thesis:

* For the studied bridge, how does the classificatissessment differ when based on
Classification 2009 compared to Classification 880, what are the differences
between the strengthening design based on TK Bidan20047?

* Which are the most cost effective ways to strengthe bridge with Carbon Fibre
Reinforced Polymers in flexure and in shear?

The thesis will be limited to an analysis in flexwand in shear for one specific beam of the
studied bridge, and will only be done for the Uhim Limit State (ULS). Only
strengthening systems with CFRP will be consideaed, the systems that will be analyzed
are externally applied laminates, sheets, and [ddrs. analysis is also limited to CFRP
systems from one manufacturer.

1.4 Ouitline of the thesis

The thesis is theoretic and based on literaturdiesuand strengthening calculations for a
case study. The result of the strengthening caiouls is thereafter analyzed from an
economic perspective.

The outline of the thesis follows the calculatiorogedure presented in Figure 1. The
classification assessment is carried out in agraemath Classification 2009 and is
compared to a classification assessment performemtding to Classification 1998.

The strengthening design is carried out by caltdahe capacity of the existing structure
in agreement with TK Bro (based on Eurocode), armbmpared to the results from a
capacity calculation done in agreement with Bro2(&bed on BBK).

The strengthening calculations with CFRP are paréat with the design guideline
“Dimensioneringshandbok for forstarkning av betamgitruktioner: Teknisk rapport”
(2011) from Lulea University of Technology. Theaahtions are performed with help of
the computer software MathCAD and the loads and tmanbinations are derived with the
computer software Stripstep. Finally, the econoamalysis is done for the possible
strengthening alternatives with estimations of £ést material and labor (including
equipment).






2 Carbon Fibre Reinforced Polymers

Fibre Reinforced Polymers (FRP) is a composite ristthat consists of fibres in a resin
matrix, bonded to a surface with an adhesive. Theeral used for the fibres are usually
carbon, aramid or glass. The physical and mechlapicgerties of these different fibre
materials, as well as within the fibre materiala difer greatly. The most commonly used
fibre material in the construction industry is aambwhich will exclusively be mentioned
from now on. FRP based on carbon fibres is defam@arbon Fibre Reinforced Polymers
(CFRP). The advantages with the CFRP are its hegkile strength, high stiffness, low
weight and large deformation capacity comparedtherostrengthening materials. It is also
less affected by aggressive environments, as ti&PGfoes not corrode to the same extent
as ordinary, untreated steel reinforcements (fi912.

2.1 CFRP systems

The externally bonded CFRP systems are separatediafabricated systems and “wet
lay-up” systems. The suitability of the system dejseon factors such as the structure in
need of strengthening and the material compondriteecCFRP (fib, 2001).

Prefabricated systems are usually called stripsminates (fib, 2001). The prefabricated
systems are fully cured and have their final stilerand stiffness prior to the application
(fib, 2001). They are installed on a straight cetersurface with help of the adhesive, as
seen in Figure 2 (fib, 2001). For a good bondirsyhe it is optimal to only apply one layer
of laminates, although it is acceptable to use layers (Blanksvard, 2011). The laminates
are usually used for flexural strengthening, but also be used in specific cases of shear
strengthening (Blanksvard, 2011).

. !
Figure 2. Ap_plication of Iaminat'e'(Sto‘ ScandinavidAB, 2011).

Wet-lay-up systems include unidirectional fibre eise semi-unidirectional fibre sheets, or
multidirectional fabrics (see Figure 3). The sysiemne either applied directly on a resin
saturated concrete surface, or initially saturatét the resin in a machine and afterwards
applied wet to the surface (fib, 2001). For the Vegtup systems, the adhesive aims not
only to bond the reinforcement to the concreteagaf but also to impregnate the fibres
(fib, 2001). The systems are applicable on strestwvith all types of shapes and are often
applied with multiple layers (fib, 2001). In extrentases ten layers of sheets are
acceptable, but increasing the number of layersmake it harder to ensure good quality
(Blanksvérd, 2011). Usually sheets are used fengthening in shear or for openings, but
are also possible to use for flexural strengtheoinghorter spans (Blanksvard, 2011).



Figure 3. Sheets (Sto Scandinavia AB, 2011).

Near Surface Mounted Reinforcing systems (NSMR)ssinof bars that are placed in
sawed slots in the concrete cover, and bonded amtepoxy adhesive (see Figure 4). The
system is usually used for flexural strengthenimgmthe strengthening system needs to be
protected from surface damage, or when the surfaaeeven. It is important that the
concrete cover has a sufficient depth of at le@Bs22 mm for this system (Téaljsten, 2006).
Due to the design of the NSMR strengthening systeims better abilities to anchor the
stresses compared to an externally bonded stramgthesystem, such as laminates or
sheets (Al-Mahmoud et al., 2010).

Figure 4. Application of NSMR (Sto Scandinavia AB2011).

A finishing system is usually applied on the suefaf all types of CFRP-systems to protect
the structure from fire, wearing or UV-light (Tags, 2006).

2.2 Workmanship

During the strengthening process, it is importanhave the right temperature, humidity
and a not too uneven concrete surface. The temperah the concrete surface should for
example not be below 10° C, for a good result efltardening process of the thermosetting
(fib, 2001). The quality control accordingly haslkie thorough during the application and
the strengthening method requires good workmanahip education (fib, 2001). Special
precaution has to be made when working with thentbsetting epoxy since working with
the thermosetting might induce allergic reactiohbétsmiljoverket, 2005).

When strengthening a structure with CFRP it is atsportant to consider the impact it
might have on the concrete structure. Even thohghQFRP elements themselves are not
easily affected by moisture, the concrete strudiuaéis strengthened or the adhesive might
be affected. For example if an excessive amoumhaikture is localized at the bonding
line, between the CFRP and the concrete substitke excessive moisture freezes it will
then expand and may cause delamination of the etmcExcessive moisture at the
bonding line can also result in corrosion on thenmal steel reinforcement, and the CFRP
should therefore not cover the whole concrete sarféb, 2001).



2.3 Cost effectiveness

The material cost for CFRP is high compared to rostrengthening materials, but the cost
based on the strength is more favorable for the RCG®, 2007). It is thus important to
minimize the quantity of the material to make ic@ast effective strengthening method
(Hollaway & Head, 2001). An advantage with the CHRRs light weight, which makes it
easier to handle during the construction work ass lexpensive to transport (fib, 2007).
The strengthening work can moreover usually be dduéng a short period of time,
resulting in a lower labor cost (Téljsten, 2006)eTdesign cost is though higher because of
a complicated design process and a need to optitnezese of the material (Hollaway &
Head, 2001).

2.4 Important assumptions for strengthening with CF RP

Figure 5. The stress-strain curve for concrete, st and FRP in ULS (fib, 2001).

The stress-strain curve for concrete in compressigarabolic-rectangular, while the steel
reinforcement has a bilinear stress-strain relatign as seen in Figure 5. The FRP, on the
other hand, has a linear elastic relationship @i1).

Most of the research done on shear strengthenirexteynally bonded CFRP, is based on
the assumption that the strengthening can be eguaklo a strengthening done with internal
steel stirrups and thereby contribute to the tslt@lar capacity of the structure (fib, 2001).

2.5 Failure modes for flexural strengthening

It is important to understand how a strengthenadttire will react when reaching failure.
Therefore, it is necessary to study the differeasgible failure modes, to be able to
strengthen the structure in a proper way (Buyukdz& Hearing, 1998). For a section
strengthened with CFRP there are some additionlalrédamodes that can occur for the
reinforced concrete structure. As the CFRP behérearly elastic until failure, caution
must be made to the possible failure modes in tilemgthened structure. This means that
there are no significant signs when approachingriain CFRP, since there are no signs of
yielding or plastic deformation of the CFRP (T&jst2006).

The possible failure modes for flexural strengthgnare presented in Figure 6 (Taljsten,
2006).



. Compressive failure in concrete

. Yielding of steel reinforcement in tension

. Yielding of steel reinforcement in compression

. Tensile failure in CFRP

. Anchorage failure in the bond zone (intermedeaéek debonding)
. Peeling failure at the end of CFRP

. Delamination of CFRP

~NOoO oI, WNBE

Figure 6. Failure modes in flexural strengthening Téljsten, 2006).

Some of the presented failure modes in Figure 6baitde and some are ductile. It is
preferable to design for a ductile failure, ashhéle failure modes are more unpredictable
and can occur unexpectedly. A ductile failure, be tther hand, usually starts with a
premature deformation, before the becoming fai{Uiégjsten, 2006).

Concrete structures that are not strengthened @GHRP, can fail either in crushing of
concrete or yielding of steel reinforcement. Thef@rable failure mode for this structure is
yielding of steel, as it is a ductile failure mod#ile concrete crushing is a brittle failure
mode (Isaksson et al., 2010).

The ductile or mostly ductile failure modes areslging of steel in tension, yielding of steel
in compression, and anchorage failure in the bamtkz The preferable failure mode to
design for is yielding of steel reinforcement ims®n followed by concrete crushing.
Compressive failure in concrete, tensile failureGRRP, peeling failure at the end of
CFRP, and delamination of CFRP, are all brittldufas that must be avoided (Taljsten,
2006).

If the ratio of steel and CFRP reinforcement igéara section may fail due to compression
in concrete (Buyukozturk & Hearing, 1998). If thecgon fails in concrete crushing, and
the CFRP has not yet failed, the section is ovierfoeced (Taljsten, 2006). Therefore, it is
important to optimize the CFRP and steel reinforeenratio (Buyukozturk & Hearing,
1998).

Intermediate crack debonding develops if a crackppgates along the CFRP, and is
thereby difficult to detect (Téaljsten et al., 2011hen the crack is originated in the
concrete, tensile stresses in the concrete arsféraed to the CFRP. Thereafter, high
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interfacial stresses arise between the concretéhen@FRP close to the crack that result in
debonding (Teng, 2003). To avoid intermediate crdekonding the strain in the CFRP
should be limited (Téljsten et al., 2011).

Peeling failure at the end of CFRP, also calledipgeff failure, occurs when the bond
between concrete and CFRP is lost in such a wayhbaCFRP cannot take any loads. The
failure will be brittle and sudden if the stressee not able to be redistributed to the
internal steel reinforcement of the structure. Tpeeling-off failures in a CFRP
strengthened concrete structure can occur dueveEraereasons and at several positions
such as in an uncracked zone, at flexural crackshear cracks or caused by unevenness of
the concrete surface (fib, 2001).

The bond between the CFRP and the concrete sudgaggortant when the forces should
be transferred from the concrete to the CFRP,anehorage stresses. Anchorage failure
means that the composite action between the cenaret the CFRP is lost so that the force
transfer cannot take place (fib, 2001).

The anchorage of the CFRP is important to achieveffective design (Taljsten, 2006). If
mechanical anchorage is required to resist pealntyshear stresses, there are mainly three
alternatives recommended to anchor the CFRP; platsfiaped sheets or L-shaped strips
(fib, 2001). Plates can be used together with lasdtshown in Figure 7 (Vectura, 2010).

Figure 7. Mechanical anchorage W|th plates (Vectur,aZOlO)



2.6 Failure modes for shear strengthening

Normally, a concrete structure is designed to ook large deformations before failure,
which means that the structure usually fails ixdle. The failure in shear is generally a
brittle failure, and should therefore be avoided.

Shear failures are complex mechanisms that deperghearing, giving a bi-axial stress-
state in the beam. The shear design models ardynbasted on empirical studies, such as
experiments on beams (Taljsten, 2006).

F Az Fr2

Principal tensile stress Compressive fathire Compressive fathire mmweh

Lﬁ&/// I

Flexural cracks ng-?—,q

Shear or flesmral orack fathire
Amhorage faihire of shear

remmforcemeant

Figure 8. Failure modes in shear for RC beam (Talien et al., 2011).

2 Fiz
Compressive failms in Compressive faihwe in | Tensile faibure in
concrete strats , concrete CFEF IIH-
\ -wk\\\a %
CFRE sheets Anchorage failure

Figure 9. Failure modes for strengthening in sheawith CFRP sheets (Téljsten et al., 2011).

Some possible failure modes in shear are presantdédgure 8 and Figure 9 and are
described below (Taljsten, 2006).

* Web shear failure — Web shear failure occurs whieeebeam is not affected by
flexural cracks so that the principal tensile strexceeds the tensile strength of the
concrete. It is often a result of insufficient shesinforcement.

* Flexural shear failure — Starts in bending craeksl grows from the tensile zone of
the structure to the compressive zone.

» Compressive failure in concrete struts — Occursnwtine shear reinforcement is
over-dimensioned; moreover, the steel does nothrehe yield limit until the
concrete in compression has crushed.
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* Anchorage failure of shear reinforcement — Norm#tlg inclined shear cracks are
situated near the compression zone of the beanevéty point where the crack
intersects one of the stirrups the stresses reatiing and it is therefore important
that the stirrups have enough anchorage.

* Tensile failure in CFRP — Failure occurs when tiraiis capacity in the fibre is
exceeded; usually the fabric gradually fails dua fwropagating failure.

* Anchorage failure — When the area where the fataiesanchored is too small to
transfer the shear forces from the concrete streictor external strength of the
concrete is not high enough, anchorage failureaadur.
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3 Codes and design guidelines

A classification assessment of an existing str@ctardone to determine its load-carrying
capacity, and to find out if strengthening is regdi Before July 2009, the classification
assessments were carried out according to Vagverik&iiman teknisk beskrivning for
Klassningsberakning av vagbroar; 1998:78” (Clasaifon 1998). If strengthening was
required, the strengthening design was done acwprii “Vagverkets allméanna tekniska
beskrivning for nybyggande och forbattring av bfd¢@ro2004).

For both the classification assessment and thagttrening design, the capacity analyses
were done according to “Boverkets handbok om bdtonsgtruktioner (BBK 04).
Classification 1998 and Bro2004 were both govermgdVagverkets foreskrifter (VVES
2004:31) om barforméaga, stadga och bestandighetblgggnadsverk vid byggande av
vagar och gator” (VVFS 2004:31). The hierarchyha& codes can be seen in Figure 10.

VVFS 2004:31

| Classification 1998 | Bro2004

Figure 10. The hierarchy of the codes that were udébefore July 2009.

