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ABSTRACT

As coastal cities increasingly rely on resilient marine infrastructure to address the
challenges posed by climate change and rising sea levels, the demand for sustainable
construction materials has become more urgent. However, the construction industry
faces significant challenges due to the scarcity of river sand and freshwater resources,
as well as the issue of chloritieuced steel corrosion in concrete. In this context, a
new type of reinforced concrete structure, composed of corrossistant fibre
reinforced polymer (FRP) bars and seawaterssea concrete (SSC) (termed FBRBC
structure) has been deemed as a promising solution due to its environmental and
economic benefits. While existing accelerated aging test data on the durability of FRP
bars, FRP bars embedded in concrete, and SSC suggests thR@SERFructures can

be expected tbe highly durablen marine environments, there remains a critical need

to investigate their lonterm performance and deterioration mechanisms under real

world conditions.

Against this background, this thesis presents alepth study aimed at the
investigation of longerm performance of FRP bars and FRhforced SSQFRP
SSC)beams after prolonged exposure to real marine environments?AD@roject
consists of three parts, each addressing specific aspects of the durability performance of

glass FRPGFRB bars, GFRP baio-SSC bonded joints, and GFFESC beams.

Following a comprehensive review and systematic analysis of existing research on the
durability of FRP barg-RP batto-concrete boned joints andFRRP-reinforced concrete

beams(based on three newly assembled databesetining over 15200 speciméns



the first part of this thesis investigated the residual tensile properties of two batches of
GFRP bars after exposure to different marine environmeamadlitions, including
atmospheric, splash, tidal, and underwaenes for up to four yearsThe results
indicated that the GFRP bars conditioned in tidal and underwaterironments
exhibited a significant decrease in tensile strength compared to éxpesed to
atmospheric and splagimvironments Besides, the bar size effect on the lbegn
tensile performance of GFRP barasrevealed. Based on theexperimental findings,

along with acritical review and assessment of existing modalsefined prediction
model that incorporatesa timedependent correction factowas proposed,
demonstrahg enhanced accuracy in predicting their ldegn tensile performanoef

GFRP barsinder tidal exposure

The second part of this thedscused on the bond durability between GFRP bars and
SSC. Direct pullout tests were conducted on two series of GFR®-B&C bonded
joints exposed to various marine environmental conditions over a period of four years.
The test resultseveaked that the failure mode, shapes of bond stségscurves and

bond strength ofthe specimens exhibited minimal chasgafter prolonged field
exposure However, specimens subjected to tidal conditions experiencedtable
reduction in bond stiffnessvith retentiondecreasingo approximately64% afterfour

yeas. Additionally, a timedependent bond stresBp model for GFRP bars in SSC was
developedbased orthe modified BPE (mBPE) model, aitd reliability was validated

against the experimentdatg showingsatisfactoryagreement and predictive capability.

In the final part of this thesis, the flexural performance of two series of &9RP
beams was experimentally investigated under-pmimt bending after field exposure to

different marine environment3.he results showethat longterm field exposure did

A



not affect the failure modeandload-deflectionbehaviorof the specimengsegardless

of sustained loading conditiongVhile gpecimens exposed to atmospheric and splash
environmentsexhibited no significant changes in flexural capacity over the exposure
period, those subjected to tidal conditionexhibited a noticeable reduction in load
carrying capacitywith retention stabilizing atpproximately90% after four years
accompanied by increaserack widths and decreaseracknumbes. These changes
were attributegrimarily to the deterioration of bond stiffness between GFRP bars and
SSC.To simulate the flexural behavior of these beams, a finite element (FE) model
accouning for the deterioration of bond stiffnesetween FRP bars and SS¢as
develomd, which demonstrated the cdmlty to accurately predict thdongterm
flexural performance of GFRBSC beams under tidal conditions, particularly in terms

of load-deflection responses and crack patterns
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CHAPTER 1
INTRODUCTION

1.1BACKGROUND

Marine infrastructure plays a crucial role in the development and sustainability of many
coastal cities worldwide. As global warming leads to predicted sea level rise, the
significance of marine infrastructure is expected to increase in response to climate
change. However, the scarcity of river sand and freshwater resources for concrete
production has posedansiderablehallenge for the construction industmpridwide

for several decades. On one hahe, overconsumption of river sand has not only raised
environmental concerns but has also severely affected riverine ecosystems, floodplains,
and navigation. On the other hanlde substantial consumption of freshwater, coupled
with high transportation costs, presents critical challenges for the construction sector.
To mitigate thesgroblems the use of sea sand and seawater as substitutes for river
sand and freshwater in concrete production has emerged as a promising alternative,
gaining acceptance globally. Howeveue tothe presence of chlorides in seawater sea
sand concretdSSC) chlorideinduced corrosion of steel reinforcemenin concrete

would inevitably be caused (semF1.1)(Wang et al. 2019; Li et al. 2024)

In this context SSC structures reinforced with fibe&inforced polymer (FRPbars
(termed FRPSSC structurgs which was first proposed byeng et al. (2011pand
subsequently promoted internationalhy Teng (2014) have attracted worlevide
research interestover the past decadewing to its environmental and economic
benefits(Selicato et al. 2015; Xiao et al. 2017; Zhao et al. 20€1i)yrently, the most

1



widely utilized FRP bars are primarily composed of a variety of filjers., glass,
carbon, basalt, aramidwhich are impregnated with different resin matrigeg.,epoxy,

vinylester, polyestér(see Fig. 1.2).

Fig. 11 Corrosion of Steel Reinforcement (extracted from

https://gharpedia.com/blog/causafscorrosionof-reinforcemenisteel)

(2) CFRP

(3) AFRP (4) BFRP

Fig. 12 Four types of FRP ba(®ong and Wu 2019)
2
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Existing researcltnas revealedhat FRPbars possess exceptional durability in marine
environmentsexperiencingonly minimal deteriorationeven afterprolonged exposure
(Robert and Benmokrane 2013; Benmokrane et al. 2016; Nishizaki et al. 2016; Ruiz
Emparanza et al. 2022Vhile accelerated aging test resuléssed concerns regarding

the durability of glass FRP (GFRP) bars in the alkaline environment of concrete,
researchers have found no evidencsighificantdegradation in GFRP bars embedded

in real concrete structures, such as bridges and wharfs, even after many years of service
(Mufti et al. 2007b; Gooranorimi and Nanni 2017; Benmokrane et al. 201&hafaji

et al. 2021; Ramanathan et al. 2021)

Moreover, SSC has demonstratgabd durability overa longperiod, as the effects of
seasand and seawater primarily influence the early strength development of concrete
due to their high chloride conte(®tsuki et al. 2014; Xiao et al. 201 onsequently,
existingaccelerated aging tedata on the durability of FRPars FRPbars embedded

in concrete, and SS@enerallysuggest that FRBSC structuresan beexpected tde
highly durable even in marine environments. Nevertheless, significant deterioration of
FRRSSC structures ight still occur due to various factors, including the coupled
effects of environmental exposure and mechanical loadisg observed in some
existing accelerated aging te$fAT) (Almusallam and AdSalloum 2006; Dong et al.
2018a; Fergani et al. 2018b)his situationnecessitatesesearch focused on the leng
term performance of FRBSC structuresaddressing aspects fraime material level to

thecomponent leveko ensure their safe and reliable application in practice.



1.2 DURABILITY OF FRP BARS AND FRP -REINFORCED

CONCRETE BEAMS

A large amount of researttas been carried outn the durability of FRP bars and FRP
reinforced concrete beams undaemtrolled laboratoryconditions (.e., AAT studies.
These studies have systematically investigated the effects of various environmental
factors, including water, alkaline solutions, saline solutions, acidic solutions, elevated
temperatures, ultraviolet radiation, freghaw cyclesand wetdry cycles, as well as
their combinationgTannous and Saadatmanesh 1998; Micelli and Nanni 2004; Chen et
al. 2007; AtSalloum et al. 2013; Hassan et al. 2016; Dong et al. 2018c; Ali et al. 2019;
Manalo et al. 2020)Additionally, the coupled effects of simulatezhvironmental
conditionng and sustained loading on tHarability of FRP bars and FRRinforced
concrete beamisave been extensively examin@enmokrane et al. 2002; Almusallam
and AlSalloum 2006; Laoubi et al. 2006; Wu et al. 2015;HBEsan et al. 2018;
Fergani et al. 2018&ergani et al. 2018bChang et al. 2021; Chang et al. 2022)
Generally the durability of FRP bars is inherently complicataslthe degradation of
their mechanical properties governed bymultiple factors simultaneouslyncluding

the fibers, resin and fibeesin interfac§Chen et al. 2007; Kamal and Boulfiza 2011;
Robert and Benmokrane 2013; Wang et al. 2017b; Fergani et al. 28ir@darly, the
degradation process in FRRreinforced concrete beams are complex due to the
interactions amonthe FRP barsthe concrete matrixandthe barconcrete interfageas

shown in Fig. 1.3Chang et al. 2022)
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Fig. 13 Deterioratiormechanism of FR{Peinforcedconcrete beams under saline
conditions(Chang et al. 2022)

In contrast to AATresearch focusing on the durability of FRP bars and-ferfforced
concrete beams undaaturalconditions[referred to adield exposure tests (FET)$
notably limited (Al-Salloum et al. 2013; Esmaeili et al. 2020; Kychkin et al. 2021;
Morales et al. 2021; Ramanathan et al. 2021; Chen et al..Zl0#8)scarcity of studies

can be attributed to the significantly longer durations and higher costs associated with

such studies.

