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ABSTRACT

The application of Fibre Reinforced Polymer (FRP) reinforcements in structural concrete, particu-
larly for retrofitting purposes, has been steadily increasing. Due to their exckitability proper-

ties, FRP reinforcement is particularly suited for environmentally exposed structures. However, the
mechanical properties oRP reinforcement in compressiand the resulting behaviour of concrete
members reinforced with FRP in compiiess remain unresolved.

This thesis develops an experimental method for the determination of the compressive strength and
elastic modulus of FRP reinforcement. Using this method, experimental investigations are con-
ducted to characterise the shtatm compessive properties of FRP reinforcement bars. Addition-

ally, the longterm interaction between FRP reinforcement and concrete under sustained compres-
sive loading is explored experimentally. A comprehensive parameter study, employing a nonlinear
method, exaines the loatbearing and deformation behaviour of slender concrete members rein-
forced with FRP in compression. Based on these results, a practical model for the determination of
secondorder deflections is proposed that accounts for-kengn material prperties. Finally, relia-

bility analyses of FRP reinforced concrete members in casjome are performed, leading to
recommendations for partial safety factors regarding FRP compressive strength and elastic modulus.

ZUSAMMENFASSUNG

Der Einsatz von Bewehrurayis Faserverbundkunststoffen (FVK) im konstruktiven Betonbau, ins-
besondere im Bereich der Bauwerksinstandsetzung, nimmt stetig zu. Aufgrund der vorteilhaften
Dauehaftigkeitseigenschaften eignet sich FBewehrungoesonders fur den Einsatz in stark um-
weltexponierten Bauwerken. Ungeklart ist derzeit die Frage nach den mechaniscimsclizgen
derartiger Bewehrungnter Druckbeanspruchung sowie das daraus resultierende Verhalten druck-
beanspruchteBetonbauteilenit FVK-Bewehrung.

Die vorliegende Arbeit bekst &£h mit der Entwicklung eines geeigneten Verfahrens zur experi-
mentellen Bestimmung der Druckfestigkeit und des Elastizitatsmoduls vorBevi€hrung. Ba-
sierend auf diesem Prifverfahren werdsxperimentdbe Untersuchungen zur Bestimmuiagr
Materialegenschaftenstabférmiger FVKBewehrung unterkurzzeitiger Druckbeanspruchung
durchgefuhrtDartber hinaus wird in einem grof3 angelegten Versuchsprogramm die Interaktion der
Langzeiteigenschaften von Beton und FBwehrung unter Druckbeanspruchung expentelé
untersuchtMithilfe eines nichtlinearen Berechnungsverfahrens wird anschlie3end eine umfangrei-
che Parameterstudie zum T+agd Verformungsverhalten schlamietondruckgliedern mit FVK
Bewehrung durchgefuhrt. Aufbauend auf den Berechnungsergebnrvaskein praxistaugliches
Modell zur Bestimmung von Verformungen nach Theorie zweiter Ordnatey Berlcksichtigung

der langzeitigen Materialeigenschaften vorgeschlagen. Untersuchungen zur Zuverlassigkeit von
FVK-bewehrten Betonbauteilen unter Drucklbg@mchungresultieren ingeeigneta Teilsicher-
heitsbeiwerta fur die Druckfestigkeit sowie den Elastizitatsmodul der FB&wehrung.
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Introduction

1 INTRODUCTION

1.1 Motivation

Given the challenges mankind faces with regard to climate change, the European Union (EU)
and the United NationdJN) havesetambitiousgoals for the reduction of carbon dioxide (O
emissios and a moe sustainable handling of resoesovia the European Green DEdland the

UN Goals for the 2023 Agend@]. In this contextthe concrete construction industhas a
particularresponsibility,as6-8 % of the globalgreenhouse gas emissions are emittectdor

crete and cenm¢ production3]. In addition to the emission ehvironmentallyharmful carbon
dioxide, the scarcity of resources for construction purpigsgsnajor concerf#, 5]. According

to the European Commissi@@], the building and construction sector demand&®b6f all ex-

tracted resources and generate&a5f all waste in the EU.

Therefore, severapproaches to tackle thBoeementioned challenges have been developed and
partly established in concrete construction industhe developmenof limestone powdef7]

or calcined clay$3] as substitutes for conventional &tdtensivePortland cementepresents a
promisingpossibilityto reduceCO, emissionsAlso, geopolymer concretepreserda potential
opportunity to reduce theonsumptiorof Portland cement, by introducing polymerisatioraas
novelcuring process for concref®]. Besides the use of C@educed source nerials,there-
cycling of concreteor concrete aggregateas been implemented in construction practice, rep-

resenting a seriousptionto save resourcg$0].

Given the poor condition of a large part of German infrastregiik], thedegradation of built
structures due to exposure to environmental impacts such as catioonideicing salts, acids

or marine environment i@ major problemThereforg innovative reinforcement based on fibre
reinforced polymers (FRP) represeatpromising alternative to ngentionalreinforcing steel

due toits advantageous durability prauties[12]. In addition, FRP show performant mechanical
propertieshat enablethe construction of slender anesourceefficient structure$12]. Nowa-
days,in particularthe high tensile strength of FRP applications is being addressed with regard

to efficient member design.

However, die to a lack of reliable information and urgtanding with regard to the FRP material
properties in compressiocurrentlyno such consideration of FRP reinforcement is permitted by
leading standas{12i 14].
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1.2 Aimsof the study

Consequently, theverallobjectiveof thisthesisis to understand the material behaviour of FRP
reinforcement ircompression and iffect on the loaebearing and deformation behaviour of
suchreinforcedconcretg(RC) members. To achieve this goal, the following research questions

are posed:

1. What is the range of values for the material properties of FRP reinforcement in compression

and how can the relevant material propertiesdmeuratelydetermined experimentally?

2. How sensitive is the loadearing capacity of FRP RC members to the newly formulated

mechanical properties of FRP reinforcement in compression?

3. To what extetdo longtermeffects influence the material behaviour of FRP reinforcement

and the loaebearingbehaviourof FRPRC members in compression?

4. How does the material behaviourtbke FRP reinforcement in (lorterm) compression in-

fluence the loadbearing and deflection bekiiour of slender FRP RC columns?

5. How can theresearchfindingsof this thesis be integrated intn existing standardisation

framework, including reliability considerations?

In order to answer these questions, this thesis is divided into several cheptiarscribeth the

following.

1.3 Outline of the thesis
The key research questions introduced above are addresBatlicatiors | to IV, which are

integrated ito the context ofhis thesisas illustrated irFigure1-1.

A reviewof theSate of the ar{Chapter2) on FRP reinforced concrete structures in compression
servesas an introduction tthe topic.The general advantages, opportunities and existing practi-
cal applications of FRP irdorcement are presented wittferencdo sustainability inhedesign

of concrete structureé subsequent compilation of tleeucialinformation on FRP reinforce-
ment in civil engineering as well as amerview of existing engineering approachies steel
reinforced concretthatneed to be undestd in order to followthis thesisjs provided. Chap-
ter 2 concludeswith background informatioof relevant methodfor statisticalanalysisand re-

liability consideratios thatwill be applied in the scope of this thesis.

Chapter3 (Publication ) presentexperimental resultBom an investigation of the FRP com-

pressive strength argiastic modulus based oan extensse test program. The elaboration &f
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reasonald test setupthe experimentaresultsandthe correspoding statistical investigations
give importantinsidesinto the compressive material behaviour of FRP pralide essential

informationfor the subsequeihapters of this thesis

The congileratiors in Chapter4 (Publication 1) adopt the resultsf Chapter3 to highlight the
sensitivity of FRP reinforced concrete memblerthenewly determinedmaterial propertiesf
the FRP reinforement in compression. These investigations cacobsideredas preparatory

measures for theeliability investigationsn section8.3.

The investigation of longerm effects on the loallearing behaviour of FRP reinforced crete
members in compressiona$ significant importancéor the total servicdife of such reinforced
structures.Therefore experimental results on the compressive creep behavioglasd fibre
reinforced polymerGFRB reinforcement bars are presentedChapter5 (Publication 1lI). In
addition,the influence ofsSFRP compressive creep on the lgadistribution behaviour &3FRP
RC specimengs addressed within an extensive experimental campkgigally, the investiga-
tionsresult inan engineering model for the analytical determinatibstress redistribution in

FRP reinforced concrete members due to creep and shrinkage

Chapter6 (Publication 1\) contains the elaboration af analyticalmodelfor the determination
of seconebrder effects in slender FRP RC columns. Based on the experimental s€8liegp-
ters 3and5, the shorterm and longerm material behaviour of FRBinforcementsadequately

addressed withithe proposednodel.

A concluding discussion of the results fré&@haptes 3 to 6 roundsoff the scientific output of

this thesis inChapter?. Finally, practical recommendations for testing FRP reinforcement in
compressiorandthe derivation of partial safety factors to consider safety aspects are addressed
to prepardhe results for standardisatiom Chaptei8. In addition,this chapteincludes an ex-
tension of the model proposals frddhmapter6 to alternative geometrie€hapter9 concludes

themainresultsof this thesis and gives an outlook for further researthis context.
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2 STATE OF THE ART

2.1 Potentials of FRP reinforcementn concrete structures

The major rason for damage of steel reinforced concrete structures is corrosion of the steel
reinforcementln general the alkaline environment of the concretgth pH valuesof 12.5 to
13.5[1], protects the raforcing steel from corrosion byjjleans ofa passivation layeAtmos-

pheric carbon dioxide (C4) which penetrates the concrete cowegr time lowers the pH value

of the concrete and leads dgprogresse destruction of the passivation layer around the rein-
forcing steel. As a result, oxidation of the iron in the steel reinforcepnedticesron hydroxide

with significantly reduced mechanical properties. Due to a larger volume of this reaction product,
spalling of the concrete covefi@ure2-1) occurs, leading to a direct exposure of the reinforcing
steel and eventually to failure of the structure. To prevent this from happstaindardsggecify
minimum concré&e coves of several centimetress a function of thenvironmentalexposure

such as carbonationhlorides or marine environmej].

Figure2-1:  Corrosion of steel reinfoesment and corresponding spalling of the concrete cover

In the past years, fibre reinforced polymer (FRP) reinforcement has been established as serious
alternative to conventional reinforcing steel in concrete constru&imong othersHales et al.

[3] highlight the demand for innovative solutions to counteract the grddtezioratiorof build-

ings due to corrosioaf the steel reinforcemenfbdelazim et al[4] demonstrate the potential

of FRP reinforcement with regard to improved durability properties by referring to lilli¢tn

dollar damage cost® structural buildings in the USA and Canadae et al.[5] point out the

excellent corrosion resistance of FRP reinforcement barsaling a great potential of FRP RC
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structures against environmental impactshsag decing salts or marine environmeieitz et
al. [6, 7] proposehe use of GFRP reinforcement bars as an alternatisteel reinforcement in

concrete bridge construction

According to Seifert and Liebold8], the servicdife of concrete structures reinforced with car-
bon fibre reinforced polymers (CFRP) can reach up to 200 ykearexceeding a period of
50years which is referred to as ttesign service life of conventionally steel reinforced struc-
tureg[9]. For existing buildings thavould otherwise belestined for demolition, retrofitting with

FRP applications represents an efficient way to extend the life of such strut@irk3], with
significant potential in terms of resource scarcity and impact on global warming potential (GWP)
[8, 11].

The highperformant material properties and the reducedcrete coverequirementg8, 10]
enablethe design of very slender and architecturally attractive strudil®gsct. Figure2-2 (i).

As a result, FRIRC hasthe potential to reduce the resource consumption of reinforced concrete
structures by 780 % [8, 13] as exemplary shown by the slender beantsgare2-2 (ii). This
results in economic advantagashe transpo#tion of precast concrete elements made of FRP
reinforced concretfl1]. Furthermore, lightweight structures allow for the installation of com-
plete structures such as pedestrian bridge&-igure2-2 (iii)) . Due to the lightveight of such
structuressmaller foundations are required, resulting in less envirorathgmvasiveground

operations ademonstratetdy Lowiner and Kuratljl4].

However, due to the high camtd high carbon footprint of CFRi®particular Stoiber et al[11],
among others, recommend thgeof FRP reinforced concrete mainly fstructureswith high
environmentakxposure In addition,multiple authors[11, 15] state that the application of FRP
reinforcement in flexural members is only economicedigsonableif the high strength of &

FRP can beroperlyutilised. Due to thegenerally lowerelastic modulusf the FRP reinforce-
ment compared to steel glaxial stiffness of the reinforcement is reduced and deformations are
often critical in the design of FRP reinforced concrete menjthétsTo counteracthis, several
researcherBaveconducted experimental studies on prestressing FRP reinforced str{tfjres
17]. A high-potential appliation of CFRP reinforced concrete was introduced by Kurath et al.
[18], who usectarbon fibrerovingsto prestress thin concrete panels made of high strength con-

crete(CPC = carbon prestressed concreté)Figure2-2 (iv).
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(iii) | (iv)
Figure2-2:  Potentials of FRP reinforced concréf@m top left to bottom right)i) Architectural structuresuch
as thefiCUBEO in Dresden[19]; (ii) Lightweightbeamsf or a s p d9. Grandsche@in r e i
DresderPlauen (iii) Installation of whole bridge structuresAlbstadtEbingen20] and (iv)Carbon
prestressed concrete (CH)]

Each of the examplesboveinvolves structures subjectedliendingwith a corresponding ap-
plication of the FRP reinforcement in tensilowever for practical reasons, largeproportion

of bending structurearereinforced with continous longitudinal reinforcement both the top

and bottom edge of the cresaction. This applies in particular for multi speabs which are
standard in mnystructuresDue to the existence bending momeistwith positiveandnegative

values thecontinuous=RPreinforcements partlylocated in thecompressiorzone of the flex-

ural memberTherefore it is important to understand the material behaviouhefFRP rein-
forcement in compression in orderdonsider the contribution of the FRP reinforcentecated

in the compression zone to the moment resistance for an efficient design. On the other hand, it

is necessary to eliminate any potential risk of keséng the crossection by introducing FRP
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reinforcement unable to withstand compressive stress, as found by Bochmanj22i fak.
CFRP grids.

However the need for increased durability does not only exist forlmeesrsulgcted to bending.

In particular, for structures exposed to high levels of environmental inguett,adiaphragm

walls (Figure2-3 (i)), walls for sewage treatment plants (ii) or bridge piers tii¢use of FRP
reinforcement can generally lead to a significant increase in service life, regardless of the me-
chanicalproperties Consequently, there is a high potential for a more efficient design of such
structures, if the material propertieSFRPin compressionan be properly understood and in-

tegrated intovariousmodels forthe design oFRP RC structures.

(ii)

(iv)

Figure2-3: Application of FRP reinforcement in comgsive members (from top left to bottom right): (i) Dia-
phragm walls; (ii)Walls for sewage treatment plants; (iii) Retrofitting of bridge piers; (iv) Slab,
punch and column reinforcement in a laboratory build&g]; (v) and (vi) FRP reinforcement in
columns for thermal separatif24]

(vi)

In addition toits favourabledurability properties, FRP exhibit advantages in terms of their phys-
ical characteristicsDue toits norntelectromagnetic conductivity, glass fibre reinforced polymer

(GFRP) reinforcemens increasingly used in applidabs where sensitive measurieguipment

10
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could be disturbedrhis applies in particulaio hospital buildings with rooms fanagnetic res-
onance imagingMRI), laboratory buildings, fusion reactors or foundation structures for elec-
tromagnetically controlledailways[25]. The slab, punching shear and column reinforcement
made of GFRP of such a laboratory building is showRigure 2-3 (iv). In addition to that,
GFRP reinforcement iessheatconductivethan steelmaking it useful for connecting exterior
memberdo internal loadbearing structuredn particularwith regard toconnecting exterior fa-

cade elements tlmadbearing structures or connection between basement columns to storeys
above FRP connectorsan serve toeducethermal bridgescf. Figure2-3 (v) and (vi)

2.2 Fibre reinforced polymer (FRP) reinforcement
2.2.1Introduction

The first applications of continuous fibres in civil engineenvere docunented by the Japan
Society of Civil Engineers in 19826]. Since then, thaseof FRP products in civil engineering
has graduallyncreasd. FRP consist of fibredat can be producdtbm alternative source ma-
terials (eg. carbon, glass, basalt) and a polymer matrix that coats the ditdesnables stress
redistribution between the fibres. In additidrnprotects them from environmentaipactssuch
as acids, akkine environment, humidityJV radiation transversestresseand mechanical abra-
sion[267 28].

Glass fibres are made frommixture of silica sand, limestone, kaolin, dolomite, fluorspar and
boric acid[27, 28] Basaltfibres are made from basalt stoj2&], which is widely available
worldwide. In addition, zirconium silicate can be added to the mixture in order to improve the
durablity of the basalt fibres to alkaline corrosifi29]. Polyacrybnitrile (PAN), a synthetic raw
material, is the most commonly ugackcursoifor the production of carbon fibr¢26].

Regarding the polymer matrices, there are generally tifereint types: (i) thermosetand (ii)
thermoplats[26]. Both types ofesins arenadefrom polymes or polymer precursor materials,
additives and chemically reactive compondB8. Thermosets are characterised by grom-
lecularbondsyesulting inhigh strength and stiffness valugsgh good durability propertiel27].
Furthermore, thdéiquid properties allowthe production of FRP reinforcement with high fibre
volume contentwhich has gositive effect on the mechanical properties of the FRI®nse-
quently, thermosets such as epdgky) polyester(PE) or vinyl ester(VE) are the most ao-
monly used polymer matricésr civil engineeringpurposesThemaindisadvantagef thermo-
sets is their poor recyclability due to their inability to melt once c@edversely, thermoplastic

11
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polymer matrices are deformablehen reheatedeven after log periodsin the samehapg26].

This makes thermoplasts interesting f&Hrapplications in terms of product reuse and recycling.
However, thermoplasts such pslyether ether ketone (PEEK), polyphenylene sulphide (PPS)
or polysulfone (PSUL) are difficult to process due to their high viscf&ifyandhavetherefore

not beenwidely usedfor an applicatiorof FRP reinforcemenh concrete structurg81].
2.2.2 Application of FRP productsin concrete engineering

Nowadays therare several products based on FRP for use in concrete construction, some of
which are shown irfrigure 2-4. Besides the application of FRP as longitudinal reinforcement
bars (i) or grids (ii), shear reinforcemenistg as hoopand stirrupsFRP spirals (iii) represent

a useful product for the enhancement of the ductility properties of concrete columns with circular
crosssection. In addition tanternalreinforcementFRP hasalsoestablished as connector be-
tween he inner and outer shell of facad®msd as external tendon$or bridge structures(iv).
Besides the application of FRP products in new buildings, retrofitting of busiinthe aid of

FRP products is considered ayeelevant field of applicatiarThe wse of external FRP sheets

(v) to enhance the loddearingcapacityand ductility of concrete columnisroughconfinement

of the concrete hdmeenestablished asneffective measurr retrofitting buildings particularly

in earthquake prone aref@2]. FRP grids combined with thin mortar layers (vi) can also be used

to retrofit buildings subjected to increasedds due to alternative use or to repair cracks.

12
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(Vi)
Figure2-4: FRP reinforcement productom top left to bottom right)(i) FRP reinforcement barsij)(FRP reinforcement

grids; (iii) FRP spiral reinforcemen83]; (iv) ExternalCFRP tendons for bridggpplicationd34]; (v) Retrofitting
concrete columns with FRP shef85] and(vi) FRP grids for retrofitting of existing concrete sh¢l6]

2.2.3 Production and surface preparationof FRP reinforcement

Glass fibres are produced by melting the respestivecematerialysection2.2.1) in a furnace

The resultingriscous mixture isefined and then extrudédrough small jetfrom the forehearth

of the furnacg27]. As the mixture solidifieatambient temperaturd,is drawnat high speetb
obtain its fibbuscharater.Simultaneous impregnation of the fibres improves the bonding prop-
erties with the polymer matriSubsequent winding onto coils serves to transport the fibres
further processingDifferent glass fibretypes can be produced depending on the raw materials
used For civil engineering applications, alkali resistant (AR) and electrical corrosion resistant
(ECR) glass fibresepresent the most relevant fibre typ@asalt fibres are producéuthe same
way asglass fibre429], regardless of the ffierent source material§o producecarbon fibres,

the precursor(PAN), which is already present in fibus form, is processed in four steps:

(i) oxidation, (ii)carbonisation, (iiigraphitisation and (ivpreparation of the fibre surface.
Within these teps the PAN fibreareexposedo different temperatures and gases, depending
on the desired strength and stiffness propedii¢ise carbon fibrg27]. As with glass and basalt

fibres, the carbon fibres are wound onto coils for further processing.

13
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These fibres are then used as precursors in the manufacturing of FRP products. Fibres from mul-
tiple coils are bundled into a atrd, which is drawn through a bath containing the polymer matrix

in its liquid phase. In this state, the fibre strand containing the liquid polymer matrix can be
fabricated to any desired geometry and surface tej@dr@8] Thepolymermatrix isthen cured

at high temperaturdn this way it is possible to produce a variety of reinforcement bars and
rovings for FRP grids with different diameters and surface finishes. The latter in particular is of
great importance fothe bond mechanismsnd the corresponding crae and deflection be-
haviour of FRP RC members.

For this reasordifferentsurface texireshave beerstablished, of which tifeur most relevant

are presentedh Figure 2-5. A grooved surface (i¢losely resemblethe surface conditions of
conventional steel reinforcemethie to the resulting braekgeometry The gplication of a ten-
sioned (ii) or untensioned strand (iduring the curing of the polymer matralsoresults ina
bracketlike surface geometrgurface preparation by sand coating ($gtechniquehatresults

in afriction-controled bond behaviourSand coating can also be combined with other surface

preparation technigues to improve bond performance.

(i) ‘ ‘ grooved
(i) '/’/’/’/’/’/’/ / helically wrapped (tensioned strand)
(iii) U /j helically wrapped (untensioned strant

sand coated

(iv)
Figure 2-5: Different FRP surface geometrigadapted fronEl Ghadioui[16], with extensions)

2.2.4FRP material behaviour

As mentioned above, within the FRP, the fibres mainly serve to carry the loads in the longitudinal
direction of theFRP, while the polymer matrix allows stress redistribution between the fibres.
Consequently, the FR&astic modulugrrpis preliminary governed by thedastic modulusf

the fibresks, as shown by the mixture rulEg. 2-1) [26]. In addition,the fibre volume content

Vs, which ranges between 40 and%%37, 38]for applications in concrete engineering practice,

is crucial for the estimation of the FRIPastic modulusThe elastic moduluf the polymer

matrix Em takes asecondary functiom this catext.

14
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Ere=V; & (& V) E Eq.2-1

The stresstrain behaviour of FRP is known to be linear elastic in tepsisshown irFigure

2-6. Tensile rupteeis initiated by failure ofndividual fibres, followed by a progressive failure

of the entire crossection Depending on the bond properties betwiéeiibres andhepolymer
matrix, thefailure of single fibres can be absorbed by a redistributidheoétresses to adjacent
fibresthroughthe polymer matrix39]. However, this mechanism does not prevbatFRP from
failing in a brittle mannefThis linear elastic material behaviour up to failure represents the most
significant difference to the stress stre@hationshipof reinforcing steel, which is characterised

by a distinct yieldoehaviouras shownn Figure2-6.