Since July 2009, new codes are in use. For theiitzgion assessment "Metodbeskrivning
802 Barighetsutredning av byggnadsverk; 2009:61lag€ification 2009) is used. If

strengthening is required, the strengthening desgdone in agreement with TK Bro;

2009:27 (TK Bro).

For the classification assessment, the capacitysieas done according to BBK04. For the
strengthening design Eurocode is used for the dgpacalysis, as seen in Figure 11. The
governing code is still VVFS 2004:31, but the na#ibdecisions of Eurocode are presented
in  “Vagverkets foreskrifter (VVFS 2004:43) om tilpningen av europeiska
berékningsstandarder” (VVFS 2004:43).

VVFS 2004:31
VVFS 2004:43

‘ Classification 2009 ‘ ‘ TK Bro ‘

Figure 11. The hierarchy of the present codes.

According to “TR Bro; 2009:28” (TR Bro) and Bro2QQh improvement of the capacity of
a reinforced concrete bridge in ULS can be doné @iERP in agreement with the earlier
publication of the strengthening design guidelimdled! “FRP Strengthening of Existing
Concrete Structures - Design Guidelines” (2006)2011, a new version of the guideline
will be published.
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3.1 Loads and load combinations
3.1.1 Classification assessment

The load combinations are defined in the same waylassification 1998 and for
Classification 2009. The load combination for UlsSSconsidered as in Eq.1, whefg
represents the design value of the load.

Eq =1.0Gy; + 1.2Gyp + 1.3Q,1 + 0.7Q, '

G, is defined as the characteristic value of the pasntilload and consists of the self-
weight of the primary structure including railingad the fill material etc(Gy ;), and the
weight of the pavementy{ ,,) (Vagverket, 2009a).

Qk1is the characteristic value of the most unfavoralle load whileQ, ;is the
characteristic value of other live loadk.; will be given the load coefficierit3, while
other live loads@, ;) will be given the load coefficiet7 (Vagverket, 2009a).

The live load consists of the traffic load and thaking force. When performing the
classification assessment for a bridge, the trdffads that the bridge should be able to
carry are defined as an axle loadl) @nd a bogie loadB). These values are usually
mentioned as the “A/B values”. The A/B values ammbined into different load
combinations to form design trucks as seen in Agpefd. According to Classification
1998, the first 12 design trucks in Appendix 1 dtidae considered. In Classification 2009,
there are two additional design trucks, meaning alial4 design trucks in Appendix 1 are
to be considered.

Due to braking, horizontal forces are induced. €hbesaking forces are according to
Vagverket (2009a):

* 70 kN for a bridge with a total length of maximuti m.
* 170 kN for a bridge with a total length of maximu m.
* 470 kN for a bridge with a total length greater than, gqua to170 m.

For bridges with lengths in between the specifimtths above, the braking force can be
determined with a linear interpolation (Vagverk&p9a).

The dynamic contribution, defined in Eq. 2 shoulel ddded to all concentrated loads
(Vagverket, 2009a).
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3.1.2 Strengthening design

The loads and load combinations for the strengtiteriesign done in agreement with
Bro2004 are identical to those described in Se@idri, for the classification assessments.

The load combinations for TK Bro differ from theesndescribed in Section 3.1.1, as they
are based on load combinations from Eurocode. d&eé tombinations are defined in SS-
EN 1990, where STR is the load combination for adtbearing member in ULS. The
design factors for the different loads in load cambon STR are defined in VVFS
2004:43, and are presented in Eq. 3 and 4. In Ethe3permanent load is the dominating
load while in Eq. 4 the live load is the dominatlogd (SS-EN 1990, 2004).

Eq =v41.35Gy; +vq1.5Yo1Qx1 + val.5Wg Qi 3

Ed = ]/d089 - 1356;{’] + ydl'SQk,l + le.swo‘iQk’l’ 4

Gy,j is the characteristic value of the total permaread, @ , is the characteristic value of
the main live load, and ,is a factor for the dominating live load (SS-EN @92004).
Q;is the characteristic value of an interacting llead that is not the main live load.
Uy ; is thus a combination factor for the interactingelloads (SS-EN 1990, 2004).

yq IS a partial safety factor to consider the safdfssification. The safety factor is in
Eurocode reducing the load, while in the classiftca assessments, the reduction factor
(y,) does instead reduce the capacity of the stru€Wiigverket, 2009a). The partial safety
factors for the different safety classifications defined as (VVFS 2004:43, 2009):

-safety classification Iz; = 0.83
-safety classification 2z; = 0.91
-safety classification 3;; = 1.0

The permanent load:( ;) in TK Bro is defined in the same way as in Sett®l.1, and
can be found in SS-EN 1991-1-1. Furthermore, th@hteof the pavement should be
increased with 10 %, due to possible future chafge§S 2004:43, 2009).

According to VVFS 2004:43 (2009), the first 12 dgsitrucks in Appendix 1 should be
checked. The traffic load and braking force wiltlbbe included in the main live load.
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Qlk = 0'6aQ1(2Q1k) + 0.1an1q1kW1L 5

180ag; (kN) < Quc < 900(kN) 6

Q. , defined in Eq. 5 and Eq. 6, is the value of tharacteristic longitudinal forces
(braking and acceleration forces, is the characteristic value of the vertical axladp
andgq is the value of the uniformly distributed loat},; anda,, are adjustment factors
for the load models, and, is the width of one lane on a road bridge.

The dynamic factor applied to the axle and bogael$oof the design trucks in Classification
2009 are described in Section 3.1.1 and are limae35%.

3.2 Flexural capacity

Some assumptions have to be made to calculatéethedl capacity of the structure; these
assumptions can be found in Isaksson et al. (2010).

The stress-strain distribution curve of the tensikel reinforcement is defined as in Figure
12 where the steel is assumed to have an elastiavize until the yielding point and
thereafter have a plastic behavior with a consttiess.

G

kfyk' """"""""""""""""" _ ’_’:::’-—’"}kf’k
il S E T = kiwl
] i !
fa=fl e f \ / ! i >
fu/ E o fuc €
OBS vy, ska vara ys k= (RIf)

Figure 12. The stress-strain distribution curve fortensile steel reinforcement (SS-EN 1992-1-1:2005,
2008).

3.2.1 Classification assessment

The procedure to calculate the capacity of an egststructure is the same for

Classification 2009 and Classification 1998, ashbaftthem are based on BBK 04. Note
that this does not apply for the loads and loadkinations, as there are two more design
trucks that must be considered in the design l@adCiassification 2009, as described
earlier. Therefore, the outcome of the classifaraassessments might be different.

16



Safety classification

¥, IS @ partial safety factor that considers the gaftssification, and reduces the capacity
of the structure depending on the safety classifinaof the structure (BBK 04, 2004).

» Safety class 1y, = 1.0
» Safety class 2, = 1.1
» Safety class 3, = 1.2

Material properties

The design values for tensile strength of concKétg;) and compressive strength of
concrete f.4) are calculated according to Eq. 7 and 8 withphasial coefficien{y,), and
the partial coefficient for safety classificatidp,) (Boverket, 2004). The characteristic
valuesf,;, andf,., are defined in BBK 94.

fctk 7
fctd - YuVe

fck 8
Jea =3 v,

The design value of the modulus of elasticity oh@ete(E,.;) is calculated with Eq. 9,
wherey . andy, are defined in BBK 04 and the characteristic vdlpyeis based on test
results. The ultimate limit strairz(,) for concrete is also found in BBK 04 and shoubd n
be adjusted with any partial coefficient for conere

E 9
Ecd — ck
YnYcE

The yield strength of the tensile steel reinforcetmg,,) should be adjusted with the
partial coefficient for tensile steel reinforcemént), and the partial coefficient for safety
classification(y,, ) to get the design valug,,;), see Eq. 10.

Sk 10

Ed_nn
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Tensile force and capacity of the tensile steel reinforcement
&eud n fea
- sl

Figure 13. The stress-strain distribution of the compressed concrete (SS-EN 1992-1-1:2005, 2008).

The distance to the neutral laye(, ) for the unstrengthened cross-section is calculated
with help of equilibrium of the bending moment (Hq.), see Figure 13.

Md = fcdnAxN.A.b(d - O'SAxN.A.) + Nd(d - OSh) 11

In case a normal force is present in the crossesedhe structure is subjected to a bending
moment because of the transverse load as wellben@ing moment created by the non-

centric normal force. The normal forch,( is usually assumed to be situated at half the
height of the cross-section.

The tensile force in the tensile steel reinforcem@m is found with help of force
equilibrium (see Eq.12). WheR is the force in the concrete aiNg is the normal force.

F=F, +N, 12

The curve for the tensile force in the steel reicdment along the structure has to be
adjusted with the shifting distanag = 0.5d toward the supports, because of the impact of
shear, as seen in Figure 14 (Boverket, 2004). @hested tensile force is denotedRys; .

Figure 14. Adjustment of tensile force due to impacoof shear (Boverket, 2004).
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The tensile capacity in the steel reinforcemersip @lalled the yield forcery), is based on
information about the material properties of theektand the positions and anchorage
lengths of the reinforcing bars.

Determine if strengthening is required

Finally, the difference between the capacity) (and the load H,4;) is resulting in a
conclusion of whether the structure has to be gthmmed or not, to manage the required
classification. In case the differenciF( is relatively high when calculated according to
Eq.13, flexural strengthening should be considefé strengthening design is then done
in agreement with TK Bro, and was earlier done ediog to Bro2004.

AF = Foq; — F 13

3.2.2 Strengthening design

The capacity analysis done according to Bro200gedormed similarly to the one in
Classification 1998. The analysis will give the sarasult of required strengthening as the
maximum value oAF derived in Section 3.2.1, in agreement with Cfasstion 1998.

Since TK Bro is based on Eurocode, the capacityysisadoes not look exactly the same
for the strengthening design as described in SecB@.1. The basic differences are
however the way the material properties, as wethashifting distancéa;) are defined.

The design valuesf(,) and {.;) are calculated with Eq. 14 and 15. The patrtial
coefficient(y,), the characteristic tensile strengffyf), and the characteristic compressive
strength f,;) are found in SS-EN 1992-1-1:2005. Note that theigl safety facto(y,,) is
not included. As all calculations are done for Ukl& coefficients of the long term effect
for both the compressive strength.{) and the tensile strengtlr ) equals 1.0, according
to VVFS 2004:43.

— actf ctk 14
ctd Ye
accf ck 15
fea =
Ye

The design valué,.; is calculated with Eq. 16, where the characteristilue of the
modulus of elasticity of concreté& () and the partial coefficieriy.z) are found in SS-EN
1992-1-1:2005.

Ecdzh 16
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The characteristic yield strength of the tensikekteinforcemenf,,) should be adjusted
with the partial coefficieni(y;) to get the design value of the yield stren@tfy), see

Eqg.17. The design value of the modulus of elasticit the tensile steel reinforcemedt )
is defined in Eq. 18, in agreement with SS-EN 199P2005.

fvk 17
fyd ===

Vs
E;, = 200MPa 18

The tensile force distribution is adjusted duehte shear reinforcement with the distance
a; according to SS-EN 1992-1-1:2005.

z(cot(0) — cot (a)) 19
a = >

In Eq. 19z is the inner lever arm for the tensile steel @ioémentf is the angle of
concrete compression struts, ands the angle of the shear reinforcement with respe
the member axis (SS-EN 1992-1-1:2005, 2008).

The procedure to calculate the flexural capacityhef structure prior to strengthening is
otherwise done as in the classification assessmwigéimhelp of Eq. 11-13.

3.3 Shear capacity

When designing a reinforced concrete structure heas it needs to be taken in
consideration that there are two main material$ déna interacting, and that the concrete
may be cracked in some parts of the structures. Uisually more difficult to determine the
shear capacity than the tensile and compressivacitgpas shear forces usually do not
appear in a material on its own, but together wibmpressive and tensile stresses. The
methods for determining the shear strength of &meta structure are empirically compiled
and based on test results, as the behavior of alsnsebjected to shear is not yet known.
The failure in a beam due to shear is usuallyleritind it is therefore important to avoid
this type of failure.

3.3.1 Classification assessment

For Classification 1998 and Classification 200% ttapacity analyses are the same for
bridges built before 2002, as the shear strengttbeacalculated according to “the addition

principle”. The addition principle is based on gerposition of the capacity of the steel

reinforcement and the concrete (Boverket, 2004).
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For bridges built after 2002, “the alternative midde to be used to calculate the capacity
of the structure in shear (Boverket, 2004). “Theralative model” is the same as “the truss
model” used in SS-EN 1992-1-1:2005. The capacityheftruss model is defined as the
lesser one of the capacity of the shear reinforoéraed the capacity of the concrete
compression strut (Vagverket, 2009a). The capaeityulated according to the truss model
will be described in Section 3.3.2, while in thiscgon only the addition principle is
described. The equations in this section are fr@d® B4, if nothing else is stated.

Reduction near support

If a concentrated load is situated near the supporhe of that load will be transferred to
the support (Engstrom, 2004). Therefore, if the elh@ad is placed within the distance of
3d from the system line, the capacity of the struetumay be increased with a value of the
shear strength of concrefg, (Eq. 20) (Avén, 1985).

Vao 20
for = fo % < feta
d,red

Va0 is the shear force for actual lodd,, .4 is the shear force calculated with reduced load,
andf, is the shear strength of the concrete. The redshedr forcg€V,,.q) is calculated

by reducing the loadF,., ) situated closer to the system line ti3ah see Eq. 21a, is the
distance from the system line to where the whesd Is placed (Avén, 1985).

FreszZ_Z 21

The shear strength of concrefg)(is calculated as in Eq. 22 with the coefficiehtndp as
defined in Eq. 23 and 24.

fo = 0.306(1 +500)f;ta 22
& is recommended to: 23
1.4 for d <0.2m
1.6 —d for 0.2m<d < 0.5m
1.3 —-0.4d for 0.5m<d<1.0m

AsO 24

= < 0.

P=pas 0.02
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feta CAN then be calculated according to Eq. 14, anglis the minimum tensile
reinforcement area in the considered part of tlzarbe

The capacity of the beam can be calculated withwibhout the shear reinforcement
included. If Eq. 25 is satisfied, the shear reioémnent should be included.