A critical concern is that theevereexposure conditions employed in AAT, such as
immersion inaggressivesolutions at elevated temperatures, may not accunafct

the deterioration mechanissrof FRP bars and FRRinforced concrete beams in the
actualenvironmentakonditionsthey encountereduring their service lifeTo be more
specific laboratory settings often fail to adequately simulate factors such as
temperature fluctuations, ultraviolet radiation, high humidity, anddmgtycles which

may lead to highly conservative conclusianawn from AAT regardinguch durability

issues



Despite the limited research on FEKisting studieshave demonstratedignificant
discrepancies between the results obtained from AAT and those frorfARSEIloum
et al. 2013; Morales et al. 202These findingsighlight the necessitgf conducting
FET on bothFRP bars and FRReinforced concrete beamwhich is essential for
clarifying their deterioration mechanismeder real worldconditions andmproving
the reliability of durability assessments for FRP bars and-feRforced concrete

beams in practical applications.

1.30BJECTIVES AND LAYOUT OF THE THESIS

Against the above background, the present PhD research gomases orthe long
term performance and deterioration mechanisms of FRP bars an@$R®Beam
real marine environment3he primary objectives of this thesis are structured at both

the material and component levels, as follows:

(1) To clarify theeffects of various parametess the durability oFFRP barsFRP
barto-concretebond and FRP-reinforced concrete beanimsed on existing

AAT data;

(2) To investigate the durabilityperformance andleterioration mechanismesf
GFRP barsGFRP batto-SSCbondedjoints, and GFRR-SSC beamatfter long

term exposure tgariousmarine environmeat conditions;

(3) To establish a conversion relationship betw@eXT and FETresults thereby
developing a reliable predictiamodelfor the long-term performancef GFRP

barsin marine environments;

(4) To propose a timedependent bond stresgp model for GFRP bars in SSC,;
6



(5) To develop a numerical model fdahe longterm flexural performance of
GFRRSSC beamsincorporating the deterioration of bond stiffness between

GFRP bars and SSC.

This thesis consists of three partsmprisinga total of eight chaptereach addressing
specific aspects dhe longterm performance of GFRP bars (Chapters 3 anGBRP
barto-SSCbonded joints (Chapter 5), and GFRBSC beams (Chapters 6 and X).

summaryof each chaptes providedbelow.

Chapter 2presents a comprehensive reviewthe durability ofFRP bars l{oth bare
and concretembedded), FRPbarto-concrete bonded joints, and FRPreinforced
concrete beams subjected to various environmental conditions (e.g., solution immersion,
wet-dry cycles, freez¢haw cycles, high temperatgreUV radiation) and/or loading
conditions (i.e., with and without sustained load). Critical paraméiteckiding fiber
type, resin type, bar diameter, bar surface treatment, concrete type, exposure
environment,and aging duration)influencing the durabilityissuesare systematicdy
investigated based on thréeAT database<ollectedin this study,containng over

15200 specimens.

In Chapter 3, @ overview of theFET programsand the two field exposurstations
involved in the research project is first presentidailingthe types of exposure zorse
and their correspondingnvironmental characteristicBhis is followed by the resultsf

an experimental progranmvolving two batches of GFRP bars exposed to different
marine environmental conditions (i.ettnospheri¢c glash tidal and underwatezoneg

for up to four yearsThe residual tensile properties of the GFRP bé#ex various field

exposure durationg/ere investigatedalong withthe effect ofbar diameter on their



long-termtensileperformance.

To bridge the gap between AAT and FET for the durability of GFRP bars, Chapter 4
proposesa refined prediction modedhat incorporates thadditional effects of tidal
conditions based on the experimental results presented in Chaphterchapter begins
with a comprehensive review of existing prediction models developed for durability of
FRP bars, followed by aystematicassessment of three widely used modsisg the
AAT and FETdatabasg introducedin Chapter 2. The proposed modglshown to

provide accurate predictions fttre GFRP bars subjected to tidal conditions.

Given the critical importance of the lotgrm bond performance of the FRP-ba&SSC
interface for the durability of FRBSC beamsChapter 5 presenthe results oflirect
pullout tess conducted owo series of GFRBarto-SSC bondd joins after up to four
years of field exposure in different marine environmental zoAéditionally, a time
dependent bond stresBp model for GFRP bars in SSC is proposkdsed on the
modified BPE (mBPE) modelCosenza 1996andthe accurey of the proposed model

is assessed.

Chapter 6focuses oran experimental studgf the longterm performance of GFRP
SSC beams subjected to marine environments for uputoykars Two series of beam
specimenswere prepared and tested under fqaint bending, with He examined
variablesincluding the type of exposure zone, the exposure duraéiod the presence

of sustained loadl'he flexural performanceas evaluated by analyzirigilure modes,
load-midspan deflection response, cracking load, flexural capacity, and crack width and
distribution.Besides, the deterioration mechanisms of the GERE beams under tidal

conditions are revealed.



Based on thexperimentafindings from Chaptes 5 and6, a numericalinvestigation
into the longterm flexural performance of GFRRSSC beamssubjected totidal
conditions is presented in ChapterSimplified bondstiffnessvalues determined from
the pullout test results in Chapter &refirst proposed for finite element (FE) modeling
to simulate thebehavior of undegradedGFRRSSC beams.Subsequently,the
deterioration obondstiffness based on the timéependent bond streskp modelfor
GFRP bars in SSC, iscorporated intahe FE modeling of GFRPSSC beamsafter
prolonged exposure to marine environmeilise numericalresults demonstratgood
agreement withthe experimentalresuls in Chapter6 in terms of loaedeflection

responses and crack patterns

The thesisconcludeswith Chapter 8by summarizingthe mainfindings from the

precedingchapterswith further research needs also bemghlighted.



CHAPTER 2
LITERATURE REVIEW

2.1INTRODUCTION

Chlorideinduced corrosion of conventional steel reinforcement in concrete struistures
of great concern to industrial and research communities worldwide. Due to the
prominent features such as high strertgtiveight ratio, superior corrosion resistance
and electrial insulationproperties FRP bars have been considered as one of the most
promising and costffective solutions to this issue, especiafiyharsh environmental
conditions (e.g., offshore and coastal areas). Currently, commonly used FRP bars are
mainly composed of various fibers (e.g., glass, carbon, basalt, aramid) impdegnat
with different resin matrices (e.g., epoxy, vinylester, polyesteading to the fact that
their mechanical properties are primarily goeerby three different components: fiber,
matrix and fiber/matrix interfacelhe key mechanical properties of FRP bars can be
summarized as followg1) Tensile strength (TS) anténsile elastic modulu@M) are
fiber-dominatedoropertiegshatdepend mialy on the fiber volume fractioof FRP bars

(ACI 2015} (2) Transverse shear strength (T$Sa matrixdominatedproperty since

the fibers cannot resisthe shearforce acing on a plane perpendicular to the dib
direction (fib 2007} (3) Interlaminar shear strength (ILSSyhich is primarily
governed by théond betweelfibers and matrix is a fiber/matrix interfaceominated
property (Benmokrane et al. 2015)4) Flexural strength (FSand flexural elastic
modulus(FM) are matrixdominatedoroperties because the flexural failure of FRP bars

correlates to the properties of resin mafiang et al. 2022)5) Bond strength (BS) at

10



the FRP baito-concrete interfacas considereda fiber/matrix interfacelominated
property, particularly when the FRP bars are embedded inslrighgth concrete

(Nepomuceno et al. 2021)

To determinethe aforementioned mechanical propertied=BP barsgxisting studies

have adoptethefollowing standardest methods

(1) Most researchers utilizeténsile tests to assess the TS and TM of FRP bars
according to Anerican standardSTM D7205(ASTM 2021) while a limited
number of studies followed alternative standards, including ASTM D3916
(ASTM 2016b) Chinese standai@B/T 26743(GB/T 2011) Japanese standard
JSCEE531(JSCE 1995ajandCanadiarstandardCSA S806(CSA 2021)

(2) Shortbeam shear tests following ASTM D447\STM 2016a) were
commonly used to measure thgparenthorizontal shearstrength(i.e., ILSS)
of FRP bars;

(3) Transverseshear testais perASTM D7617 (ASTM 2017)were employedby
most studies to obtain the TSS of FRP bars;

(4) Threepoint flexural tests in accordance with ASTM D44ASTM 2014)were
the most common method to determine the FS and FM of FRP bars;

(5) Direct pullout tests according to ASTBDI7T913(ASTM 2020)or Method B3in
ACI 440.3R (ACI 2012) were the most commonly used approaches for

assessing the B& FRP bars

For a safe and confident use of FRP bars in practice, extensive research has been
conducted through accelerated aging tests (A8Bvaluatehe longterm performance
of FRP bars and FRRinforced concrete beamsnder different environmental

conditions [e.g., water, alkaline solutign saline solutiog acidic solutios, high
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temperature (HT), ultraviolet (UV) radiation, freez¢haw (FT) cycles, wetdry (WD)
cycles,and their combinatiofgTannous and Saadatmanesh 1998; Micelli and Nanni
2004, Bakis et al. 2007; Chen et al. 2007; Kamal and Boulfiza 201%akdum et al.