Carbon fibre reinforced polymers (CFRature the most performant mechanical propenties
tensionwith tensile strength valuganging between 6003,690N/mm?2[16, 26, 40] followed

by basalt fibre reinforced polym&(BFRP) (1,0001 1,700N/mm? [29] and glass fibre rein-
forced polymersGFRP) (4507 1,600N/mm3 [26, 41] The sam@rdercan be observefdr the
elastic moduli (CFRP: 100,000 580,000N/mm?; BFRP: 56,5001 67,700N/mm2 GFRP:
35,0001 60,000N/mm?)[16]. Note that the material properties of GFRP and BFRP can be as-
sumed tarange in thesameorder ofmagnitudeand are thus presented as one grapgfigare

2-6.

Co
| -
>

CFRP

GFRP / BFRP

Reinforcingsteel

X Failure

»
»

o

U

Figure2-6: Material behaviour oflifferent types ofFRPin tensionin comparsonto reinfacing steel

Due to the longitudinally oriented fibres, the material properties of FRP are highly anisotropic.

According to[28], the transverse stiféss of FRRvith anepoxy polymer matrix range fro®%
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(CFRB to 32% (GFRB of the stiffness in the longitudinal directiorhe transversal to longitu-
dinal strength ratio ranges in a comparable order of magnitude, revialisgersal strength
values ofapprox. 5 10 % of the longitudinal direction as a function of the material properties

of the polymer matrix27].
Testing FRP tensile strength

The determination of the mechanical properties of FRP reinforcement bars in tespietified

in ASTM D7205/D7205M06 [42] andthe DAfStb (German Committee for Reinforced Con-
crete) guidelines for FRP RC structufé8]. Due to the susceptibility of the FRP to transeers
stresses, the tensile force is applied to the test specimen via stegchtubleswn irFigure2-7.
The FRP test specimeis fixed centricallyinto thesesteeltubes at both ends of the specimen.
The tubes are then filled with a resin or adhesive grout. In order to exmbadéailure inside
the tubethe minimum tube diameter and lendtrare predefineth ASTM D7205/D7205M06
[42] as a function of theested=RP material (GFRP or CFRP)dithe bar diameter.

Due to the brittldailure behaviour ofFRPin tension thetestspecimen lacks theapability of
internalload transferConsequently, the test specimen represents a series system that fails as
soon as its weakest link failds a resit, the failure probability increases with the number of
elements within theeriessystem. This effect is known as the statistical size effect and has been
transferred from Weibu[44] to the design of FRP RC structures by Renu®]. Note that the
theoretical number of serial elements can be referred to as the free tegjthgolethe FRP
tensile specimefR7]. As a result, the free testing lendth:plays a crucial role for &ing the

FRP tensile strengttccording toASTM D7205/D7205M06 [42], the minimum free testing
length between the anchorage points is definednagximum of 38dnm and 40 times the bar
diameter. Conversely, the DAfStb guidelines for FRP RC strucpaBspecifythe minimum

free testing lagth as thenaximumof 380mm and 20 times the bar diameter.

Adhesiveepoxy/ grout FRPreinforcemenbar Steeltube
l a ltest Ia

Figure2-7: Testspecimen foFRP reinforcement in tension accordind4@] and[43]
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FRP subjected to longterm tensile loadingand environmental exposure

With regard to the totalesvicelife of a structurethe long-term material behaviour of its com-
ponentsmudg be consideredWhile reinforcing fbres are generally not subjeot creep, most
polymer matrices exhibit significant creep, when subjectestistainedensileloading[46, 47]

As long as theustainedensile stress does not exceaxkgainendurance limit, creep strains do
not have a negative effect dhe FRPtensile strength, but only result in an increase in longitu-
dinal strains that follow a logarithmic cureggertime[26]. However, if theappliedloadexceeds
this endurance limitthe tensilestresses lead to a gradual destruction of the FRP, ualignt
resulting increep rupturg26, 48] The levéof the endurance limit varies strongas a function

of the fibre volume content and the fibre tyf6]. This reduction in tensile strength is enlarged
by thesimultaneous exposure of the FRP to varemgronmentatonditions such as high tem-
perature, humidity or alkaline environmdd®]. The @mbination of longerm loading with
such environmental impacts results isignificantreductionof the shorterm tensile strength

of the FRP, as shown by WeljdB] among others.

ACI 440.1R15[40] proposeseparate reductidiactors topreventcreep rupture antd account

for environmentakffectson the tensile strengthWVhile reduction factors of between 0.20 for
GFRP and 0.55 for CFRP are recommendepréventthe FRP froncreep rupture, the corre-
sponding reduction factors to account for environmental effects are be@afeto 0.80 for
GFRP and®.90 and 1.0 for CFRR depending on the exposure situatiSimilar specifications
can be found in CNBT2003/200450]. Here, a product approach, consisting of one factor for
the longterm loading and another factor for the consideration of humidity is propbseend-

ing on thefibre and polymer matrirombinationyeduction factorsanging between 0.24 (GFRP
exposedo humidity) and 0.90 (CFR&xposed to hurdity) are recommended. However, leng
term loading at simultaneous environmental exposeesns more appropriate due to the signif-
icant influence of the exgsition to the enduraedimit. EI Ghadioui[16] recommends a value
of Uhmt=0.90 for CFRP reinforcement, following Spelter et[al] who carried outong-term
tensile tests on CFRP reinforcement embedded in concrete with simultaneous exposure to high
temperatures (40 and 60°C) and waRempel[45] recommendseduction factors of 0.60 for
GFRPmade of AR glass fiesand reports values from the literature ranging betweenah8
1.00 for CFRPThe DAfStb guidelines for FRP RC structufBg] refrainfrom providing fixed

reduction factors due toethigh availability of pasible fibre and polymer matrix combinations.
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Alternatively, a detailed procedure for the detemtion of such factors is give@urbach et al.

[53] also highlight ongoing research on this topic.
Design values of tensile strength

To meet the reliability requirementd Eurocode0 [54], the DAfStb guidelines for FRP RC
structure$52] propose the following procedure for determining a design value of the FRP tensile
strengthfiy. First, the shortterm meariensile strengtitm has to be determined on a minimum of
five valid test specimend/aterial scatter isaken into accouny definingthe 5% fractile as
thecharacteristic valutx (Eq. 2-2). The coefficienk, canbe determinedtfom Eurocode0 [54],

Table D.1 while the coefficient of variatioflCoW) must be taken from the experimental sample

In addition tothe material scatter, the statistical size effédt as mentioned abovetaken into
accountoy a factorlky = 0.85according taRempel[45]. On the one handhis factor consider

the conversion of the testing length in ttestsetup to the actual length of the tensioned FRP
reinforcement bar in the flexural mempasdiscussed abové©n the other hand, for flexural

FRP RC memberiling due to tensileuptureof the FRP reinforcementhe loadbearing ca-
pacity is directly proportional to the tensile strength of the internal FRP reinforcement bars. Due
to the brittlefailure behaviour of the FRP reinforcement bars, an FRP RC member containing a
particularnumber of FRP specimens representemessystem as well. In order to tackle the

resultingweakestink effects, = 0.85 must be considered.

fao = fin CD ks COQ) Aoy Eq.2-2

The characteristic value of the FRP tensile strefigtiom Eq. 2-2 is then multiplied wih a
factor Chmy, to account for longerm loadingand environmental effectas discussed abovei-
nally, thedivision by apartial safety factooerp = 1.30 serves to satisfy reliabilitgquirements

and gives the design value of the FRP tensile gtidp.

fa = @ ol Eq.2-3
Grp i
Note thatin [52] orre,= 1.30 is limited to tensile failure efonprestresse@RP reinforcement
and does nothiclude shear failure mechanisms. However Hi¢sbhshowed thaberp 1= 1.30
alsoserves to satisfy the reliability requirements for prestressed FRP reinforced concrete mem-

bers subjected to pure bendinghe ultimate limit state
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FRP material behaviour in compression

Despite the extensive research into the tema#terial behaviour of FRP and its implementation

in standards, there is still no consensus between different researchers with regard to the material
behaviouin compressionConsequentlyleading international standards in concrete engineering

do not alow the consideration of FRP réamcement in compression due to limited experience

on this topid40, 55] Considering the various applications of FRP reinforcement in compression
members Figure2-3), there is a high potential farmore effcient design of such structures if
theFRP material behavioum compressioman be properly understood and theretmaresidered

within corresponding engineering models.

The material behaviour of FRIR compression has long been studied in the contexthefr o
industriesThereforetheexisting failure modes, namely: (i) longitudinal splitting, (ii) shear crip-
pling and (iif) compressive failure are known to occur for various combinations of fibres and
polymer matrice$56]. It is also known that the compressive strergygmificantly depends on

the slenderness of the testgmbcimendue to thgoronouncednisotropicnaterial behaviour of

FRP and correspoimy norruniformly distributed stressg$7]. Several researchers have at-
tempted to formulate models for the analytical determination of the FRP compressive strength
[58]. Howeverthemajority ofthesemodels lack angngineering relevance #eey requirevery
specificmaterial propertiegvhich areoften unavailable or difficult to determifg9]. With re-

gard to the deformation behaur of FRP in compression, thasic literature does not distin-
guish between comprasgs and tensé elasticmoduli of the fibreq27, 28, 60, 61]Nevertheless,
several researchers in concrete engingetested theslastic modulus of FRP in compression
and found values that significantljffer from the tensile modulu$2, 63] while othersfound

guite good agreemebetweerthe tenge and the compressivaoduli [25, 31, 64] It shall be
notedin this context, that thefe@rementioned researchers used different slenderness ratios and
different load introdation methods to test the specimens in compressnmstly referringto
ASTM D69515:2015[65]. This standargbrovidesguidelines for testinginreinforced plastics

in compressiowvia the end faces of the specim#ihile theapplicationof the testindoadvia

the end faces of the specimen is not problematic in this case, due to the isotropic material behav-
iour of unreinforced plastics, thigpe of loadapplicationcan causeonsiderable problenfer

the highly anisotropicFRP specimensf the load applicatio areas are not prepared carefully

enough. However, there is no consensus amongateusresearchers about how pooperly
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test FRP reinforcement in compression. Thayalso be theeasorwhy a number of researchers

haveobsereda material behavioun compressin which is not linear elast[64].

Besides the shoeterm compressive material behavipthre long-term effects of FRP in com-
pressiorhaveonly been part of amallnumber of studies, investigating the creep behavad

GFRP profies[66i 68]. Thesestudiesshow creep rates of approximately the same magnitude as

in tensionHowever, due to significant differences in fibrewwole content and the material prop-
erties of the fibres and polymer matrices, these results do not allow any conclusions to be drawn
regarding the use of FRP reindement in concrete structures.

2.2.5 Contribution of FRP reinforcement to R-principles in concreteengineering

Speaking about the extension of the service life of reinforced concrete structures, it is important
to consider thenterestof building investors to a conversion of such structures. In such cases,
buildings are now most frequently demolished aeplaced by new structures that meet the in-
vestor 6s r e q alledB-pniaciplesssuch 8 Refuses Reduce, Reumal Recycle

[10] - can help to avoid this wasteful handling of resourE&R reinforcement can serve as an
effective building material to achieve the objectives of these principles, some of which are ad-
dressed below.

With regard to the construction industBefusing to demolish existing structures aReéfusing

to create new ones is undeniably the most sustainable way to manage our built environment.
However, where construction is necessary to ensure the usability of buildings, measures should
be taken toReducegreenhouse gas emissions and the consumption of valuable building re-
sources, for example by retrofitting existing buildings rather than demolishing them. As men-
tioned above, the retrofitting of buildings with FRP applications has already been established as
an effective measur@9]. Especially for infrastructural buildings such as bridg€s 71]or ship
locks[72], FRP reinforcement is beneficialj@ to its advantageous durability properties com-
pared to steel reinforcement. FRP RC has also been investigated for the repair of damage caused

by seismic events, which resulted in model proposals for engineering pfastidd]

However, retrofitting measures reach their limits when a change of use is desiredfimutapa
building. In such cases, different typesR#usaneasures can lead to a highality conversion
of buildings with minimal energy and resource consumption. In this context, the application of

DfD (Design for Deconstructigrprinciples[75] in the design of new buildings reveals effective
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opportunities for the reuse of buids or individual members. Demountable connections be-
tween members are key to a successful DfD and have been studied forcioméxete composite
slabs[76], dry-stack masonr{77] or bolt connections and dry joints for precast concrete struc-
tures[78], among others. A current research project at TU Darmstadt is investigating the load
bearing and deflection behaviour of material efficient slabs madetmfrcarestressed concrete
(CPC) elementsHigure2-2 (iv)). The elaboration of demountable shear connections is a major
object of this project. However, a major part of existing buildings was constructed witlyout an
consideration of DfD principles. Therefore, several research projects study the effectiveness of
deconstruction methods and in particular Reseof individual members from existing build-
ings. Byers et a[.79] collected information from reuse projects around the world. While several
projects address reuse of windows, doors and glass facade elf@0e8ts, the reuse of load

bearing elements is limited to a very small number.

However, in some caséspresent and futuré buildings will have to be partially or entirely
demolished. In such cases, high qudRicyclingof the pure material fractions is the best solu-
tion. Recycling of concrete structures has been the subject of several research projects in recent
years. Todayhowever, a large proportion of demolished concrete material is only downcycled,
resulting in the use of valuable materials in road construction or for backfilling excavations. With
regard to FRP reinforced concrete, recycling is still part of currentroésidd]. Borda et al.

[82] state the urgency of effective measures for recgdirFRP applications due to the expected
growth of CFRP products exceeding several billion US dollars between now and 2028. Several
researcherfl0, 82] highlight the intensive energy demand for recycling CFRP fibres in the py-
rolysis process due to the strong covalent bonds between the fibres and the polymer matrix. In
addition the recyclability of fibres depends on the length of the individual fibre after the demo-
lition process. The longer the residual fibre length, the better it can be recycled for applications
that require continuous fibres, which usually applies for prirsémyctural elements. Zeisberg

[83] recently developed meinforcemenbar based on recycled carbon fibres, which shows re-
duced mechaoal properties compared to conventional CFRP bars, but represents a significant
contribution for the future. However, it is also possible to recycle short fibre residge$ore.

the use in reinforced plastic components in aerospace and automotiveeeing[84] or thermal
insulation productf85]. Current research projects also focus on carbon fibres made from lignin,
which can be produced from wood and is therefore considered rend@@bsy] With regard

to appliation of FRP as reinforcement for concreteadures, research projects are investigating
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the applicability othermoplastic polymer matriceBue to their deformability at high tempera-
tures[31] FRP reinforcement made of thermopiasbatrices care suitable for reuse in appli-
cations of akernative geometrguch as FRP stirrupemanufacturéfrom longitudinalreinforce-
mentbars.In addition, the separation of the fibre and polymer matrix part is easier to process for

thermoplastic matrices compared to thermosets.

2.3 Concrete structureswith FRP reinforcement

Due to the generally different material behavioiFRPcompared to conventional reinforcing

steel, existing design methods for steel reinforced concrete structures need to be reconsidered
with respect to the linear elastic material bebaviof FRP reinforcement.he main difference
between steel and FRP reinforcement is considered to be the missing yield behaviour of FRP
cf. Figure2-6. In addition, steel reinforcemegéenerallyhasa significanty higherelastic mod-

ulus Es=200,000N/mm?2) compared t&RP reinforcementf. section2.2.4 While the effects

of the different material behaviour of FRP and steel have been extensively studied and discussed
for RC membersinderbending and shedwading members subjected to compression have not
been the subject of such studiebeTollowing sections provide a comprehensive presentation

of the existing methods for the design of steel and FRP RC members and therefoas serve

introduction to the investigations of this thesis.
2.3.1Reinforced concretemembersin pure and eccentriccompression

The concentric compressivead-bearingcapacity of steel RC memisecan be calculated as
follows [2]. A concrete andtsel portion of the axial capacitygr, each consisting of the cress
sectional are@d\ (concrete) and\s (steel) and the corresponding compressive strefagton-
crete) and yield strength (steel), represent the twammponent®f the loadbearing capaajt
(Eq.2-4).

N.=A @ A f Eq.2-4

The equation develops issmple charactethroughthe applicatn of the steel yield strength.
The concrete@mpressive strengtlh corresponds to the straé peak compressive strendif
which ranges between 0.18 and 0.285or normal strength concrete (NS{2] (Figure
2-8 (left)). On the other hand, the yield straif steelis known to bell, = 0.25% (Figure
2-8 (right)), exceedindd.. Consequentlythe application of the yielstrengthfy in Eq.2-4 seems
to be unsafeas the crossection exhibits stragsmaller thatdy (41 < Uy = 0.25%) at the peak

compressive capacityfowever, due to concrete creep, it is assumedtikagtrain plane adopts
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significantly larger valuethanUi, exceedinddy [2] and thereforéegitimate the apjitation of
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Figure2-8: Stressstrain behaviour of NSC (left) andinforcing steel (right)

Introducing an eccentricityf the axial loadesultsin a combined axial loa(N) - moment(M)
interaction. As a result, thead-bearingcapacity cannot be calculatedsasmplyas shown irEq.

2-4. An iteration of the strain plane must be carried out while checking the equilibrium conditions
for the axial foce and the corresponding bending mome&nt reasons of simplificatiomor-
malisedvalues forM () andN (3) to the crossectional propertied(@andh) and the concrete

compressive strengtift havebeenestablished in existing engineering models.

M
nmn=———-— -
b7 B Eq.2-5
H:L Eq.2-6
bth © 4

By the aid of the mechanical reinforcement ratie, the relevant concretend steel material
properties for the determination of tbempressive loatiearing capacity of steel RC members

areintegrated into one coefficieft].

A O
Wtoﬁﬂdy

Eq.2-7

The ombination of the normalised ultimate axial loadwith the mechanical reinforcement

ratio ¥t IS given according to Euroco@evia the following equation:
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ng =1+ Eq.2-8

Performing a strain iteration as discussed above, gheM (1)-N (3)-interaction curves as
shownin Figure2-9 (left).

1.2 &3R

Figure2-9: M (1) - N (38)-interaction of steel reinforced members

The graph shown iRigure2-9 is characterised by three discrete points, namelyh¢)oncen-

tric axial capacitysr atp = O; (ii) the balance point at apprga & 0.40 and (iii)the pure bend-

ing capacity a8 = 0. While (i) and i) can be described by the linsitate functions irfcq. 2-4

for concentric axial loadg andEq. 2-15 for pure bendingM-N-interaction must be considered

for the determrmation of thebalance point (iand eachstatebetween point (i) and (iii)The
balance points characterised by the tensile and compressive reinforcement both reaching the
yield strain in tensionl) and in compressionly,). At the same time, thipoint marksthe
maximum bending capacity of the cresection A further increase of the strain in the tensile
reinforcement towards pure bending does not increase the corresponding steetlstréss

yielding of the reinforcing steednd therefore results a reduced bending capacity.
2.3.2 Stressredistribution in steel RC membersin compression

Consideration ofhelong-term material behaviowf the concrete, introdusereep and shrink-
ageeffectsinto the determination of th&resglistribution in reinforced concrete memhetsn-
ventional reinforcing ste@loes not show any timgependent material behaviowhereason-
crete is significantly influenced by its loal@pendent (creep) and leadlependat (shrinkage)

long-term material propertie§l]. Creep can belividedinto a basic creep anddaying creep
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part. Whilebasic creep occurs fromaigangemenof water moleculewvithin thecementmatrix

due to the applied loadrying creep results frowhanges iporemoisture conterdnd is there-

fore significantly influenced by the ambient humidity. For NSC, drying creep can be considered
as thepredominantpart of thecreepprocesg1]. Analogouslyshrinkage can be separated into a
chemicalcomponentwhichis independendf ambient temperatured humidity conditionsand

a drying componentwhich is significantly influenced by the wafdsinder ratio of the conete

and the ambient conditiof$]. Irrespective of the lwkground ofcreep and shrinkagéothef-
fectsresult in an increase of the initial elastic strain of the cond@ztrsequently, the stresses
within the crosssection are transferred to the stiffer steel reinforcenttedgeret al.[88] pre-

sent a methd for the analytical determination of such stress redistribution effects in steel RC
members subjected to compressive loadingrder to prepare fanvestigationson the appli-
cation of FRPreinforced concrete members subjected to t@mmn compressivdoading this

method is presented in the following.

In a first step, concrete creeptaken into accounby reducing the shoterm concreteslastic
modulusEco via the concrete creep rdie(t). As a result, theation (t) of the steetlasticmod-
ulusEs and the concreteasticmodulusEc (t) obtains its timedependent character.

nf)=—= = 5
E()  Eo/(L+/ (1)

This ratio serves to determine the ideasssectional area of the considered mend (t) by

Eq.2-9

thenet crosssectional area of thebncreteAcn, thecrosssectional area of the steel reinforcement
As and the above introduced ratidt).

A=A, () A Eq.2-10

The shmkageinduced stresseductionin the concreteplc cs(t) andthe corresponding increase
int he steel esf)nsfcansiderednaarihe shomkage straln(t) and the time

dependent stiffness distribution.
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_ LA
Ds._(t) = €(t) EO-—( ]
Seeoll) = () E A Eq.2-11
LA . A
D = n(t)-—>— 2
S(t) = &(t) EQgé ® NG ( Eq.2-12

Consequently, the cre@épduced stresportioncan be determinefiom the actingaxial loadNE,
the ideakrosssectional areé; (t) and theslasticmoduli ration (t). To obtain theesulting stress
values in the concrete (t) and in the reinforcing steé (t), the shrinkage induced stress shares

for the concrete and the steel part respectively are added to this value.

— NE
s.(t) = A + Q) Eq.2-13
5.t =n(t) %\% +gR(t) Eq.2-14

With regard to the application of FRP reinforcement to concrete members in compression, the
model introduced above needs to be reconsidered due to thdeperdent materidlehaviour

of the FRP reinforcement itself.
2.3.3 Flexural behaviour of FRP RC members

In engineering practice, RC members subjecteoute axial compression are an exception, as
compressive loads are most frequently accompaniegtbymetrial eccentricities. e applica-

tion of FRP reinforcement in slender concrete structsubgected to compressil@adingintro-

duces secondrder deflections to the problem. As a result, the axial capacity is reduced and the
load-bearing behaviour gradually becomes more simiddsending than to pure compression.
Therefore, a proper introduction to the ldaehring and deflection behaviour of FRP members

in bendingis given below.

Bending at the ultimate limit state

Several researchelsveinvestigated the flexural capigy of FRP reinforced membe[$5, 16,

29]. Similar to conventiond} steel reinforced members, two possible failure modes exist,
namely: (i)failure of the concrete compression zamel (ii) tensile failure of the FRP reorte-
ment.As a result, the difference between the ultimate flexural capacities of FRP RC members
andsteel RC members can be attribusedelyto the material propertied the FRP reinforce-
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ment. Nonlinear calculatiortsy EI Ghadioui et al[16] resulted ingraphcal toolsfor the deter-
mination of the innefeverarmzas a function of thERPultimate tensilestrainG,. From equi-
librium considerationsthe ultimate bending momellz results agollows:

M,=s, 8 zOE=p Oz Eq.2-15
Contraryto the ultimate bending moment of steel RC members, where #ss sirthe reinforc-
ing steel is assumed beequalto the yield strengthy, the tensile stress in the FRP reinforcement
& must be calculated from the product of the FRBticmodulusE: and the straity in the FRP
reinforcementwhich canalsobe deermined from thenonlinear calculations or design tools
mentionedobefore To meet the safety requirements, BRP tensile stres§ is limited to the

design value of the FRP tensile strenfgtlas introduced iftq. 2-3.