Ve = 0.2by,dftq 25

Member without shear reinforcement

The shear capacity of a beam without staticallwachear reinforcemeiv,) is based on
the concrete capacity,.) and the influence on the shear capacity of thgingreffective
depth(V;), Eq. 26.

Vsa < Ve +V; 26

The concrete capacity,) is defined in Eq. 27, witlf, calculated according to Eq. 22.

Ve = bydf, 27

Member with shear reinforcement

For reinforced concrete with statically active fenaement, the capacity of the stégl) is
included in the calculation, see Eq. 28.

VstVRdzvc‘FVi‘FVS 28

V.is defined in Eq. 27 andl; in Eq. 29, wherel,,, is the cross-sectional area of the shear
reinforcements is the spacing of the shear reinforcement unitgl @ans the angle of
inclination of the shear reinforcement.

09d 29
Vs = Aswfywa 5 (sina + cosa)

The design value of the tensile strength of theasheinforcing steelf{,,) is defined in
Eq. 30. f,wk is a reduction of the characteristic value ofstrengthy, is the partial safety
factor for safety classification, and is the partial coefficient for steel reinforcement

f _ fywk 30
M s
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3.3.2 Strengthening design

The capacity analysis done in agreement with Brd28@lone in the same way as for the
classification assessments, described in Secti®dri.3For TK Bro, though, the capacity
analysis is very different. The equations in thest®n are from SS-EN 1992-1-1:2005, if
nothing else is indicated.

— . P V(cot @- cotar)
: b

k-
Vo

N M
b—s 1z = 0.9d <ﬁ

4

e — - \
B s

A — Compressed longitudinal reinforcement

B — Concrete compression struts

C — Tensioned longitudinal reinforcement
D — Shear reinforcement

Figure 15. The truss model which the shear capacifg based on (SS-EN 1992-1-1:2005, 2008).

The truss model, described in Figure 15 can be tesstlidy the equilibrium in a reinforced
structure with inclined shear cracks. In the assumness, the compressed concrete will
form compression struts, and the steel reinforcérnmgih form tension bars (Engstrom,

2004).

Reduction near support

The supports will take care of some of the conegatr load that is situated near a support,
as the load can be transferred to the support bw sflompression struts. The shorter the
distance is to the support, the steeper the comiprestruts will be (Engstrom, 2004)
Furthermore, if the wheel load is placed withinistahcea, < 2d from the support, the
load may be reduced by multiplying the load wittaetor ,., (see Eqg. 31). A presumption
of this reduction is that the longitudinal reinfensent is fully anchored.

Brea = ;l_; 31
If the distancen,, is lesser thaf.5d, a,, can be set t6.5d.
The capacity of the load-bearing members may beulzkd either with or without the

shear reinforcement included. In this thesis thsecfor a member without shear
reinforcement is not relevant.
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Member with shear reinforcement

If the capacity of the beam without shear reinfareat is not sufficientVg; > Vz4 ), the
shear reinforcement needs to be included in theulzions. An angle of the concrete
compression strut®) must be assumed and limited as in Eq. 32.

1<cot<2.5 32

When calculating the capacity of the load-bearingmber(Vz,), the lesser one of the
capacity of the shear reinforcemdf,; ;) and the capacity of the concrete compression
struts(Vra max) 1S chosen, see Eq. 33. Uf,; < Vg, for the analyzed case, strengthening is
required.

VRd,s 33

Vga = min {V
Rd,max

The capacity of the shear reinforcement with vattstirrups is calculated as in Eq.34.

34
VRd,S = %nywdcotg

The design value of yield strength of shear reitéorent f,,,,;) is calculated according to
Eqg. 35.

f ywk 35
Vs

fywd =

The capacity of the concrete compression stil{s.{,,) is calculated according to Eq. 36.

acwbzvlfcd 36
cotb + tan0

VRd,max -

Q. IS recommended to:

1 for Structure without prestressing >
1+ 0cp/fca) for 0 < o¢p < 0.25f4

1.25 for 0.25fcq < 0¢p < 0.5fq

2.5(1 = 0cp/fca) for 0.5fcqa < 0cp < 1.0fcq
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3.4 Flexural Strengthening

The failure modes that can occur in the cross-@edtiith the governing bending moment
and normal force are failure in the CFRP, concecetishing, or yielding in the tensile steel
reinforcement. For the calculation procedure instéh et al. (2011), yielding in the tensile
steel reinforcement is preceding the failure of ERP. If nothing else is told, the
equations in this section are based on Taljsteh. €2011). The equations from Taljsten et
al (2011) are not considering normal forces indtracture, so some of the equations have
been modified to deal with the impact of a nornoacé.

Material properties of CFRP

The characteristic modulus of elasticity for theREFEf,) is modified with the partial
coefficientyy,,, to get the design value of the modulus of elagtid@;), see Eq. 38.

Ef = Erke 38
Yirp

The design value for the ultimate stréin,,) is based on the characteristic ultimate strain,
gryx @ccording to Eq. 39.

_ Sruk 39

g =
Tu Yrrp

Tensile Failure in the CFRP

The procedure to control that CFRP failure will betthe failure mode is the same for any
strengthening system. To start with, the crossiaealt area of the CFRP is assumed. For
laminates or sheets it is based on the thicknesadi layert), the number of layersi],
and the width of the CFRR/). For NSMR, only the cross-sectional area of taestand
the number of barsi] are considered. Other important material propsrére the ultimate
strain in the CFRPsf,,) and the modulus of elasticity of the CFRR)(

Taljsten et al. (2011) suggest that the crossaeatiarea of the CFRPAf) should be
derived from equilibrium in bending moment. Thah@vever not possible when the cross-
section is dealing with bending moment as well asranal force. The required area of the
CFRP is then found with help of the force equilifoni in the cross-section exposed to the
maximum bending moment (Eq. 4@): has to be higher than the required area.

A= 40
&rEy
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For NSMR-systems, the straigJ is limited because of the risk of fibre rupturedas
therefore equal to the design value of the ultinsatain in the CFRPsf,,). The strain in
the CFRP &) for laminates and sheets is limited, not prinyaécause of the risk of fibre
rupture, but also because of the risk of internmted@ack debondinfesq ;). Eq. 41
presents the latter restriction which is based onocalel used in the American Standard
(ACI-440, 2002). The lesser one &f, and &g, ; Will then give the governing value of;

for strengthening alternatives with laminates creth.

— / fea 41
gfd,ic =041 Fftf

The tensile strength in the CFRE )is calculated in Eq. 42 and should be higher tinan
required strengthenin@\f), derived in Section 3.2.2.

Compressive failure in concrete

A control is done to confirm that the cross-sectisnnormally reinforced after the
strengthening (Eqg. 43).

Wpqr = W 43

wpq @andw are defined in Eq. 44 and 45.

A 44

Wpar = grt+eyo

Ecu

K+ F 45
bhfcd

w
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Figure 16. Cross-section with strengthening (Taljgtn et al., 2011).

F; is the yield force in the tensile steel reinforcemat the analyzed cross-section as
defined in Section 3.2.1. As seen in Figure 16, imitial strain occurs before the
strengthening due to the permanent load of thetstre. The initial strain in the bottom of
the cross-sectionef,), is found with its linear strain-relationship tvithe strain in the
tensile steel reinforcementf). Sincee,, is unknown, the assumption must be made that
the tensile steel reinforcement is not yielding.s&h on that assumption, can be
calculated with help of Hooke’s law, where the s$rén the steel reinforcemefat;) is
calculated with Eq. 46 for an unstrengthened csession.

h
Ngo (xcgo - E) Ngo 46

M
ﬂ 12 (d - xcgo) + CXSE

= ag (d xcgo) + ag

As the design is done in ULS, the cross-sectiassgimed to be cracked.is the moment

of inertia for a cracked section, meaning that ahky compressed area of the concrete is
included. The bending moment and normal force ahg lmased on permanent loads, as the
stress is considered for an unstrengthened crasisise

The proportionality factors for the tensile steshforcementd;) is calculated according to
Eq. 47 (SS-EN 1992-1-1:2005, 2008)

a7

In case the cross-section is not normally reinfdrcstrengthening with the chosen
alternative of CFRP-strengthening is not an option.

Concrete crushing also has to be checked for thagthened cross-section. The maximum
strain in the concrete after strengthening (s calculated with help of its relation with the
strain in the CFRPsf) in addition to the strain in the compressed cetecin advance of
the strengthening €f;,,:). €cpor IS Calculated with help of Hooke’s law, where the
stresss,,; IS calculated according to Eq. 48, for an unstiiemged and cracked section,
subjected to only permanent loads.
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h
Mgy Ndo(xcgo - E) N, 48

Ocbot — ? (h - xch) + T (h - xch) + b;jlo

The concrete will not crush as long as the stmithe compressed concrete)(does not
exceed the ultimate strain of concredg, J.

Yielding of the tensile steel reinforcement

When the steel is yielding, the stress in the tersteel reinforcemenw() will be equal to
its tensile strengthf{,). So far, the tensile steel reinforcement has kzssmumed not to
yield. Knowing the maximum strain in the compressedcrete £.) for a strengthened
cross-section, the strain in the tensile steefoetement £;) can be calculated with help of
geometry (see Figure 16). The strain in the tersdgel reinforcement is then compared to
the strain at which yielding will occug,).

Anchorage failure in the bond zone because of cracked concrete

Anchorage without mechanical help can only be guaed on uncracked concrete as the
empirically derived equations for anchorage areethasn laboratory tests for uncracked
concrete. It is furthermore safer to anchor the EFR uncracked concrete. The bending
moment along the beam is therefore compared tbehding moment where the last crack
will occur. The moment at the position of the lasdck (/) is calculated according to
Eq. 49.

Myer = Vl/cfctm 49

W, is the flexural resistance for an uncracked, stfemged cross-sectiory,:,is the
average value of concrete axial tensile strengtichvis calculated with Eq. 50 (SS-EN
1992-1-1:2005, 2008).

3 2 . . 50
fetm = 0.3 _|fek (fek In MPa; foom in MPa)

Anchorage has to be done beyond the point of et ¢..) between the bending
moment where the concrete is cracked, and the bgmdoment that the beam is exposed
to (see Figure 17). If there is no room for ancheréeyond the point.., mechanical
anchorage is the only option to anchor the CFRP.
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Figure 17. Anchorage of CFRP and shifted bending nment and the position of the last crack (Taljsten
et al., 2011).

To consider the additional tensile force becausshafar, the bending moment curve is
shifted the distance; (Figure 17). The bending momefi,,) is therefore found for the
points q; from the points where the beam is cracked. Theisgidistance is determined
according to Eq. 19 in Section 3.2.2.

Required anchorage length - sheets or laminates

The anchorage length is the critical length fromohtthe strengthening capacity will not
increase if the anchorage length increases (Télj&@06). The anchorage length)( as
seen in Figure 17, is the length beyond the sedtostrengthening design (Eq. 51). The
minimum recommended anchorage lendth)(is250 mm. The anchorage length might
also be governed by the empirically derived distdp¢ calculated with Eq. 5%, is a size
factor, calculated according to Eq. 53. Finally, should be compared to the possible
anchorage length within the supports (see Figuje 17

51
l, = max{ ¢
lCT'
52
I, = 0.6 /% (Ef in MPG; t; in mm; fu in MPa; L, inmm)
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53

Maximum allowed tensile force at position of the last crack - sheets or
laminates

The force at the position of the last crack, whitre anchorage zone begins has to be
checked to make sure that the CFRP does not takimaa within the anchorage zone. The
maximum allowed tensile forceé{(.) is compared to the real tensile force in the CERP
the position of the last crackfy . is calculated with Eq. 54, where the maximum alldwe
tensile straing;,) is calculated with Eq. 55. The fracture enerfgancrete in the bonded
zone (i¢) is defined in Eq. 56.

Fre = grxArEy 54
S ET S5

2 = Erty

Gr = 0.03kp\/forform  (Gr in N/mm) 56

The real tensile force is the largestRf, andFy;,, which are calculated with help of the
moment equilibrium at the compressed concrete 3Z@nd 58).

_ Myq _ z zf—0.5h 57
Ffa - zy Asfyd zy + Nxa zy
M+Nxazf_0'5h 58
Fep = o Zfz
s EsAs( z
EpAp\zf

In Eq. 57 forFy,the tensile steel reinforcement is assumed to &eligig at the position of
the last crack. On the other hand, in Eq. 58,Ffgr the tensile steel reinforcement is
assumed not to be yielding at the position of t& krack. IfFy, < Fr, and Fy,, the
anchorage has to be moved closer to the suppdhsrfse, the force at the position of the
last crack can be transferred and the anchoragffisient. z¢ is the inner lever arm of the
CFRP, whilez is the inner lever arm of the tensile steel reicément.M,, is the bending
moment at the position of the last crack with relgao the shifted distaneg.
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Peeling failure at the end of CFRP - sheets or laminates

A peeling stressaf) occurs between the concrete and the adhesivieeo€ERP (Eq. 59).
o0, is acceptable if it is lesser than the mean vafuée tensile strength of concretg:£,),
otherwise the position of anchorage has to be mola=ser to the supports, so that peeling-
off will not occur at the end of the CFRP.

59

2
__ Oxtoy Ox—0y 2
01 = T\/ (T Fxy

o, is calculated with Eq. 60 where the moment oftiadf;) and the distance to the centre
of gravity (x.4) are calculated for a strengthened and uncrackeskectionM, is the
bending moment andl, is the normal force at the position of the enchef CFRP.

Ny{xc -2 x 60
Oy =AI4—1"(h—xcg) +%(h—xcg) +2’—h

by
s .
Posr
v
i E?:

A #

'E.i‘r*r-:
F e =

Figure 18. Corresponding concentrated load and diahces for calculations of the shear stress.

The maximum shear stress,(,) is calculated with Eq. 61, for an arbitrary |azhtpoint
load. As seen in Figure 18, is the corresponding point load at the middle ef tieam
that gives the same design moment as the actualemtoat the middle of the structure.
P.sr is therefore seen as the concentrated load in tbdlenof a simple supported beam.
L, is half of the length of the CFRP abglis the length from the end of the CFRP to the
concentrated load.