2013; Robert and Benmokrane 2013; El Refai et al. 2015; Hassan et al. 2016; Ali et al.
2019; Dong et al. 2020; Lu et al. 2020a; Manalo et al. 2020; Kazemi et al. 2022; Lu et
al. 2023b; Wang et al. 2023as well as loading conditions (i.e., with and without
sustained loadBenmokrane et al. 2002; Laoubi et al. 2006; Wu et al. 201btaBkan

et al. 2018; Fergani et al. 2018a; Chang et al. 2021; Lu et al..ZD22¢ntly,the most
frequenly used methodor accelerating corrosion is tocreasehe temperature within

a specific environment while ensuring that it remains below thgass transition

temperaturgTg) of FRP bars.

In general, the durability of FRP bars is rather complicated since the degradation of
mechanical properties likely to be dominated byhe fibers, resin and fibeesin
interface simultaneouslhas stated aboyghen et al. 2007; Kamal and Boulfiza 2011;
Robert and Benmokrane 2013; Wang et al. 2017b; Fergani et al. 2018a; Lu et al. 2020c)
Micelli and Nanni (2004demonstratedhat thedurability of FRP bars subjected to
alkaline solutions was significantly influenced by the resin type, which is subsequently
confirmed by Benmokrane et al. (2017ajowever, no obviouslegradationwas
observedn the conditionedRPbarsafterundergoingsimulatedenvironmental cycles.
Chen et al. (2007pund that FRP barseremore sensitive to continuous immersion in
solutions thanlWD cycling exposurewhile FT cycles had negligible effects on their
degradation Benmokrane et al. (2020kjeported that carbon FRP (CFRP) bars
exhibited the highest resistance to alkaline environregfdllowed by basaltFRP
(BFRP)and glass FRP (GFRP)ars andWang et al. (2017bjound that GFRP bars

exhibited superior durability compared to BFRP bars under alkaline conditions
12



Additionally, Wang et al. (2023apbserved that GFRP bars immersed in a saline
solution possessed higher residual tensile strength than those immersed in water and
alkaline solutions for up to 360 days, whaligns with the findings ofl-Salloum et al.

(2013) Furthermore existing studies indicated th#te application ofsustained load

could amplify the detrimental effed on the longterm durability of FRP bars,
especially for those conditioned alevated temperatures compared to single
environmental exposuf@imusallam and AlSalloum 2006; Wu et al. 2015; Wang et al.

2018)

Apart from the degradation of the mechanical properties of FRP bars alone, the bond
performance of FRP ba&oncrete interface after exposure akso critical for the
durability of FRPreinforced concretstructures. Extensive studies have been carried
out to investigatdonddurability under various environmentbnditionsand material
parametergBakis et al. 2007; El Refai et al. 2015; Hassan et al. 2016; Kazemi et al.
2022; Xiong et al. 2022 heng et al. (2020pund that GFRP bars manufactuseih
vinylester resin possessed better performancaggressive environments thémose

made withepoxy resin. Similar tests were performedatalmas et al. (2015and heir
findings indicated thahe trend of the bondlip responses was detected to be irrelevant

to thetype of aqueous solution, which is consistent with the observations made by
Zheng et al. (2020However Dong et al. (2016ajoncluded that sancbated FRP bars
exhibited superior bond durability to that of ribbed bars under seawater exposure
indicating the correlation between bond degradations and bar surface tredtmeeit.

al. (2017) reported that the durability of GFRP kammcrete pullout specimens
subjected td~=T cyclesin an alkalinesaline solutionwas generallypoorerthan those
conditionedin individual FT cycles. In addition to normal concre{dlC), Dongods

research groufDong et al. 2016b; Dong et al. 2018a; Dong et al. 20ft&b)d that the
13



BS degradationof FRP bars in seawater ssand concrete (SWSSC) amseawater
immersion environment was more severe than that\WD cycling condition,while
Chang et al. (202Teported thatnore significant BS degradatioragdetectedn FRP
SWSSC interfaces under the caghffecss of seawater immersion and sustained load,

especially for FRP bars with a small diameter

To better understand the lotgrm structural behavior of FRf@inforced concrete
beamsin aggressive environments, some efforts have been made in thisRfapmlit

and Sharma (2017hdicatedthat the aggressive environmg(¥VD cycling ina 45

saline solution and continuous immersiorai®0 alkaline solution) had little impact

on the flexural strength of GFRiinforced concretebeamsafter 30day exposure.
However, Tannous and Saadatmanesh (198®)cluded that the strength loss of FRP
bars in concrete beamsight depend more on exposure time rather than solution type
and thus, more significant stiffness loss and bending capacity degradation were
observed for the GFRReinforced concrete beams after two years of exposure to saline
solutions.BesidesDong et al. (2018c, 2020pund that environmental exposure could
change the failure modef BFRPRreinforced SWSSC beams from concrete crushing to
shear failure after seawater immersionVdD cycling, which indicated the decreased
contributions of FRP stirrups to shear resistahterder b mitigate this negative effect,

Su et al. (2022¥eveloped the carbon nanotumedified BFRP material to be used as
shear reinforcement in SWSSC beams and their test results showed that this novel type
of FRP bars was effective in suppressing the shear failure caused by the bond
degradation after exposure to seawdéd cycling. Moreover the coupled effects of
sustained load and environmental exposures on the bending performance -of FRP
reinforced concrete beanmave also beenstudied however,there was no consensus

regarding this issue based the limited existing researdhaoubi et al. 2006; Dong et
14



al. 2018a)

It should be noted that most existing studies on the durability of FRP bars ard FRP
reinforced concrete beanhsive beerconducted usind\AT rather than field exposure

tests (FET)kince the former method consumnmesgch less timeUsing theavailable AAT
results,severalmodels based on Arrhenius relatiftelson 2009have been proposed

to predict the longerm mechanical properties of FRP b@fannous and Saadatmanesh
1998; Bank et al. 2003; Huang and Aboutaha 2010; Davalos et al. 2011; Robert and
Benmokrane 2013; Wu et al. 2015; Dong et al. 201Thgrefore, it is essential to
clarify the durability performance of FRP bars and HBiRforced concrete beams
under accelerated aging exposure, as thik facilitate the establishment od
conversion relationship between AAT and FET. However, the existing AAT results seem
to be highly scattered due to differences in inherent material properties (e.gygier

resin type manufactung process), environmental conditions (e.g., solution type,
solution concentratiorexposurdemperature), as well as loading conditidines., stress
level). Consequently, reaching a consensus based on a limited number of studies may
prove challengingThus a comprehensive database is urgently needed to examine the
degradationlaw of FRP bars and FRRinforced concrete beams under accelerated

aging conditions.

In this chapter the durability of FRP bars, FR#ncrete bonded joints and FRP
reinforced concrete beams was assessed based on three asskAiblddtabases
derived from open literature. Various parameters (including fiber type, resin type, bar
diameter, bar surface treatment, concrete type, exposure environment, aging duration,
etc.) that affect the degradation of mechanical properties of FRP bars and flexural

behavior of FRReinforced concrete beams were systematically investigated, aiming to
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give a comprehensive review that spdrom the material level (FRP bars) to the
component level (FRReinforced concrete beams), thereby providing a solid
foundation for future research. Note thas thurability assessmertdnly consideed test

results obtained from AAT, where the test specimens were exposed to simulated
environments at ambient and/or elevated temperatures, with or without sustained load,

for a specified duratian

2.2. EXPERIMENTAL DATABASES

The AAT resultsfor over 13200FRP bars1800 FRP bafconcretebonced joints and

200 FRPreinforced concrete beamfom more than4300 tests published in the
existing literaturehave been collected and the resulting three databases are presented in
Tades AL-A3, B1 and Cl, respectivelysee Appendipd). Besidesthree corresponding

FET databasebavebeen collectedor referenceasdetailedin TablesD1-D3, E1 and

F1, respectively(see AppendixB). To ensure the reliability and consistency of the

results in theedatabases, several filtering criteria were adopted as follows:

Only commonlyused FRP barf.e., aramid FRP (AFRP), BFRP, CFRP and
GFRP barkwere includedn the three databasesith only thermosetting resin
matrices]i.e., (modified) epoxy, (modified) vinylester and (modified) polyester
resin matrices] being considered.Additionally, anly specimens made with
normal concrete (NC), higbtrength concrete (HSC) and seawater and/or sea
sand concrete (SWC, SSC, SWSSC) were included in the databases of FRP
bar-concretebonded joints and FRRAeinforced concrete beams, while those
made with fiberreinforced concrete, lightweight aggregate concrete, coral

aggregate concrete, recycle aggregate concretgweteexcluded
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To avoid the changein the degradation mechanism of FRP bars caused by

elevated temperatiseabove theTy of resin matrix, test results obtaineat

conditioningtemperaturebigherthan80 wer e i gnor ed.