Bond and cracking behaviour of FRP RC members

Due to thelarge variety of possible surface conditions of FRInforcement(Figure 2-5), a
generakedformulationof thebond behaviour is not possilEs]. With regard to the bond be-
haviour of conventional steel reinforcemettte to thehigh strength and stiffness values of the
reinforcing steel, which are independent of the load diredbiond failure is always initiated by
shear failure of the concrete brackets.

Converselythe FRPreinforcementassignificantly lower strength and stiffness values in the
transverse directiooompared to steefs a result, failure modexcur, that are not knowwith
conventional steel RC, namely: (i) ptiirough of the FRP reinforcement and (ii) failuretod
FRP reinforcement brackd®6]. In 1995 Consenza et aJ89] investigated the bond behaviour
of FRP reinforcement and formulated a model that has been introduced in Model Code 2010
[90]. They found hat the increasing branch of the beslig-behaviour of FRP reinforcement
was similarto that ofsteel reinforcemenSimilar ob&rvations were made by Hofmaf29] who
foundthat thebondslip-behaviour of sandoated BFRP reinforcemebarswassimilar to that

of conventional steel reinforcemeBiased on an experimental investiga of the bond behav-
iour of CFRP reinforcement bassith different surface shapeSchumann et a[38] found a
generallycomparable bondglip behaviouof CFRP and steekinforcement bars. However, the
authors highlight atronginfluence of the present surfacenditions It is concluded, that CFRP
reinforcement bars with groovedsurface most closelgorrespond to thbehaviour oiconven-
tional steel reinforcement

In 1961, Rehm[91] introduced the differential equation of bond and slip in its general form.

Based on the experimental studmsntioned above, such equations have been calibrated for
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different types of FRP reinforcemeBblving the differential equation of bond and glipesthe
crack distance in FRP reinforced concrete memi@&rasequentlythe crackng pattern ofthe
FRP renforced concrete member is significantly influenced by the bond properties of the respec-
tive FRP reinfocementBased on experimental investigatiokkafmann[29] and El Ghadioui
[16] adoped modelsfor the determiration of crack spacindrom steel RC membern® BFRP

and CFRP RC members subjected to pure ingnd

Deflection behaviour of FRP RC members

The bond andrackingbehaviour of FR RC members subjected to bending has a significant
influence on the resulting deflection behaviour. While a contributf@oncrete tensile stresses
is nottaken into account regarding thiimatelimit state,it can be considereat the servicea-
bility limit state[1]. Therefore, bond mechanisms serv&émsfer stresses from the tensile rein-
forcement to thendamagedaoncrete between the crackaich is referred to as tension stiffen-
ing (TS).As a result, theneanflexural stiffnessover the member lengihcreasesAmong oth-
ers, Quasf92] introduced a moddb account for this effect, which has bedmownto be well
applicableto slender steel RC columns by Heimg®3] and Grziwa[94]. Investigations by
Hiesch[15] and Klein[95] showedthat this method is suitable for considering tiyesionstiff-
ening effects of FRP RC members if the bond degradatiefficient isappropriatelyaccounted

for.

In addition tothe different bond mechanisms of FRP reinforcement compared to steel reinforce-
ment, he reducealasticmodulus of FRP reinforcement compared to steel reinforcement has a
significant effect on the dlection behaviour of such reinfordenembers subjected to bending
[16]. EI Ghadioui[16] foundthatthe methodgrovided by Eurocod® for the determination of
deflections serve well for the recalculation of deflections of FRP RC members subjected to pure
bending, after the FRP material and bond behaviaue beemsufficientlywell implemented in

the modelAmong othersHiesch[15] reports experimental results of GFRP reinforced concrete
members with and without prestressing. A recalculatiometieflections of these tests by the

aid of momentM) - curvature §) curvesshowsgood agreement of the recalculated values with
experimental values from a database contaiaitgal ofn = 102tests.
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Figure2-10: Determination of deflections in RC membersjeabed to bending

As long as the crossection remains uncracked, flexuralstiffness can be calculatedcording

to linear elasticityExceeding the cracking poirdcf, Mcr) leads to a significant decrease in stiff-
ness. Thdurthercourse of theM-a-curve must be derived from an iteration of the strain plane
for theconsidereatrosssection, while effects from TS can be taketo account as previously
discussed and shown by tbalid line in the right parof Figure2-10. Note that due to a gradual
bond degradation, the effects from tension stiffgmeduce towards the ultimate flexural capac-
ity (8u, Mu). By the aid of theM-a-curve eachvalue of the bending moment coutdgx) can be
associated with aexplicit curvature value (x). From the resultingurvature distributiorover

the length ofthe membey the deflection course (x) can be calcatedby double integration

over the lengtlof themember
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2.4 Statistical and reliability considerations

Forthe application of innovative materiatgich as FRP reinforcemantcivil engineering, the
safety requirementsf Eurocoded [54] have tobe met specifyinga reliability index ofb = 3.8
which corresporslito a failure probability ofs = 10° for a reference period of 50 years.

Knowledge of the distribution type of the FRP material properties in compression is required to
determine the characteristic and design values. Based woffi@est high number of experi-
mental results, hypothesis tests can be performed to check the empirical distribution with any
assumed distribution functioAmong others, Kolmogorov and Smirnf86] introducedsucha
hypothesis testHerein, atest statistic is determined as a function of the sample size and the
chosen confidence level, which is then compared with the maximum deviationevhpigcal
samplefrom theassumed distribution function. Based on ttesparison, théypothesis is ac-
cepted or rejected\ccording to[97], for material properties in engineering practice, normal and
lognormal distribution functions provide accurate approximatidar the empirical distribution

of the actual material properties.

Given thetype ofdistributionandthe stochastienoments of théndividual basic variableXr/e,;,
the member resistan&eand the load effects can be describeas follows

R= f( Xy oo X oo %o ) Eq.2-16
E=f(Xgy o Xg o Xe ) Eq.2-17

Consequentlythegeneral form of thémit state function reults from the difference ¢ andE.
R- E Eq.2-18

Figure2-11lillustrates thgoint probability densityfqe) of RandE by contour Ines and the limit
state function in the normal space. The shortest distzteeeerthe mean value dke (MR, HE)
andthe limit state function can lm®nsidereds the safety margin, while the corresponding point
on the limit state function iseferred toasthe design point R4, Eq). Hasofer and Lind98] pro-

posal a method tadetermine this safety margin by transforming the problem to the standard
normal spaceHigure2-11 (right)). The distance between the design pdiijEN)j and the origin

of the standard normal spa@BNENE (0, 0)) isreferred to athe HasofeiLind reliability index

buL. On the other hand, the directionbef is determined by the sensitivity coefficientsRofCk)

andE (Uk). Therefore, the HaferLind method not only allows for an estimation of the safety
level, but also serves as a method to deterthimgensitivity coefficients for any formulation of

the limit state function.
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Figure2-11:  Limit state function and joint probability densfige in the normal space (left) and the standard
normal space (right)

Based on this method, Konig and Hod88) elaborated the simplifiedevelll method, which
has been implemented in Eurocd®4] to determine partial safety factors based on fixed sen-
sitivity coefficientsfor RandE. Thereforea deviation from the target reliability indéxof 0.50

is accepteat a resulting minimum reliability index &fin.
b, = b 050 Eq.2-19

From this tolerance rangie accepted minimum and maximum rabbthe standard deviatio

of E ((e) andR (0r) havebeen derivd based ora reference period aneyear f: = 4.70).
min(s. / §)=0.15 Eq.2-20
max(s. / &)= 3.4¢ Eq.2-21

If the ratio of (ie / 0r) is betweenhese two thresholds, tpplication of fixed sensitivity factors

for R((k = 0.8 andE (Ut =-0.7) is valid. Note that the procedure has been adapted to a reference

period of 50 yearst = 3.80), as specified in Eurocodk As a result, the thresholds adopt the

following values.
min(s./ §)=0.16 Eq.2-22
max(s. / &)= 7.6 Eq.2-23

Based on these fixed sensitivity values the design value of a resistance varabiebe deter-

mineddirectly from the corresponding mean vale.
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X=X, &p az 4 Covf Eq.2-24

2.5 Research Questions

Based on the extensive review of the state of the art on FRP reinforcement in concrete structures

subjected to compression, the five main research questions from se@iare detailed and

assigned to thdifferentpublicationsas specified in sectioh3.

Publication I:

T

How can the FRP material properties in compression be determined expilignahmin-

imum error resulting from the test setup?

1 What is the order of magnitudd the FRP compressive strength agdstic modulus in
compression compared to their tensile counterparts?

1 How dothe fibre material, the fibre volume content and the diameter of the FRP reinforce-
mentbarsinfluence the experimental results on the FRP ceasgve material properties
and the occurring failure modes

1 What is the best distributidimnctionto approximate the FRP compressive material prop-
erties?

Publication II:

1 How sensitive is therosssectional loaebearing capacity of FRP RC members to teely
determined FRP material properties in compression?

1 To what extent dthe FRP mechanical reinforcement ratio and the eccentricitelenflu-
ence the scatter of the cressctional loaebearing capacity of FRP RC members in com-
pression?

Publication 11l :

1 What is the order of magnitude of FRP compressive creep and how can it be compared to
tensile creep, both quantitatively and with respect to the mechanical background?

1 To what extent dodsRP compresive creep interact with concrete creep in terms afsstr
redistribution in FRP RC members subjected to {@rgh compressive loading?

1 Is FRP reinforcement sensitive to effects from {targ preloading with regard to a reduc-

tion of the ultimate loadbearing capacity of FRP RC members in compression?
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Publication 1V:

T

How do thedifferent material properties of FRP reinforcement compared to conventional
steel reinforcement influence the lekearing and deflection behaviour of slender FRP RC
columns?

To what extetdoes the newly determinE&P creefehaviourin tension and compression
influencethe deflection behaviour of slender FRP RC columns?

How can the loatbearing and deformation behaviour of slender FRP RC columns be de-

scribed in an analytical model with a minimum of crucial parameters?

In addition to he research questions addressed in the scope of the four publicateomsjon

guestion remaint beanswered

How can the resultsf this thesis provide a useful output for engineering practice?

Therefore section8 addresss the following three points to prepare the results of this thesis for

an implementation in corresponding standards and guidebegend the practical engineering-

models presented Publicatiors Il andIV:

1 Specification of constant boundary conditidos testingthe FRP compressive material

properties to ensure reproducibility and validity of the test results, regardless péthe
forminginstitution.

Elimination of uncertaintieslue toscatter ofthe FRP material properties in compression
by providingpartial safety factors for the design of such reinforced concrete members.
Extension of thecopeofthe engineering mod#&r the consideration of secotmtder effects

in slender FRP RC columng alternative geometries.
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Abstract

Internationally leading standards currently do not permit to consider the contribution of rein-
forcement made of fibre reinforced polymers
bearing capacity due to a lack of reliablekhoe'd ge r egar di ng FRPO6s mat ¢
pression. Thus, there is a very high demand for carefully specifying an optimised test setup for
FRP bar reinforcement that accounts for both theoretical considerations and established stand-
ards from other idustry branches. This paper presents an extensive literature review on mechan-
ical approaches to describe FRP material properties in compression, existing test setups from
various industry branches as well as experimental studies that have been conductedtm
research the compressive material properties of FRP reinforcement. Based on experimental re-
sults from literature a database was compiled. Following a reasonable choice of a test setup based
on the literature study, an experimental campaign wagp s@ order to investigate the influence

of different fibore materials (carbon, glass, basalt), polymer matrices and bar diameters on the
compressive material properties of FRP reinforcement bars. In addition to the experimental de-
termination of the matel properties, the joint evaluation of the total sample size=085 own
experimental test results and the results from the database generated from literature allows for
statistical investigations. Thus, the determination of material scatter and ithatiest of the
distribution type by means of a statistical analysis applying the Kolmoggmoknov test pro-

vides the basis for further research towards the reliability of concrete structures reinforced with
FRP bars in compression.
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3.1 Introduction

Reinforements based on fibreinforced polymers (FRP) have been intensively discussed in
international research on reinforced concrete (RC) structures. Due to their outstanding mechan-
ical properties, especially their high tensile strength and excellent resisigaiast environmen-

tal impacts, FRP reinforcement bars have established as a serious alternative to conventional
reinforcing stee]1i 3]. These properties lead to reduced requirements for concrete cover, allow-
ing the design of very slender and mateeficient structures. However, the main potential of

FRP reinforcementistheextenen of a structureds service |if
erties. The majority of previous research projects focused on thédaaithg behaviour of struc-

tural members subjected to flexural loading and the respective application of FRP reinforcemen
in tension[1, 4]. FRP reinforcement in compression zones of flexural members as well as in
columns and walls is currently not permitted to be taken into account by leading international
standardsdue to a lack of reliable scientific data on the FRP compressive material prdferties

5, 6]. However, several research projects revealed a positive influence of a consideration of such

reinforcement in compression on the ldashring capacity of a structural mempé&r9].

FRP consist of fibres from various source materials. These fibres saragy the load and are
coated by a polymer matrix binding them together and protecting them against environmental
impacts and stresses perpendicular to the fibord Hxjd 1] Regarding the mechanical properties

of FRP, a significant difference between the compressive and tensile strength of FRP is known
from the literaturdl, 10, 11] Tensile failure results from rupture of single fibres. The polymer
matrix, exhibiting a higher ultimaterain, redistributes stresses to the adjacent fibres resulting

in a successive failure propagation across the FRP cross section. Thus, the tensile strength of the
FRP is fibore dominated and can be accurately predjétddRegarding failure itompressin,

various properties influence the material behaviour leading to different potential failure modes.
The fibre diameter is most frequently referred to account for the failure behaviour of different
fibre materials. Commonly used fibre type suclglass, arbon and basalt feature approximate
maximum fibre diameters of 24, 10 and|80, respectively10i 13]. Hahn[14] summarises the
different modes of FRP compressive failure as illustratétdgare3-1.

Mode (a) is denoted dpngitudinatsplitting and results from a transverse tension failure of the

pol ymer matrix due t o3dfthedibresiarfdthe polgnmet maffik®]i s s on 0 ¢
Two possible alternatives depending on the stiffness of the polymer matrix exist: (i) in stiff ma-
trices, the bond between fibres and polymer matrix fails and (ii) tmsatfices, the fibres bend
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until fibre bending failure occurs. Mode (b) callgtkar crippling(Figure3-1 (b)) describes the
distortion of the entire FRP cresection due to shear band formation. Shear bansks fiam

an initial shear angle, attributed to the skewness of the fibres resulting from the production pro-
cess. In most cases, the failure plane forms at an angle of approximately 45° to the load direction
[14]. Mode (c) is designated asmpressive failurelt describes a progressive failure, starting
from single fibres failing to stability on a micro level and thus transferring loads to adjacent
fibres, which subsequently fail as well. Althoughear crippling(b) andcompressive failuréc)

are related15, 16] a distinction between the failure modes can be observed in the propagation
of the failed pattern along the FRP specimen. Shear crippling is more likely to occur for fibre
mateial featuring a low failure strain (e.g. for carbon fibres) and thus exhibit a limited ability to
spread the failure area over large parts of the specimen. As a result, the failure area is spatially
very limited and shear bands at 45° represent the damgrfailure mode. On the other hand,

fibre materials with a high ultimate strain (e.g. glass fibres) enable a redistribution of stresses
from the initially failing fibre to the adjacent fibres. Thus, a spatially more syretthilure

area occurs leadirtg mode (c).
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Figure3-1: Failure modes of FRP in compression Figure3-2: Influence oflest/ @ on the compressive
following Hahn[14], [17] strengthfic according to Carlsson and
Pipes[18], [17]

Analytical models for the determination of the FRP compressive stréngth known from the
literature in the field of polymer technology. The first model based on the shear band theory was
provided by RosefiLl8] and depends on tlshear stiffnes&m, as well as onhie polymer matrix
content (I Vs), Eq.3-1.
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f = Cn Eq.3-1
fc l-Vf q -

Rosendés initial approach has beersregardimgtilec ed b
fibre material and the fibre volume cont¢h6, 19] Alternativeapproaches have beernvde

oped e.g. by Lessard and Chaff)], to account for the influence of the fibre diameter as well

as by Fleck and Budiansk®1] and Argon[22] to take the plastic shear behaviour into account.
Bazhenov et a[19]identii ed a pronounced correlation bet wt
strengthbased on test results. Xu and Reifsn|j@8] succeeded in developing a novel approach

to recalculate compressive strength values from a test series by Lo anf2@hand Piggott

and Harrig[25], consisting of carboenglass and aramid fibregeinforced samples. A detailed

look at the analytic approaches mentioned above reveals the need of unique material properties

in order to estimate the FRP compressive strength properly. In enggnpeaatice, such unique

material properties are often unavailable, which strengthens the requirement for a standardised

test method of FRP in compression.

Several experimental studies from the polymer technology reveal a linear elastic material behav-
iour until brittle compressive failure in case of glass fibre reinforced polymers (G2RPas
well as carboriibre reinforced polymer (CFRP) specimdB5]. Besides the FRP compressive

strength, thelasticmodulusEs dominated.

E.=V @ (& V) g Eq.3-2

According to[10, 11, 13, 27]a differentiation between the compressive and temsdulus of
elasticity of the fibres has not been taken into consideralibarefore, it is assumed that the

fibre elasticmodulusEr in compression is equivalent to that in tension.

According to Carlsson and PipEs8], the test slendernetss/ @ (st free testing length; &:

specimen diameteihfluences the measured compressive strength decisively, as can be seen
from the compressive strendth plotted overliest/ @ in Figure3-2.The FRPG6s di stinc
tropic material behaviour leads to a disturbance lelag#tarting from the area of load introduc-

tion at both sides of the specimena result of imperfectly distributedesses (e.g. due to clamp-

ing the specimen), as illustratedkigure 3-2 [28]. Within the lengtHq no uniaxial stress state

can be developed, leading to distorted values for the FRP comprdassingtlts Consequently,

this effects results in reduced values fipin case of a small test slenderness. Secondly, large

slenderness values lead to secondker effects and eventually result in buckling failure. Test
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results fron{18] reveal an optimal test slenderness of apptex/@)p:d 7 f or speci me

of carbon fibrereinforced epoxy resin.

Several standards for testing the compressive material properties of plastics aradrffbreed
laminates exist in the polymer and aerospace technology. The load application via the€nd fac
of the specimenT@ble 3-1 (a)) is permitted for testing the material properties of unreinforced
polymers, according to EN ISO 604:20(29] and ASTM D69515:2015[30]. On the other
hand, standards for testing fibreinforced laminates 1SO 14126:1984], D3410:201432]

and DIN EN 2850:201833] prescribe load application via rigidly connected shear tdlab)e

3-1 (b)), in order to avoid splitting of the specimen in the load appbn area. GOST
31938:201234] represents the only standard for testing FRP reinforcement bars for concrete
applications in compression kma to the authors. A test slenderneskesif @ = 6.0 is specified

for the experimental determination of compressive strengthmanidilus ofelasticity. Further-
more, an indirect load application via grouted anchor sleeves introducing the test felueavia

stresses is prescribetiaple 3-1 (f)).

Several test series by researchers in the field of concrete engineering addressed the question on
how to determine the compressive material properties of FRP reinfemtexperimentally. The
following section presents a compilation of the discussed studies in a comprehensive database
(Table 3-2) for comparative analysis of the different approaches and their corresponding out-

comes.

Wu [35] reported results on GFRP reinforcement bars from three different manufacturers. The
testing force was introduced via the end faces of pleeigien at a slendernesslgdi/ @ = 2.5,
resulting in a very straightforward test setlipl{le 3-1 (a)). Wu described longitudinal splitting

to be the predominant failure mode. Furthermore, a correlation betheeeompressive strength

and the bar diameter revealing smaller strength values for large bar diamete28§.4zhm)

was observed. This observation is due to the higher probability of production errors and unequal
impregnation of the fibres with the poher matrix, when producing large diameteZtaallal

and Benmokrang86] tested GFRP bars of different diametersompression and found a linear
elastic material behaviour analogous to the behaviour in tension. A direct load application via
the specimenbés end faces as spelsf30froomd99i n a
(ASTM D69591) prescribing a testirglenderness dkst/ @ = 2.75 (Table 3-1 (a)) was applied.

Furthermore, similaelasticmoduli were recorded in compression and in tension. A similar test
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setup was applied by Abed et 7] who tested GFRP and BFRP specimens and found-long
tudinal splitting to be the dominating failure mode throughout all test results. A widely cited
study by Kobayashi and Fujisdld8] applied a very elaborate test setup featuring a CFRP tube
embedded into two concrete blocks atle end of the specimemaple 3-1 (c)). Kobayashi and
Fujisakitried to reduce the testing lendtk:to a minimum in order to prevent the FRP from
buckling (test/ @ = 0.5). The authors tested FRP with carlawamid and glass fibres, revealing
strongly scattering results that can be attributed to the small test slenderness leading to a crucial
increase in disturbing edge effects. Due to the strongly scattering results, the authors of this paper
decided not tantegrate the results into the overall compilatioriTable 3-2. Deitz et al.[39]
conducted a series of 51 tests on GFRP reinforcement bars in compressioabde vest slen-
derness. The | oad was introduced dsablemn !l y vi .
grouted steel cases in order to prevent the FRP from popping out at high slendesbless (

3-1 (d)). The challenging process of preparing the area of load introduction perpendicular to the
bar axis was highlighted by the authors. The observed failure mode of the less slender specimens
was described as crushing. For the slender test specimens, the authdréhé test results fol-

lowing a perfect Euler buckling curve. Similar observations were made by Alr@hicha et

al. [40], Bruun[41] and Tavassoli et aj42], who applied a test setup similar to that used by
Deitz [39] (Table 3-1 (d)) and investigated GFRP specimens at different slenderness values in
compression. As a consequence of the[42,oad i n
part of the tests showed longitudinal splitting of the whole specimen including the area of load
introduction. Tests reported by Bru{#l] showed longitudinal splitting failure combined by
partial crushing at all levels of slenderness. In addition to that the authors were able to record
linear elastic material behaviour until the GFRP specimens failed in a brittle mdher
Khorramian and Sadeghida3] and Fillmore and Sadeghig44] carried out tests on GFRP
specimens using different types of glass fibres (GFRP type | to Ill) and applied the load via so
call ed fAcouponso, consisting of a st Eaad pl at
3-1(e)). To avoid the specimen from failing due to load introduction, the coupons were grouted
with an adhesive epoxy resin. Regarding the free testing length the authors referred to ASTM
D69515:2015[30], specifying a test slendernesdwt/ @ = 2.0. Regardless of the GFRP type,

an averagenodulus ofelasticity ratio ofEsw / Ex = 1.04 was recorded. Crushing of the specimens
within the free testing length as well as in the cap region was the dorgifeture mode. Lon-
gitudinal splitting failure occurred partially, but was decisively less pronounced compared to the

test results fronj39i 42]. AlAjarmeh et al[45] studied the compressive material behaviour of
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GFRP reinforcement bars applying a test setup similar to that suggested by Khoaachian
Sadeghiari46] (Table 3-1 (e)), but varied the test slenderness. Spensithat unaffected by
secondorder effects showed a linear elastic material behaviour up to compressive failure. A test
series on GFRP reinforcementrgtestedaccording totGOST 31938:201234] (Table 3-1 (1))

was provided by Galen LL{27]. The specimens showed failure in a crushing (nfoenan-

ner. Urbaski [48] investigated basattarbon hybrid bars at varying slenderness. The load was
applied indirectly via grouted anchor sleeves, according to GOST 31938[248[L2Table

3-1(f)). The majority of specimens were found to show crushing failure, with accompanying
delamination of single fibre bundles from the matrix.danelastic material behaviour was ob-
served wuntil failure. A r[4®]dneestigated thaiabmpressive D 6 A |
material behaviour of thermoset and thermoplast GFRP reinforcement. The authors applied a test
setup similar to that suggested by Deitz €f38l], but grouted the anchor sleevéslfle 3-1 (f)).