. :(Peff)( Gq ) 2lp+a+by (a/'lr+1) 61
max 2 SaEcaWe a+ly /‘172

According to Figure 18 the distance between thepsrpand the end of the CFRP is
defined asi. G, is calculated with Eq. 62, whei®, is the modulus of elasticity for the
adhesive, and is Poisson’s ratio for the adhesive.
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G, = Eq 62

T 2(14v)

A; is calculated with Eq. 63, wherg is the inner lever arm between the CFRP and the
neutral axis at the position of the anchorageHerstrengthened cross-section.

P Gabf<1+ 1 N ZO>
’ Sa EfAf Echc EchVc

Since it is complicated to find the actual shesgs#t ¢,,) and the normal stress in the y-
direction @), the simplification is made that the normal striesthe y-direction is equal to
the maximum shear stregs,(.).

63

Possible anchorage length - NSMR bars
The minimum bond length.{) required to achieve the maximum load (see Figdjrédr
an NSMR bar is calculated with Eq. 64. The fadtpiis calculated with Eq. 65.

-

Efrﬂ

Figure19. Anchorage length for NSMR

L,=— (A, inmm™%; L, in mm) 64

Lper . _ 65
A, = /Tf ngfAf (A inmm™1)

The perimeter of potential failure plank,{;) is the contact surface between the concrete
and the NSMR bar in a cut (see Figure 20). In Eq.H is the width of the groove artg
is the thickness of the groove.
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£ o+
Figure 20. Geometry of an NSMR-bar.

Lper = 2by + ¢, 66

The bond shear stregs;) and the interfacial bond slip at final fractui& ) (Eq. 67 and

68) are empirically compiled, whefg; is the design value of the compressive strength for
concrete.

5 = 0.54/foqb " %% (foq in MPa; by inmm; tp inmm; 17 in MPa) 67
fcd0'27 . . . 68
6, =0.78 P (fea in MPa; tgin mm; 8¢in mm)

Maximum debonding strength - NSMR bars

If the available bonding length is longer than tequired bond lengthL{) for an NSMR
bar, the forcéP .y, that has to be transferred between the CFRP a&ndoificrete surface
without debonding, is calculated according to E9j.16the available bonding length is not
long enough, the forc,.xy, is calculated according to Eq. 70.

Lper

Pimax)L = T¢ 2 (Lper inmm; A, inmm™*; 174 in MPa; P(max )1 in kN) 69

Lper . . .
P(max )= 1Tf ;_n sin(4nLpeam) (Lpeamin mm; P(max yin kN)

The maximum bond strengtR {,.«.) should be higher than the largest tensile fotdae
position of the last crack’{, or Fs,) calculated with Eq. 57 and 58.

If the maximum force in the CFRP is equalized te tiebonding strengthPy,.xy.) the

corresponding maximum tensile straig,{,) which is allowed in the fibres can be
calculated (see Eq. 71). This strain has to belsnthian the ultimate fibre straig{.
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L
_ per 71
Emax Ty EfAfin

(tf in MPa; Lyerin mm; Epin MPa; Apinmm?; A, in—; €mqy in %)

3.5 Shear strengthening

The most common way to strengthen a beam with GRRRear is with sheets, as they can
be wrapped around the beam as seen in Figure 2firsfsome choices have to be made;
the number of sheets), the modulus of elasticityEf), the thicknesstf), the spacing of
the sheetss and the inclination of the fibreg). The equations in this section are from
Taljsten et al. (2011), if nothing else is indichte

Figure 21. Beam strengthened in shear with a U-wrapnd mechanical anchorage (Téaljsten et al., 2011).

Characteristic bond length

The characteristic bond length /) is the length needed to anchor the sheets, seeeF22.
This length depends on the properties of the chekeat and is calculated as in Eq. 72.

Eft ) 12
leg = fﬁ (lef inmm)

Figure 22. Distances for anchorage of shear strertggning.
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Effective height

The effective height of the CFRI.() is the available bond length of the CFRP and is
given as the lesser one of the available anchdexggth and the inner lever arm of the
tensile steel reinforcement)((Eq. 73 and Figure 22).

z 73

Anchorage length

The method of anchorage needs to be determinetielfvailable bond lengthi{;) is
lesser than the needed len@ty), the full bond capacity cannot be achieved, and
mechanical anchorage is required.

The effective anchorage length of the CFREf)X is calculated with Eq. 74. If the sheets
are applied perpendicular to the beam, the effecinvchorage length will be the same as
the effective heightd,).

Lef = def(10 + COtﬁ) 74

Spacing of sheets

The calculation of the spacing of the sheets medsiara horizontal directiofs,) is based
on the width of the shee($;) added with the spacing of perpendicular shéétsand the
angle of the fibresf), see Figure 23.

G — bs+r 75
f ™ sin ()

Figure 23. Spacing of sheets (Taljsten et al., 2011
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Cross-sectional area of CFRP

The cross-sectional area for sheets with a spasiogiculated according to Eq.76.

2tfb
Af= fof

Ap in mm? /mm)
Sf

76

Effective strain in the fibres

In case mechanical anchorage is not required, fteetiwe strain in the CFRP is the lesser
one of the governing strain due to debondif)g ) and the ultimate strain of the fibre

(¢r4), EQ. 77.

&fb,d 77

& = min { £

If debonding occurs, the effective strain in thHards is lower than the ultimate strain. The
strain due to debondin@,, 4 )is according to Carolin et al. (2008) dependentti®
properties of the concrete and its bonding to tRRE. &, 4 is therefore based on the
fracture energy of concrete in the bonded zdh¢ &s seen in Eq. 56, 4 is calculated
according to Eq. 78.

[z, 78
Fba = Erts

The geometrical factorkf) in Eq. 56 depends on the width and the spacindp@fsheets
whereb, /s, for a not fully covered system should be gredtant or equal to 0.33 (see Eq.
79).

ky = |—227T 5

If mechanical anchorage is required, a higher rstnaithe fibers can be allowed. The
governing strain in the fibreg/{) does, however, need to be limited due to non umifo

distribution of the shear stresses. A value ofdgbeerning strain in the fibre is therefore
assumed to 60% of the design ultimate str@i6gs,, based on recommendations from
Carolin and Téljsten (2005).
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Shear capacity

The contribution of the CFRP to the shear capd®ity ;) is based on the properties of the
material used, but also the effective anchoraggtite(..;) and the effective strain in the
CFRP €f). Vra,r in Eg. 80 can be added to the shear capacity descim Section 3.3.2.

VRd,f = AfoEfLefsmﬂf 80
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4 Case study — Road bridge in Odensberg
4.1 General Description

The investigated bridge is situated in Odensbengthsof Falképing, and was built in 1933.
The Odensberg Bridge is important to preserve faornltural historical perspective, and is
included in a national sustainable plan for bridgdsberg et al., 2001).

The Odensberg Bridge has a total length of 27.4meind is a road bridge that crosses the
Swedish west trunk line. It has a middle span ab Ifieters, and two side spans of 8.45
meters each (see Figure 24). Because the bridgessing a railway, and the construction
work in 1933 was not allowed to disturb the railwesffic, the two side spans were first
constructed as cast-in-place reinforced concrei@ds. When they were finished, the steel
beams in the middle span could be placed on toghoft cantilevers from the concrete
columns. Finally, the beams were covered with &icaglace bridge deck. In that way, the
railway traffic was only disturbed for a short wéhilwhen placing the beam across the
middle span. The structure of the bridge was thenelfluenced by the construction
conditions, and it is the specific structure of bnelge that has made it valuable to preserve
today (Ahlberg et al., 2001).

Figure 24. The Odensberg Bridge

During the 2000’s, the assignment with the OdergsBeidge was to increase the capacity
from Capacity Class 3 (BK 3) to Capacity Class K (B). For bridges with a BK 1
capacity, the heaviest vehicle weights are allowddle for bridges with BK 3 capacity,
restrictions are made for the total weight and adefiguration of the vehicles (Vectura,
2010).

Vectura Consulting AB was in 2008 consulted to @enf a capacity assessment of the
bridge as well as strengthening suggestions. Shrecéridge was important to preserve, the
strengthening was not allowed to change the appearaf the bridge too much. To be able
to strengthen the beams in the side spans with@riging their appearance too much, the
strengthening was done with CFRP (Vectura, 2010)s Tase study is limited to an
analysis of the four identical reinforced conciedéams in the side spans.

For the real case the flexural strengthening waseddong the bottom of the part of the
beam with a constant height, with three layerstoFBP Sheet S300 C300, with a modulus
of elasticity of 228 MPa and a characteristic u#tientensile strain of 1.8%. The shear
strengthening was done with two layers of the sanoeluct, vertically applied as six U-
wraps with a spacing of 100 mm from node 2 (seaifei@5) towards the middle of the
beam. Mechanical anchorage with plates was usesbeasin Figure 7.
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4.2 Material properties

Concrete and steel

The characteristic values of the strength of thecoete are based on laboratory tests that
have been done on the existing concrete. For tmsification assessments as well as the
capacity analyses done in accordance with Bro2®@4goncrete is defined as K35. For the

capacity analyses done in agreement with TK Bre ctincrete is defined as C25/30.

fex = 25MPa (Eurocode/BBK)

fetk = 1.BMPa (Eurocode/BBK)

E.. = 31GPa (BBK)

E.n = 31GPa (Eurocode)

& = 3.5% (Eurocode/ BBK)

Ye =15 (Eurocode/ BBK)

Yeg = 1.2 (Eurocode/BBK)

fyk = 300MPa (Drawings, Appendix 2)
fywk = 250MPa (Drawings, Appendix 2)
ys = 1.15 (Eurocode/BBK)

E; = 200GPa (Eurocode)

CFRP

All material properties of the CFRP strengtheniltgraatives from the manufacturer Sto
Scandinavia AB are presented in Table 1-Table Gviel

Laminates

Table 1. Alternatives with laminates.

Name Ef[GPa]  &,[%]  fralMPa] te[mm] bs[mm]
StoFRP Plate E 50 C 150 1.2 1800 1.4 50
StoFRP Plate E 80 C 150 1.2 1800 1.4 80
StoFRP Plate E 100 C 150 1.2 1800 1.4 100
StoFRP Plate E 120 C 150 1.2 1800 1.4 120
StoFRP Plate E 150 C 150 1.2 1800 1.4 150
StoFRP Plate S 50 C 163 1.6 2800 1.4 50
StoFRP Plate S 80 C 163 1.6 2800 1.4 80
StoFRP Plate S 100 C 163 1.6 2800 1.4 100
StoFRP Plate S 120 C 163 1.6 2800 1.4 120
StoFRP Plate S 150 C 163 1.6 2800 1.4 150
StoFRP Plate IM 50 C 200 0.8 2000 1.4 50
StoFRP Plate IM 80 C 200 0.8 2000 1.4 80
StoFRP Plate IM 100 C 200 0.8 2000 1.4 100
StoFRP Plate IM 120 C 200 0.8 2000 1.4 120
StoFRP Plate IM 150 C 200 0.8 2000 1.4 150
StoFRP Plate M 50 C 245 0.8 2000 1.4 50
StoFRP Plate M 80 C 245 0.8 2000 1.4 80
StoFRP Plate M 100 C 245 0.8 2000 1.4 100
StoFRP Plate M 120 C 245 0.8 2000 1.4 120
StoFRP Plate M 150 C 245 0.8 2000 1.4 150
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Other important material properties of the altexest with laminates and the adhesives are:

Yrrp = 1.2 for flexural strengthening according to Féderatisernational du béton (fib).

E, = 7GPa Modulus of elasticity of the adhesive.
Sq = 2mm Thickness of the adhesive.

v=20.2 Poisson’s ratio of the adhesive.
Sheets

Table 2. Alternatives with sheets.

Name Eq[GPa]l  &p,[%] fra[MPa] t¢[mm] bg[mm]
StoFRPSheet S 300 C 200 240 1.7 4000 0.11 300
StoFRPSheet S 300 C 300 240 1.7 4000 0.17 300
StoFRP Sheet IMS S300C300 290 1.9 5500 0.17 300
StoFRPSheet M 300 C 200 395 1.2 4600 0.11 300
StoFRPSheet M 300 C 300 395 1.2 4600 0.17 300

Other important material properties of the altenes with sheets and the adhesives are:

Yrrp = 1.3 for flexural strengthening according to Féderatisernational du béton (fib).
Y¢rp = 1.35 for shear strengthening according to Federatiogriaitional du béton (fib).

E, = 7GPa Modulus of elasticity of the adhesive.
Sq = 1mm Thickness of the adhesive.

v=20.2 Poisson’s ratio of the adhesive.

Bars

Table 3. Alternatives with NSMR.

Name Eq[GPa]l &6y [%]  fra[MPa] te[mm] bs[mm]
StoFRP Bar E 10 C 150 1.2 1800 10 10
StoFRP Bar M 10 C 245 0.8 2000 10 10

Other important material properties of the alteiuest with bars are:

Yrrp = 1.2 for flexural strengthening according to Féderatimernational du béton (fib).
by = 12mm Depth of the groove.
ty =14 mm Thickness of the groove.
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4.3 Geometrical properties

The length of the beam is measured between nodd h@de 2. These nodes are positioned
at the system lines that pass straight througimillelle of the columns (see Figure 26). The
free span of the beam is therefore not the santieeat®tal length of the beam. The column
by node 1 has a total width @00 mm while the column at node 2 has a total width of
800 mm.

Further on, the beam does not have a constantth@ighlong its free span. The beam has
a greater height close to the columns which deese&s a constant height closer to the
middle of the span.

To manage the analysis of some properties of thenbéhe calculations are based on data
from nine different coordinates along the beam ketwnode 1 and node 2, as presented in
Figure 25.
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Figure 25. x-coordinates along the beam.

The height of the beank) are presented for the cross-sections,gf,,. The width of the
beam p) is constant and the geometry of the beam is showigure 26.
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Figure 26. Geometry of the frame.
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The amount of tensile steel reinforcement is vayytong the beam as presented in Figure
27 and Appendix 2.

347.64

1021.61
2427.47

2945.24
Ag = | 2945.24 {mm?
2945.24

2626.18
855.52

Figure 27. The cross-sectional area of the tenstteel reinforcement along the beam.