Individual or coupled effestof the following environmental conditions were

included during the database collection:

> > > > > > > > > > > > > > D>

Alkaline solution immersion (IMMR),

Acid solution immersion (IMMR),

Saline solution/ (simulated) seawater immersion (IMMR),
Water immersion (IMMR),

NC/SWSSC solution immersion (IMMR),
Concreteembedded condition for FRP bars,
Wet-dry cycles (WD),

Freezethaw cycle (FT),

Sustained load (SL),

Ultraviolet radiation (UV),

Room temperature (RT),

High temperature (HT),

Low temperature (LT),

Relative humidity (RH),

Pre-cracksfor FRPreinforced concrete beams

It can be seen from the Tablgsl-A3, B1 and Q) in AppendixA that each database
consists of the most critical information for each specimen, including FRP type, bar
manufacturer and diameter, resin type, concrete type, environmental condition,

exposure duratignand key test results. In thistudy retention was defined as the
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average value of the test resutis several identically conditioned specimengpressed

as a percentage of thiatr unconditioned ones. Note that the unconditioned specimens

without environmental exposure and time aging effeste r e denot ed Acont
specimens, while those without environmental exposure but with time agings effect

were denoted fAreferenceo s acdateboadadgoint especi al
and FRPreinforcedconcrete beam specimens. The overall distribution of the above

mentioned parameters in each database is shown ir2 Eigwhere the proportion of
specimenswithin selected ranges is also presented in diagrams versus the main test
parameters to quantify these differences and identify research needs. It is evident that,

in the three databases, the majority of specimens used FRP bars made with glass
(58~62%) and basalt (2-34%) fibers, while fewer tests were conducted on FRP bars

made with aramid (approximately 1%) and carborl880) fibers. It is important to

note that a significant proportion atudies(18%) adopted CFRP bars as internal
reinforcemerd for FRPreinforced concrete beams, which may result from the superior

tensile properties of CFRP bars in prestressed applicdtamset al. 1999)

Regarding resin type, the overwhelming majority of the studies edmntylester
resinbased FRP bai@3.1~533%) due to their excellent durability, followed by epoxy
resinbased one$18.4~31.6%) Another noteworthy finding is that FRP bars with a
small diameter (e.g., smaller than 13 mmgrecommonly used in the selected studies,
with percentageof 858%, 84.3% and76.1%, respectivelyfor FRP bars, boretljoints
and beamsln contrast, very fewiestswere perforned on specimens using FRP bars
with diameters larger than 19 mmaRP barg5.0%), bonded joints (4.2%) andbeams
(1.9%)]. This can be explained by the fact that seralliametes can accelerate
degradation as the corrosion ragetend todecrease withincreasingbar diameter

(Benmokrane et al. 2017aand smalksized FRP bas are also easy for tesg. In
18



addition, for the database of FRP bars,dlialuatednechanical propertiesclude TS
(49.0%) ILSS (31.5%), TSS (11.8%andFS (7.7%) with 80.6% of tests conducted on
bare FRP bars and 19.48a concreteembedded FRP bars afteriousenvironmental
conditionings. For the databases of badjoints and beams, most tests were performed
on members with NC76.8%6 and78.%%, respectively)while relatively few tests were
carried out on members with SWC/SSC/SWS3& Po and21.5%, respectively) and
HSC 0.3% and 0%, respectively). Since the types of environmental conditioning have
a strong relationship with the investigated propeffied=RP materialeand members,
more detailed discussions on the durability of FRP &&barconcretebondedjoints

and FRPreinforced concrete bearagegiven in the following sections.
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2.3BARE FRP BARS

2.3.1Single Environmental Effect

Numerousstudieshave been conducted on the durability of mechanical prope(itees

TS, TM, TSS, ILSS, FS and FM) bare FRP bars subjected to differenvironmental
conditions.To evaluate theingle environmental effect on tlairability of bare FRP
bars, test resultérom the three most frequently used conditiqng., continuous
immersion inalkaline, saline and wataolutiong and other conditionseported in the
existing literature werselectedbased on the assembled databases (see Tables Al, A2
and A3 in AppendiXA). Note that due to the limited test data available for CFRP and
AFRP bars as mentioned earlier, the test regpuéisentedn the followingsulsections

are mainly limited to thostor GFRP and BFRP bars made with vinylester, epoxy and
polyester resins (including their modified types), unless otherwise speé@sitles, in
order b achieve a more comprehensassessmerf the durability performance of
bare FRP barsnost of thecomparable cases discussed in this section indédedata

sourced from at least two different studies.

2.3.1.1Alkaline solution immersion

23.1.1.1 Effect of alkaline concentratiokxisting studies have indicated that the

concentration of alkaline solutions plays a vital role in the durability of FRPitars
alkaline environmenté/Nang et al. 2022; Wang et al. 2023&) study the effect of pH
on the durability of bare FRP basAT datafor GFRP bars with a consistent diameter

rangeand beingdirectly immersed in alkaline solutions with different pé{els at

various temperatures (i.e.,-300 40 and 60 Asspeefrecebycol | e

ACI 4403R (ACI 2012) and ASTM D7957 (ASTM 2022) pH = 12.613 is a
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representative range of mature concrete pore solaraithus the pH valuesereinare
classifiedi nt o t hree ranges, namely 10pH®l4pH < 12,
Fig. 2.2(a) shows th@S retentions of GFRP bars with respect to the exposure duration.

All the selected GFRP bars had the same diameter rabge &10 mm) and were
subjected to alkaline solutions with different favels. A simple exponential regression
equation, expressed ds p MA@ DY T (Phani and Bose 2012yvas adopted to
generate trendlines based on the selected AAT data, Wwhepeesents the aging time

andt denotes the fitting parameter. This equation has been demonstrated to provide
reasonably accurate predictions of the durability of FRP bars and exhibits a degradation
law consistent with other widely used mathematical equafi©hen et al. 2008)Vu et

al. 2015;Feng et al. 2022 The thin dotted, thin solid and thick dashed trendlines in the
sulfigures correspontb GFRP bargexposed talkaline solutions with pH ranges of 10

O pH < 12.6, 12<p<0 respectiCely.In3addiiondthe huBnber in
brackets after each reference in the legend represents the number of test data used in the
figure, andsuch a manneis adopted for the figures in thshapterhereafter. he
trendlines in Fig2.2(a) demonstrate that the TS retentions of GFRP bars decrease with
both exposure time and temperature for all jghels. This is because the longer the
exposure time, the more severe the chemical reactidmnte the higher the exposure
temperature, the faster the water molecules and hydroxide ions(Wawg et al. 2022)
Moreover, higher pH valgzesult in relatively lower strength retentsumder the same
condition. This phenomenon can be explained by the fact that atkaline solution

with a higher pHlevel, there are more serious chemical reactions between the
hydroxide ions and the glass fiber, which may lead to the formation of-eniaciis in

GFRP bargWang et al. 2022)Compared to the TS of GFRP bafdyl is found to be

less affected by the alkaline concentration, exposure duration and exposure temperature
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[see Fig 2(b)]This is reasonable becauBkl is obtained from the lineaglastic portion

of the stresstrain curve ofthe FRP barswherethe matrix still effectively transfer
stress to the fiberswhile the TS is calculated at the failure points of FRP bars
(Benmokrane et al. 20178incelimited testdata availabldor the TSS of bare GFRP
bars(dp = 12-15 mm)in alkaline environmessto f 1 0 < 12.6 anHil 13< pH < 14,

only those for bars immersed in alkaline solusiaith pH values ranging from 12.6 to

13 are shown in Fig2.2(c). Similar to TS, the TSS retent®af GFRP bars gradually
decrease with time and temperatufer ILSS, as shown irFig. 2.2(d), the retention
trends for GFRP bars with diameters ranging from 6 to 8 mm under different conditions
are also similar tothoseof TS and TSS with two exceptions of the polyesteased
specimendested byMicelli and Nanni (2004) This is mainly because the polyester
resin is much more susceptible to chemical attack by alkaldgle the ILSS is
primarily governed by the matrix artte fiber-matrix interfaceratherthan by the fibers.
Note thatBenmokrane et al. (2017e@ported that the GFRP bars made with polyester
resin exhibited a much lower ILSS retention after alkaline conditioning, compared
their vinylester and epoxybasedcounterpartsin Figs.2.2(e) and2.2(f), the retentions

of FSandFM for GFRP bars with diameters ranging from 9.5 to 13 mm are generally
close to each other under the same condition, except for thqeesed toalkaline
solutiors with higher concentratien( 12 . 6 O pH O 13) at 60 |,
decrease obviously witiprolonged exposureln addition, due to the limiteddata
availablewith respect tahe durability of TSS and flexural properties (FS and FM) of
GFRP bars a significant amount of further research rexjuired to enhancethe

understanding of these properties
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[Wangetal. 2017a(4); PanandYan 2021(4); Sunetal. 2023(4)]
MW 40 (13<pH<14
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Fig. 22 Effect of alkaline concentration on the durability of bare GFRP bars

2.3.1.1.2 Effect of fiber type It has been found that the mechanical properties

(especially tensile properties) of FRP bars vary dependirigediber type(Wang et al.