Linear elastic material behaviour up to crushing was found for the major part of the specimens
that did not undergo bucklinghus, the authors formulated a constitutive law for the material
behaviour of thermoset and thermoplast GFRP which is characterised by a linear elastic behav-

iour up to failure.

The test results from the different studies described above are compilediattbase for rea-

sons of better comparability and in order to prepare for the evaluation in seetieand3.3.2
Table3-2 shows the normalised compressive streffigitfs and modulus ofelasticity in com-
pressiorks / Ex, specifying the sample size for each material propgetgndner.. For the eval-
uation of the database only test series containiOg test results are considered. Furthermore,
the compilation presents the type of fibre material, the range of test slendesrieédsand the

type of load application according T@ble 3-1. The coefficientof variation CoV) provides
information on the material scatter if the sample size allows farQ). Finally, the predomi-
nantly observed failure modé&i@ure 3-1) is noted for each series if available. Tesihjch
showed failure from stability or second order effects, are removed for further evaluation since
such failure does not imply to the material itself. This applies to parts of the studies by Deitz et
al.[50], Bruun[41], AlAjarmeh et al][45]and DO ANt i MB8]l. and Pi sani

Existing studies show strongly varyiagproaches regarding the experimental determination of

the FRP compressive material properties, making it challenging to interpret the test results inde-
pendent of the applied test setup. Furthermore, investigations are limited on the influence of
single paameters, such as the chosen FRP type, leading to a reduced comparability regarding
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decisive variables. Furthermore, the literature lacks proper evaluation of the generated test results
concerning the effects of test slenderness and the observed faildes fram the polymer lit-

erature, resulting in an inadequate understanding of the behaviour of FRP in compression. The
outcome of this study will provide results from widely arranged experimental investigations re-
garding the impact of decisive parametershsas FRP type, fibre volume content, polymer ma-

trix type and bar diameter on the FRP material properties in compressi@msure constant

and reasonable boundary conditions for load application and test slenderness, this study evaluates
test results frm existing studies and standards from other industry sectors to select an appropri-
ate test setup. Subsequently, a compilation of test results from the literature serves to extend the
large number of tests carried out by the authors. The joint evaluatitis afata compilation

allows for an assessment of crucial parameters. Furthermore, the large amount of test data serves
to prepare for reliability analyses and the identification of the distribution type of the FRP mate-

rial properties in compression.
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Table3-1:  Test setups from the literature and existing test standards
hia (@ (b) (©) (d) (e) )
machine machine
hea 1 heal 1
= [ nongrouted 1 7 :Ig(;r\gs
. CFRP steekase %
rhT"ea:hlne 8 tube /‘./ /
¥
a gRelz:ime ¥ FRP g \steel FRP
2 P " specimen coupon|  speciment;
3 T —f
; \3 liest ltest 4 I ltest I st
()
|_
¥ shear 7 ,
tab ’ g
/ abs ?
] siiiiiiens
15 |
.......... 4 A
g
T o | ENISO 604:200229] | ISO 14126:199931]
5 GOST 31938:2012
2 2 | ASTM D69515:2015 | D3410:201432] none none none [34]
O
5 © | [30] DIN EN 2850:201§33]
O
Deitz et al[39] ) )
Wu [35] ) ) Khorramianand Sadeghian )
= Almerich-Chulia et al. Urbanski[48]
= B Abed[37] none Kobayashi and Fuyisak88] | [40] [4_6] _ D6ANtino
o Chaallal and Fillmore and Sadeghiafi4] o
< Bruun[41] _ Pisani[49]
Benmokrang36] AlAjarmeh et al [45]

Tavassoli et dl42]
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Table3-2: Test results with values from the database
. fibre load fic / fit (frc / fit)m Eic/ Ext | (Esc/ Ert)m failure
test series Nifc - liest/ D[] st [ [ CoVie | Nerc [ [] Co Ve mode*
Wu (1990): GFRP type[B5] 8 GFRP | 1.071 2.5 end faces | 0.75-0.95 0.85 23% 8 - 0.93 6 % a
Wu (1990): GFRP type [B5] 12 GFRP | 1.071 2.6 end faces | 0.26-0.57 053 16% 4 - 0.69 16% a
Wu (1990): GFRP type 1[35] 12 GFRP | 1.071 2.7 end faces | 0.78-0.93 0.65 33% 2 - 0.75 5% a
Chaallal and Benmokrane 1.08-
(1993 [36] 2 GFRP 2.75 end faces | 0.73-0.80 0.76 - 2 112 1.10 - -
Deitz et al. (2000}50] 15 GFRP | 4.7 6.5 | endfaceswith oy 4 19| 070 | 24% | - - 1.04 , c/(a)
steel cases
Almerich-Chulia et al. (2012) 7 GERP 11.0 end faces with 0.51-0.74 0.60 9% 7 1.02- 1.06 9% i
[40] steel cases 1.20
Bruun (2014)41] 5 GFRP 50 | endfaceswithi o0 6o 060 4% - - 1.00 - cla
steel cases
Tavassoli et al. (2019%2] 5 GFRP |2.0i 110 Sdfaceswith oo h 651 060 | 17% | 5 | %8 | o002 |13%| a
steel cases 0.98
Galen (2017}47] 24 GFRP 6.0 anchor sleevey 0.41-0.7 0.56 - - - - - C
Khorramian and Sadeghian compressive i o 1.00- o
(2019): GERP type 3] 10 GFRP 2.0 coupons 0.74-0.99 0.87 6% 10 106 1.03 1% c/(a)
Khorramian and Sadeghian compressive i o i o
(2019): GERP type I143] 5 GFRP 2.0 coupons 0.85 9% 5 0.97 2% cl/(a)
Khorramian and Sadeghian compressive i o 1.00- o
(2019): GERP type IlJ43] 20 GFRP 2.0 coupons 0.55-0.93 0.77 7% 20 120 1.06 3% cl/(a)
. GFRP . compressive . o 0.951 o
AlAjarmeh at al. (2019}45] 54 (HM)™ 2.071 16 Coupons 0.33i 1.23 0.76 16% 48 123 1.04 3% | albl/c
12 GFRP 0.55-0.83 0.70 6% - - - -
Abed et al. (2020]37] 2.0 end faces
6 BFRP 0.33-0.52 0.42 5% - - - -
Urbanski (2020]48] 3 B-CFRP |5.77 13.7| anchor sleeveg 0.34- 0.46 0.40 - - 01'9194' 1.06 - c/(a)
D6Antino and . . ; o 0.95i o
GFRP thermosd#] 20 GFRP | 3.97 7.1 | anchor sleevey 0.491 0.99 0.71 9% 24 116 0.99 2% b/ ()
D 6 A n trid Risani (2023): . . " o 0.861 o
GFRP thermoplasfd9] 25 GFRP | 3.57 4.0 | anchor sleevey 0.3971 0.85 0.56 13% 25 112 0.97 7% b
Nifc = 245 Ngfe = 160

*BasaltCarbon Hybrid{"according td=igure3-1: (a) longitudinal splitting; (b) shear crippling; @mpressive failur

il

€, HM = high modulus
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3.2 Experimental campaign

An investigation of FRP bars made of three different fibre types (glass, carbon, basalt) is con-
ducted within the experimental efforts of this study. To depict the influence of differgmnt pol

mer matrices as well as different fibre volume contents, FRP reinforcement bars provided by
different manufacturers are investigated. To evaluate any potential impact of the bar diameter,
various diameters from the same manufacturer are analysed. Tinedb&sults from the ex-
periments are interpreted regarding the compressive strengthoaiudus ofelasticity as well

as the corresponding failure modes based on the mechanical considerations presented in section
3.1

3.2.1Tested pecimens

The tests are conducted in the Testing Laboratory of the Institute of Solid Structures at TU
Darmstadt. A total oh = 95 tests from four different manufacturers (1, 11, I, 1V), three fibre
types (glass (G), carbon (C), basalt (B)), two polymatrix types (vinyl ester (V), epoxy (E))

and four nominal diameters (48, @10, @12, @#0) are investigated as summarisedable

3-3.

The GFRP reinforcement provided by manufacturei@)khow a grooved surfacomposed

of Electric Corrosion Resistant (ECR) glass fibre reinforced vinyl ester resin featuring a fibre
volume content oV = 75 %. Three different nominal diameters (48, @12, &20) are investi-
gated for this bar type within this study. The second GFdiforcement type provided by
manufacturer Il (ItG) made from ECR glass fibre reinforced epoxy resin shows a helically
wrapped surface. The {6 GFRP bars feature a fibre volume contenVof 73% and are
investigated for two nominal diameters (@8 2). The CFRP bars provided by manufacturer

I (I -C) show a grooved surface similar to tHé GFRP bars, whereas the CFRP bars provided
by manufacturer Il (IHC) show a wrapping similar to thed@ GFRP bars. All types of CFRP
barsinvestigated witm this study feature an epoxy polymer matrix. SerieS Hnd II+C

CFRP bars show fibre volume contents/of 68 % and 63% respectivelyThe investigated
nominal bar diameters are @10-Q) and @8, @12 (IC). Manufacturer IV provides the BFRP
bars (V-B) investigated within this study, featuring an epoxy resin as polymer matrix. The
BFRP bars exhibit a fibre volume contentvef= 77 %, revealing the highest value within the
presented test program. The-B/BFRP bars, of which two different nominabhdieters (28,
@12) are investigated, feature a sand coated and helically wrapped bar surface. A selection of
the experimentally investigated bars is showRigure3-3. Note that preliminary to the tests,

the bar cameter @, was determined by immersion tests according to ASTM D7205/D7205M
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06[5]. The designation of the individual test series arranges as follows:
[-G-V-8.i

L— Individual specimen number (110)
nominal diameter (48, @10, @12, @20 mm)
polymer matrix type (vinyl ester (V), epoxy (E))

fibre type (glass (G), carbdf), basalt (B))
» manufacturer (I, II, 1, 1V)

Table3-3 provides the corresponding tensile strerfgthndelastic modulusEx as well as the
associatedoVfor each series, to serve as a reference for the experimentally derived material
properties in compression. Manufactuliéprovides a mean ultimate test forleg from tensile

tests, enabling the authors to calculate the mean tensile stiengitanufacturer 1 and 1V do

not provide such values. Therefore, the tensile strefagitwas determined experimentally
based o n=5 test results within preliminary investigationl] according to
ASTM D7205/D7205M06[52]. The manufacturers provide values for the tergsticmod-

ulus for all GFRP specimens. The tensile reference véiweslEr were provided by manu-
facturer Il (111-C) and adopted from ElI Ghadioui (20208] (11-C).

Table3-3: Overview of the expemental program

. fibre polymer | Vi | @Oim fiem Eft.m

series IN[1 e | matrix type| [%] | (mm | (N/mm2] | (N/mmg | COWTR) | COMER)
-G-V-8 10 75 1881 1,161 | 49,474 . .
I-GV-12 | 10 vinyl ester [ 75 [12.82] 1195 | 52570 | o0 | I
[-G-V-20 10 | glass 75 (2111 1,195 | 53,856
I1-G-E-8 10 73 | 8.78| 1,074 | 51,725 n. a. n.a.
-G-E-12 | 10 73 |12.62| 1,074 | 51,725 n. a. n.a.
II-C-E-10 9 68 | 9.45| 1,891 | 128,608 7.5% | 3.8%
Il -C-E-8 8 |carbon| epoxy 63 | 8.76 | 2,467 | 134,405| n.a. n.a.
-C-e-12 | 10 63 |12.65| 2,467 | 132,499| n.a. n.a.
IV-B-E-8 10 basalt 77 | 7.41 955 47,611 | 1.17 2.310
IV-B-E-12 8 77 111.72| 950 42,846 | 3.4% | 3.5%
totaln= 95
*: Specimens were damaged during the production process.
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m-G-e-8 1l-C-E-8 IV-B-E-8 [|-G-V-8 II-C-E-10
Figure3-3: Selection of the tested samples

3.2.2 Experimental setup and measurement instrumentation

The testing length was selectedlte= 6 Adim corresponding to the range of test lengths of
approximately (5 8) - @ based on the findings from the literat[k@, 18, 45, 49&s presented

above, followingGOST 31938:201£34].

testforce

machinehead

hydraulic
_’] <+— | clampingjaws

. | groutedanchorsleeves
testspecimen
DD%\] lest= @i A
DD1-2

_’ﬂ‘_

Figure3-4: Schematic test setup (left) and picture of the setup at the laboratory (right)

The chosen test setup is shown schematically and as a picitabl@B-4. In order to ensure
a secure anchorage of the reinforcing bars during the test, the ends of each bar are placed into
300mm long steel sleeves and grouted with a fsgangth mortar as specified [|B]. This

type of end anchoring ensures a concentric positioning of the bars. The testing force is recorded
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by an internal load cell with an accuracytd.05% at a maximum of 65KN throughout each
experiment. Strain transducers (DD1) are mounted on both sides of the bar's free test length,

with a gauge length of 40 mm. The bar strains are recorded at a frequency of 5 Hz.
3.2.3 Experimental procedure

The tess are performed displacement controlled at a target load speed00 B8 m/min
according to ASTM D698.5:201530] and[45, 48] The hydraulic clamping jaws in the trans-

verse direction are positioned in the area of the anchor sleeves to prevent damage to the FRP
specimen due transverse stresses. The first three tests of each series are carried out without
strain transducers to avoid damage to the equipment from premature failure due to the unknown
failure load of the specimens in each series. This procedure leads to therddiennof only

seven values for theastic modulus per series. For the remaining specimens per series, the
strain transducers are uninstalled at reaching % the ultimate load based on the first three
tests, as a precautionary measure. Note thatrafteoving the measurement devices, the strains

are extrapolated assuming a linear elastic material behaviour based on the findings from the
literature, as described abo\5, 26, 36, 41, 45, 48, 49]
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Figure3-5: Deviation between the two measuring points and visualisation of the extrapolated measured val-
ues

The deviations between the recorded values of the two displacement transducers allow an as-
sessment of the quality of the centric load application. Thstilition inFigure3-5 shows the
measurement results of the displacement transducersllintl DD12 separately on speci-

men +G-V-8.6. A high quality of concentric load application is observed from the minor devi-
ations. The compressive strendihis determined as the ratio of the maximum fdfeex to
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the crosssectional area of the reinforcement bar from immersion weiginghe compres-
sivemodulus ofelasticity Exc is determined between the points a2@nd 50% of the ultimate
load according t&q. 3-4 as specified in GOST 31938:20[1324].

f, = —max Eq.3-3

F

50% ~ on%

) A‘i CQ%O% 'ﬁ%)

3.2.4 Experimental results

= Eq.3-4

GFRP specimens

Figure 3-6 illustrates the stressstrain behaviour of the GFRP specimens separately for each

test series.
1000 : 1000 r
test series:-G-V-8 test series: IHG-E-8
900 r | n=7 900 | | n=5
800 800 |
700 700 r
NESOO - %500 L
S 500 , 5500 ¢
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58



Publication |

test series:-G-V-20
900 | n=6

200 | T test
fffff extrapolation

100 X failure point

0 Il Il Il J
0 0.5 1.0 15

G [9%]

Figure3-6: Stressstrain behaviour of the® GFRP specimens (left) and the@IGFRP specimens
(right)

To provide context for the obtained data, the authors normalised the mean compressive strength
fie,m and mearelastic modulus in compressioB:,m of GFRP specimens based oA 49 ()
andn = 32 (Ex«) test results, respectiye The normalisation was carried out using the corre-
sponding tensile propertiégm and E«,m resulting in a comprehensive summary presented in
Table3-4. The ratio between the mean recorded compressive stifgepgtinthe average tensile
strengthfs,m is between 0.63 and 0.7f(=72017 781N/mm?), revealing a minor scatter
range. The mean ultimate str&im for the GFRP specimens ranges between 1.29 and 1.43 %.
The eastic moduli ratio Ex / Ex varies between 1.00 and 1.1Ex(=51,543N/mm?2
T 54,671N/mm?2). Besides the fact that tleastic moduli in compression are consistently at
least as high abé correspondingasticmoduli in tension, the scatter range across the different
test series is small. This observation, in particular, leads to the conclusion that GFRP is well

applicable in compression and underlines the experimental test setuppiur tyeriate.
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Table3-4: Test results of the series with GFRP specimens
series I-G-V-8 | I-G-V-12 [-G-V-20 l-G-E-8 -G-E-12

@im [mm] 8.81 12.82 21.11 8.78 12.22
Drnom [MmM] 8 12 20 8 12
Nt 9 10 10 10 10
fie,m [N/mm?] 750 781 755 720 758
fre,m / frtm 0.65 0.65 0.63 0.67 0.71
CoMfte,m) 8.7% 4.1% 3.2% 10.0% 7.8%
Nefe 7 7 6 5 7
Ck,m [%0] 1.37 1.34 1.29 1.36 1.43
Efem [N/mm?] | 54,671 57,930 57,381 51,543 52,564
Efc,m/ Eft,m 1.11 1.10 1.07 1.00 1.02
CoMEtc,m) 1.5% 3.9% 6.3% 1.8% 1.3%

Along with the mean values from the test series, the corresponding scatter is of interest. The
CoMfie,m) of the compressive strength ranges from%.8-G-V-20) to a maximum of 1%
(I11-G-E-8). In addition, theCoVExc) of theelasticmodulus in compression is determined be-
tween 1.3 (Ill-G-E-12) and a maximum of 6.% (I-G-V-20). The test series did not reveal

any notable impact of the bar diameter on material properties, despit¢38]earlier identi-

fication of such influence. Therefore, it is assumed that the bond behaviour between fibres and
polymer matrix has improved due to an advanmextiuction process compared to when Wu
conducted his investigations in 1990. The consequently more homogeneous distribution of
stresses across the FRP cresstion and the reduction of defects leads to a significantly re-
duced dependence of the FRP maleproperties on the diameter of the examined specimen.
Three different failure modes&igure3-7) are observed after visual inspection as compiled in
Table3-5. Failure male a (longitudinal splitting) occurs exclusively for the GFRP bars from
manufacturer | and in particular for serie&V-8 and +G-V-20, as shown ifrigure3-7 (a).

The failure pattern is characterised by a vattarack in the test specimen, marking a delami-
nation between the fibre and the polymer matrix due to transverse stresses. Note that the other
specimens from manufacturer | assigned to failure modes b and c exhibit partial splitting at the
very least Figure3-7 (b)).

Table3-5: Assignment of failure modes for GFRP specimen
failure mode | I-G-V-8 |I-G-V-12|1-G-V-20| IlI-G-E-8 | lll-G-E-12
mode a 7 1 6 - -
mode b 1 - - 7 8
mode ¢ 2 9 4 3 2
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The approximately equalasticmoduli and compressive strength values indicate similar fibre
material of the specimens from serigS bnd IIFG. Therefore, it is assumed that the polymer
matrix is the primary factor causiniget differing failure modes. The vinyl ester utilised for the

|-G samples seems to exhibit a smaller tensile strength compared to the epoxy resin employed
for the III-G samples. Therefore, failure due to transverse tension (@amteurs for the-G
specinens solely. Failure of the specimens occurs within the free length for most specimens.
However, tests in which failure occurs within the load application area show comparable
strength and stiffness values, indicating the insensitivity of the glass fibreansverse
stresses. The failure modes of theGlIspecimens are shown kigure 3-7 ((c) and (d)) for

direct comparison with the failure pattern observed for4Bespecimens ((a) and (b)). A more
pronouncedriclination of the failure joint is identified, leading to the assumption of failure
mode b (shear crippling) in 15 of 20 cases.

Note that specimens are partly excluded from further evaluation due to significantly outlying
test results and damage incurrenlidg the production procesBable3-6 provides a record of

the final count of valid test outcomes per series.

(d)

(b)
N -~ Compression failure  Shear cipling with compression failure along th
Longitudinal splitting with partial splitting threat (c) and perpendicular to the threat (d)

Figure3-7:  Failure modes of IHlG GFRRspecimens (left: (a) and (b)) and-@® specimens (right: (c) and)

61



Publication |

BFRP specimens

Figure3-8 showsthe stressstrain course of the BFRP specimens from serieB-l£8 and I\
B-E-12. The average compressive strength of th&4E-8 specimens is 4% of the corre-
sponding tensilstrengthfi and scatters strongly compared to the other test series, featuring a
CoVic of 14.1%. However, series NB-E-12 reveals similar strength values resulting in a nor-
malised compressive strengthfgf, / fi,m = 50%, with theCoV being slighly larger than for

the GFRP specimen€¢V=10.3%). Regarding the stressrain relationshipHigure 3-8),

lower strength and stiffness values are observed compared to the GFRP reference. Neverthe-
less, theslastic moduli in compressionf the BFRP specimen show good agreement with the
corresponding tensile values revealing a rdfom/Erm of 0.98 for series IMB-E-8

(Efe,m = 46,746N/mm?2) and 1.03 for serid¥ -B-E-12 (Esc,m = 44,321N/mm?2) with a marginal
scatter ofCoVerc = 2.4% and 2.0%, respectively.

1000
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o test series: IMB-E-12
900 | ;e2t7serlesl.\/-B-E-8 900 | | n=6
800 | 800
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200rF 7 | extrapolaton| | o/ |- extrapolation
100 + X failure point 100 | X failure point
0 1 1 1 ) 0 1 1 1 )
0 0.5 ., 1o 15 0 0.5 ., 1o 15
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Figure3-8: Stressstrain behaviour of the test seriesBYE-8 and I\AB-E-12

Shear failure along the tensioned strand is recognised aseiti@minant failure mode in the
majority of BFRP specimens. In contrast to the other examined specimens, the BFRP rein-
forcement bars are helically wrapped with a tensioned strand, resulting in preliminary damage

to the crossection.Figure3-9 presents a typical failure pattern indicative of this trend.
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Table3-6: Test results of the series with
BFRP specimens

series IV-B-E-8 | IV-B-E-12

Bim [Mm] 7.41 11.72
Dnom [Mm] 8 12
Nffc 10 8
fi,m [N/mm?] 955 950
fte,m [N/mm?] 465 472
ffc,m / fft,m 0.49 0.50
CoMfiem) 141% | 10.3%
Nefc 7 6
G, m [%] 0.97 1.02
Exm [N/mm?]| 47,611 | 42,846
Efe,m [N/mm?]| 46,746 44,321
Efc,m/ Eft,m 0.98 1.03
CoMEx) 24% | 2.0%

Figure3-9:  Faiure mode of the BFRP along the
tensioned strand

Note that specimens are partially removed from further evaluation due to damage of specimens
during the productionmpcess. A documentation of the final number of valid test results per

series is given ifable3-8.
CFRP specimens

The stresstrain course of the CFRP specimens is showkigare3-10 andFigure3-11. An
averaged stresstrain course from all GFRP tests, denotedG&RPreference serves for a

better comparability of the following test series on CFRP and BFRP specimens.