Cross-sectional area of shear reinforcement: As,, = 100.53 mm?
Length of the beam: Lyeam = 8450mm
Width of cross-section: b = 400mm

Depth of concrete cover: c = 30mm
Diameter of tensile steel reinforcement: ¢ = 25mm
Diameter of shear reinforcement: ¢s = 8mm
Spacing of the shear reinforcement units: s =200mm

Angle of stirrup with respect to the member axis: a = 90°

Height of flange: hs = 170mm

Based on BBK 04 the angle of concrete compresdianss@) is set to45° for the case
study.

1282.7
873.9
664.0
664.0

Height of the cross-section: h=| 664.0 |mm
664.0
664.0
942.9

1307.3

The inner lever arm for the tensile steel reinfareat ¢) based on SS-EN 1992-1-1:2005
and BBK 04.

z=0.9d
The inner lever arm of the CFRP g as assumed according to Taljsten et al. (2011):
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Safety classification 2 will be considered, sinse beam has a span shorter than 15 m for
Classification 2009 and 10 m for Classification 899 he partial coefficient for safety
classification as well as for the strengtheninggtedone with Bro2004 will therefore be:

¥ = 1.1

The partial coefficient for safety classificationsZalso defined in agreement with Eurocode
and VVFS 2004:43 as:

ya =091

The calculations were done in ULS, since fatiguws ribt need to be considered for road
bridges built before 1988. The same holds for Wfiaation 2009.

4.4 Loads for classification assessment

The governing loads for the classification assesssnare calculated as described in
Section 3.1.1. The permanent loads are based omalhes below. As each of the side
spans of the bridge consist of two identical andalpel beams, each of the beams are
assumed to take half of the total permanent loatl @@anverket, 2009a).

Self-weight of concrete (including steel reinforaart): 24kN /m3
Pavement: 22kN /m3
Fill material: 20kN /m3

The bridge is classified for the axle lodd= 130kN and the bogie loaB = 200kN. The
bridge is not designed for military vehicles.

The load combination for ULS (Eq. 1) is considef@dtwo cases; the case with the design
truck based on the axle loatland the case of the governing design truck baseff o
(Appendix 1).

The bridge has a total length of 27.4 m, and tla&ibg force is therefore interpolated. Only
half of the braking force is considered for eachrbelt is assumed that the braking force
will not be the most unfavorable live load, anavill therefore result in an interacting live
load.

4.5 Loads for strengthening design

The loads for the strengthening design done with2B94 are equal to the one done with
Classification 1998 in Section 4.4. The loads in BKo are however defined slightly

differently as earlier described in Section 3.1Shce the bridge is rather short, it is
assumed that the permanent load is lower thanahgng traffic load; hence, Eq. 4 is used.

As described earlier, only half of the permanemidiss considered for one beam, and the
self-weights are defined in Section 4.4. For thiddpe, it is assumed that the main live load
consists of the traffic load and the braking forEkeere is therefore no interacting live load.

The braking force is assumed to be the same & ialassification assessments.
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The capacity of the unstrengthened beam shouldaloelated for the load combination in
ULS, with the A/B values, presented earlier in ®act.4.

4.6 Flexural capacity for classification assessment

The classification assessments in flexure folloes pnocedures described in Section 3.2.1,
with specific conditions, loads, and load combioasi according to Section 4.2 - 4.4.

As described earlier, there are two main load coatimns that have to be considered for
flexural capacity; the case where the design tisdlased on the axle load)( and the case
where the design truck is based on the bogie IBadQGonsequently, the capacity analyses
are done for both these cases, with the governamgling momentM{,;) and the governing
normal force ;) for the considered case.

Finally, if AF > 0, strengthening is considered in agreement withBf& for Classification
2009 and in agreement with Bro2004 for Classifaatl 998.

4.7 Flexural capacity for strengthening design

The procedure for calculating the flexural capacityalmost identical to the one for the
classification assessments, with the differencesrd®ed in Section 3.2.2. The conditions
specific for this case are however based on EuetmdTK Bro and BBK 04 for Bro2004.

4.8 Shear capacity for classification assessment

For the Odensberg bridge the shear capacity isatetd for nine different cases, where the
position of the section and the loads are varidgk [bads that are included in each of the
nine cases are the wheel load, the self-weight tlaaduperstructure. The loads are derived
in Stripstep.

Cases on the left side of the beam: For case R2atite section is at the column, and the
wheel load i3d and0.9d from node 1, in that order. For case 3 and 4 tb&meis where
the height of the beam becomes constant, and wtherdensile reinforcement is bent,
respectively. The wheel load is placed at the sedbr the two last cases.

Cases on the right side of the beam: Case 1, @d3lare the same as for the left side. The
section for case 5 is at the middle of the bearth thie wheel load placed at the section.

The shear capacityy/y,) is calculated according to Section 3.3.1, and &ssumed that the
impact on the capacity due to varying effectivetddy;) does not make any contribution
to the capacity of the beam to simplify the caltioles in a conservative way.

The allowed load for the member is calculated whi capacity of the beam and the design
loads. The loads for the self-weight and the supeture were factored when calculated in
StripStep, but the live load was not. Therefore, tlaffic load is factored in Eg. 81 and Eq.

82 to give the allowed load for the specific case.
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VRd - sz - Vss 81

Aallowed = Vp_BBK
1.3 "
B _ Vea = Vow — Vss 82
allowed — 1 3VB_BBK

B

The strengthening that is required for the beaoalisulated by choosing the greater
difference occurring foA or Bin Eq. 81 and 82, see Eq. 83.

A— Aallowed 83

V. = max{
" B — Ballowed

4.9 Shear capacity for strengthening design

The shear capacity in agreement with Bro2004 isedonthe same way as the capacity
assessment in agreement with Classification 1998eacribed in Section 4.8. For the shear
analysis according to TK Bro, there are also niifferént cases to check.

The loads that are included in the analysis arewheel load, the self-weight of the
structure and the weight of the superstructuregatiulated according to TK Bro (Section
3.3.2).

Cases on the left side of the beam: For case 2atitk section is at the column, and the
wheel load i2d and0.5d from node 1, in that order. For case 3 and 4 thdmeis where
the height of the beam becomes constant, and wherdgensile reinforcement is bent,
respectively. The wheel load is for the two lastesaplaced at the section.

Cases on the right side of the beam: Case 1, Bd3lare the same as for the left side. The
section for case 5 is at the middle of the bearth thie wheel load placed at the section.

The allowed load for the member is calculated i@ same way as in the classification
assessments, with the wheel load factored, but théhfactors according to Eurocode, Eq.
84, 84 and 83.

VRa—Vs—w—Vss 84
A = =
allowed Vv i
1.5.0.91%
_ VRa—Vs—w—Vss 85
Ballowed - Vtraffic B
1.5'0.917'
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The strengthening that is required for the bearguisulated as earlier with Eq. 83, but by
using Eq. 84 and Eq. 85 instead.

4.10 Flexural strengthening

The flexural strengthening follows the calculatiggrocedure in Section 3.4. The
calculations dealing with the anchorage of the CRR# calculated for both sides of the
beam, as the beam is not symmetrical and not egposa symmetrical load. This regards
the calculation of the position of the last cratle anchorage length, and the peeling stress.

The possible anchorage length is calculated fraenctilumns and not from the nodes. To
optimize the use of the CFRP, the final positiohthe ends of the CFRP are optimized for
the peeling stresses.

4.11 Shear strengthening

To simplify the analysis, the whole length of threaln will be strengthened in shear for the
maximum required strengthening as a result of tinengthening design described in
Section 4.9. The beam can only be wrapped with Célidets on three sides because of the
slab and will therefore be U-wrapped, as seenrietample Figure 21.

The spacing of the sheetg {s chosen to 100, 200, 300 and 400 mm, and timation of
the fibres is chosen to 45° or 90°. In Figure 28eaample of strengthening in shear is
presented, where the inclination of the fibres @S. QAll the calculated alternatives are
presented in Appendix 6.

NWE: 4 b r EFRP sheets

Nude 2

},.Sys:an'- line

Figure 28. Strengthening with sheets in shear.
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4.12 Economic analysis

The economic analysis is based on an estimatitimeatfotal cost per meter of the CFRP.
The cost of the labor is approximated to be 112% efmaterial cost, based on actual costs
for other strengthening cases. The cost for saddftd not included in the analysis, but it
would be approximately the same for any choseresyst

For flexural strengthening, the cost for labor amaterial is multiplied with the number of
layers 1) for laminates and the number of bat$ for NSMR. To consider the extra labor
when dealing with the wet lay-up system with sheadslitionally 30% of the cost for labor
and material is added for each layer (Blanksv&dd 12

For shear strengthening, the total length of th&E ks the length around the beam as a U-
wrap multiplied by the number of layers of shedis.consider the spacing between the
sheets, the cost is thereafter calculated for timeher of sheets per meter along the beam.

The costs are presented for each of Sto’s produétppendix 7 and Appendix 8.
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5 Results

5.1 Flexural capacity for classification assessment

For the material properties used in the two diffiédassification assessments, see Table 4.

Table 4. Design values of concrete and reinforcemesteel for the classification
assessments and Bro2004.

Component: Compressive  Tensile
strength strength

Concrete fc=15.2MPa f=1.09 MPa

Steel - fya=244.2 MPa

The load combination witld = 130kN is not presented in the results as the load comb-
inations with B = 200kN are governing for both the classification assesssnésee
Appendix 3).

The governing bending moment has increased witha@%lassification 2009 compared to
Classification 1998 because of the additional desigcks. The maximum normal force has
increased with 2% for Classification 2009 compaelassification 1998 (see Appendix
3).

Table 5. Shortage of flexural capacity according téhe classification assessments.

Shortage of flexural capacity Length of the beam with
[kN] shortage of flexural capacity
[mm]
Classification 1998 AF = 37.65kN Lyr = 1587mm
Classification 2009 AF = 83.66kN Lar = 2069mm

Flexural strengthening is required according tchidbe classification assessments as seen
in Table 5. The shortage of the flexural capaaity@lassification 2009 has increased with
120% compared to Classification 1998, and the afjerts, moreover, present for a longer
part of the beam. The shortage in flexural capaniggreement with Classification 2009 is
shown in Figure 30 and in Figure 29 fOlassification 1998.
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Claszification 1995
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Figure 29. Tensile force and capacity of the tensilsteel reinforcement in accordance with Bro2004 an
Classification 1998.

Clazsification 200%

1] T T m
1680 -
=
= 360 -
o
o
=
2
A
E 40 -
Pt
T2 -
| | | | | 1 1
0 1.056 2.112 3149 4,225 5,281 6337 7394 5.45

w-ooordinate (m)

Tensile farce (F)
- Adjusted tensile foree (F_adj)
Tensile copagity in tenzile steel reinforcement (F_s)

Figure 30. Tensile force and capacity of the tensilsteel reinforcement in accordance with Classifi¢#n
20009.
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5.2 Flexural capacity for strengthening design

The material properties differ between Bro2004 aikdBro, and the divergence can be
seen in Table 4 and Table 6, respectively.

Table 6. Design values of concrete and reinforcemesteel for capacity analysis
according to TK Bro.

Component: Compressive  Tensile
strength strength

Concrete f.=16.67MPa f;=1.20MPa

(C25/30)

Steel - fyi= 268.6MPa

The governing bending moment and normal force laeesame for the capacity analysis
done according to Bro2004 as the capacity analysie in the classification assessment
according to Classification 1998 (see Appendix T3)e governing bending moment and
normal force from calculations done with TK Bro gresented in Appendix 3.

The final results from the strengthening designpaesented in Figure 29 for Bro2004 and
Figure 31 for TK Bro, with the required strengthenipresented in Table 7. The required
strengthening in accordance with Bro2004 is the esam the required strengthening
presented for the classification assessment Cieatsiin 1998. The required strengthening
for TK Bro is, on the other hand almost insignifiita

Table 7. Required tensile strengthening accordingotcapacity analyses.

Required tensile Length of the beam that requires
strengthening [kN ] tensile strengtheningfmm]
Bro2004 AF = 37.65kN Ly = 1587mm
TK Bro AF = 5.96kN Lar = 705mm
TK Bro (reduced) AF = 86.28kN Lar = 2453mm

51



TK Bro without reduced steel caparity (R=200kH)
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Figure 31. Tensile force and capacity of the tensilsteel reinforcement in accordance with TK Bro.

The results in agreement with TK Bro show that ¢hés no significant flexural
strengthening required (see Table 7 and FigureT3Dhe able to continue the analysis with
the strengthening, a third case is presented wheeetensile strength of the steel
reinforcement is reduced with 10%. This reductiesuits in a required strengthening{
that corresponds taF for Classification 2009. The strength of the shesgmforcement is
also reduced with 10%.

Table 8. Design values of concrete and tensile réancing steel for capacity analyses
according to TK Bro with reduced capacity of the tasile steel reinforcement.

Component: Compressive  Tensile
strength strength

Concrete fc=16.67MPa f;=1.20MPa

(C25/30)

Steel - fy=241.3MPa

As a result, the required tensile strengtheningaseased and required for a longer part of
the beam (see Figure 32 and Table 7).
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TK Bro with reduced steel capacity (8=200kMN)
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Figure 32. Tensile force and capacity of the tensilsteel reinforcement in accordance with TK Bro for
reduced capacity.

5.3 Shear capacity for classification assessment

The design loads for the self-weight, superstriecamd the wheel loads, derived in Strip
Step, are presented in Appendix 4. The self-weigiperstructure, and wheel load for the
axle loadA are the same for Classification 2009 as for Clesdibn 1998. The only
difference from Classification 1998 is that theigedoad forB is higher for Classification
2009 (see Appendix 4).

The allowed load that the structure can carry, el as the shortage of the shear capacity
for the nine different cases, is presented in Apperl. As presented in Figure 33,
strengthening is required according to both thesifecation assessments and the maximum
required strengthening are identical.

&0

50 [ == Classification 1998

== Classification 2007
40

zz //
/A

0 L - / = SDF;

Required strengthening (KN]

2000 4000 a0po

-10

X-coordinate along the beam (mm]
Figure 33. Shortage of shear capacity according titne classification assessments.
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5.4 Shear capacity for strengthening design

The design loads for the different cases, calcdlat¢h TK Bro are presented in Appendix
4. The results for the capacity analyses done 812004 are identical to the ones from
the classification assessment with Classificati®®8l(see Figure 34).