2017a; Wang et al. 2017b; Benmokrane et al. 2020b; Lu et al. 2020a; Lu et al..2020d)

To examinethe effect of fiber type on the durability of bare FRP bars immersed in

alkaline solutions, GFRP and BFRP bars having the same diametes eamander
the same exposure condit®fi.e., the alkaline solution with a pH of 1218) are
comparedn Fig. 2.3. Figs.2.3(a) and2.3(b) respectively show thgegradation trersl

of TSandTM for the two types of FRBars @b = 6-8 mm) in alkaline environments.
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The thinsolid trendlines represent GFRP harghile the thickdashedones stand for
BFRP bars in thessulfigures. It can be seen that the TS retentions of both GFRP and
BFRP bars gradually decrease with increagirgosureduration in the 28 0 40
and 60 al kaline solutions. I t forGFRPI s o
bars consistently exhibit highealuesthan thosdor BFRP bars, showing théte TS of
BFRP bars degrade more severely tliast of GFRP bars under the same alkaline
conditions [see Fig2.3(a)]. This finding hasalsobeenconfirmed by other researchers
(Wang et al. 2017b; Benmokrane et al. 2020b; Wu et al. 20@3)ontrast,for TM,

there is no clear degradatitnendover immersion time foeithertype of FRP bar, and
even significant increasés TMweref ound f or some GFRP and
reported bywang et al. (2017Hsee Fig.2.3(b)]. Figs.2.3(c) to 2.3(f) further illustrate
thatfiber type ha nonrnegligible impacts oother four mechanical properties (i.e., TSS,
ILSS, FS and FMdf FRP bars under the same alkaline cond#i@amdarger retentions

can be found in GFRP bars than those in BFRP bars, althougivaiiabledatafor

TSS FS and FMare quite limited. Neverthelessas mentioned previously, the TSS,
ILSS, FS and FMof FRP barsare primarilygoverned by the matrix afat the fiber
matrix interface which indicatesthat the observations made in Figad3(c) to 2.3(f)

may result from a combination of several factors (e.g., fiber type, resin type, fiber
sizing). For exampleBenmokrane et al. (201%onfirmed that the deteriorations of
TSS,ILSS andFSin BFRPbarsimmersed in &0 alkaline solution for up to 5000
hourswere caused by the fiber sizing rather than the fiber and resin types, leading to
poor bond between the resin and basalt fibersya#ied by scanning electron
microscopy(SEM). Similar conclusionswere drawn in theisubsequenstudy on the
durability of FRP bargd, = 13-15 mm) provided by the same manufacturer but with

different fiber types, fiber sizings and resin typBsnmokrane et al. 202Qb)herefore,
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the conclusionsfor this issueneed to be further confirmed and improweten more

AAT data are availabldt is noteworthy that, among the existitigeratureon BFRP

bars reviewed in this study the majority of referenced BFRP prodycexcluding
literature that does not provide manufacturer informatiare sourced from two
manufacturers(see AppendixA). The concentrated test data derived from these
products mayalso lead to the abovenentioned underestimations of the material
properties of BFRP bars. Thus, more experimental diatan a wider range of
manufacturerarealsourgently needed to achieve a more comprehensive assessment of

the durability of BFRP bars.
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(a)[Wangetal. 201 (3); Ferganietal. 2018(3); Lu etal. 202 (1)]; (b) [Wangetal. 201 (3); Ferganietal. 2018(3); Lu etal. 202 (1)]; (d) [Wangetal. 2017a (4); Ferganiet
al. 2018(1); Yu etal. 2021(4)]; (e) [Ferganietal. 2018(1); Wangetal. 2022(5)]; (f) [Ferganietal. 2018(1); Wangetal. 2022(5)]

A GFRP 60
(a) [Micelli andNanni 2004 (2); Ferganietal. 2018(3); Lu etal. 2020 (1); Wangetal. 2023 (8)]; (b) [Micelli andNanni 2004 (2); Ferganietal. 2018(3); Lu etal. 202 (1);
Wangetal. 2023 (8)]; (c) [Benmokranestal. 2015(3)]; (d) [Micelli andNanni2004(2); Benmokraneetal. 2015(3); Ferganietal. 2018(1); Yu etal. 2021(4)]; (e) [Benmokrane
etal. 2015(3); Benmokraneetal. 2017 (1); Ferganietal. 2018(1); Wangetal. 2022(5)]; (f) [Benmokraneetal. 2015(3); Ferganietal. 2018(1); Wangetal. 2022(5)]

@ BFRP_20-30
(a) [Wu etal. 2014(3); Wu etal. 2015(3); Lu etal. 2020a (4); Lu etal. 2020 (1); Lu etal. 2021 (5), Wangetal. 2023 (8)]; (b) [Wu etal. 2014(3); Wu etal. 2015(3); Lu etal.

20208 (4); Lu etal. 2020d (1); Wanget al. 2023 (8)]; (c) [Lu etal. 202G (4); Xie etal. 2022(6)]; (d) [Wangetal. 2017a (4); Lu etal. 202Q (4); Xie etal. 2022(7); Fengetal.
2023(3)]

Il BFRP_40
(a) [Wu etal. 2015(3); Wangetal. 201 (3); Lu etal. 2020 (1); Lu etal. 2021 (5)]; (b) [Wu etal. 2015(3); Wangetal. 2017 (3); Lu etal. 2020 (1)]; (c) [Lu etal. 202C (4);
Xie etal. 2022(6)]; (d) [Wangetal. 2017a(4); Lu etal. 202 (4); Xie etal. 2022(7); Fengetal. 2023(3)]

A BFRP.60
(a) [Lu etal. 202ad (1); Lu etal. 2021b (5); Wangetal. 2023 (7)]; (b) [Lu etal. 2020 (1); Wangetal. 2023 (7)]; (c) [Benmokraneetal. 2015(6); Lu etal. 202Q (4); Xie etal.

2022(6)]; (d) [Benmokraneetal. 2015(6); Lu etal. 202C (4); Xie etal. 2022(7)]; (e) [Benmokraneet al. 2015(6); Ali etal. 2020(1)]; (f) [Benmokraneetal. 2015(6); Ali etal.
2020(1)]

Fig. 23 Effect of fiber type on the durability of bare FRP bars under alkabnéitions
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2.3.1.1.3 Effect of bar diameteExisting researchasindicated an appreciable size

effecton the longterm performance of FRP baifBenmokrane et al. 2017b; Ali et al.
2020) To investigate this issue, bare GFRP bars of five different diameter ranges (i.e.,
6.0 £0.5mm, 9.5 +0.5mm, 12.5 £0.5mm and 15.5 £ 0.5mm) immersed inan
alkaline solution with a pH of 1226 3 . 0 aatecodfdared. Fig2.4(a) and2.4(b)
respectively show the retentions 6 and TM of GFRP bars of different diameters
with respect to exposure time. In general, the TS retewiball GFRP bars decrease
with time, with the smaller GFRPbars exhibiting relatively lower retentions than their
larger counterparts under the same conditjeas Fig.2.4(a)], which isconsistent with
the findings reported bf¥annous and Saadatmanesh (1928rzewska et al. (2021)
andLu et al. (2021a)This phenomenomay becaused by the differende the ratios of

0 @gtace d 0 t egrad d sectidnalareasof the bar subjected to harsh conditions
(Arczewska et al. 2021)n contrast,Fig. 2.4(b) indicates that, except for tlseven
circled datapoints the diameter has no obvious influence on T of GFRP bars.
Note thatTM is an inherent property of FRP bars, largely depending on the level of
fibers contained in the bari.e., fiber content), and thus is less affected by the
conditioning(Kocaoz et al. 2005For TSSas depicted ifrig. 2.4(c), the retentioafor
differentsized GFRP bars also show a decreasing tendency overHmaever the
size effect on th@ SSof GFRP bars seems negligipighich is contrary to the findings
of Arczewska et al. (2021)Given the limited test resultavailable under this
circumstancefurtherresearch is needed to verify this observatkg. 2.4(d) presents
the test resultfor ILSS, whicharehighly dispersedmaking it difficult to identify any
clear effect of diameter on the strength retention of GFRP barsdiscrepancy may
be attributed to théllowing two main reasons: (Ilhe combinations of different fiber

types, resin types and fiber sizings havgreat impact orthe ILSS durability of FRP
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bars as mentioned previously2) Differentspanto-diameter ratie used in the shert
beam shear tests might yield different ILSS results, as observathiy et al. (2017a)
andJ anug et. Spetifically(IL58 Bha3 pbeen found to slightly decrease with
increasingspanto-diameter ratipdespiteASTM D4475(ASTM 2016a)recommending
ratios between 3:1 and 6:With respect toFS and FM Figs. 2.4(e) and2.4(f)