Regardinghe stresstrain course of the CFRP specimens, the significantly higbdulus of
elasticity Ex. compared to the GFRP reinforcement is noticeable as expected analogously to the
correspondingnoduli of elasticity in tension. Conversely, the strength valigegre below the
corresponding mean strength of the GFRP reinforcement throughout the whole test series. Nor-
malising the mean CFRP compressive strength to the corresponding tensile strength reveals
ratios from 0.22 (IHC-E-8) to 0.33 (#C-E-10). One rason for the comparatively small
strength ratio$cm / fi,m IS the very high tensile strength of CFRP. However, the absolute com-
pressive strength values for the CFRP specimens rang&#8no 65IN/mm?2, which is con-
sistently below the correspondinglwas for GFRP. This observation shows the significantly
greater sensitivity of the carbon fibres to transverse stresses and a higher susceptibility to micro

buckling due to low individual fibre diameters compared to glass fibres. Moreover, the fibre
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volumecontent for series 4C-E-10 and II}C series i3/ = 68% and 63% respectively, which

is lower than that of the GFRP specimevs{731 75%). Consequently, CFRP was expected

to exhibit smaller compressive strength values, as failure mode (b), observed for the majority
of CFRP specimens, is substantially influenced by the fibre volume contelfd;. 8f1. Nev-
ertheless, it is important to note that the CFRIBticmoduli show comparable values to their
tensile counterparts. The rati&s / Ex range from 0.95 (C-E-10) to 0.98 (I#C-E-8) and

thus indicate the hypothesis of egdalsticmoduli in tension and compression to be accepted

for CFRP.Figure3-11 shows series HC-E-8 and IIFC-E-12 in direct comparison revealing
significantly smaller compressigtrength values for the @8m-specimensThis observation

is attributed to the high susceptibility of the CFRP bars to stresses in the area of load introduc-

tion that is more pronounced for the specimens featuring a small diameter.

Table3-7: Testresults of the series with CFRP

specimens
series II-C-E-10| 11l -C-E-8 | lll -C-E-12
1000 test series: HC-E-10 Gim [mm] 9.45 8.76 12.65
900 | n=6 Bnom [mm] 10 8 12
800 T Nifc 9 8 10
700 | 2 fam [N/mm2] | 1,801 | 2,467 | 2,467
%600 GFRPreference ficm [N/mm?] 629 548 651
> 500 fie.m / fim 0.33 0.22 0.26
+=°400 CoM(fic,m) 74% | 96% | 11.6%
> — test NEfe 6 3 !
N Y 2 extrapolation Ch.m [%6] 0.49 0.38 0.49
100 x_failure point Exm [N/mm?] | 135,121] 137,050] 137,050
00 0'_5 10 15 Efe,m [N/mm?] | 128,608| 134,405| 132,499
QU [%] Efc,m/ Etm 0.95 0.98 0.97
CoMEx) 4.3 % 1.9% 2.2 %
Figure3-10:  Stressstrain behaviour of test series

II-C-E-10
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1000 . 1000
test series: [HC-E-8 test series: IHC-E-12
900 | n=3 900 F | n=7
800 GFRP reference 800 |
X
700 + 700
T'600 r T600 |
= 500 X E 7 GFRPreference
2 2500 r /
400 | =400
300 300 |
200 L — test (DDl)_ 200 | — test
---- extrapolation| |/ /|- extrapolation
100 | x failure point 100 | X failure point
0 1 1 1 ) 0 | | | ,
0 0.5 , 10 15 2.0 0 05 . 10 1.5
W [%] €1 [%]

Figure3-11:  Stressstrain behaviour of the test serilsC-E-8 andlll -C-E-12

While the IFC specimens mostly fail withithe free testing length, the-ll specimens failed

more frequently in the area of load application due to the sensitivity of CFRP in the transverse
direction. This different failure behaviour is reflected in the corresponding scatter of the com-
pressivestrength revealing larg€o\s for the IIFC specimensGoVic = 9.67 11.6%) com-

pared to seriesHC-E-10 (CoMw. = 7.4%). However, the scatter tie elasticmoduli in com-
pressiorof CFRP are consistently at a low lev€b\er =1.9% 1 4.3%).

It is particularly interesting to compare the-@l specimens with their GFRP @8) counter-

parts. The influence of the resin as well as the manufacturing process can be excluded as un-
known parameters since the same polymer matrix was used and the qualap@sssiras-

sumed similar. The differences can thus be attributed to the fibre type and the fibre volume
content (GFRPV; = 73%; CFRP:V; = 63%). For the ItG specimensftm= 740 N/mm2),

the compressive strengths are%aigher than for the HC speimens fie,m = 600 N/mm?2),
revealing a significantly more favourable behaviour of GFRP in compression compared to
CFRP. Furthermore, the GFRP ultimate compressive stiin< 1.4%) exceeds the corre-
sponding value for CFRP specimebis4 = 0.45%) by 211%. Note that, regarding a concrete
member longitudinally reinforced with FRP in concentric compression, this ultimate compres-

sive strain influences the load beariragpacity decisively.
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Table3-8: Number of failure modes CFRP
failure mode II-C-E-10 | IlI-C-E-8 | llI-C-E-12
mode a 1 - -
mode b 8 8 10
mode ¢ - - -

The failure patterns exclusively show specimerag fail along an inclined shear plafégure
3-12) indicating shear crippling (mode b) as dominating failure mode, which is consistent with

the results from the literature. This failure mode leads to the spebasiag its entire integrity.

Note that specimens are partially removed from further evaluation due to strongly outlying test
results as well as damage of specimens during the production process. A documentation of the
final number of valid test result®pseries is given imable3-8. Due to issues with the speci-

mens from test series 1€-E-8 as discussed above, only three valid results can be documented

for theelasticmodulus in compression.

Figure3-12:  Failure modes of the HC (left) and I+C specimens (right)

3.2.5Integration of the results from the database

In order to verify the findings beyond the efforts of the present study, a joint evalo&tioe

results from the databasEaple3-2) and the results from this study, regarding the compressive
strengthftc, theelasticmodulus in compressidac as well as the corresponding material scatter

is conduted. Beyond the tests on CFRP and BFRP carried out as part of this study, only Abed
et al.[37] and Urbansk[48] examined FRP based on basalt and basation hybrid fibres,
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respectively. Thus, GFRP is the FRP type applied for the major part ovesigated studies.
Figure3-13illustrates the data giving the normalised compressive stréagfth, the normal-
isedelastic modulus in compressioBs / E as well as the corresponding scatter if available
and the sample size allows for@5).

The mean value over all strendg}Y fi ratios integrated in the database basexdsor 339 test

results in total equals 0.68 for GFRP, which is between the lifpifd(=0.631 0. 71) of
values determined within this studiyable3-4). The strength ratios of the BFRP reinforcement
obtained within this study ranging frofig / fr = 0.49 to 0.50 show good agreement with the
values from Abed et a37] ( 0. 33 1T 0. 5 28]( 8n ®@.46) Difeatumatedyi no
reliable studies from the literature are available for comparing the CFRP test results. The mean
elastic moduli ratio E«c / Ex equals 1.00 regardless of the fibre type. This observation gives a
strong indication to verify the hyphesis of the FRBlasticmodulus in compressioE corre-
sponding to thelasticmodulus in tensiorEr based omiot e = 221 test results in total. Anal-
ogously to the observations regarding the compressive strength, the valuesrodties of
elasicity from the GFRP tests in this studyd/ Ex = 0.977 1.16) are in the scatter range of

the database (0.841.23). None of the studies considered deviates considerably from the mean
value ofEs« / Ex = 1.00. Regarding the results for BFRP specinabtained in this study, the
moduli ratio ranges fromEw / Ex =0.98 to 1.03, revealing a very small range around
Erc / Ex = 1.00. Test results from UrbangKi8] underline this presumptiorieg / Ex = 0.991

1.14). Sirce there is no reliable study from literature regardingeidstic moduli in compres-

sion of CFRP specimens, the results from this study stand alone at this point. However, the
modulus ratio for CFRP specimens also corresponds well with the target value of
Efc / Er = 1.00 Erc / Ex = 0.957 0.98).
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(fie ! ft )m.crre= 0.68 GFRP<———— BFRP; CFRP

0O e R R S - N [—— (Eie/ Eq)m=1.00

O fi /i

W E./E,
Nk = 339
Ng;. = 221

Wu (1990) |
Chaallal & Benmokrane (199
Deitz et al. (2000 n a
Almerich-Chulia et al. (2012
Bruun (2014)
Tavassoli et al. (2015
Galen (2017) q &
Khorramian & Sadeghian (201
Abed et al. (2020): GFRP, 5
D'Antino & Pisani (2023): thermose
D'Antino & Pisani (2023): thermoplas
AlAjarmeh et al. (2019)
Bujotzek et al. (2023): GFR
Abed et al. (2020): BFR
Urbanski (2020)
Bujotzek et al. (2023): BFR
Bujotzek et al. (2023): CFR

Figure3-13: Results of the normalised compressive strefigthi: and compressivelasticmoduli Ex / Ex
from the database

Regarding the scatt®ef the compressive strength, test series from Deitz §@l. Wu [35]

and Tavassoli et d42] show the greatest scattering values, revealing coefficients of variation
of CoVic = 24%; 23% and 176 respectively. Conversely, the test series by Galen 4
(CoMtc = 3.6%), Bruun[41] (3.9%), Khorramian and Sadeghif#6] (CoMc = 7 %) and the
results from this study (Bujotzek et al. (2023)pl4c = 6.7 %) feature the smalle€§to\s. The
meanCo V. for the compressive strength baseawg= 339 in total equals 11%. The overall
scatter of thelasticmoduli in compressionf FRP CoVkw = 3.9 %) falls significantly below
this value. Results from Tawadi et al.[42] and AlmerichChulia et al.[40] show strongly
scattering values wit@oVere = 13.4% and 8.4, respectively. The very small scatter of the
elasticmoduli in compressiodetermined in this study is particularly remarkable, ranging be-
tween 2.246 (BFRP) and 3.06 (GFRP). Khorramian and Sadeghjd8] (CoVer = 2.3%) and
AlAjarmeh et al[45] (CoVerc = 3.3%) observed values of a similar small magnitude.
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3.2.6Influence of the test slenderness and the sgt the FRP compressie material
properties

The test slendernessst/ @ as well as the type of test setup accordingdole 3-1 are the

major parameters influencing the compressive material properties of FRP apart from the mate-
rial itself based on the above considerations. For the following evaluation the GFRP specimens
from [35, 37, 3942, 45 47, 49]are taken into consideration.

As can be observed from tlie/ f - values plotted overhe corresponding test slenderness
ltest/ @ in the left part oFigure3-14, thetheoretically assumed optimum as illustrateBigure

3-2 becomes apparent basedrgn= 231 test results. The influence of the test slenderness on
the elasticmodulus as shown in the middle partFafjure3-14is less pronounced. Neverthe-

less, thekse / E«t ratio seems to converge at slendernessegalis/ @ > 4.0. Additionally, high

test slenderness values do not seem to influence the valueddstiemodulus in a negative

way. Regarding th€o\s of fi and Erc plotted overliest/ @ reveals decisively less scatter at
increasing test slendeass for both, the compressive strength andefdigtic modulus. This

finding is strongly enforced by the test series present®ddmrA nt i n o [40hadd ARAf s an i
jarmeh et al[45]. In addition to that, the findings are in line with the theoretical assumptions
presentedlaove, regarding increased edge effects for small test slenderness values, leading to

a crucial increase in material scatter.

50%

. Ny, = 231 x
12 « 1.2 . 45% | x CoVi
5 o CoOVgg
¥ x a
40% |
1 L X 1 8. '
X x L& '
x x e o 35% ¢
M X . x o o~ \
o8| 5 c 08 £ 30% ||
N X X g % § X — o '
W X " uf o 8 |
o §’§ " s =~ T, 25% L
“ 0.6 X, ;% S - . §; ut 0.6 C>;=
ek . & . O 20% |
04 | g ¥ L 04 | 15% [© N
¥, “ )
! 10% | .
02 02t . °
5% | e T .
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0 L L L 0 L L L 0% o )
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Ilest/ ] ['] Itest/ @ ['] Itest/ Q [']
Figure3-14:  Influence of the test slendernessfenfi (left) andEsw / Ei. (middle) and the correspondipVs

(right)

Figure 3-15 illustratesthe influence of the chosen test setup accordingabde 3-1 on the

strength fic / fr) aswell as themoduli (Exc / Ex) - ratio. The meaff / fx - ratio does not seem
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to be affected decisively by the type of load setup, if the specimens are sufficiently careful
prepared. The test results range frigfr = 0.66 for setup (e) and (f) ©@.69 for setup (a).
Note that the results from the test series on thermoplast GFRP specimerddy@mre not
integrated into the compilation since due to the comparatively §aval - ratio of 0.54 this
would yield misleading results. The highest scattering values regarding the ceingres
strength is observed for set(d) (CoVic = 16.4%) applying the load directly to the end faces
of the specimen via negrouted steel cases, followed by setup (e) (¥ @&nd (a) (14.00).
Setup(f) which was applied for the tests conducted withis study as well as {d7] and[49]
reveals the smallest scatt€olic = 6.9%). Regardingte influence of the setup type on the
elastic moduli ratio Exc / Ex shows results corresponding well with the hypothesised value of
1.00 for setup (d), (e) and (f). The results corresponding to &etuptroducing the load di-
rectly via the end faces tfe specimen deviates considerably from this vetizd Er = 0.93).

Note that for this explicit evaluation only the test results from[8&]l wereconsidered. The
least scattering results are found for s€fuCoVewc = 2.3 %), followed by setup (e) (3%)

and setuga) (6.0%). Setup(d) in which the load was introduced directly via the specimens
end faces by nogrouted anchor sleeves leads the thighest scattering values
(CoVkre = 10.7%).

1.20
O fi /T

1.00 - ® Ec/E

- (Ee/ Ey)n=1.00

U\f -------------- - (fie ! T Jmcrre= 0.68
4 0.60 1 J
0.40
0.20 = -
N ™
1 1
= (=
0.00
setup (a) setup (d) setup (e) setup (f)

Figure3-15. Influence of the test setup accordingrable 3-1 onfi. / fi andEx. / Ex and the corrgmonding
scatter

70



Publication |

3.3 Statistic evaluation

Before the consideration of FRP reinforcement in compression within applicable standards be-
comes conceivable, an evaluation of the reliability requirements of such reinforced concrete
members must be carried out. Irder to prepare for reliability studies of this kind, the distri-

bution type of the material properties is checked.
3.3.1 Kolmogorov-Smirnov test

One of the bestnown goodness of fit tests is the Kolmogo®wirnov (KS) tesf53]. This

test compares the assumed theoretical Cumulative Distribution Function (CDF) to the Empiri-
cal Distribution Function (EDF) from the experimental results. Comparing the maximum de-
viation Dks maxbetween CDF and ED#6 a statisti®«ks jim, Which can be determined as a func-
tion of the sample size and the chosen confidence level () as shown irEq. 3-5 leads to
acceptance or rejection of the assumed hypothesis. According to Hed84}i¢hefollowing

equation applies for the selected confidence levellgl= 95 %.

1.358
KSlim — T

For the application of the KS test within the scope of this study, the data is edalejpaeately

D forn >3t Eq.3-5

for the compressive strength and #esstic modulus in compression. In order to comply with

the critical sample size> 35, the data of the single test results is normalised to the mean value
of the respective seriefc(/ fic,m, Erc,i / Exc,m) and jointly evaluated. Furthermore, it is distin-
guished between an evaluation of the data from this study and the data from this study plus the
database. With respect[tib, 56] there is sufficient reason telieve to appropriately describe

the compressive material preies of FRP by means of a lagmal distribution.
3.3.2 Evaluation of the test results

The EDF of the single test results for the compressive strength normalised to the mean value
of the respectiveeries i, / ficm) and the corresponding CDF as a lognormal distribution are
illustrated inFigure 3-16. The test results obtained within the scope of this investigation
(n=94) are shown in black, whereas twerall values including the results from the database
(n=264) are shown in grey for direct reference. Besides the CDF and EDF, the empirical and
the theoretical distribution density (PDF) is given in the right pafigire3-16.
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Figure3-16: CDF, EDF (left) and PDF (right) for the FRP compressive strefagth

A good approximation of the EDF by the assumed lognormal distribution (CDF) can be ob-
servedfrom Figure3-16. The highest deviation between the two grapi3xismax=0.093 for

the test series conducted within this study Brémax= 0.082 for the test series including the
values from literature. Compag Dks maxto the critical values for accepting the null hypothe-

sis for a 99 confidence intervdDks,im = 0.139 (this study) and 0.0834 (this study with data-
base) leads to the hypothesis being accepted. Besides the compliance with the limits of the KS
test, a slight positive skew is recognisdilethe density functions (PDF), which is character-

istic of a lognormal distribution. Given the direct correlation between the load share of the FRP
reinforcement and its axial stiffneB#y due to the linear aktic material properties, tiedastic
modulusin compressiolis the most crucial material parameter of FRP regarding the compres-
sive capacity of FRP reinforced concrete columns. It is therefore essential to examine the cor-
responding statistical charactits carefully with regard to future reliability analyses.

A good agreement of the EDF with the CDF is found, regarding the test resultsetdgtie
modulusin compressiowmbtained withirthe scope of this study (black), revealing small scatter
(CoV=2.9%). According to the result of the KS tef«s max=0.074< 0.175= Dks,im), the
hypothesis of a LN distribution can be accepted at a significance levei &) @95 %. Inte-
gration of the values from the database into the statistical evaluationedasiie modulusn
compressioreads to a slightly worse agreement between the graphs at a simultaneously in-
creasing scattelCoV=4.5%). However, the null hygbesis of a LN distribution can be ac-

cepted at a significance level ofi(1)) = 95 %, (Dksmax= 0.078< 0.103= Dks,iim).
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Figure3-17: EDF, CDF (left) and PDF (right) for the FRIasticmodulus in compressio&s.

3.4 Conclusions

Within the current paper, an extensive literature review on previous investigations for the ex-
perimental determination of material properties of FRP in compression as well as on existing
test methods was performed. A widalyanged experimental program addressed the influence

of decisive parameters on the FRP material properties in compression based on a reasonably
chosen test setup. The obtained results from test series on GFRP, CFRP and BFRP specimens
were presented andipinto the context of experimental data obtained from the literature. Fur-
thermore, the influence of the test slenderness as well as the test setup on the FRP compressive
material properties as well as the corresponding scatter were discussed. Evdrayallyt t

data was evaluated regarding the observed distribution type of the material parameters. The
following conclusions are drawn from the examinations:

1 The experimental results from this study show small scatter and reproducibility of material
propertes as well as failure modes regardless of FRP type, bar diameter or fibre volume
content. Based on the evaluation of the data from the literature and the data generated within
this study the applied test slenderriesg d = 6.0 as well as the chosestsetudf) can be

generally recommended for the experimental determination of FRP compressive material
properties.

1 The widely arranged test program enables the authors to compare the material behaviour of
FRP in compression regardless of the fibre tyjue.the first time, the theoretical findings
from the polymer literature, particularly regarding the observed failure modes according to

Hahn[14], have leen analysed in a larger context including a high number of test results

73



Publication |

from previous studies. Thus, this study serves for a better understanding of the material

behaviour of FRP in compression.

1 The presumption of thelasticmodulus in compressio. beng equal to thelastic mod-
ulus in tensiorEs is confirmed based on the test results and the evaluated database. The
experimental values from the tests conducted within the scope of this study correspond well
with the results from the literature, althduteaturing less scatter. For the first time, the
dependence of the compressive material properties on the test slenderness, featuring less
scatter with increasing test slenderness is shown based on the test results from the literature
and tests from thistudy.

1 The highest compressive strength rafiosfi were obtained for the GFRP specimens, fol-
lowed by BFRP and CFRP. The comparison of serie& lfdnd IIFC reveals a resilient
conclusion regarding the significantly superior material behaviour ofFGEdnpared to
CFRP identifying GFRP as the most appropriate material for a robust design of such rein-

forced concrete structures in compression.

1 The test results of the GFRP and BFRP specimens show high values for the ultimate strain
& 01.29% (GFRP); 07 % (BFRP), significantly exceeding the ultimate concrete strain
(G, = 0.35%) according to EN 1992-1 [57]. The ultimate strains for CFRP are also above
Gy =0.35% (& crrp=0.38i 0.49%). However, due to the sensitive behaviour of CFRP in

compression, the results for CFRP reveal need of further investigations.

1 Based on théindings from this study, a lowrmal distribution is identified as suitabke t
statistically describe the compressive strengthraodulus ofelasticity of FRP reinforce-

ment independent of the fibre material.

For the design of FRP reinforced concrete members, the contribution of FRP to thershort
load-bearing capacity can berggrally recommended. However, further studies should be con-
duct ed <concer nitengmaterlalebeh&vRir & £ompressian as well as corre-

sponding reliability studies.
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4  SENSITIVITY ASSESSMENT OF THE LOAD-BEARING
CAPACITY OF FRP REINFORCED CONCRETE COLUM NS
(PUBLICATION 11)

Publicationll A Sensi ti vity a s sbeasirg) ncapacity ob FRP temferced o a d
concr et eprovidetusefulintmnation about the sensitivity of FRP reinforced concrete
members in compression on its caldnfluencing parameters. Particularly, the influence of

the FRP compressivaodulus is investigatedrherefore, the statistical investigation on the
distribution of the FRRastic modulusin compression fronfPublicationl provide decisive
information. The results from this study serves as an estimate on the influence of the FRP
material properties to the total scatter of the limit state with regard to FRP reinforced columns
subjected to axial and eccentric compression, thus providing an estimatedafetiyeconsid-

erations in sectioB.3.
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Summary

Fibre-reinforced polymer (FRP) reinforcement bars are a promising alternative to conventional
steel reinforcement due to their advantageous durability properties. However, today's leading
standardslo not permit FRP reinforcement to be taken into account in compression. Several
researchers have found this restriction to be very conservative and have shown that a significant
increase in loadhearing capacity can be achieved when concrete colummnsii@ced with

FRP reinforcement. However, before a standardised application of FRP bars in compression is
possible, the reliability requirements need to be clarified. Therefore, this study presents a com-
prehensive sensitivity analysis addressing theiagrgarameters in the design of FRP rein-
forced concrete members in compression. In addition to quantifying the sensitivity factors, this
study provides results for the scatter of the member resistance, which gives a strong indication

towards the reliabilit of such structures.
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4.1 Introduction
4.1.1 FRP material behaviour in compression

The application of reinforcement bars made of film@forced polymers (FRP) is increasingly

in demand in the concrete construction industry. Due to the beneficial durabilitytreé

FRP compared to conventional steel reinforcement, the possible reduction of the concrete cover
is considered most advantageous towards a more efficient way of construction. The tensile
material behaviour of FRP has been studied for several yaérs well implemented in stand-
ards[1, 2]. However, with regard to the application of FRP reinforcement bars in compression,
leading standards do not allow for the consideration of such reinfonteithee to the lack of
reliable research in this arflg 3, 4] Recently, various resedwers addressed the FRP material
behaviour in compression, revealidgstic moduli corresponding to those in tensigii 11]

and featuring compssive strength values of relevant magnitude, especially for glass fibre
reinforced polymer$5, 6, 11, 12] Furthermore, several test setup proposals towards a stand-
ardised experimental determination of FRP compressive strengttaatidmodulus in com-

pression have been made in the literafard (i 12].
4.1.2 Crosssectional loadbearing behaviour of FRP reinforced columns

With regard to the crossectional loaebearing behaviour of FRP reinforced concrete members

in compression, the axial capacity must be distinguished from the eccentric capacity. In the
scope of this study, this eccentric capacity is referredneagteraction (moment axial force
interaction). Whilst the axial loadearing capacityNr can be caldated usingEg. 4-1, the

exact determination of the capacity of members subjectesntinteraction requires an itera-

tive procedure.