The allowed loads for the governing case with B &ne required strengthening are
presented in Appendix 4. The required strengthemnagreement with TK Bro is higher

than the required strengthening in agreement witt@04, which can be seen in Figure
34.

250 e Bro 2004
==TK Bro [not reduced]

TN E N T
100 - +
VY

. * ¥ .

Required strengthening [KN)

0

4

350 1550 2800 4425 5500 &850 8050

-40

X-coordinate along the beam [mm)

Figure 34. Required strengthening according to Bro204 and TK Bro.

In consistency with the flexural capacity calcwas, the tensile strength of the shear
reinforcement is also reduced with 10%, as desdrineSection 5.2 (see Table 9). The
results are presented in Appendix 4 and the regjsteengthening, on which the streng-
thening analysis is based, is presented in Figdire 3

Table 9. Design values of shear reinforcement.

Component: Tensile
strength
Steel fywa=223.9MPa

Steel (reduced) fyws=201.1MPa
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5.5 Flexural strengthening

The design values for material properties of thé&REBFare presented in Appendix 5. The
design value of the tensile strain in the CFRP i governed by the intermediate crack

debonding £:4,;.) for all alternatives with laminates or sheetsr Bwe alternative with
NSMR, on the other hand, is the same as the design value of ultimate sinaine CFRP

(Sfu)-
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0,40 lr* B Sheets

* NSMR
0,30 TS * *
0,20 »

Design value of tensile straln [%]
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0,00
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Modulus of elasticity [6Pa)

Figure 35. Design values of tensile strain depenateon the modulus of elasticity.

All alternatives resulted in a normally reinforcembss-section without concrete crushing
except from the NSMR alternative with the produatne StoFRP Bar E 10 C with a low
modulus of elasticity. The tensile steel reinforeanis yielding for all the strengthening
alternatives.

For the system with laminates, there are somenaltiwes that require more than one layer.
According to Blanksvard (2011) it is possible tqlptwo layers of laminates, but it is
more common to only use one layer. The alternativasrequire more than two layers are
not included in the result.
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Failure in anchorage because of cracked concrete

The part of the beam between the intersection@fctacking momentM,..,.) and the
design momentM,) is cracked (see Figure 36).
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Figure 36. Intersection of the cracking moment andhe design moment.

The distances from node 1 to the last cragks) (see Figure 37):

Left side of the beam (close to node 1): X = 1350 mm
Right side of the beam (close to node 2): X = 6880 mm
xl:i"
L XEI"
¥

Node 1 Mede 2

System ng

Figure 37. The distance to the cracks on the lefand on the right side(x,,.).

The beam is cracked all the way out to the pathefbeam with a varying height, as seen in
Figure 36 and Figure 37. Mechanical anchorage ésetbre the only solution as the

anchorage needs to be done on uncracked concneten dhis case there is no room for

anchorage beyond the last cracks.
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To be able to continue the analysis for strengtigenvithout mechanical anchorage, the

beam is instead assumed to have a constant hdighe avay to the columns, as presented

in Figure 38. In that way the anchorage lengthlmm@analyzed. The results presented above
for the failure modes are still relevant since th&aslure modes are analyzed at the middle
of the beam, where the height is constant. Thdtsefar the assumed beam, seen in Figure
39, are not relevant for the actual case but aerasting when analyzing the anchorage

lengths and costs for the different strengthenltegraatives.

Moda 1 Node 2

| A3ysaem lne

Figure 38. The distance to the cracks on the lefand on the right side(x,,.), for the assumed beam with
a constant height.
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Figure 39. Intersection of the cracking moment andhe design moment, for the assumed beam with a
constant height.

The distances from node 1 to the last cragks) (see Figure 39):

Left side of the beam (close to node 1): Xer = 1130mm
Right side of the beam (close to node 2): Xer = 7100mm

For the assumed beam with a constant height, tambg not cracked all the way to the
columns, and mechanical anchorage is thereforaeusssary.
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Anchorage length for sheets and laminates

The minimum bond lengthl{) is greater for the alternatives with laminateantlior the
alternatives with sheets. It does, however, nexee&d the critical anchorage length.],
meaning that the minimum anchorage length is egua} for all alternatives.

For all alternatives, the peeling stress is todhhig case the anchorage is done at the
positions of the last crack, with the minimum amege length of 250 mm. The anchorage
length increases with increasing number of layeestd increased peeling stresses.

As seen in Figure 40, the total required lengttthef CFRP I,) is higher for all alter-

natives with laminates than for all alternativeshtmsheets. The variation in total length for
the alternatives within each system is however smal

aoaa

7500 o

Y,
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&500

# Laminates

M Sheets
&000

MSMR

Total length of CFRP [mm)

8500

5000
0 100 200 300 400 500

Modulus of elasticity [GPa)
Figure 40. The total length of CFRP dependent on gnmodulus of elasticity.

Anchorage length for NSMR bars

The results for the alternative with NSMR are pn¢sé in Appendix 5. The minimum bond
length for the alternative with NSMR.J) is higher than for the alternatives with lamirsate
or sheets. On the other hand, the fact that thingestresses do not have to be considered
for the NSMR bar, results in a shorter total lengthhe NSMR than for the other systems
(see Figure 40).
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5.6 Shear strengthening
Table 10. Required number of layers for the differat alternatives.

Name Efd Efuk tf bf r £f n
[GPa] (%] [mm] [mm] [mm] [%] [-]

StoFRPSheet S 300 C 200 240 1.7 0.11 300 100 0.76 4
200 0.76 5

300 0.76 6

400 0.76 7

StoFRPSheet S 300 C 300 240 1.7 0.17 300 100 0.76 3
200 0.76 3

300 0.76 4

400 0.76 5

StoFRP Sheet IMS S 300 C 300 290 1.9 0.17 300 100 0.84 2
200 0.84 2

300 0.84 3

400 0.84 3

StoFRPSheet M 300 C 200 395 1.2 0.11 300 100 0.53 3
200 0.53 4

300 0.53 6

400 0.53 7

StoFRPSheet M 300 C 300 395 1.2 0.17 300 100 0.53 2
200 0.53 3

300 0.53 4

400 0.53 5

The shear strengthening is done for fibres withiresination of 45° and90°, and with
spacing and moduli of elasticity according to Tahl@ (see also Appendix 6). For a
specific modulus of elasticity, the number of skaatreases with a greater spacing. For
the two highest moduli of elasticity, the lowestrhers of layers are needed. The required
number of layers is the same for 90° as for 45°rwéyeplying the sheets as strips with
spacing.

It is not possible to reach the required strengtigemwith a reasonable number of layers
without mechanical anchorage. With mechanical aragig®y more of the ultimate strain in
the CFRP can be taken into account, and in that itvesypossible to reach the required
strengthening. All alternatives are possible to w#@ mechanical anchorage. The design
value of the strain in the CFRP then varies fil@f8 % to 0.84 %, as seen in Table 10. For
a low modulus of elasticity the strain is high, {ghit is low for a high modulus of
elasticity. The reason why StoFRP Sheet IMS S 3@0Chas a higher allowed strain than
the other alternatives is because it consistsdiff@rent kind of fibre that can take a higher
strain.
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5.7 Economic analysis

In Figure 41 it can be seen that the cost increagtbsincreasing modulus of elasticity, and
that the difference between the alternatives ish.highe differences in costs for the
alternatives with laminates and the same moduluslasticity depend on the different
widths. For sheets, the differences in cost foeralitives with the same modulus of
elasticity depend on different thicknesses.

The cheapest alternative is one layer of the pro@ueFRP Sheet S 300 C 300, with a
modulus of elasticity of 240 GPa. The alternativéth sheets are generally cheap, as well
as the alternative with NSMR. The alternatives wiiminates are generally more
expensive.

Appendix 7 presents the total costs for the diffefeexural strengthening alternatives.
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Figure 41. Total cost for the flexural strengtheningy alternatives with CFRP.
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In Appendix 8 and Figure 42 the total costs for difeerent alternatives for strengthening

in shear are presented. The alternatives withwioeldwer moduli of elasticity are cheaper

than the alternatives with the highest moduluslastecity. For the alternatives with the two

lower moduli of elasticity, the spacing is not amportant variable for the cost. On the other
hand, the cost increases with the spacing for Heenatives with the higher modulus of

elasticity. For the alternatives with identical mticbf elasticity and spacing, there are two
optional thicknesses. The difference in thicknessschot seem to have a significant impact
on the cost for the alternatives with the same rhusdof elasticity and spacing.
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Figure 42. Cost for the shear strengthening alterrtaves for fibres in 90° or 45° per meter along the
beam .
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6 Discussion

Classification assessment

There is almost no difference between Classifica#609 and Classification 1998 for the
flexural capacity. The only difference is the aduhal design trucks in Classification 2009
that for this case study has an impact on the ddegy. The bridge has to be strengthened
according to both the classification assessment® 3Jhortage of the capacity of the
existing structure has increased for Classificafi6@9, but considering the total capacity of
the structure it is not a significant increase.

Both the classification assessments resulted irqaimred strengthening in shear. The
governing shortage is the same for both cases,hwmeans that the additional design
trucks have no significant impact on the designdldar shear for this case study.
Strengthening is however required for a longer parthe beam based on Classification
2009 compared to Classification 1998.

It might be questioned if strengthening in flexigeeally necessary, but as strengthening in
shear is required, it might be reasonable to sthemgin flexure at the same time. In

general, the additional design trucks will leadat@reater number of bridges in need of
strengthening, in agreement with the present codes.

Strengthening design

For the strengthening design, the required stremgtiy for Bro2004 is identical to the

shortage in Classification 1998. This is, howevet the case for TK Bro compared to
Classification 2009. More time is consequently reggiwhen designing the strengthening
with the new codes, as the classification assedsamhthe strengthening design require
different calculations.

The required strengthening in flexure according ko Bro is significantly lower than for
Bro2004. The calculation procedures for the flekgegpacity are almost the same for TK
Bro and Bro2004. The differences in the resultsmaostly due to the different ways the
codes deal with the safety classification and diaeling.

The strengthening design in shear done with TK BEsulted in a significantly higher
required strengthening than the capacity calcuiadione with Bro2004. The reason for this
difference is mainly because of different desigrdels used to calculate the shear capacity.
When the bridge was designed in the 1930’s, thaappof the concrete was included in
the shear capacity, which is not allowed for theemmnservative model used in TK Bro.
Therefore the required strengthening is greateoradarg to TK Bro and might in general
result in a lower shear capacity for existing sinves.

Considering how the additional design trucks hasenbincluded in Classification 2009 but
not in TK Bro, it could be appropriate to add themTK Bro as well. In that way, the
resulting required strengthening in TK Bro is mameconsistence with the classification
assessment.
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Strengthening with CFRP and economic analysis

For flexural strengthening, the tensile strengthtie CFRP is for alternatives with
laminates or sheets dependent on the risk of idiae crack debonding( ;.). For all
alternatives with laminates or sheets, the strgihi¢ governed by this failure mode. The
equation fores, ;. is empirically derived. Even though the definitimostly is based on test
results of laminates, it is according to Maalej &edng (2005) representative for sheets as
well. An increase of the thickness of the CFRP emses the interfacial shear stress
concentration and reduces the ultimate strain ®QRRP £¢4 ;. is consequently higher for
the alternatives with sheets than for the alteveatwith laminates, since the sheets have a
lower thickness. From this perspective, it is tf@ne more advantageous to use systems
with low thicknesses. Considering the impagt;. has on the results, it might be important
to evaluate the definition af, ;. further.

The alternative with NSMR that failed in concretashing had a high allowed straigy),

as the strain is not limited due to intermediatckrdebonding. It might be questioned if
the strain should be limited in some other waydimengthening systems with NSMR due
to debonding. On the other hand, the system wittMRSloes probably have a better
anchorage than the other systems. This is bechaeseats are placed in a groove, and are
therefore anchored to the concrete on three sid#sad of one.

The average value of concrete axial strength igl fsecalculating the position of the last
crack along the beam. It might however be safersethe characteristic value of concrete
axial strength to make sure that anchorage of fehatrengthening is not done on cracked
concrete.

The total length of the CFRP is the shortest fa& #fternative with NSMR, while the
alternatives with laminates have the largest leng@verall the differences in lengths are
not significant for the different alternatives. Ttogal length of the CFRP is governed by
peeling stresses for sheets and laminates, whieyiverned by debonding for NSMR. The
alternatives with high moduli of elasticity are raadifficult to anchor and have longer
anchorage lengths. The anchorage length for thiéseatives does however not have a
significant effect on the cost, since the variatdithe anchorage length is small.

The choice of CFRP systems does not only depenth@rcost. It is for example more
reasonable to use NMSR bars when there is a rigk éxternally applied CFRP
strengthening systems might be damaged. A disadgantith the sheets is that they are
partly manufactured at the construction site. Thetberefore a greater risk that a mistake
will be done and that the system does not getsbmgaed properties.

Overall for the flexural strengthening, the costla# alternatives with sheets and laminates
increases with the modulus of elasticity. This dossstly depend on the fact that the
allowed strain in the fibres is reduced with in@@é modulus of elasticity. The results
show that generally the alternatives with sheedscheaper.

The conclusions are based on results from onestadyg, where the economically optimal
alternative for flexural strengthening is only dager of sheets. For other studied cases, the
alternatives with sheets might not have been thst moconomical ones. It might also have
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been appropriate to base the analysis on moregireming alternatives, from for example
other producers, to get more reliable relationshyso, it is not always a good choice to
strengthen a structure with CFRP, depending oermdifit conditions.

When strengthening in shear, for the alternativéh whe highest modulus of elasticity, the
tensile strain is limited to a greater extent. Aiinas many layers are therefore required,
compared to the alternatives with lower moduli te#fsécity. Since the alternatives with
higher moduli of elasticity are more expensive, alrdost as many layers are needed, it is
more economical to use the cheaper alternativéslamter moduli of elasticity.