demonstratéhat no significansize effect can bebservedased orthe limited amount
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(a)[Chenetal. 2006(4); Won andPark2006(1); Chenetal. 2007(1); Benmokranestal. 201 (1); Wangetal. 2022(5)]; (b) [Benmokranestal. 2017 (1); Wangetal. 2022(5)];
(d) [Won andPark2006(1); Chenetal. 2007 (2); Benmokranest al. 2017 (1); Manaloet al. 2020(3); Wanget al. 2022(5)]; (e) [Benmokranest al. 2017 (1); Wanget al. 2022
(5)]; (f) [Wangetal. 2022(5)]
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(a) [Won etal. 2008(6); Benmokraneetal. 2017 (1); Benmokranestal. 2020(7); Arczewskaet al. 2021 (3)]; (b) [Benmokraneetal. 2017 (1); Benmokraneetal. 2020(7)]; (c)
[Benmokraneetal. 2017a (9); Benmokranestal. 2020(7); Arczewskaetal. 2021(6)]; (d) [Benmokraneetal. 2017 (9); Benmokraneetal. 2017 (1); Benmokraneetal. 2020(7)];
(e) [Benmokraneetal. 2017a(9); Benmokranestal. 2017 (1); Arczewskaetal. 2021(6)]; (f) [Benmokraneetal. 2017 (9)]
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4@ (a)[Benmokraneetal. 2017 (1); Benmokraneetal. 2020(5); Arczewskaetal. 2021(3); Benmokranestal. 2021(1)]; (b) [Benmokraneetal. 2017 (1); Benmokraneetal. 2020(5)
Benmokraneetal. 2021 (1)]; (c) [Benmokraneetal. 2020(5); Arczewskaetal. 2021(6); Hosseinietal. 2024(3)]; (d) [Benmokraneetal. 2017 (1); Benmokraneetal. 2020(5); Li
etal. 2022(5); Hosseinietal. 2024(3)]; (e) [Benmokraneetal. 2017 (1); Arczewskaetal. 2021(6)]

Fig. 24 Effect of diameter on the durability of bare GFRP bars under alkaline

conditions

So far, onlyalimited number of studies have comprehensively addressed the size effect
on the durability of FRP bar@enmokrane et al. 2017b; Ali et al. 2020; Feng et al.
2024b) In contrast tahe above findingsBenmokrane et al. (2017b¢ported that 9.5

mm GFRP bars exhibited slightly higher TS retentionf95.2%) than thie 25.4 mm
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counterpar (88.1%)under an alkaline condition duettee presence o$hear lag effect
(Achillides and Pilakoutas 2004)n contrast, thdLSS and FS of largeized GFRP
bars underwent lesteterioratiorbecause of theeducedaffected thicknesm the larger
bars.Similar observations on BFRP baremsubsequentlyotedby Ali et al. (2020)
Besides, as shown in Fi@.1, existing AAT data for the larggized FRP bars are
notablyscarce especially for those with a diameterdsfO20 mm, irrespective othe
conditioning typegBenmokrane et al. 2017b; Benmokrane et al. 2017c; Sawpan 2019;
Ali et al. 2020; Sawpan 2021; D'Antino et al. 2023; Feng et al. 20Zb)etter
understand the degradation behavior of diffesenéd FRP bars, further reseagafforts

areneeckd on this issue.

2.3.1.2 Saline solution immersion

2.3.12.1 Effect of saline solution The retentions oflifferent mechanical properties

versus exposure timéor bare GFRP bargwithin a specific range of diameter)
immersed in saline solutisrat different temperatures are shown in each subfigure of
Fig. 2.5. Due to the limited data available for flexural properties in saline environments,
only four propertiegi.e., TS, TM, TSS and ILSSjre presented. As expectede TS
retention of GFRP bars generally decrsasgth increagng immersion time and
temperature in saline solutigjwhereasI'M remains stablgsee Fig.2.5(b)]. TSS share

a smilar retentiontendencywith TS under saline conditions, aepicted in Fig2.5(c),
despite the fact that the AAT data for T8&re derived from a single studfRuiz
Emparanza et al. 2022)ue to the scarcity of related resear€iig. 2.5(d) reveals
considerablescatter in the ILSS data for GFRP bars, whaahalsobe attributed to the
various factors affecting the durability of ILSS in FRP bars, as discussed in Section
2.3.1.1.3 Another observatiorthat can be maddrom Fig. 25 is that, comparedo

alkaline solutions, thelr'S degradation of GFRP bars is more moderate in saline
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solutions.For example, after one year, the trendlines for TS retention of GFRP bars
under 60 saline conditions and 60 low-pH conditions {00  p< H2.6) terminate at
around 60% [Fig2.5(a)] and 36% [Fig2.2(a)], respectivelyThis is because glass
fibers are particularly sensitive to fluids ingress (e.g., chemical attacks) due to leaching
and etching actions, especially in alkaline and water soluf©hnsn et al. 2007; Kim et

al. 2008; Wang et al. 2017b; Fergani et al. 2018a; Lu et al. 2Q2@ahoteworthy that

the tensile durability of GFRP bars was found to be insensitive to the saline contents of

the exposure solution, as concludedAgng et al. (2023a)
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(a)[Chenetal. 2007(1); Lu etal. 2022a (4); RuizEmparanzatal. 2022(12); Wangetal. 2023(5)]; (b) [Lu etal. 2022a (4); RuizEmparanzatal. 2022(12); Wangetal. 2023(1)];
(c) [RuizEmparanzatal. 2022(12)]; (d) [Lu etal. 2022a (4); Ruiz Emparanzatal. 2022(12)]

A 60
(a) [Chenetal. 2007(1); Ay d @ndArslan2021(1); Lu etal. 2022a (4); Ruiz Emparanzat al. 2022 (24); Wanget al. 2023(5)]; (b) [Lu etal. 2022a (4); Ruiz Emparanzat al.
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Fig. 25 Effect of saline solution on the durability of bare GFRP bars

2.3.1.2.2Effect of fiber type.Fig. 2.6 showsa comparison of mechanical properties

between bare GFRP and BFRP bais £ 6-8 mm) exposed to salineonditionsat
different temperatures. Ashownin Figs.2.6(a) and2.6(c), the TS and ILSS of both
types of FRP bars degrade gradually as the temperature and immersion time increase.

Notably, the trendlinesof TS retention of GFRP bars are higher than those of BFRP
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bars, showing that GFRP bdravebetter corrosion resistantiean the BFRP bars in a
saline environment, which is consistent with the findireygored by other researchers
(Duo et al. 2021; Wu et al. 2023)Jowever, this conclusion needs to be further verified
since mostest resultsveresourcedrom BFRP bargprovidedby two manufacturers, as
mentioned previouslyin addition to TS, more research concerning the durability of
shear and flexural properties of FRP bars subjected to saline environments is required to
draw a more consolidated conclusio@onversely,as shown in Fig.2.6(b), the
differencein TM retentions between the two types of FRP bars is not significant, which

is similar to that observed in alkaline solutiossdFig. 2.3(b)].
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(a) [Won 20013(1); Lu etal. 202ad (1); Lu etal. 2022a(4)]; (b) [Lu etal. 20204 (1); Lu etal. 2022a(4)]; (c) [Won 20013(1); Lu etal. 2022a (4)]

@ BFRP_20-30
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20223(4)]; (c) [Lu etal. 202Q (4); Lu etal. 20222 (4); Xie etal. 2022(7)]

M BFRP_40
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[Quagliarinietal. 2016(1); Lu etal. 202 (4); Lu etal. 2022a (4); Xie etal. 2022(7)]

Fig. 26 Effect of fiber type on the durability of bare FRP bars under satinditions

2.3.1.3 Water immersion

2.3.1.3.1 Effect of wateiThe AAT resultsof bare GFRP bars having the same diameter

range (810 mm) immersed in water at different temperatures are shown in each
subfigure of Fig.2.7. Similar to the observations alkaline environmest the
retentionsof TS, ILSS and FSof GFRP bars exposed to water show descending trends

asbothtemperature anmnmersionduration increaseespecially for Tdsee Figs2.7(a),
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2.7(c) and 2.7(d)]. The significant differencegxisting in different studies for ILSS
retentions [Fig.2.7(c)] can also be attributable to the reasons mentioned in Section
2.3.1.1.3.Additionally, it seems thainder water conditionshe TS of GFRP bangith
diameters of 80 mm deteriorate more slowly thanunder alkaline conditions
(especially for the medium and high pH levels, ip¢d,012.6) butmore rapidlythan

under saline conditions. For instance, after one yeamaofersionat 6 0 , the TS
retentionscorresponihg to the trendlines for alkaline (126 p<HL3), water and

saline solutions arapproximately24%, 36% and 60%, respectively. This indicates that
the TS degradation rate dEFRP bargenerallyobeys the following trend alkaline >

water > salindsee Fig. 2.2(a), 2.5(a) and2.7(a)]. These observations are consistent
with the findings reported bpuo et al. (2021)and similar phenomena regarding ILSS

of GFRP bars were also noticed Ibjanalo et al. (2020)Manalo et al. (2020)
concluded that the diffusion rate of water molecules could be slowed down by large salt
molecules in saline solutisrby blocking the paths, whildlmusallam et al. (2013)
explained that a very thin layer of salt formed on the surface of FRP bars may decrease
the diffusion rate of the solution into the FRP bars, leading to lower water absorption
for GFRP bars in saline solutions compared to water, especially at higher temperatures.
In contrasttheretentions offM andFM, however, change insignificantly over tirfo

all exposure temperatures [see RJ(b),2.7(d) and2.7(e)].
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Fig. 2.7 Effect of water on the durability of bare GFRP bars