Ne=A @ et EG Eq.4-1

The axial capacitir consists of a concrete part, given by the concrete-sedonal areé.

and its compressive strendthand an FRP part. The cressctional area of the FRP reinforce-
ment and the FRBastic modulus are given a& andE; respectively. The FRP compressive
modulus can be considered known due to its compliance with the corresponding tensile value.
For (&, most researchers agree on the choice of this explicit value to be equivalent to the com-
pressive strain correspondirggthe concrete peak compressive stf&3516]. In the literature,

a large number of experiments validate this assumpt@®nl7] For this reason, this assump-

tion is also followed in this study.
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As mentioned above, the determination of the member resistance under eccentric loading with
FRP reinforcement applied on both, the tensile and the compression side of treectioss

requires an iterative procedure. Based on experimental results feohtetlature, concrete
compression failure is assumed to be the critical failure mode for all levels of eccentricity and
reinforcement ratios investigat§i3i 17]. Thus, the strain value at the compressed edge of the
crosssection is set to the colec0.85%[08 Thaitet-i mat e
ation of the strain plane is therefore performed by varying the strain at the edge of the cross
section subjected to tension. Convergence is achieved when the axiaNigread moment

(MRr) equationskq.4-2 andEg. 4-3) satisfy the equilibrium conditions.

N.=x DaOf & A EO @ E Eq.4-2
MR:x@apfc% Ok Seon B+ Dy % H E-T g Eq.43
G * 2¢ 8 2 ¢

Note that the parabci@ctangle (PR) diagram according to Euroc®di&8] is used for mod-
elling the stress distribution in the compression zone. This material rsagelliapproved for
considerations in the ultimate limit staeable4-1 compiles all relevant variables addressed
in Eq.4-1 - Eq.4-3. For an entirely developed PR diagrai=({, = -0.35%), the parameter
describing the stress distribution compared to a solid stress{@cid the coefficient for the

determination of the distance of the resulting concrete compressive force from the compressed

edgekas are 0.81 and 0.41@spectively.

b

c f Q= 17 0.35 %
¢} 2 5 G |
Az 4 % g X /CMET
n £ g
1 .8 . & P
d; 1 2 *3 WA

Figure4-1: Strain plane and stress distribution for axial compressiomamdhteraction

From the above examinations, it becomes clear that both the axial and the eccentric compres-
sive loadbearing capacity of FRP reinforced columns in compression is significantly influ-
enced by the axial stiffness of the FRP reinforcement. ElImessalam|[Et]Jaamong others,

support this thesis based on the results of a database containing a large number of correspond-
ing experimental resdts. Therefore, a mechanical reinforcement ratig is introduced for the
following investigations. Contrary to the mechanical reinforcement ratio of steel reinforced

columns, the axial stiffne€s AAs of the total longitudinal FRP reinforcement determing:.
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%mzé%%' Eq.4-4

4.2 Sensitivity analysis
4.2.1 Methodology and basic variables

The following investigations aim at a quantitative comparison of the sensitivity of the formu-
lated limit state functions to selected basic vadgabBuch investigations are essential to pre-
pare for future studies on the reliability of FRP reinforced concrete members in compression.
Regarding the axial loaldearing capacity, the limit state functidrcan be formulated bsub-

tractingthe acting axieforce Ne from the axial capaciti{r as described i&q. 4-5.
Z=N, -N. A fOe,+E A I\Lg) N, O Eq.4-5

Analogously, the eccentric lodzkaring capacity can be ergsed via the following both limit

state function for the axi®dr and the moment palr respectively.

Z:NR 'NE Xb@R Q @Al-'-E QB@E*‘MQ qu Eq.4-6
Z=M, -M,

a8 N I g
=x Dap fcg 0Kk, 9%0% B Z%q Eq.4-7

. &h . B
te, B, Efogag Q'MEg _MEq )

The crucial parameters are modelled stochastically by means of their meareyalaed the
corresponding standard deviatiai resulting from an input coefficient of variatioB@qV).

On the resistance side, the cotereompressive strengfhand the FRRastic modulusE;s
represent the crucial parameters and are therefore modelled stochastically. In addition, the FRP
tensile strength is modelled stochastically to allow for reference examinations regarding the
bendingcapacity. According to JCY%$9], the concrete compressive strenfgils lognormally
distributed. Regarding the scatter of the concrete compressive strength, theresmet diffin-

ions on whether the standard deviatiofcabrrelates to the compressive strength or not. How-
ever, the approach implemented in Euroc®dellows studies by Risd0], who found the
standard deviation df to be independent of itsean value at 5.8/mmz2. The scatter of the
concrete compressive strength is therefore modelled accordingly in this study. According to
Bujotzek et al[12], the FRP compressiveadulus can be assumed to berlognally distrib-

uted. The evaluation of a database contaimrgl57 tes results gives £oVks of 0.034 for
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the FRP compressive moduld®]. Test results from Hiesch et §1], among others, reveal
scatter of the tensile modulus of similar magnitude\gr < 0.039). Thus, the san@o\ks is
considered for the FRP tensile and compresdagic moduli in this study. The mean value
andCoVof the FRP tensile stngth are chosen fp=1,500N/mm?2 andCoVi = 0.08 respec-
tively, in accordance with investigations made by Reni®2]. Besides the variables of the
resistance side, the limit state functions include a permégleand a live loadd) component

of the acting forces. These values are defined to satisfy the conditi@ Due to the com-
plexity of modelling live loads, which will not be the focus of this study, a simplified approach
is chosen and a fixed coefficieof variationCoVeq = 0.20 is applied as proposed by Rempel
[22]. The predominant part of the permanent load shpris @ssumed to result from the self-
weight of the structure and shall therefore be modelled norrdestributed with aCoVeg of
0.04, according to JCY%$9]. The load shard=q/ (g + q) is assumed to be 0.50 in this study
featuring the mean value of a practical range @g@0.70[23]. The stochastically modelled

variablesX; and the parameters assumed deterministic (det.) are listedlied-1.

Table4-1: Compilation of the applied basic variables
VariableX; Dimension [?lstrlbu- exi Oxi CoV
tion type
Concrete f, [N/mm?] 30 5 |0.167
compressive strengtl
FRPelasticmodulus Et [N/mm?] 60,000 | 4,400 |0.034
FRP tensile strength frt [N/mm?] N 1,500 120 |0.080
Live load q [MN; MNm] . 0.200
variable
Permanent load g [MN; MNm] 0.040
Mechanical Yot . det. |10-250| - .
reinforcement ratio
Compressive strain ° i 0 i i
(axial loading) % det. | 0.22%
Load share d=q/(g+q - det. 0.50 - -

For the determination of the sensitivity of the limit states to the four selected basic vaXiables

(fe, B, g, g) the HasofeiLind method24] is applied. With the aid of this method, it is possible

to determine the sensitivity valuesb ased on par Z/4 X0Of the bmitistata t i on s
functions according t&q. 4-8 [25]. Note that the Hasofdrind method is based on the as-
sumption that all basic variables are normally distributed, even if the actual distribution type is
different. The associated error that results from this assumption is classified as sufficiently

small forthe present sensitivity study.
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Eq.4-8

4.3 Results and discussion
4.3.1 Concentically loaded columns

The influence of the FRP reinforcement on concentrically loaded FRP reinforced columns
needs to be investigated with respect to the mechanical reinforcementgtid herefore,

the sensitivity factors according . 4-8 are plotted againstiot+. For mechanical reinforce-
ment ratios between 10 and 250, a practical rangaogfis shown inFigure 4-2 (left). With
regard to the resistance side, the sensitivity factor of the concrete compressive &lémgth
significantly greater than the one for #asticmodulus of the FRP reinforcemel regard-

less of the mechanicatinforcement ratio. Starting fromyotr = 10, Uk is close to zero. Grad-
ually increasingr o gives a sensitivity factor dik = 0.09 at¥irr = 250. The live load ac-
counts for the major part of the sensitivity on the action side. The observatiam@rged
when considering the square of the sensitivity vallfgglotted in the right part dfigure4-2.

The influence of the FRBasticmodulus becomes negligible compared to the other variables
with even tle peak value attt = 250 being less than 0.01. Note that in the following inves-
tigations the squares of the sensitivity valugare presented, because the sum of these values
is equal to one, which leads to a better quantitative comparability.

1 - 1.0
0.9 U (Na) 0.9
0.8
0.7
0.6
=05

> 04

CoVi; = 0.034 0.3 CoVg = 0.034
d=0.50 0.2 d=0.50
e/h=0 0.1 e/h=0

0.0
10 25 50 75 100 125 2{.5]0 175 200 225 250 10 25 50 75 100 125 150 175 200 225 250
Yot fl- Yot fl™

Figure4-2:  Sensitivity values] (left) andU? (right) against the mechanical reinforcement ratig (Uy2:
live load; U2 permaent loadU2: FRP éasticmodulus;Ug2: concrete compressistrength)
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4.3.2 Eccentrically loaded columns

In engineering practice, columns are not generally subjected to concentric compression. There-
fore, the following investigations focus on the study of eccentric loading using an eccentricity
to height ratio ¢/ h). The mechanical reinforcement ratio is settas= 50 in these investi-

gations.

The distribution of th&® - values with respect to the axial load limit stiitein the left part of

Figure 4-3 shows a pronounced dependence on the eccentricity edtly.(The sensitivity

value of the concrete compressive strength is dominant over the entire range investigated. Up
to e/ h<0.50, the sensitivity value of the FRIastic modulus is of negligible importance.
However, (P increases for larger values ef h, giving a sensitivity value dffgr = 0.03 at

e/ h=2.0. The generally decreasing influence of the action part can be explained by the fact
that the axial capacity of the cressction decreases with higher values bh.

1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
_ 06 0.6 -
=05 o5
0.4 0.4
0.3 CoVi, = 0.034 0.3 CoV = 0.034
0.2 d=0.50 0.2 q=0.50
01 ¥iors = 90 0.1 Fiors= 50
0.0 0.0
01 03 05 07 09 1.1 1.3 15 1.7 1.9 01 03 05 07 09 11 1.3 1.5 1.7 1.9
e/h[-] e/h[-]

Figure4-3: Sensitivity valued®; for the axial force (left) and the moment (right) aga@sh

The course of the sensitivities of thecompanyingnomentMr is also mainly determined by

the concrete compressive strdngh the resistance side and the live load on the action side, as
shown in the right part dfigure4-3. The sensitivity value of the FR#Pastic modulus here
remains less than 0.015. For columns subjectedieinteraction, a separation of axial force
and bendingmoment makes only limited sense. Thus, the corresponding sensitivity values
B (NR) and (Mg) are combined vi&q.4-9 and plotted against/ hin the left part ofigure

4-4. The sensitivity of the FRBlastic modulus here remains below 0.8 the whole range
investigated.

88



Publication Il

Eq.4-9

CoVi = 0.034
d=0.50
¥ ot = 50
01 03 05 07 09 1.1 1.3 1.5 1.7 1.9 01030507 09 1.1 13 15 1.7 1.9
e/h[-] e/h[-]

Figure4-4: Combined sensitivity values fan-n-interaction (left) ad normalised sensitivity values of the
tensile (Per) and compressivéXer) reinforcement (right) against/ h

Furthermore, the right part &fgure4-4 shows that for the majority of tled h - ratios studied,

the sensitivity value OEs is determined byhie tensile reinforcement. At loe/ h - ratios, the
sensitivity of the compressive reinforcement is greater than its tensile counterpart because the
entire crosssection is subjected to compression. As soon as thesgoten cracks, the tensile
reinforcement is subjected to tension. Increasing the eccentricity ratio is accompanied with
high strain values on the edge of the cremsstion subjected to tension. The compressive strains
are limited to much smaller values than their tensile counterparts theeultimate compres-

sive strain of the concretél{= 0.35%). Thus, the tensile reinforcement experiences signifi-
cantly higher strains than the compressive reinforcement, resulting in the limit state generally
being more sensitive to the tensile reirtement within the eccentricity range considered. Note
that thel® - ratio shown in theight part of Figure4-4 develops identically folr andMg due

to the( - values ofNr andMg both depending on the samsigain plane

4.4 Comparison to purebending

The reliability requirements according to Euroc6d26] of FRP reinforced concrete members
subjected to flexural loading are ensured by partial safety factors for the coneretie50)

[18] and the FRP reinforcement for tensile loadmg (1.30)[27]. Corresponding partial safety
factors have not yet been calibrated for FRP reinforced columns in compression. A detailed
investigation of the reliability leveof FRP reinforced concrete members in compression is
beyond the scope of this study. However, a comparison of the scatter of the member resistance

Mr under pure bending with the scatter of the combmedloading provides information on
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the evolution othe reliability level. For this purpose, tii®V of the corresponding member
resistance@o\R) is calculated according tq. 4-10 following fib Model Code[28]. There-
fore, the member resistance based on the mean values of the input v&iadoeisthe corre-
sponding value based on th&®% percentilevaluesRk is required.

1 LA
CoV,=— 1& R, Eq.4-10
1.65 C
A single reinforced beam with reinforcement only at the tension edge of theseai&s rep-
resents the member under pure flexural loadintpis study. For this type of member, there
are two possible failure mechanisms: (i) tenfsilkire of the FRP reinforcement and (ii) crush-
ing of the concrete compression zone. Both failure mechanisms are considered below, resulting

in two different vdues ofCo\k for the member subjected to purending
Mg ="f, B 2z Eq.4-11

Tensilefailure of the FRP reinforcement is formulatedkq). 4-11. WhereAx is the tensile
reinforcement crossection,zis the inner lever arm of the cross section. The specifications in
Table 4-1 entail the information about the FRP tensile strendih= L,500N/mm?;
CoM = 0.08).

M. =f Ox@, @ Eq.4-12

Eq.4-12 composes analogously, with the concrete compression fordeAb Alk) consisting
of the concree compressive strength the height of the compressive zonehe crossec-
tional widthb and the solidity coefficieritk replacing the reinforcement tensile foréeAAx).

0.25
0.20 | bending (concrete compression)
—_— ¥ ot = 10
= 015 ¥ — Y= 50
o ¥ ¥ yors= 100
o )
0.10 ,’! — Yotf = 175
--------------------------------------------------- ——— ¥yors= 250
bending (FRP tension)
0.05
OOO L L L L L L L L L
0.1 03050709 11131517 19
e/h[]
Figure4-5: CoVr of members unden-n-loading againseé / h compared to purbendingfor different me-

chanicalreinforcement ratios
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Applying Eq. 4-10 to these two cases giv€®\k values of 0.086 for FRP tensile failure and
0.194for concrete compressive failure, as shown by the dashed likéguire4-5. An inves-
tigation of theCo\k for m-n-interaction is given ifrigure4-5 for different levelof eccentricity

and five different mechanical reinforcement ratiostf = 1050100175250). The course of
Co\k decreases nonlinearly with increasing eccentricity, regardless of the reinforcement ratio.
The generally decreasing behaviour can be exgidainy the increasing sensitivity of the limit
state functions towards the FRRstic modulus for the axialNr) and thebending(MRg) part

as shown irFigure4-3. Furthermore, the mechanical reinforcement ratioghpssitive influ-

ence on th€o\k. For the smallest value studied4 s = 10), theCo\k equals 0.189 &/ h =

0.1, which is close to the upper threshold bendingfailure due to concrete compression
(CoWk = 0.194). Conversely, the course@b\k for ¥t = 250 shows a maximum value of
0.121 ae/ h=0.1. All values investigated are within the both thresholds dbending show-

ing a positive influence of the reinforcement to the obtai@ietir. Note that the reliability
requirements of the twbendingmodes are covered by the partial safety factors mentioned
abowe. Since th&CoVWk can be considered as an indicator of the reliability of the member re-
sistance, this is a clear indication that the reliability level is not negatively influenced by the
FRP reinforcement. Nevertheless, this hypothesis must still beisafficunderlined by ex-

tensive reliability analyses.
4.5 Summary and conclusions

This study presents a sensitivity analysis of FRP reinforced concrete members in compression.
After introducing the newly formulated mechanical reinforcement ratio for FRP regafor
concrete membensiotf, Sensitivity values] are quantified for four variable,(Er, g, ). The

following conclusions can be drawn from the above examinations:

1 The investigation of the sensitivity values for different mechanical reinforcement ratios
for FRP reinforcedconcrete columns subjected to axial compression gives a maximum
sensitivity value ofPgr < 0.01 aty ot = 250. Compared to a sensitivity value for the con-

crete compressive strength(df = 0.50, (Per presents a negligibly small value.

§ The sensitivig values show a distinct dependence ofdlié - ratio with a largeiPes -
value for large eccentricitie§?er = 0.032 fore/ h = 2.0). However, the sensitivity value
of the compressive reinforcement becomes negligible compared to that of theréansile

forcement at large eccentricities.
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1 The resistance scatt€o\k of FRP reinforced members subjected to eccentric compres-
sion ranges between the corresponding values of members subjecteddenalimewith

respect to (iFRP tensile failure and (igoncrete compressive failure.

The investigations carried out in this study give a strong indication that the application of FRP
reinforcement has no negative influence on the reliability of such reinforced concrete members
in compression. However, this hypesis needs to be supported by appropriate reliability con-

siderations.
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Abstract

Reinforcement bars based on glass fibre reinforceghparks (GFRP) show good mechanical
properties and advantageous durability properties compared to conventional steel reinforce-
ment. The increasing use of GFRP reinforcement can, therefore, also be seen against the back-
ground of an advised resourefficient adoption of materials in the construction industry.
However, the mechanical properties of GFRP reinforcement are still not sufficiently re-
searched, currently leading to regulatory restrictions. More specifically, regarding the com-
pressive material propees of GFRP reinforcement bars under lbagn loading, there is a

significant lack of information.

This paper introduces a novel model for predicting the stress redistribution in GFRP reinforced
concrete members subjected to ldagn compression. A comgrensive examination of the
mechanical background and a brief summary of existing literature on relevant test results form
the basis for the initial development of an extensive test program to be applied. In the first part
of the experimental investigationSFRP reinforcement bars are statically loaded for an exper-
imental period of 1,0080urs in order to determine creep rates. Subsequently, GFRP reinforced
concrete specimens are subjected to compression for 190 days at three different load levels.
The resits show a significant stress increase in the GFRP reinforcement due to creep and
shrinkage. The high ultimate loads of preloaded specimens demonstrate that ttegniong
loading did not lead to any damage. The proposed analytical model combines thetsvad pa

the experimental program and provides a practical method for determining the load redistribu-

tion in GFRP reinforced concrete members under permanent compressive loading.
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5.1 Introduction

Advancing global industrialisation is leading to an alarming ceamghe climate and an increasing
scarcity of resources. In this context, concrete construction has a major responsibility due to the CO
intensive production of cement and the immense amount of resources required. For this reason,
research currently foses on various opportunities for developing innovative alternatives to con-
ventional concrete structures. One possibility involves the integration of industrial wagtal(e.
minium, plastics) into the concrdtk 2]. Other efforts are focussed on the development of geopol-
ymer concretes, which may be provided with nanoparticles in order to improve their duratyity p
erties[3]. This paper discusse<thse of corrosion resistant reinforcement made of fibre reinforced
polymers (FRP) as an alternative to steel reinforcement with the aim of improving the durability of
reinforced concrete structures. According to leading international standards, thereiséoofe-

ment bars made of glass fibre reinforced polymers (GFRP) in compressed concrete members is
currently not permitted due to limited research on this t@§i6]. Concerning the sheterm com-
pressive material properties, GFRP reinforcement bars exhibit high compressive strength values. In
addition, the compressigtasticmoduli are comparable to those in tendidinl2]. However, when
assessing the entire service life of a GFRP reinforced concrete member, it is necessary to consider
time-dependent material properties during the design process.