For this case study, mechanical anchorage is redjtir achieve an adequate strengthening
in shear. Even if the shear strengthening couldehbgen done without mechanical
anchorage, it is probably safer to use mechanicadh@age. Without mechanical
anchorage, a sufficient anchorage lendth)(is required to ensure that the anchorage is
done beyond shear cracks. It is difficult to estenihe length of the shear cracks and they
might continue all the way to the top of the bedechanical anchorage can therefore be a
safer choice.

Even though it is possible to strengthen in shatr seven layers, it is recommended to use
as most three layers to achieve a good bondingdestvihe layers. Therefore, if it is
possible to choose a strengthening alternativerduatires fewer layers, it would be a safer
choice. In general, the alternatives with threetayor less are cheaper.

The spacing of the sheets does not seem to be@ortamt variable for the cost. The cost
does however increase with the spacing for altemestwith the highest modulus of
elasticity. Further on, it is not more efficient &pply the sheets with the fibres in 45°
inclination than in 90°. It will probably be morgpensive to apply the fibres in 45° as it is
more complicated to apply the sheets with an iatlom. The estimated cost for the
alternatives when strengthening in shear is theesasnin flexure, even though the labor
cost might be higher for the shear strengthening.

The alternative with the product name StoFRP S8t S300 C300 consists of a certain
kind of fibre that can handle a higher tensileigtthan the other alternatives. It is therefore
in some cases more optimal to use this product évenas a higher cost.

The estimation that the labor cost is 112% of tla¢emal cost is based on actual labor costs
for several strengthening cases. The labor costhoarever easily change, depending on
the experience of the installer and the condit@inthe construction site. In some cases, the
labor cost might even be 300-400% of the matenat.d-or this analysis, the labor cost is
dependent on the material cost, and will therefioceesase for more expensive materials. A
better analysis could have been done with eitiexed labor cost, or only the material cost
and a factor for the alternatives with sheets aduéhé extra labor. According to Falldén
(2011) the preparatory work is more expensive lierdystem with NSMR, where grooves
have to be cut in the concrete. For laminates &eréts the concrete surface only has to be
evened out, and therefore requires less preparation
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The total cost of the strengthening usually depenids on the cost for scaffolds, dependent
on the situation on the construction site. The dostscaffolds does not depend on the
chosen strengthening system. The material- and ledxi for the mechanical anchorage is
not included in the total cost, but would also hbeen almost the same for any alternative.

Finally, it can be concluded that it is difficult lecide what alternative that is the most
economical optimal in general. The results show én@w that there are big differences in
costs for the different alternatives, and an amslgsn therefore be appropriate when
choosing a system.

The optimal alternative for the case study

For flexural strengthening, the economically oplirsgstem for the case study would be
strengthening with one layer of StoFRP Sheet S3B00C Mechanical anchorage is
required and due to the cracks it might be a gded to strengthen the whole free span of
the beam. In reality, the flexural strengtheningwane with three layers of a sheet with a
modulus of elasticity of 228 MPa.

For strengthening in shear, the most cost effectitegnative is two layers of StoFRP Sheet
IMS S300 C300, with a spacing of 200 mm, with thelination of 90° and mechanical
anchorage. In reality, the strengthening in shess @one with two layers of the same sheet
as used for flexural strengthening and the spaaiid0 mm.

It is difficult to analyze if the system that wased in reality is more optimal than the
systems that are chosen in this thesis. The mhatexgal in reality does not exist anymore,
and the cost of the material is therefore unknoBased on the fact that the real
strengthening was done with sheets with a low musiaf elasticity, it was probably a cost
effective choice, considering the results of thissis.

Further studies

Intermediate crack debonding is an important végiathen strengthening with sheets and
laminates as it limits the strain in the fibres.isThmitation is empirically derived and is
mostly based on test results of laminates. Mordistuneed to be done to verify that the
limitation is utilizable for sheets as well.

So far the focus has been on flexural strengthewitiy CFRP, but as shear is a complex
mechanism, it would be appropriate if more studiese carried out on shear strengthening.

For the economical analysis, the labor costs hawe lmeen approximated, but it could be
interesting to investigate the costs further, fxaraple by gathering experiences from both
different installers and producers of CFRP.

Further on, it could be interesting to evaluatéedént systems from other perspectives than
the economical, for example its long time effeetsyironmental effects, and abilities in the
service limit state.
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7 Conclusions

* For the case study, the additional design truck€lassification 2009 result in a
higher required flexural strengthening. The reqlisengthening in shear is on the
other hand almost identical to the one for Clasaiion 1998, but is needed for a
longer part of the beam.

* The strengthening design in flexure done accordimgTK Bro results in a
significantly lower required strengthening than thealysis done according to
Bro2004. The difference does mostly depend on iffiereint design philosophies in
the codes. The strengthening design for shear dotie TK Bro resulted in a
significantly higher required shear strengthenimantthe strengthening design done
with Bro2004. This is mainly because TK Bro usesae conservative model.

* For this case study almost as many layers areregtjindependently of the modulus
of elasticity. Since the alternatives with a higmeodulus of elasticity are more
expensive it is more economical to use the cheafternatives with a lower
modulus of elasticity.

e It is more advantageous to use systems with lowktig@sses, since a lower
thickness of the CFRP results in a higher utilatof the tensile strain of the
CFRP, due to intermediate crack debonding.

* The results show that generally the alternativeth vgheets are cheaper when
strengthening in flexure.

* The alternative with NSMR is cheap compared tol#meinates, because of a high
allowed tensile strain. The high tensile strain dawever result in concrete
crushing, as for one alternative in this case study

» The total length for the alternatives in flexureedaot have a significant effect on
the cost, since the variation is small.

« For this case study, when strengthening in sheachanical anchorage is required
for all alternatives, since the required strengthgris too high for a sufficient
strengthening without mechanical anchorage.

* The spacing of the sheets does not seem to bepartant variable for the cost. The
cost does however increase with the spacing farradtives with the highest
modulus of elasticity.

* For the case study, the most economically optinexiufal strengthening would be
one layer of StoFRP Sheet S300 C300, with mechlaaimehorage. In shear the
alternative would be two layers of StoFRP Sheet0SB@300 with mechanical
anchorage, an inclination of 9Gand a spacing of 200 mm.
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Appendix

Appendix 1: Design trucks

Design trucks a-l, according to Classification 19882004 and TK Bro.
Design trucks a-n, according to Classification 2009

(Measurements in meters)
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Appendix 2 Drawing of steel reinforcement
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Appendix 3 Results from flexural capacity analyses

—103.75 —30.69
67.16 —44.64
263.93 —107.61
415.46 -117.57

My, =| 447.45 |kNm Ng =1 —-120.88 |kN
394.33 -128.26
225.55 —117.85
23.25 —104.46
—152.60 —100.58

Figure 43.The governing bending moment and normaldrce according to Classification 1998.
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Figure 44. The governing bending moment and normdbrce according to Classification 2009.

84.43 88.97 83.90
249.35 273.352 246.56
592.28 647.26 585.86
719.22 791.14 710.82

F,=1719.22 |kN F;=1791.14 | kN F;=1710.82 | kN
719.22 791.14 710.82
641.30 705.44 633.81
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Figure 45. Tensile yield force in tensile steel neforcement (F;) in accordance with Bro2004, TK Bro
(not reduced capacity) and TK Bro (reduced capacity, in that order.
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Figure 46. The governing bending moment and normdbrce in accordance with TK Bro.



Appendix 4 Results from shear capacity analyses

Table 11. Design loads according to Publikation1®978 for the left side of the beam.

Classification 1998 — Design load, left side

Case Self-weight Superstructurelf;)  Wheel load Wheel load

(Vs—w) (kN) (kN) (Vtraffic_A) (Vtraffic_B)
(A = 130kN) (B = 200kN)
1 89.35 9.12 70.51 95.83
2 89.35 9.12 112.11 197.52
3 86.51 8.37 109.43 189.53
4 28.46 2.04 81.22 116.88

Table 12. Design loads according to Publikation18978 for the right side of the beam.

Classification 1998 — Design load, right side

Case Self-weight Superstructurelf;)  Wheel load Wheel load

(VS—W) (kN) (kN) (Vtraffic_A) (Vtraffic_B)
(A = 130kN) (B = 200kN)
1 112.53 12.93 74.58 122.73
2 112.53 12.93 114.42 207.47
3 109.40 12.19 112.00 199.49
4 58.88 6.84 89.65 150.85
S 13.67 0.78 72.62 99.45

Table 13. Design loads foB = 200kN, according to Classification 2009.

Classification 2009 - design load, wheel load(= 200kN)

Case Wheel load B = 200kN) Wheel load B = 200kN)
Left side Right side

1 96.01 122.73

2 217.44 226.09

3 208.01 216.67

4 123.96 150.85

5 - 101.48

Table 14. Shear strength according to Classificain 1998 and Classification 2009 for the left sidef the
beam.

Classification 1998 & Classification 2009 — Sheatrength of the beam (left
side)

Case Strength of concrete Strength of steel Total strength
(V.)(KN) reinforcement (kN)
(Vs)(kN)
1 227.40 103.43 330.83
2 291.39 103.43 394.82
3 135.52 112.96 248.48
4 135.52 56.48 192.00




Table 15. Shear strength according to Classificain 1998 and Classification 2009 for the right sidef

the beam.
Classification 1998 & Classification 2009 — Sheatrength of the beam (right
side)
Case Strength of concrete Strength of steel Total strength
(V.)(KN) reinforcement (kN)
(Vs)(kN)
1 211.34 103.43 314.77
2 401.79 103.43 505.22
3 135.52 226.00 361.52
4 152.47 56.48 208.95
5 135.52 56.48 192.00

Table 16. Allowed load according to Classificatioi 998 for the left side of the beam.

Classification 1998 - Allowed load for B=200 kN

Case  Left side (kN)
1 373.03

2 236.30

3 216.44

4 216.40

5 -

Right side (kN)
237.30
281.60

185.04
146.07

274.67

Table 17. Required strengthening for Classificatior1998.

Classification 1998 - Strengthening required, V(kN)

Case Leftside (kN)

abrw NP
'O OO

Right side (kN)
0
0

14.96
53.93
0

Table 18. Allowed load for B=200kN according to Clssification 2009.

Classification 2009 - Allowed load for B=200 kN dift side

Case  Leftside (kN)
1 372.33

2 214.66

3 197.21

4 200.44

5 -

Right side (kN)
237.30
258.41

170.37
146.07

269.17

Table 19. Required strengthening for Classificatior?009.

Classification 2009 - Strengthening

required, V. (kN)

Case Left side (kN)
0

0

2.79

0

abs ownN -

Right side (kN)
0

0

29.63

53.93

0




Table 20. Design loads according to TK Bro, for th left side of the beam.

TK Bro — Design loads, left side

Case Self-weight ¢;,_,,) Superstructurelf;) Wheel load Wheel load
(kN) (kN) (Vtraffic_A) (Vtraffic_B)
(A = 130kN) (B = 200kN)
1 107.23 9.12 91.42 141.65
2 107.23 9.12 118.66 217.21
3 104.17 8.37 109.43 189.53
4 41.53 2.04 81.22 116.88
Table 21. Design loads according to TK Bro, for tl right side of the beam.
TK Bro — Design loads, right side
Case Self-weight Superstructurelf;)  Wheel load Wheel load
(Vs—w) (kN) (kN) (Vtraffic_A) (Vtraffic_B)
(A = 130kN) (B = 200kN)
1 110.61 12.93 94.96 160.85
2 110.61 12.93 120.34 228.40
3 107.23 12.19 112.00 199.49
4 52.72 6.84 89.65 150.85
5 11.74 4.37 77.85 128.97

Table 22. Shear capacity of the beam without and i shear reinforcement, left side.

TK Bro - Shear strength of the beam, left sidelzy4)

Case

1

2
3
4

VR, (KN)

137.00
137.00
106.86
101.62

Vro(kN)
113.77

113.77
325.86

62.13

Table 23. Shear capacity of the beam without anditlhh shear reinforcement, right side.

TK Bro - Shear strength of the beam, right side¥ z,4)

Case
1

2
3
4
5

VR, (KN)

152.48
152.48
116.61
103.39
102.62

Vro(kN)
113.77

113.77
325.84

62.13
62.13




Table 24. Allowed load for B=200 kN, with and witlout shear reinforcement, according to TK Bro, for
the left side of the beam.

TK Bro - Allowed load for B=200 kN, left side

Case Allowed load for structure without Allowed load for structure with shear

shear reinforcement (kN) reinforcement included (kN)
1 21.36 -2.67
2 13.93 -6.95
3 -4.39 164.90
4 72.77 23.26

Table 25. Allowed load according to TK Bro for theright side of the beam.

TK Bro- Allowed load for B=200 kN, right side

Case Allowed load for structure without Allowed load for structure with shear

shear reinforcement (kN) reinforcement included (kN)
1 26.36 -8.90
2 17.14 -7.69
3 -2.07 151.61
4 42.57 2.49
5 98.28 44.70

Table 26. Required strengthening for TK Bro neededor the different cases along the beam.

TK Bro- Strengthening required, V, (KN)

Case Leftside (kN) Right side (kN)

1 202.67 208.90
2 206.95 207.69
3 35.10 48.39

4 176.74 197.51
5 - 155.30

TK Bro - reduced load

Table 27. Shear capacity of the beam without andith shear reinforcement, left side.

TK Bro (reduced capacity)- Shear strength of the bam, left side ¥ r4)

Case  Vrac (kN)  Vra(kN)

1 137.00 102.22
2 137.00 102.22
3 106.86 292.76
4 101.62 55.82




Table 28. Shear capacity of the beam without anditlhh shear reinforcement, right side.

TK Bro (reduced capacity)- Shear strength of the bam, right side(Vg4)

Case  Vrac (kN)  Vre(kN)

1 152.48 102.22
2 152.48 102.22
3 116.61 292.76
4 103.39 55.82
5 102.62 55.82

Table 29. Allowed load for B=200 kN, with and witlout shear reinforcement, according to TK Bro, for
the left side of the beam.

TK Bro (reduced capacity) - Allowed load for B=20kN, left side

Case Allowed load for structure without Allowed load for structure with shear

shear reinforcement (kN) reinforcement included (kN)
1 21.36 -14.61
2 13.93 -38.12
3 -4.39 139.32
4 72.77 15.36

Table 30. Allowed load according to TK Bro for theright side of the beam.