2.3.1.3.2Effect of fiber type Fig. 2.8 shows the effect of fiber type on the durability of

bareFRP bars exposed to water at different temperatures. Agagjority of BFRP
bardatawere collected fronthe products provided by two manufacturers, as previously
indicated As shownin Figs.2.8(a) and2.8(c), for TS and ILSS, bottypes of FRP bars

show a significant decreasing tendency with the increase of exposure temperature and
time, particularlyf or t hose exposed to the theeT@Bper at L
and ILSSof BFRP bars experience larger reductions than those of GFRBriubnsthe

same conditons except for the TS of GFRRFRPar s at
barsis slightly lower than thafior BFRP barsNote that the GFRP bar products used by

Lu et al. (2020d)andWang et al. (2022)vere sourcedfrom the same manufacturer,

which showed significant degradation after exposimevat e r aMoreoge0,

similar to the observatiamade in alkaline and saline solutions, the differencéMn

retention between the two types of FRP bars is not significant [se2.&ig)].
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It is evidentthat compared to the tensile properties, the durability studies on the shear
and flexural properties of FRP bars under water conditionsesmemely limited.
Hence, more relevant experimental work is needed to draw more comprehensive

conclusions abouhe durability of FRP bars.
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Fig. 28 Effect of fiber type on the durability of bare FRP bars under veateditions

2.3.1.4 Other conditions

In addition to the abovmentioned threeommonly simulated conditionthe effects of
other conditions such as acid solution immersWi cycles,FT cycles UV radiation
andexposure tdhigh and low temperatures on the letegm mechanicapropertiesof
bare FRP bars have been experimentally investigated by some reseaiolerger,
since limited test results are available for bare FRP tnaderthese conditions, only the
TS retentiors of bare GFRP bars subjected WD cycles, FT cycles acid solution
immersion and UV radiation are discussed in this section. Note that no standard
specificatiors have beenestablishedor most of these conditionsesulting in varying
conditioningregimes across different studies with respecexposure temperature and

duration.
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Fig. 29 Effects of WD cycles,FT cycles acid solutionmmersionandUV radiationon

the durability of bare GFRP bars

The TS retentions of GFRP bard, (= 914 mm) subjected to various conditigns
including (1) WD cyclesin alkaline, saline and water solution®) FT cyclesin
alkaline and water solution$3) acid solution immersignand (4) UV radiation with
water vapor condensation at different temperatures for different exposure airees
presented in FigR2.9. It seemghatWD cyclesin analkaline solution (pH -3.6)result

in more severd S degradation than those in water and saline solytishgh is similar
to the degradation lawbserved underontinuousmmersion conditions, as mentioned

in Section2.3.1.3.1 For example, the TS retent®of the GFRP barafter 72day WD

cycles in alkaline, saline and water solutions are 72.76%, 86.38% and 84.44%,

respectively, as reported @hen et al. (2007However, this finding needs to be further
confirmed aLChen et al. (20075 the sole existing study examining the effects of WD
cyclesin three different solutions on the durability of bare FRP barthe cases of T
cycles, significant discrepancies TS retention of vinylestdsased GFRP bars in
alkaline solution$iave been observeanongdifferent studiegChen et al. 2007; Kim et
al. 2008) which can be attributed to the diffeoes incooling and heating temperatures

-k20/ 20 -2 =/nxd0 athe GWRPIbars. a s

respectively)
Comparedto the extensive researdonductedon GFRP barsmmersedin alkaline,
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saline and water solutions, significantly fewstudies haveinvestigatedthe effect of

acid solutios on the degradation of GFRP bars. gifewnin Fig. 2.9, acid solutions
(pH=2.93.1)att emper atures ranging from 20 to 25
the TS of GFRP bars, evetiter 180 daysof exposure In addition,Al-Zahrani et al.

(2002)o bserved that increasing theresukgomsure term
a significant decreasen TS retentionunder the samecid conditiors, which is

consistent withthe findings from previous discussions on alkaline, saline and water
solutions. For the conditioning of UV radiatioraccompanied withwater vapor
condensatiojthe TS of GFRP bars barathangedafter exposure for up to 125 days, as

reported byAshrafi et al. (2018)Based on the above discussionsnity be concluded

that standard specifications for conditioning regimederthese conditions are needed,

and more relevant experimental tests are also required in the future.

2.3.2 CoupledEffects of Environmental and L oading Conditions

As an alternative reinforcement to conventional steel rebar in concrete structures, the
coupled effed of environmental conditions and sustained load on the durability of bare
FRP bars alsoepresent a critical issue that ne¢d be evaluated, especially for FRP
barsusedin prestressed and reinforced concrete structures subjected to high permanent
loads. To address this concern, existiBdg\T resultsfor bare BFRP and GFRP bars
under the coupled actisrof sustained loading and environmental conditioniagy,(
continuous immersion ialkaline, saline, acid and water solutioas¢ compared. The
mechanical propertiesonsideredn this section are limited to TS due to the scarafty

studies focusg on the other propertiggergani et al. 2018a)
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Fig. 210 Coupled effed of environmental and lo&uy conditionson the durability of
bare FRP bars

Fig. 2.10 compares the TS retentions of bare FRP bars with and without sustained load
under the same environmental condifio®nly the AAT data from studies that
simultaneously investigadethe durability of both stressed and unstressed FRP bars are
included in Fig.2.10, as a result of which théading conditionbe®mmes the sole
influencing factor.lt is clear thatjn alkaline environments, the TS retensaf FRP

bars apparently decrease with increasing exposure tempef@furet al. 2015)and

time (Sen et al. 2002; Wu et al. 2015; Fergani et al. 2Q¥8gprdless of thpresence

of sustained loadBesides under the same conditignthe applied sustained load,
rangingfrom 10% to 60% of the shetérm tensile strengthyj or corresponding to a
strain of 3000 microstrains (i.e., 30@6@), generally has a nenegligible effect on the

TS deterioration of bare FRP barfhis phenomenon is primarily because the
microcracks in the matrix or those generated by the sustained load would allow the
surrounding media to ingress the matrix, thereby accelerating the deterioration of FRP
bars (Debaiky Ahmed et al. 2006; Wu et al. 2015; Fergani et al. 20¥8&)ther
interesting observation froi@en et al. (2002 that,some FRP bars with stress levels

of 15%and 25%f, experienced aompletereductionin TS (100%loss)after exposure
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to alkaline solutionswhich might be caused by the poor inherent properti€gSFRP
barscombined withthe high alkaline concentration (pH = 13.83.55) as reported by

the authors

Tensile strength of bare bars with sustained load in alkaline solution

180 I senetal. (2002) Nkurtjgoz(i)zsa)l o alWang et al. (2018) Wang et al. (2018) Wu et al. (2015)
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Fig. 211 Tensile strengthetentiors of bare FRP bars with different stress levels under

the same alkalineondition

To further study the detrimental effect of sustained load on the durability of bare FRP

bars, the TS retentions of FRP bars with different stress lextgle exposed to the

samealkaline conditiors are shown in Fig2.11. Note that the data represented by the

same pattern in the bar chart corresponds to the same type of FRP bars under the same

environmental conditianbut with different stress levels. As expected, the TS retestion
of bare FRP bars decrease as the stress level inerddseever, it should be

mentionedthat devices for applyingsustainedstress to FRP bars difft across

different studies,indicating a need fostandard testing guidelines to ensure more

reliable resultsn this arealn addition toestablishingstandard testing methodsiture
research should also focus e possible size effect on tharability of bare FRP bars
with sustained loadCurrently,only one study haaddressedhe durability of stressed
bare FPR bars with large diameteds ©20 mm)(D'Antino et al. 2023)in which the

residual TS of § 20 and 32mm stressed GFRP bars (with sustainedd
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corresponding t@000 /78 after 42day immersion in 60 alkaline solution (pH = 13)
were reported as 92.06%, 87.11% and 86.53%, respectively. The authors sugigested

improvemenin themanufacturing and testiqgocessefor largesized GFRmbars

2.4FRPBARS EMBEDDED IN CONCRETE

As internal reinforcemest FRP bars are continuously exposed to the concrete
environment which ischaracterized by high alkalinitas well as to various external
environmental conditions (e.g., high moisture and salomen) during the service life