5.1.1 GFRP creep in tension

Tensile creep and relaxation of GFRP reinforcement bars has been studied [ér I@jgSeveral
research projects fosad on the creep induced loss of prestressing ffitde$6] and tried to coun-

teract tertiary creep with eventual creep rupfdt. GFRP creep in tension comprises of three dif-
ferent portions, as shown gure5-1. Thefirstpart{ i ) f i bw (& carcbe eoasplerap neg-
ligible for glass fibre$14, 17 19]. The viscoelastic material behaviour of the polymer matrix results

i n def omwr(g due to @i)polygper matrix cregd, 17]. When initialy loaded, stresses in

the GFRP crossection are distributed proportionally according to the stiffness share between fibres
and polymer matrix. A load transfer from the polymer matrix to the fibres, which can be assumed
to be timeinvariant[17], occurs due to a creep induced stiffness decrease of the polymer matrix.
According to Dolan et a[18], the load share of the polymer matrix is entirely transferred to the
fibres. Considering the timdependent GFR&asticmodulusEcrrr (t) and the mixture rule accord-

ing toEq.5-1[4], the polymer matrix induced creep rétgrpm(part (ii)) att=b can be esti
following Eq. 5-2. The fibre and the polymer matrekastic moduli are denoted bk andEnm re-

spectively, whilevs describes the fibre volume content:
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Ecrre(t=0) ¥, BD (1+V)-E, Eq.5-1
. Eglt=0) | VE @ W) EO
t= == 1- m 1 -
/ GFRP,m( 9 E..(t=0) Vv, & Eqg.5-2

The third part (iii) of GFRP tensile creep results from the initial skewness of the[fibrek/] As

shown inFigure5-1 (iii) the individual fibres show imperfections resulting from the manufacturing
process. Application of tensile stress to the GFRP leads to straightening of the fibres and an accom-
panyi ng cr eeww().dle toonteraa this issne, @-RP reinforcement bars forsise a

tendons are preloaded before prestreqdifp

A A A A ) A A A A A A A A A )

V.V VvV ¥V A Yy V V N v AR vV Vv y

@ (ii) (iii)

Figure5-1:  Portions of GFRP tensile creep: (i) Fibre creep; (ii) Polymer matrix creep; (iii) Creep due to fibre skew-
nesg16]

Tensile creep tests on GFRP reinforcement bars have been conducted by several researchers.
Youssef and Benmokrari&é5] tested vinyl ether reinforcement bars with fibre volume contents
ranging betweeWs =0.51 and 0.75. After an experimental period of 3,000 t8Qhours, tensile

creep rates betwedincrrp= 0.012 and 0.157 were observed. Experiments conducted by Sayed
Ahmed et al[20] revealed tensile creep rates(frr=0.0397 0.112 after a londerm loading

period of 1,67(hours. Test results by Hiesch et |@l4] showed tensile creep rates for GFRP
reinforcement bars with a fibre volume contenVpf 0.75 ranging betweelicrrp= 0.0161 0.041

after 1,00Chours of loading.
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5.1.2 Existing studies on GFRP compressive creep

The research on the compressive skenh material behaviour of FRP reinforcement for structural
concrete applications is still limited and therefore exclddad leading standard$2]. In addition,

testing of FRP reinforcement in compression is not yet standardised and must be carried out with
great care. Research into letegm properties, including compressive creep, is a next step and there-
fore a highly innovative topic that hastnyet been addressed in concrete structural engineering.
From the literature, no experimental studies on the compressive creep behaviour of GFRP reinforce-
ment bars for application in concrete structures can be found. However, studies on the creep behav-
iour of GFRP specimens with various shapes exist, some of which are presented in the following.
McClure and MohammadR1] investigated the compressive creep behaviour of GFRP specimens
made from Eglass and polyester resin with a fibre volume conte: 6f0.531 0.59. The speci-

mens were loaded in compressiord&t of the ultimate load over a period of 2,30Gfurs. A

clearly nonlinear course of the experimentally recorded creep strains with strongly increasing values

i mmedi ately after | oad application was obser
power law[22] served to model the evolution of the test data, evidently converging towards a thresh-
old. Apart from the experimental creep ratésrqp = 0.1331 0.152), no tertiary creep or creep
rupture was observed. After unloading, the creep recovery of the specimens was recorded, showing
that 531 67 % of the creep strain was reversible. Scott and Zufé@kinvestigated GFRP speci-

mens in compression with a vinyl ether polymer matrix featuring a fibre volume content of

Vi = 0.30. The specimens were investigated at three different load levels, specifying ratios of 0.20,
0.40 and 0.60 of thehortterm compressive strendikrrp,c Creep rates ranging from 0.089.138

were found after a loading period of 5,d@6urs. No significant differences were found in the results

of the different load levels. From the observations of the recordedlsstaanonlinear power function

was empirically calibrated to model the creep strain course. Despite the high load level of
e / farrp,c= 0.60, no tertiary creep was observed and, therefore, no risk of creep rupture was iden-
tified. Choi and Yuaij24] investigated glass fibre reinforced polyester resin with fibremeltrac-

tions Vs ranging from 0.45 to 0.75. The specimens were tested in compression at four different load

l evel s (0. 20 forddy. Bfter alofding period @ 2,FursAcreep rates ranging

from 0.098 to 0.108 and a good agreement of the experimengalwl t s wi t h Findl e
were found. No characteristic dependence of the creep rate on the load level was observed from the

test results.

Apart from the general GFRP creep behaviour in compression, a distinct effect of the ambient tem-

perature on dgmer matrices is known from the literatUrE7]. Due to the strongly temperature
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dependent material behaviour of the polymer matrix, high ambiemqetetures result in signifi-

cantly accelerated creep rates. AlAjarmeh €f2&l] investigated the influence of elevated ambient
temperatues (23 to 140°C) on the compressive material behaviour of GFRP reinforcement bars at
different slenderness ratios. The authors found a strong decrease of the GFRP compressive strength

at very high temperature$ ¢ 60 °C).
5.1.3 GFRP reinforced concrete in compession

With regard to the use of GFRP reinforcement bars in concrete members, several researchers inves-
tigated the shotterm loadbearing capacity of such reinforced colunia&i 30]. The results show

a good agreement between the experimentath@ading capacitieblr of concentrically loaded
concrete columns reinforced with GFRP reinforcemert tath the analytical approach according

to Eqg.5-3. The total axial loadbearing capacitiNr is the sum of the normal fordéz c andNr crrp

taken up by the concrete and the GFRP reinforcement, respectively:

Ng = NR,c +NR,GFRP *. Ap EG?RP,C AGFFQ? GFR Eqg.5-3

The load share of the GFRP reinforcemegterris proportional to its axial stiffne&&sere cAAcFrP

due to the linear elastic material behaviour. The assumed compressivestiaimust be chosen
according to the applied concrete material model. The literature documents different approaches
depending on whether the ultimate concrete strairapplied according to Eurocode[31]

(G = -0.35%) or ACI1318[32] ({4, = -0.30%). Since the ultimate loddearing capacity is primar-

ily determined by the concretegthuthors of this paper take the position of using the concrete strain
at peak compressive stred$ & -0.20%). A sufficient number of experimental results for short

term loading in compression emphasises this podi@8ii36]. Also, the positive effect of longitu-

dinal GFRP reinforcement on the shtetm compressive capiély of concrete members has been

demonstrated by several experimental and theoretical investiggigjns
5.1.4 Load redistribution in steel-reinforced concrete members under compression

With respect to the total service life of a reinforced concrete member, the aforementioned load share
between oncrete and GFRP reinforcement is subject to creep and shrinkage induced variations.
Load transfer from the concrete to the steel reinforcement due to creep and shrinkage has been
known for a long tim¢37i 39]. Several experts pved analytical methods to determine the resulting
force increase in conventional steel reinforcenjé@f 41] Nevertheless, this topic is still part of
current resaah [42, 43] Transferring the problem of tirgependent load redistribution to GFRP

reinforced concrete members inngoression raises the question of the extent to which the time

102



Publication 1l

variant material behaviour of the GFRP reinforcement itself influences the load redistribution. Fur-
thermore, any influence of the loigrm loading on the ultimate lodmkaring behaviour of such

reinforced concrete members in compression is of great interest.
5.1.5Research significance

Existing studies focus on the shtetm loadbearing behaviour of GFRP reinforced concrete mem-

bers in compression. With the aim of applying GFRP reinforcement ine=rgig practice, the
long-term behaviour of GFRP itself, as well as the interaction of the reinforcement with the concrete
under sustained compressive loading must still be properly investigated. Any potential damage to
the GFRP reinforcement due to letegm loading or constraining stresses due to shrinkage of the
concrete must be carefully addressed. Whereas the tensile creep behaviour of GFRP has been the
subject of several research projects, the compressive creep behaviour has not been part of such

studes in concrete research.

The current study provides experimentally determined creep rates resulting from a test series on
GFRP reinforcement bars subjected to loergn (1,00Chours) compression. Based on the experi-
mental results, an analytical approashdeveloped in order to allow for an extrapolation of the
GFRP creep rates to the entire service life of GFRP reinforced concrete members. An extensive
experimental program examines the creep and shrinkage induced load redistribution behaviour of
GFRP reifiorced concrete specimens subjected to-f@mnm (190 days) compressive loading. The
investigation of different load levels enables the authors to provide results independent of the ap-
plied stress state. Crucial information on potential damage of thevspeor the GFRP reinforce-

ment bars is obtained by testing the ultimate {badring capacity of the specimens following the
long-term loading period. Finally, a practical model for determining the load redistribution of GFRP
reinforced concrete memberslang-term compression is proposed and validated with the experi-

mental results.

5.2 Compressive creep tests on GFRP reinforcement bars
5.2.1 Test program and setup design

In order to assess GFRP reinforced concrete members subjected-terforapmpressive loading,
the first necessary step is to investigate the-tliey@endent material behaviour of the reinforcement
bars itself. Creep tests on GFRP reinforcement bars are carried ouT esting Laboratory of the
Institute of Solid Structures at TU Darmstadt. Thefogcement bars with a nominal diameter of
@nom=12mm (diameter from immersion weightingin = 12.82mm) show a grooved surface and

are made from Electric Corrosion Resistant (ECR) glass fibre reinforced vinyl ester resin with a
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fibre volume content o¥s = 75 %. The shorterm material properties have been determined in ad-
vance[12] and are presented Trable5-1 specifying mean value, sample siz@xperimental num-
ber of compressive strength asldsticmodulus valuesns andng) andCoV of the GFRP compres-

sive strengtticrrp,candelasticmodulusEcrrp,c

Table5-1: Shortterm material properties of the GFRP reinforcement bars

DBim Dnom feFrP,c EcFrp,c
mm] | [mm] | (Nmmg | Nmmz | 0| el | Covl Cole
12.82 12 781 57,930 | 10 | 7 | 4.1%] 3.9%

The longterm load level is chosen to bBie / forrp,c= 25% (compressive stress in the reinforcement
bar: 0 = 195.3N/mm2) of the mean compressive strength, corresponding to a constantssiwepre
testing force ofF = 25kN. The applied strain igsrrp,c= 0.33% and thus exceeds the strains con-
ventional concrete components are exposed to in a permanent load situation, even when significant
creep is taken into account. Following the finding$12, 44] the free testing length is chosen to

be 6AZim = 77 mm to generate a uniaxial stress state. The load is applied via the carefully prepared
end faces of the specimen. To avoid buckling of the specimen and to ensure a concentrioioad int
duction, the free testing length is marked by horizomtatkets Figure5-2). Strains are recorded
directly on the specimens during the test usimdyctive displacement transducers (DD1). Addi-
tional displacemet transducers (DD2) are installed at the top and bottom machine heads. The con-
centric load application is experimentally verified by means of the displacement transducers (DD1
and DD2) mounted on two sides of the speciminaddition to recording the siplacements of the

bars, the ambient temperature is recorded throughout the whole test. Furthermore, the machine force
is monitored to ensure a constant load letro preliminary tests of 208ours each are carried out

to verify the test setup. Subseqtignfour tests in which the specimens are subjected to a constant
compressive stress for 1,000urs each are compiled, leading to a total of six tested specimens. The
test period of 1,00@ours was chosen in accordance with studies for FRP creep ionghsi 16,

45, 46] All experimental data is recorded at a rate fzcduring the first hour and at/h for the

rest of the experiment.
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Figure5-2:  Schematic test setup (left) and picture of the setup at the labofatint)

5.2.2 Test evaluation and elimination of temperature induced effects

Figure5-3 showsthe first 500seconds of the creep test exemplary on specimen #1, including the
load application process until reaching theget loadF«.. The bar strain§lincrease linearly until
reaching the target elastic stréidras defined above. From this point on, the test load is held constant
with an accuracy of €.1%. Further strain increase can barely be recognised from the left part of
Figure5-3. Therefore, the strain increases atto is represented in the right partleifyure5-3 by
means of the GFRP creep rétgrp(t) according to the following equation:

E'(t) - & 1

el

J crrelt) = Eqg.5-4

The creep ratécrrrshows a pronounced nonlinear course with general decreasing g(adjent
5-3 (right)).

035 ; ) 0.02
03 r ‘ 0018 |
= 025 |
£ o2l 0.016 |
0.15 | 0.014
01t Loading! Sustaining Q, o012 |
005 r t=t, E 0.01
0 1 1 1 1 J \@
) 100 200 tlsl 300 400 500 - 0.008 |
.5 L
0.006
g10r 0.004
w15 ¢ 0.002
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0 100 200 300 400 500
25 L (tT to) [s]

Figure5-3:  Loading process (left) and illustration of the GFRP creep rate (right) exemplary for creep test on speci-
men #1
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To obtain creep rates that are independent of ambient temperature variations, temperatwe induce
effects must be eliminated from the results. The influence of the ambient temperature on the course
of the experimental creep rate becomes evident from the creefi¢ategspecially from test #5
(Figure5-4) showing the most significant temperature course of all tests. The ofiginaldata as
determined according t6q. 5-4 is shownas dashed line (black). The data show a highly scattered
course with a particularly strong increase at the beginrfwitpwed by a plateau at around
Uerrp=0.04, which remains constant unttli(to) = 550hours, when the rate starts increasing
stronglyagain. The course of the ambient temperature which varies between 19.7 & \25

an average ofm =22.2°C is given in the plot as well (grey solid line). Particularly the area after

(t7 to) = 550hours, where the creep rate strongly increasefpininated by a high increase in am-
bient temperature. On the other hand, the plateau phase)(( & T 250h) is governed by tem-
peratures belowmn. Furthermore, local steps in the course of the creep rate are accompanied by
visual steps in the course of the temperature. This observation can be justified by the fact that the
material properties ahe polymer matrix are strongly dependent on the ambient tempeféture

25]. Aiming to formulate a creep model independent of thei@mlbemperature, the values accord-

ing to Eq. 5-4 are multiplied by a correction term, which is composed of the ratio of the mean
temperaturel'm to the temperature at the considered ti® (Tm/ T (t)) (EQ. 5-5). Introduction

and the stepwise optimisation of a poydp this correction term leads to creep rate courses that
come very close to the courses observed in the literature for both {&dsded compressive creep

[21, 23, 24]for p = 2. Thecourse of the temperature adjusted creep(fagzr Shows decisively

less scatter and corresponds well with a logarithmic course given as a black satiéFigure5-4.

o

L x ) T
/ GFRP(t) = ./GFRF(t) éri ( Eq.5-5
cT(t) -

~ )N

. 4 26
Specimen #5

25

ot 24
4 23—
2

1 22+

121

1 20

L L L L 19
0 200 400 600 800 1000

(tT to) [h]

Figure5-4:  Influence of the temperatuiieon the creep ratécrrpand (i’ crre
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5.2.3 Experimental results and analytical approximation

With regard to the application of GFRP reinforcement baengineering practice, the service life
of a building exceeds the experimental period of 1/@8rs many times over. To extrapolate the
evolution of the creep raté crrrbeyond the experimental period, the test data is recalculated by a

logarithmic approeh (Eq.5-6) as suggested {14, 16]for tensile creep tests on FRP specimens:
J crreca™ @1y 1OQ(t E) blo( Eq.5-6

While aing and biog are free parameters thate to be calibrated empiricallyt, i(to) describes the
experimental periodTable 5-2 showsthe experimentally determined creep ratésrrp for

(tT to) =200 and 1,0000urs respectively. In addition, the mean ambient temperdtuie given

for each test. The parameteatsy and biog from the logarithmic approach, which have been ap-
proached iteratively in order to optimise the coédfit of determinatio?, are also given. Finally,
Table5-2 containsan extrapolation of the creep rates for each test to the target service life of build-
ings which is chosen to 5@ars according to Eurocod47]. Besides the paranss of the indi-
vidual tests #1 to #6, the experimental values of specimen #3 to #6 (b)) are jointly consid-

ered to obtain mean values.

Table5-2: Compilation of experimental creep rates amdlytical parameters

e Duration | (i"crre, 200n| ('GFrP, 1,0000 Tm | @log Diog Re | ("GFrP.50a
[h] [-] [-] [°Cl| [ [-] [-] [-]

#1 200 0.043 0.050° |[26.7/0.02430.0084 0.976| 0.072
#2 0.029 0.032" [25.9/0.01350.0063 0.781| 0.049
#3 0.029 0.040 |26.9/0.0090 0.0090 0.864| 0.060
#4 1.000 0.016 0.024 |26.9/0.0000 0.0077 0.893| 0.043
#5 ' 0.043 0.050 |24.3/0.01850.0105 0.965| 0.078
#6 0.019 0.026 |24.3/0.0070 0.0050 0.944| 0.035

mef‘#%#?’ € 1,000 0.026 0.033 [25.8/0.00690.0085 0.970| 0.055
CoV - 38% 31%

“calculated based on the valuestéttp) = 200 h according t&g.5-6

In Figure5-5, wherethe plots of the creep rates of all 6 specimens are presented, it becomes apparent
that the major part of the creep pres®ccurs within the first 20@ours. After {i to) = 1,000hours

the mean creep rateiSsrre (1,000 h) = 0.033, which equals 8®of the extrapolated creep rate at

the end of the service lifé crrp s0= 0.055. A comparison of the individual experirtercreep

rates (i"crrp at (7 to) = 1,000hours shows a highly scattered range from 0.024 to 0.050
(CoV=31%). This is due to the high sensitivity of the creep rates to the fibre volume cdhtent

and especially the fibre skewness. To indicate the bilitjaof the creep rates, a scatter range is
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added as a grey area to the averaged curve from the tests on specimens #3 to #6. Conversely, the

qualitative comparison of the creep curves of the individual tests shows good agreement among the

experimental reults. Furthermore, a coefficient of determinationReE 0.970 for the averaged

results from specimen #3 to #6 reveals good agreement of the experimentalifesetwith the

analytical approachticrre ca@ccording tdeq. 5-6.
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Figure5-5: lllustration of the GFRP creep ratdfs{rp.ca calculded values according #q. 5-6 and(i*crre tem-

perature adjusted experimental dataording tdEq. 5-5) of the individual specimens #1 to #6

The strong increase in the eperate at the beginning of each test can be attributed to the load
redistribution from the polymer matrix to the fibres ((ii) matrix creefpigure5-1), which is known

to occur rapidlyf4, 14]. In the following, the matrix creep induced partliogrrpis estimated ac-
cording toEg.5-2. The shorterm compressive modulus of the applied GFRP reinforcement bars is
known to beEgrrp,(t = 0) = 57,930N/mm?2(Table5-1). Theelastic nodulusof the vinyl ether pol-
ymer matrixEm can be approximated to range between 3,000 and Blo0M2[14, 17, 48] The

fibre volume content specified by the manufacturéf rs 75 %. Therefore, the fibrelasticmodu-

lus Es can be expressed as follows:

v R
= Eormee” 1 V1) B 76,240 to 75,90W rhm Eq.5-7

Vi

The polymer matrix induced creep réitgrrmat t=®) can t hus be EgHL)i mat e

Ecrre{t=0) 1- Egrre {t 0)
Esrre{t= 9 E, \Q

It is evident from the estimation that the polymer matrduiced creep rate is 4®3 % of the mean

S srren(t= 9 1 0.081 to 0.01% Eq.5-8

experimental creep rate afi (to) = 1000 hours{ crre,1,000n= 0.033, indicating that the contribu-

tion due to fibre skewnesBifgure5-1 (iii)) is of significant magitude.

A comparison of the compression creep tests performed in this study with tests uneerrtong
tensile stress conducted by Hiesch efl] reveals two significant differences. Due to the same
type of GFRP bars that were used in [11] and this study, comparability is given in terms of fibre
volume content andibre skewness. Firstly, tensile creep rates of in avefagar = 0.0283
(CoV=33%) after a test period of 1,00@urs were foundiL4], compared to a value &fcrrp=

0.033 in compression from this study. Secondly, the tensile creep tesfd &jgpartly still show a
significant slope after 1,00@urs, whereas the specimens subjected to compression from this study
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appear to converge within the experimental period of 1h@@@s Both observations can be at-
tributed to tle creep due to fibre skewne$sgure5-1 (iii)). The process of straightening a misa-

ligned fibre in tension is limited to the core of the specintggufe 5-6 (left)). Corversely, the
corresponding process in compression has no such geometric thrésgate %-6 (right)). As a

result, the skewness induced creep rates in compression can achieve higher values than in tension.
The sane geometric situation leads to stronger transverse stressthe polymer matrix in com-
pression than in tension. As a result, the compressive creep rates tend to converge faster than their

tensile counterparts.

_________________

Geometrical X

Figure5-6: GFRP creep due to fibre skewness in tension (left) and compression (right)
5.3 Compressive creep tests on GFRP reinforced concrete specimens
5.3.1 Test program and specimen preparation

To account for the creep and shrinkage induced ledistribution between the concrete and the
GFRP reinforcement bars, reinforced concrete specimens are tested underrfongmpressive
loading. Subsequently, the lohéaring capacity and stiffness of the specimens are determined ex-

perimentally to iéntify any damage to the reinforced specimens as a result of thelomgpading.

A total of 28 concrete cylinders with a height to diameter ratio oftf20300mm xd = 150mm{
Figure5-7 (left)) according tcEN 123901 [49] are divided into four batches and are investigated
under three different load levels (LLjic( fem = 0.20 0.30 0.45 Figure 5-7 (right)). Each batch
consists of two sets of three specimens, with the first set of cylinders being unreinforced and the

second set being reinforced with @2mm GFRP reinforcement bars for each cylinder resulting
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in ageometrical reinforcement ratio of 88 The aim is to ensure a possibly high leadistribu-

tion from concrete to the reinforcement by maximising the reinforcement ratio based on the maxi-
mum reinforcement ratio according to Euroc@devhich equalg; = 9 %[31]. The mechanical
properties of the GFRP reinforcement bars are specifid@te5-1. Each specimen is equipped

with four pairs of measurement marks, placed at quarter circliégmssas shown irFigure

5-7 (left), each consisting of a small plate with a rounded steel head and spacednat 206hg

the specimends height. Concr f128N/mm2iarnd mamumar get
aggregate size of 8 mm is used to ensure proper compaction also in the heavily reinforced areas of
the specimen. In addition to the loaded specimens, one batch of shrinkage (SH) specimens consist-
ing of one reinforced and one unreinforced set of #a@e specimens, is produced. These shrink-

age specimens serve as reference (REF) specimens when testing the ultirdagariogdcapacity
subsequent to the lorigrm testing period. Finally, four unreinforced specimens are casted for the
determination othe concrete compressive strength dadticmodulusat 7 and 2&lays. The des-
ignation of each test series arranges as follows:

XX-R-0.2-i

L—» Individual specimen number
Load level {c/ fen=0.00 0.20 0.30 0.45)
R = reinforced; UR = unreinforced

purpose (N = normal; REF = reference; SH = dtage

UR R UR R UR R

L )L J oL

J

Frontview

300 mm

200 mm
Loadedspecimens

o

0.20 0.30 0.45

EEEDES

)L

SH-UR-0.0 SH-R-0.0
=REFUR-0.0 =REFR-0.0

5800

c
o

-
o+
3

1l

Unloaded
specimens

Top view

-

o1 Measurementnarks

Specimens
for f,,, andE,,,

Figure5-7:  Schematic illustration of the specimen geometrit)(knd the test program (right)

The production of the specimens begins with preparing the GFRP bars to the required length. The
GFRP bars are placed in the cylinder moulds using a template to ensure a precise position of the
reinforcement during castingrigure5-8 (a)). After concretingKigure5-8 (b)), the specimens re-

main in the moulds until demoulding on the seventh day. Before loading the specimens, the load

introducton area is prepared perpendicular to the specimen axis to ensure a homogeneous load dis-
tribution (Figure5-8 (c)).
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(d) Specimens inside the climate roor  (e) Installation of measurement marks (f) Specimens inside the loading fram
Figure5-8:  Preparation of the specimens
The specimens arthen transferred to a constant climate environnggti{e5-8 (d)) featuring a
temperature of =20+ 2 °C and a relative humidity RH of &55 % according to DINL239016;17
[50, 51] The climatic conditions are monitored over the entire duration of the experiment using
appropriate measuring i nsT= u\hde n3tARE=+TVedarhen-r i n g
ual extensometer which fits the steel heads of the marks is used to record the distance between them
to an accuracy of 0fm throughout the test. Before subjegtihe specimens to lortgrm loading
over a period of 190 days, the concrete cylinder compressive stfengtandelastic nodulusEcm
aredeterminedTable5-3). To determine any influence of the applied ldegm compressive stress,
three load leveldk / fom7a= 0.20 0.30 0.4Fare tested experimentallJgble5-3). The load levels
are arranged around the maximum stress v@wex/ fem = 0.33, as prescribed [80] for the ex-
perimentaldetermination otoncrete creep rates. The load is carefully applied by means of a rigid
loading frame and a hydraulic systeRigure5-8 (f)). Each batch, consisting of three reinforced

and three unreinforced spe@ns, is loaded via a linked hydraulic system, to ensure exactly the
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same load level. Note that the hydraulic pressure is monitored for each frame to ensure a constant
load throughout the whole test peri&irains are recorded daily for the first weeleafoading and
then weekly for the first 30 days. For the remaining duration of the test, measurement is compiled

every 14 days.