TK Bro (reduced capacity)- Allowed load for B=200 N, right side

Case Allowed load for structure without Allowed load for structure with shear

shear reinforcement (kN) reinforcement included (kN)
1 -21.38 -19.42
2 -16.87 -13.68
3 147.40 127.31
4 -3.97 -3.63
5 48.58 38.57

Table 31. Required strengthening for TK Bro neededor the different cases along the beam.

TK Bro (reduced capacity) — Required strengtheningV (kN)

Case Left side (kN) Right side (kN)
1 214.61 219.42

2 238.12 213.68

3 60.68 72.69

4 184.64 203.63

5 - 161.43




Appendix 5 Strengthening in flexure

Table 32. Flexural strengthening for alternatives vth laminates.

Name EfalGP gr[% fralMPal mn[-] A [mm?| (%] FlkN]

StoFRP Plate E 100 C 150 1.2 1800 2 280 0.28 99.02

StoFRP Plate E 120 C 150 1.2 1800 2 336 0.28 118.83

StoFRP Plate E 150 C 150 1.2 1800 1 210 0.40 105.03

StoFRP Plate S 100 C 163 1.6 2800 2 280 0.27 103.23

StoFRP Plate S 120 C 163 1.6 2800 1 168 0.38 87.59

StoFRP Plate S 150 C 163 1.6 2800 1 210 0.38 109.49

StoFRP Plate IM 80 C 200 0.8 2000 2 224 0.25 91.47

StoFRP PlateIM 100C 200 0.8 2000 2 280 0.25 114.34

StoFRP Plate IM 120C 200 0.8 2000 1 168 0.35 97.02

StoFRP Plate IM 150 C 200 0.8 2000 1 210 0.35 121.28

StoFRP Plate M 80 C 245 0.8 2000 2 224 0.22 101.24

StoFRP Plate M 100 C 245 0.8 2000 1 140 0.31 89.49

StoFRP Plate M 120 C 245 0.8 2000 1 168 0.31 107.39

StoFRP Plate M 150 C 245 0.8 2000 1 210 0.31 134.23

Table 33. Flexural strengthening for alternatives th sheets.

Name Efq[GPa] &5y [%]  fra[MPa] n[-] Af[mmz] gr[%] FglkN]
StoFRPSheet S 300 C 200 240 1.7 4000 2 66 0.38 101.20
StoFRPSheet S 300 C 300 240 1.7 4000 1 51 0.94 88.96
StoFRP Sheet IMS S 300 C300 290 1.9 5500 1 51 0.86 97.79
StoFRPSheet M 300 C 200 395 1.2 4600 1 33 0.92 91.80
StoFRPSheet M 300 C 300 395 1.2 4600 1 51 0.74 114.13
Table 34.Flexural strengthening for alternatives wih NSMR.

Name Efd [GPa] Sfuk [%] ffd [MPa] n [—] Af [mmZ] Sf [%] Ff [kN]
StoFRPBarM10C 245 0.8 2000 1 100 0.67 196




Table 35. Strains in strengthened cross-section f@lternatives with laminates.

Name g%l wpal-]  w[-] £c [%] £s[%]
StoFRP PlateE100C  0.28 0.43 0.18 0.10 0.27
StoFRP Plate E120C  0.28 0.43 0.18 0.10 0.27
StoFRP PlateE150C  0.40 0.37 0.18 0.14 0.38
StoFRP Plate S100C  0.27 0.44 0.18 0.10 0.26
StoFRP Plate S120C  0.38 0.37 0.18 0.14 0.37
StoFRP Plate S150C  0.38 0.37 0.19 0.14 0.37
StoFRP PlateIM80C  0.25 0.46 0.18 0.09 0.24
StoFRP PlateIM 100 C  0.25 0.46 0.19 0.09 0.24
StoFRP PlateIM 120C  0.35 0.39 0.18 0.13 0.33
StoFRP Plate IM 150 C  0.35 0.39 0.19 0.13 0.33
StoFRP Plate M 80 C 0.22 0.48 0.18 0.08 0.22
StoFRP Plate M100C  0.31 0.41 0.18 0.11 0.30
StoFRP Plate M120C 0.31 0.41 0.18 0.11 0.30

StoFRP Plate M 150 C  0.31 0.41 0.19 0.11 0.30




Table 36. Strains in strengthened cross-section f@lternatives with sheets.

Name g[%]  wpul-]  w[-] & [%] &[%]
StoFRPSheet S 300 C 200 0.83 0.23 0.18 029  0.77
StoFRPSheet S 300 C 300 0.94 0.21 0.18 033  0.88
StoFRP Sheet IMS $ 300 C300 0.86 0.23 0.18 030  0.80
StoFRPSheet M 300 C 200 0.92 0.22 0.20 035  0.85
StoFRPSheet M 300 C 300 0.74 0.25 0.19 026 0.69

Table 37. Strains in strengthened cross-section f@lternatives with NSMR.

Name g% wpal-]  w[-] £ [%]  &[%]

StoFRPBarM10C 0.67 0.27 0.20 0.24 0.63

Table 38. Maximum allowed tensile force at ends &FRP and the minimum bond length for
alternatives with laminates.

Name g5y [%] F¢o [kN] Right side Left side l.[mm]
Ffa Ffb Ffa Ffb
StoFRP Plate E 100 C 0.18 63.1 -524 30.6 -153.8 27.1 190
StoFRP Plate E 120 C 0.18 74.4 -52.5 35.7 -153.8 31.6 192
StoFRP Plate E 150 C 0.17 45.4 -52.4 238 -153.7 21.1 194
StoFRP Plate S 100 C 0.17 65.8 -52.5 32.8 -153.8 29.1 198
StoFRP Plate S 120 C 0.17 38.8 -524 21.0 -153.7 18.6 200
StoFRP Plate S 150 C 0.17 47.3 -52.4 25.6 -153.7 22.7 202
StoFRP Plate IM 80 C 0.16 59.3 -52.5 323 -153.8 28.6 218
StoFRP Plate IM 100 C 0.16 72.8 -52.6 389 -153.8 34.5 220
StoFRP Plate IM 120 C 0.15 43.0 -52.4 25.2 -153.7 22.3 222
StoFRP Plate IM 150 C 0.15 52.4 -52.5 30.6 -153.8 27.1 225
StoFRP Plate M 80 C 0.14 65.6 -52.6 38.3 -153.8 339 241
StoFRP Plate M 100 C 0.14 40.3 -52.5 26.7 -153.7 22.7 243
StoFRP Plate M 120 C 0.14 47.6 -52.5 30.1 -153.8  26.6 245
StoFRP Plate M 150 C 0.14 58.0 -52.5 36.3 -153.8 32.2 248

Table 39. Maximum allowed tensile force at ends &FRP and the minimum bond length for
alternatives with sheets.

Name g Fgp. Rightside Left side L,
[%] [kN] “Frq  Fpy  Fra  Fpp [mm]
[kN]  [kN] [kN. [kN]

StoFRPSheet S 300 C 200 049 593 -52.3 11.8 -153.7 104 66
StoFRPSheet S 300 C 300 039 36.8 -523 9.2 -153.7 8.2 84
StoFRP SheetIMSS300C 0.36 405 -523 11.0 -153.7 9.8 92
300

StoFRPSheet M 300C200 0.38 38.0 -523 9.8 -153.7 8.7 87
StoFRPSheetM300C300 0.30 47.3 -524 148 -153.7 13.0 108




Table 40. Total length of CFRP and the peeling stes at the ends of the CFRP for alternatives with

laminates.
Name a (mm) lirp o,
(mm) (MPa)
Left side  Right side Left side Right side

StoFRP Plate E 100 C 475 530 7450 2.50 2.50
StoFRP Plate E 120 C 485 535 7430 2.55 2.51
StoFRP Plate E 150 C 610 710 7130 2.53 2.56
StoFRP Plate S 100 C 470 520 7460 2.56 2.55
StoFRP Plate S 120 C 600 680 7180 2.54 2.52
StoFRP Plate S 150 C 600 690 7160 2.55 2.56
StoFRP Plate IM 80 C 430 470 7550 2.56 2.53
StoFRP Plate IM 100C 430 470 7550 2.53 2.51
StoFRP PlateIM 120C 550 630 7270 2.49 2.52
StoFRP PlateIM 150 C 560 640 7250 2.53 2.56
StoFRP Plate M 80 C 390 430 7630 2.51 2.54
StoFRP Plate M 100 C 520 580 7350 2.55 2.53
StoFRP Plate M 120 C 520 580 7350 2.54 2.51
StoFRP Plate M150C 475 590 7340 2.51 2.54

Table 41. Total length of CFRP and the peeling stes at the ends of the CFRP for alternatives with

sheets.
Name a (mm) lfrp (MM) o4
(MPa)

Left side Right side Left side Right side
StoFRPSheet S 300 C 200 730 890 6830 2.51 2.56
StoFRPSheet S 300 C 300 760 940 6750 2.51 2.56
StoFRP Sheet IMS S 300 C300 740 900 6810 2.52 2.54
StoFRPSheet M 300 C 200 760 920 6770 2.55 2.56
StoFRPSheet M 300 C 300 700 830 6920 2.53 2.51
Table 42. Total length of alternative with NSMR.
Name Tf 6f Lper )Ln Le P(max )L Emax lfrp
StoFRPBarM10C 11.05 0.755 38mm 0.0048 330mn 88.15 0.36% 5930

Table 43. Tensile force in the anchorage point of BMR alternative.

Name Right side Left side

Fgq Fgq Fgp Fgp
StoFRPBarM10C  -154.04 -53.02  22.55 15.87




Appendix 6 Strengthening in shear

Table 44. Strengthening alternative in shear withibres in 90°.

Name Efd sfuk tf r n Af £f st lef def Lef

[GPa]l [%] [mm] [mm] [-] [mm?] [%] [kN] (mm) (mm) (mm)

StoFRPSheet S 300 C 200 240 1.7 0.11 100 4 0.66 0.76 290.8 1235 328.0 328.0
200 5 0.66 2779 138.1 3134 3134

300 6 0.66 266.2 151.2 300.3 300.3

400 7 0.66 2555 163.4 288.2 288.2

StoFRPSheet S 300 C 30C 240 1.7 0.17 100 3 0.77 0.76 327.3 1329 318.6 318.6
200 3 0.61 261.9 1329 318.6 318.6

300 4 0.68 271.2 153.3 298.0 298.0

400 5 0.73 273.9 171.6 279.9 279.9

StoFRP Sheet IMS S 300 290 1.9 0.17 100 2 0.51 0.84 307.3 119.3 332.2 332.2

C 300

200 2 0.41 2459 119.3 332.2 332.2

300 3 0.51 282.5 146.1 305.4 305.4

400 3 0.44 242.1 146.1 305.4 305.4

StoFRPSheet M 300 C 200 395 1.2 0.11 100 3 0.50 0.53 2428 137.2 314.3 314.3
200 4 0.53 2415 158.4 293.1 293.1

300 6 0.66 265.2 194.0 4515 4515

400 7 0.66 249.2 209.6 2419 2419

StoFRPSheet M 300 C 300 395 1.2 0.17 100 2 0.51 0.53 2485 139.3 312.2 312.2
200 3 0.61 268.3 170.6 281.0 281.0

300 4 0.68 270.1 196.9 254.6 254.6

400 5 0.73 263.0 220.2 231.3 231.3




Appendix 7 Costs for strengthening alternatives in flexure

Table 45. Cost for alternatives with laminates.

Name Efg  Equr Uy n gy Cost/m  Total cost
[GPa] [%] [mm] [-] [mm] [SEK] [SEK]
StoFRP Plate E 100 C 150 1.2 1.4 2 7450 927 13800
StoFRP Plate E 120 C 150 1.2 1.4 2 7430 1171 17400
StoFRP Plate E 150 C 150 1.2 1.4 1 7130 1683 12000
StoFRP Plate S 100 C 163 1.6 1.4 2 7460 1187 17700
StoFRP Plate S 120 C 163 1.6 1.4 1 7180 1398 10000
StoFRP Plate S 150 C 163 1.6 1.4 1 7160 1683 12000
StoFRP Plate IM 80 C 200 0.8 1.4 2 7550 1267 19100
StoFRP Plate IM 100 C 200 0.8 1.4 2 7550 1566 23700
StoFRP Plate IM 120 C 200 0.8 1.4 1 7270 1880 13700
StoFRP Plate IM 150 C 200 0.8 1.4 1 7250 2313 16800
StoFRP Plate M 80 C 245 0.8 1.4 2 7630 2052 31300
StoFRP Plate M 100 C 245 0.8 1.4 1 7350 2565 18900
StoFRP Plate M 120 C 245 0.8 1.4 1 7350 2954 21700
StoFRP Plate M 150 C 245 0.8 1.4 1 7340 3721 27300
Table 46. Costs for alternatives with sheets.
Name Efg  Epue Uy n lg, Cost/m Total cost
[GPa] [%] [mm] [-] [mm] [SEK)] [SEK]
StoFRPSheet S 300 C 200 240 1.7 0.11 2 6830 697 12 400
StoFRPSheet S 300 C 300 240 1.7 0.17 1 6750 882 7 800
StoFRP Sheet IMS S300C 300 290 19 0.17 1 6810 1320 11 700
StoFRPSheet M 300 C 200 395 1.2 0.11 1 6770 2016 17 800
StoFRPSheet M 300 C 300 395 1.2 017 1 6920 2871 25800
Table 47. Costs for alternatives with NSMR.
Name Egq Efuk ty n Lerp Cost/m Total cost
[GPa] [%] [mm] [-] [mm] [SEK] [SEK]

StoFRP Bar M 10 C 245 0.8 10 1 5930 1937 11500




Appendix 8 Costs for strengthening alternatives in shear

Table 48. Strengthening alternative in shear withibres in 90°.

Name E d Efuk tf r n Sheets Cost Total cost
[GPa] [%] [mm] [mm] [-] /m /m [SEK]
[SEK]

200 5 2.00 334 6035

400 7 1.50 334 6337

200 3 2.00 422 4575

400 5 1.50 422 5719

200 2 2.00 632 4568

400 3 1.50 632 5139

200 4 2.00 964 13936

400 7 1.50 964 18290

200 3 2.00 1373 14886

400 5 1.50 1373 18608