Table5-3; Concrete compressive strengigsticmodulus and loadelvels

Concrete material properties Load levels (LL)
fcm,cyl Ecm Lolc / fcm =0.20 ljc / fcm =0.30 ljc / fcm =0.45
[N/mmZ] [N/mmZ] [N/mmZ] [N/mmZ] [N/mmZ]
t=to=7d 17.7 21,002
t=28d 30.0 25,783 3.50 >-30 8.00

5.3.2 Experimental results

Figure5-9 (i) and (ii) summarise the experimentally recorded total sti@insf the unreinforced

(URT solid lines) and reinforced specimensi(Rashed lines), respectively for the three aforemen-
tioned load levels. The tdtstrains, including the initial elastic strdih show considerably higher
values for the UR specimens compared to those with GFRP reinforcement bars (R), as expected.
The shrinkage straif$n (Figure5-9 (iii)) are recorded analogously to the total strains on each three
reinforced and unreinforced specimens subjected to the same environmental conditions. Only minor
deviations are observed between the experimental \/éluea&nd the ones calculatéh caaacord-

ing to the shrinkage model of Eurocd?ig81]. The significant deviation of the experimental results
from the recalculation betweeni(to) = 120and 169days can be explained by a temporary devia-

tion from the standard climateuBtracting the initial elastic strai@ of each specimen and the
shrinkage straifid, from the total straiftky, leads to pure creep straids, which are presented in

Figure5-9 (iv). Note that the results presentedrigure5-9 result fromn specimens.
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Figure5-9:  Experimental results: Total straiti, Shrinkage strainl,and Creep straing.

Each strain value shown Figure5-9 corresponds to the average of each four measurement marks
at three specimens. The four measurement points per specimen are used to verify the centric load

application. The creep rates are calculated from the creep s#zasgollows:

e (t-t)

J (- 1) Eq.5-9

el

The creep rates obtained for the unreinforced (UR) specimens are giviguia5-10 (left) and

show thetypical nonlinear course regardless of the load level. The unreinforced specimens show
creep rates froriur = 1.97 (LL=0.20) to 2.13 (LL= 0.30) after (i to) = 190days. A recalculation

Ucal Of the experimentally recorded creep rates for the UR spasiaxording to Eurocod31]

(similar to MC2010[52]) leads to aslight overestimation. A comparison of the creep rates of the
reinforced specimens with the unreinforced specimens leads to the observation of significantly less
creep, with creep rates for the reinforced specimens (R) rangindifrert.19 (LL=0.20) b 1.24

(LL =0.30) after (i to) = 190days

It is interesting to note that the creep rate of the reinforced specimens converges faster to its final
value than the values from the UR specim@imgs effect can be explained by the redistribution of

creep nducing stresses from the concrete to the GFRP reinforcement, resulting in a reduction of the
stresses acting on the concrete. This effect counteracts the creep process of the plain concrete and
leads to a reduced gradient of the creep rate. As a résutirdep rate of the reinforced specimens

converges faster towards its final value. Similar effects are known from concrete members with
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conventional steel reinforcemef®3]. This observation is emphasised by the slightly decreasing
course of the creep rate ratig/ (iur in Figure5-10 (right). Apart from the highly scattered values
at the beginning of the experimetig / (iur converges to a target value ranging betw@eh(iur =
0.5871 0.60 at {1 to) = 190 days, independent of the Idadel.

25 1.0
Creep rated I 0.9 | Creep rate ratidlig / lyg
20 | n=18 — 0.8 | n=18
0.7
15 — 0.6 ||
- x 4
1.0 |4 P i - R & 04y —
¥ . 0.3 —— 0./f,,=0.20
0.5 § "= N-URO3 —+ N-UR045 ———- Uy o2{ | a— o/ fom=0.30
4 N-RO2  me N-R0O3 e N-R-0.45 oty e U / fery = 0.45
0.0 0.0
0 50 100 150 200 0 50 100 150 200
(tT 1o [d] (tT to) [d]

Figure5-10: Creep rates for R and UR specimens (left); Creep rate(iatiGur (right)

5.3.3 Evaluation of the load redistribution from experimental results

In order to quantify the load ristribution in the specimens tested within the scope of this study,
the following equations are derivelq. 5-10to Eq.5-18). The total experimental loddy consists

of the concret&\. and GFRP reinforcemehlgrrrload shares:
No =N MNgegp Eq.5-10

As the total experimental loadh is applied concentrically to the specimen, the load distribution can
beassumed to be directly proportional to the axial stiffness of the cothetand the GFRP rein-

forcementEAGrrp, respectively:

EA "
N=—""N0 -
“" EA+EA, .. 0 Eq.5-11
EAsere
=— —S5/F N -
GFRP EA + EA 0 Eq.5-12

The axial stiffnes&A can be directly calculated from the experimentally recorded strains according
to Hookebs | aw. Thus, the axiBEAlrisderiviedblydivideys o f
No by the load induced strain of the unreinforced specitdgngi Wn.ur. The analogous procedure

applies to the axial stiffne€sAr of the reinforced specimens:
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N

EAR= —"— Eq.5-13
§ etot,UR' Q,UR a
N
EA = —"— Eq.5-14
etot,R' ﬁ,R a

The axial stiffness of the GFRP reinforcemEAt:rrpcan be derived from the difference between
the axial stiffness of the reinforc&fw and the unreinford EAur sSpecimens, as follows. Note that
the axial stiffness of the concrete part of the reinforced speciE¥aust be distinguished from
the axial stiffness of the unreinforced specimgAsr according to the corresponding concrete area

(Acg = concretegross crossectional area):

EA. = EA +EARe EAg é@% EAr Eq.5-15
EAsre = EA: -EAR %ﬁ Eq.5-16

The axial stiffness of the concrei®: and the GFRP reinforcemelBcrrp can thus be expressed

via the experimentally recorded strains values as follows:
N
EA = 0

Ag - Acere
o G

tot,UR ~ ﬁUR Acg

1 1 Atgr':\ ABFRP
C R~ AR ofUrR ~ sh@R A cg

Eq.5-17

EAsere = No Eq.5-18

i

The load shares of the GFRP reinforcem-kr/ No) and the concreteN¢ / No) are calculated

from the above derived equations and plotted over the test pErgqudd5-111 left). A nonlinear
increase of the load share of the GFRP reinforcement from the initial value of 0.21 to values between
0.41 for the load level LE 0.45 and 0.45 for the load level LL = 0.20 can be observed. No signif-
icant influence of the loalével on the load share becomes evident.
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Figure5-11: Evolution of the load sharédésrrr/ No andN: / No due to creep (left) and course of the shrinkage
force Nsp (right)

In addition tothe creep induced load redistribution, the constraining stresses due to concrete shrink-
age need to be considered to estimate the total stress in the GFRP reinforcement. Assuming linear
elasticity for the material behaviour of the GFRP reinforcement thees,onstraining force due to

shrinkageNsh,crrrcan be calculated as followsd. 5-19):
Noporrd) = Ngne EAgere€ 9(20 Eq.5-19

To satisfy the equilibrium cortibns Nsh,crrracts as a compressive force on the GFRP reinforce-
ment and as a tensile force within the conchges At (tT to) = 190days, the shrinkage strain of
the reinforced SH specimens is recorded td3he(190d) = 0.0362%. The corresponding con-
straining force can be calculated as follows:

Ny orrd190d)= N, . EA e Q(190d) 575930 /mm? 1,54nm2 0.0362% 32.4%

Thus, in addition to the creep induced load redistribution, a load share due to shrinkage develops in
the GFRP reinforcement bars aswhadn the right parbf Figure5-11. Note that due to the load
invariability of the shrinkage strain, the constraining forcé&®fcrrp(190d) =32.47kN is inde-
pendent of the applied load level. The superpwsitif the initial load sharég / No) with the creep
induced load sharé{:/ No) and the shrinkage load shalH/ No) is shownin Figure5-12.
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Load share:Ng + Ne. + Ngp) / N

Total load: No

Initial load share: Nei/ Ng
Creep induced load share: N/ N,
Shrinkage induced load shar,/ N,

GFRP load share: Neere! Ng
Concrete load share: N:/ N
Load level: LL
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(tT to) [d]

Figure5-12: Superposed load shares from elastiddy { No), creep Nec/ No) and shrinkageNsn/ No)

The overall results at { to) = 190days show that the GFRP reinforcement carries the majority of
the load for all load levels considered. The diffeénesults depending on the load level are caused
by the loadindependent share due to shrinkage ( No). In contrast to the creep induced load share
(Ncc/ No), Nsh/ No develops independently of the considered load level. This meamsithad for

LL = 0.20 represents a larger part of the total Ibladhan for LL = 0.45, leading to the results
displayedin Figure5-12. Thus, the GFRP reinforcement carries 9%.®f the total load\o after

190 days for the L= 0.20 specimens. This ratio is lower for EL0.3 and LL= 0.45 showing val-

ues of 78.®6 and 66.6%, respectively. The load share of the GFRP reinforcement exceeds the
concrete load share betweein {o) = 11 days (LL=0.2) and 28lays (LL = 0.45) degnding on the

load level. As it can be observed from the experimental results, a remarkable load increase due to
time-dependent material properties is evident, exceeding thetehortload share of the GFRP

reinforcement by far.
5.3.4 Determination of the load-bearing behaviour after longterm loading

To identify potential damage of the GFRP reinforced specimens, thédéaeichg capacity is tested

after the longterm loading period of 190 days. The tests are performed displaceorgrdlled at

a loading rate ©0.40mm/min to achieve a total test duration of@@onds as specified in EN
123903 [54]. The displacements are recorded with two inductive displacement transducers at a
measurement rate &6fHz. Figure5-13 showsthe loadbearing capacitieBlr of both, the unrein-
forced (UR=dark grey) and reinforced (R = light grey) specimens for each testing series (REF;
LL =0.20 0.30 0.45). Itis evident frotmet figure that the reinforced specimens have a consistently
higher loadbearing capacity compared to the unreinforced counterparts, indicating an additional

load-bearing capacity of 19 to 24. The observations are highlighted by the low scattered values
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specified in by means of the Coefficient of Variatiddo}). The mean values of the axial lead
bearing capacity are compile@d Table5-4. Theload-bearing capacity of the reinforced (R) speci-
mensNrRrcal iS calcubted according t&q. 5-3. For each load level, the concrete compressive
strengthfemis known from the results of the corresponding UR specimens. The GFRP reinforcement
bar strain is selected to big = 0.22%, featuring the strain at peak compressive stress for the present
concrete strengthct, = 30 N/mm?) according to Eurocod®31]. Good agreement of the calculated
resultsNr r,cawith the experimental valuddr r expis givenfrom Table5-4. Furthermore, the small
deviations between the experimental and calculated values indicate the choice of the bar strain ac-
cording to Eurocod@ to the suitable for calculating the axial capadio considerable anomalies

of the experimental results that can be attributed to damage of the specimens or the GFRP reinforce-

ment bars due to the prior lotgrm loading are evident.

1000

= i 9
000 | n lSO(pO/er series) 6.4 % 1.3% 3.7 %
0% -
— 800 |- i S 15%
£ 700 170 0.8% 06 % '
o e
<, 600 -
& 500
o
© 400 -
§ 300 8 NR,UR,exp
= 200 2 Nrrexp
100 ] NR‘R,caI
0 I
REF LL=0.2 LL=0.3 LL=0.45

Figure5-13: Loadbearing capacities of the tested specimens includoié of the tested series
Table5-4: Mean loadbearing capacities of the specimens
NR,UR,exp[kN] NR,R,exp[kN] NR,R,caI[kN]
REF 644 800 790
LL =0.20 648 800 791
LL =0.30 678 842 820
LL =0.45 697 800 838

The axial forcedisplacementN i w) diagrams are shown Figure5-14. For each series, the unre-

inforced (UR = solid lines) specimenealirectly compared with the reinforced ones (R = dashed

lines).
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Figure5-14:  ForcedisplacementN i w) course of the tested specimens

The URI specimens show softening behaviour arstigct longitudinal cracks indicating specimen

failure (Figure5-15 (a)). Besides the higher ultimate strength, a significant improveeppagtbe-

haviour of the R specimens can be observed. A more ductile-peak behaviour is evident with

small force decrease after reaching the peak load. This can be attributed to the continuous linear
elastic material behaviour of the GFRP reinforcement bars after the concrete reached its peak stress.
Similar results have alaely been observed by various researchers for-gdront loading55, 56]

The improved behaviour is evident for all tests, irrespective of the prioittéongload level. The

cracking pattern of the reinforced specimens is characterised by vertical and horizontal cracks of
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small crack width as highlighted Figure5-15 (b). The horizontal cracks arise centrally and result
from the GFRP reinforcement bars trying to bend out of the concrete specimen.

(a) Failure pattern of a URpbecimen (b) Failure pattern of a R specimen
Figure5-15.  Typical failure pattern of the different types of specimens

Besides the ultimate strength and the jpestk behaviour of the specimens, #xél secant stiff-
nesses of the UR specimen£Aur,expand the R specimengEAr exp are calculated according to
Eurocode? [31] for each specimen based on the experimentally recorded valuesEgsin@0.
The results are presentedFigure5-16:

0.40(N,, .,
(0.400N,,,)

EAJR/R,exp = e

exp

Eq.5-20

A higher axial stiffness for the reinforced specimens comparéte unreinforced ones is evident
(Figure 5-16), revealing an average increase in stiffness o%12n addition, the recalculation
(EARr,ca) Of the experimental stiffness of the reinforced specimens leadgatmdacompliance. Ex-

cept for the reinforced specimens of the4.0.2 series, the correspondi@gVs are below 106,
underlining the consistency of the experimental results. In addition to the axial stiffness values, the
mean strain at peak lo&l expis given inTable5-5 for each series. For the unreinforced specimens
W1expranges from 0.231 0.250%. The reinforced specimens show values from 0i28:282%

being on average® higher compared thié URT specimens due to the continuous linear elasticity

of the GFRP reinforcement bars.
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Figure5-16. Axial secant stiffness of the tested specimens inclu@io\gs of the tested series

Table5-5: Compilation of the experimental axial stiffness

Series | n[-] | Ecm [MN/M?] | EAURR,exp[MN] | EAR cal[MN] Ql,exp[%]
SHUR-0.0f 3 24601 431 - 0.250
x| N-UR-0.2 | 3 23631 414 - 0.241
- | N-UR-0.3| 3 24859 436 - 0.236
N-UR-0.45| 3 25397 467 - 0.231
SHR-00 | 3 - 470 484 0.282
x N-R-0.2 3 - 465 468 0.255
N-R-0.3 3 - 501 488 0.247
N-R-0.45 | 3 - 474 497 0.252

5.4 Analytical model for the determination of the stress redistribution in GFRP reinforced

concrete members under longerm compression

In the following, an analytical model for the calculation of load redistribution in GFRP reinforced
concrete members subjedtto longterm compression is proposdei( 5-21 to Eq. 5-28). Within

the model, the equations based on a method by Heggeif4t]dbr estimating the stress redistri-
bution in steel reinforcedonicrete members subjected to compression are adapted considering the
materi al behaviour of the FRP reinforcement.
approach by introducing a creep functio(t) that serves to virtually adapt the concretesssec-

tional area depending on the assumed creep behaviour. Finally, creep and shrinkage induced load
redistribution are accounted for by a reduction in stress in the concrete part and a corresponding
increase in the reinforcement part. The changes cadga Hegger's method essentially involve

the replacement of the stesastic modulus with the GFRRlastic modulus. In addition, GFRP

creep according to the experimental findingal{le5-2) of this study is imgmented. For this pur-

pose, the timelependentlasticmodulusof the GFRP reinforcemeilisrrp c(t) is calculated as a

first step:
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EGFRP (t 0)
Ecrre ) = Eq.5-21
14 cemmell) |
J crrpca™ iog 10O(t E) b|o§ Eq.5-22

Note that the coefficientsog andbiog have to be determined experimentally in advance. The values
from this study can serve as a guide for an initial estimate. Given theetmdastic modulusof
the concretécm (t = 0) and the concrete creep rétgt) that shall be estimated accordingzioro-

code2 [31], the timedependent stiffness ratigt) can be calculated:

EGFRP,c(t)
E.n(t=0)// (1)

The ideal crossectional area of the considered men#ét) can be calculated by meansd(t):

A(t) = A& +I’(t) /QRP Eq.5-24

n(t) =

Eq.5-23

To account for the stmkage strairdn (t) that shall be calculated according to Eurocd{igl] the
resulting constraining stctrenf)s easnd nt h éhset) eBeFcRrPe tr

calculated:
DSGFRP,sh( ) (1) Bserp aéo n(t) ;PQ)FR Eq.5-25
C A(t) =
At;
D h - sh RP e
S.a(t)= €nlt) EQ A(t) Eq.5-26

Finally, the stress in the reinforcemeiatrp(t) and the concreté (t) from the elastic, creep and

shrinkage parts are superposed as follows:

Seernlt) =Y %\% 5D (1) Eq.5-27

NO
A(D)

From the stress in the GFRP reinforcement and the concrete, the experimental load shares from

s.(t)=

+ Bq(t) Eq.5-28

Figure5-12 can be recalculated. The comparison of experimental and calculated val@smsin
Figure5-17, separatel for the GFRP reinforcement (left) and for the concrete (right). The figure
shows goodagreement of the analytical model (dashed lines) with the experimental results (solid

lines).

123



Publication 1l

To demonstrate the influence of GFRP creep on the load redistribution behaviour, the proposed
model is applied twice for the recalculation of the load redistabuFirstly, thesdlasticmodulusof

the GFRP reinforcement bars is set to its stearh valueEgrre.c(t =0) =57,930N/mm2 (Table

5-1). Secondly, GFRP creep is considered by applying a GFRP creep rate the¢iagtermined

experimentally after 1,000ours [able5-2). The new value foEcrrp(t) results as follows:

57,93IN /mm?2
1+0.033

Eqrep(t =1,000h) §6,07% fm Eq.5-29

The resuk are shown ifrigure5-17 for both casedt is evident from this comparison that consid-
eration of GFRP creep results in slightly less load redistribution from the concrete to the GFRP
reinforcement bars. TakingRRP creep into account reveals better agreement with the experimental
values. However, the influence of GFRP creep is small, resulting into variatiofs tdrzhe load

level LL = 0.30 and the load level LL = 0.45 and#3for the load level LL = 0.20 at

(t7 to) =190days.
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GFRP load share: g Concrete load share || 05 . || =03 ——LL =045
09 I (N Nog # N 1 Ny g 09 (N + Neg + Ny / No : : :
08 | _/,«“‘: - e et 0.8 Nc‘exp.
R G o U N ca (Egere.o(t = 0))
= 3 — 0.6 Mk
= 06 £ ™ e = N N Ne cal.(Eerp,o(t = 1,000 h))
S 05t Sl F 05 [ N\
$oa g e R e S
0.3 — Nomeexp. e 03 T
02t | Nerrp cal (Earrec(t = 0)) ——LL=03 0.2 r
R I R Naerp cal(Ecrrp.c(t = 1,000 h)) || ——LL =0.45 01r T -
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Figure5-17: Comparison of the experimental load shares with the proposed model
5.5 Conclusions

This paper discusses the application of GFRP reinforcement bars in concrete srarbfsmted to
long-term compressive loading, based on an extensive experimental program. For the first time in
concrete engineering, the current study presents an experimental investigation of the compressive
creep behaviour of GFRP reinforcement barstiarmore, to assess the lelgm behaviour of

GFRP reinforced concrete in compression, a series of respective specimens was examined. The in-
fluence of various load levels on the creep and load redistribution behaviour was evaluated. A sub-
sequent investition of the ultimate loalearing behaviour, including the ultimate capacity and

axial stiffness, allowed an assessment of potential damage induced kgronigading. Eventu-

ally, an analytical model for the determination of load redistribution in etm@omponents with
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GFRP reinforcement subjected to letegm compressive loading is proposed. From the above ex-

aminations the following conclusions can be stated:

T

Creep rates ranging frofiicrre,1,000 = 0.024 to 0.050 were found from the experimental results
performed in GFRP reinforcement bars subjected to-teng compression after 1,000urs.

Note that the experimental results show a large scatter r@uye=31%) which can be at-
tributed to the high sensitivity of the creep rate to the initial fibre skewness from the production

process.

The experimentally generated GFRP creep rates show a logarithmic course, after temperature
induced effects have been successfully eliminated. Aardigly calibrated function shows
good agreement with the experimental results. The proposed approach allows the authors to

extend the experimental findings to the entire service life of GFRP reinforced components.

An extensive test program consistinguofeinforced and GFRP reinforced concrete specimens
under three different compressive load levels allows the authors to evaluate the creep induced
load redistribution of GFRP reinforced concrete specimens. Compared to the unreinforced
specimens, the GFRRinforced specimens show significantly lower creep rates regardless of

the load level investigated.

The load share of the GFRP reinforcement increases decisivelyNgera/ No = 20.7% to

values ranging from 4% (LL = 0.45) to 436 (LL = 0.20) due toeep induced load redistri-
bution. Taking the constraining forces due to shrinkage into account, the load share of the GFRP
reinforcement exceeds the concrete load share for all tested load levels after a fraction of the
total experimental period of 19&ays. The total load share of the GFRP reinforcement was
found to be between 66% (LL = 0.45) and 96.86 (LL = 0.20) at the end of the lofigrm

test. Thus, a remarkable load increase can be observed, exceeding thershiodd share of

the GFRP reinforement by far.

Long-term preloading does not affect the ultimate load capacity or axial stiffness of the speci-
mens, regardless of the applied load level. The experimental results of the preloaded specimens
agree with the results of the unloaded refereneeisgens. Furthermore, the shtatm strength
calculation models are used to accurately recalculate thdbksthg capacity of the preloaded

specimens.
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1 The proposed analytical model for determining the load redistribution of GFRP reinforced con-
crete memaérs in longterm compression represents a comprehensible approach and incorpo-
rates the experimental results found within the scope of this study. The model shows good

agreement with the experimental results and is assured reliably by tHeelmaag tests

Based on the results of this study, the general recommendation for the use of GFRP reinforcement
bars in compression can be extended to theteng behaviour of such members. However, further
studies should be carried out on the influence of elevategdratures on the compressive strength

and creep behaviour of GFRP reinforcement bars. Also, the investigation of creep indueed load
redistribution behaviour of GFRP reinforced concrete specimens under sustained load levels, ex-
ceeding the values appliedthis study, would be of great interest. Beyond that, such studies should

be conducted under various environmental conditions such as increased service temperatures, ex-

posure to salt water or corresponding combinations.
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