of concrete structure§hese factors can simultaneously degrade the FRP bars alone
and the bond between FRP bars and concrete. Thus, compasdR&®P barghatare
directly exposedo variousenvironmental conditions, FRP basbeddedn concrete
(i.e., concretembedded FRP bars) can better represent thewmeld conditiors
encountered in field application€urrently, the commonly used method for assessing
the durability ofconcreteembedded FRP bais to extract the FRP bars from the
concretecover after exposure to simulated conditions for specifkposuretime. To
evaluate thelegradation behaviaf FRP bars wrapped in concrefT results related

to the TS, ILSS and TSS of concretembedded FRP bars subjected to different
environmental conditionare comparedlIn addition, the durability of the BS between
FRP bars and concrete is assesbBiate that the concrete type discussed in this section

primarily refers to normal concrete unless otherwise specified.
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Bare bar vs. embedded bar in alkaline solution (NC)

| m Bare bars@ Embedded barls
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Fig. 212 Comparison of mechanical properties between bare FRP bars and concrete

embedded FRP bars under the same condition



24.1 Tensile Strength, Interlaminar Shear Strength and Transverse Shear

Strength

Figs. 2.12(a),2.12(b) and2.12(c) show the comparisons of mechanical properties (i.e.,
ILSS, TS and TSS) betwedpare and concretembedded FRP bars immersed in
alkaline, saline and water solutioasdifferent exposure temperatures and durations,
respectively.To ensure thathe concrete covebemmes the soleinfluencing parameter,

only AAT results from studies thaimultaneouslfocus on thedurability of both bare
andconcreteembedded=RP bars are includeth Fig. 2.12, it can be found that there
exist significant discrepancies in the relationships of mechanical properties between
bare and concretembedded FRP bars, making it difficult to draw clear conclgsion

this issue, regardless of the solution tylper. instanceManalo et al. (2020dbserved a
noticeably greater reduction in ILSS for bare GFRP barapared to theiconcrete
embedded counterparts, regardless of the solution ltypentrastRolland et al. (2021)

and Lu et al. (2020b)reported opposing trends in alkaline and saline/water
environments, respectivelyrhis phenomenon might battributable to at least the
following factors (1) Concrete covers made with different mix proporti@xibit
different alkalinities (i.e., pH levels) andhemical compositiasy which has been
proven to have a considerable effect on the durability of mechanical properties of
concreteembeddedRP bargMorales et al. 2021; Xie et al. 20222) Concrete covers

with differentthicknesgs can result in differerglkalinities surrounding thd=RP bars

(Lu et al. 2020b; Lu et al. 2020d; Xie et al. 202@) Inadequate procedures lodr
extractionmay also influence the reliability of test results éoncreteembedded-RP

bars(Gooranorimi and Nanni 2017; Benmokrane et al. 2018)

To have a better insight intbe differences betweebare and concretembedded FRP
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bars,the test datgpresentedn Fig. 2.12 have beemegrouped in Fig2.13, where the
mechanical properties 6fRP barammersed in different solutiorare plotted in each
subfigure to further compare the effecf solution type orthese propertiedn Fig.
2.13(a), it is evident that concretéenbedded FRP bars possess relatively higher ILSS
retentiors than bare FRP bars under the same condijtiespecially for the alkaline
conditiors. This observation can be explained by the reason that the concrete itself
might protect the FRP bars frodirect exposuréo thesurrounding solutionfMufti et

al. 2007b; Manalo et al. 202Mlowever, compared to the ILSS, the differenice$S

and TSS betweebare and concretembedded FRP bars seem toith@nspicuous, as
shown in Figs2.13(b) and2.13(c) This phenomenorindicates thathe propeiies of
thefiber-resin interfacgprimarily influence the ILS$AIi et al. 2020) of FRP bars are
more susceptible to the effectsdifect solution immersion compared to the properties
of thefibers[predominantly affect T8Benmokrane et al. 2020gndtheresin[mainly

govern TS§Montaigu et al. 2013)
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Retention of embedded bars (%)
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Fig. 213 Comparison of mechanical properties between bare and coeonéedded

Similar to the research conducted on bare FRP bars, in recent years, considerable efforts
have also gone into studying the coupled effexft environmental conditions and
sustained load on the durability performance of conestbedded FRP bar®nly the

TS datafrom studies thasimultaneously investigatthe durability of stressed and

unstressedoncreteembedded/GFRP barsareconsidered hereirkig. 2.14 presents a
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comparison of the TS retenti®nf concreteembedded FRP bars subjectedustained
loadversus thoswithout sustained loaall under the same environmental condition. It
can be found thagt the samstress level, the TS retent®af FRP bars extracted from
concrete generally decreas with increasing exposure temperature and time.
Additionally, under the same environmeadt conditions the strength retentia of
concreteembedded FRP bars with sustained laaelgenerallycomparableo that of
their unstressed counterparisith the exception ofdata for immersion in water and
saline solutions from\musallam and AlSalloum (2006) Theseexceptioml cases may
be mainly caused by the thick layertofh-alkalinity cement pastthatcoats the GFRP
bars at thanidpoint of the concrete beam specimens, as reporte&dnmsallam and
Al-Salloum (2006)Fig. 2.15 shows the TS retentisof concreteembedded FRP bars
with different stress levels under the same exposure corglftrariuding immersionn
saline and water solutions). Similar to the behavior observed in bare FRP bars, the
deterioration of T9n concreteembedded=RP bars is generally more pronounceatd

higher stress levels.

m Embedded bars without sustained |
@Embedded bars with sustained loadjannsne strength of embedded bars with and without sustained load
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concreteembedded FRP bars
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Tensile strength of embedded bars with sustained load in saline/water solutions

n
(=3
o

=
@
o

Fergani et al. (2018) Davalos et al. (2011) Lu et al. (2022b)
160 8 mm GFRP 9.53 mm GFRP 6 mm GFRP
NC + Water NC + Water SWSSC + Saline
140 | \ 1
120 Y Y |

Retention (%)
© =
8 8

@
o

40 |

[¢4

o404 Boe 4

o404 oo +04 o4 233

44 poe sod o4 44 [¢4
44 poe sod o4 44 [0
aailliead boalliéa 244 [0

Gy 288844
(¢4 oeee

P AT T T T TS T TS S
Ol O O by AP M O D D D N L7 L Lo L8 0 )2 )2
e E ST T IS eSS
BQQ;/ S G BQQ,/ @}e‘,/ o qﬁ S %? Q)? S\é\’/ Qe\é\o/ S\Q\Q/ S\i@/ \@/ \é@/ \;@/ \;@/ \@/ \@/ \@/ \@/ \@/ \@/
S S S S & oF ¥ & ¥ A R\ o R\ S S N N N NN NN old N
I S S SR S SR R S v R I G SHE SEE SRR
& &

NN IR S Y Stress level_Temperature ( )_Time (d)

Fig. 215 Comparison ofédnsile strengtietentions for concretembedded FRP bars

with different stress levels

It is worth mentioningthat there is no standard specification for the durability of FRP
bars wrapped in concrete, and relevant research remains limited. Therefore,

considerablefforts are needed this field

24.2 BondStrength

Different from the abowenentioned mechanical properties of FRP bardedded in
concrete, the surface configurations (e.g., saoated, ribbed, helicaliwrapped) of
FRP bars have a great impact on the bond behavior as a result of the stress transfer
mechanisms between concrete and H&slyom and Balas 2020)Thus, the BS
variationsin aggressive environments mdiffer considerably depending d@he surface
characteristics of FRP baapart from other factors such as exposure temperature and
duration. This section aims to clarify the specific influence of sexeitadal factors on

the durability of the bongbropertiesof FRP bars to concrete. Note that the surface
treatmeng of FRP bars discussed in this section are determined based on the extreme
external surface conditignThat is to say, sartbated bars and deformed bars with
additional sangtoating are considered to possess the same surface tredigtenise
the external sandoaed layer mainly influencethe postpeak behavior of FRP baas
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demonstrated byolyom and Bal&s (2020)On the other hand, since FRP bars are
embedded in the concrete matrix for pullout specimens during exposure, the diference
in BS degradation after exposumevarious solutions beconmainor compared to other
mechanical properties of FRP bars in the corresponding envirosin@wénthe lack

of a clear trendregarding the effect ofhe bar diameter on B@epomuceno et al.
2021) it is not considered an influeng factor of BS degradation in the following

discussions unless otherwise specified.

2.4.2.1 Saline solution immersion

24.2.1.1 Effect of surface treatmerts shown in Fig2.16, the results show quite a

large dispersion for the overall trend. Due to the combined effects of solution
immersion and increased temperature, the concrete and FRP bars may undergo post
curing and hygroscopic expansion, respectively, during exposure, resulting in
unexpected BS enhancements. Moreover, the BS retentibrribbed FRP bars

generally outperfornthoseof helically-wrapped barsexcept tloseof sandcoated FRP

bars under saline solution immersion at320 for a certain period.
find that a similar trend was also observed in the ultinB8elerivedfrom the welt

known modified BPE bondlip model(Cosenza et al. 1997r FRP bars. Thus, it can

be speculated that thBS degradation extent of FRP kamay have a strong
relationshipwith their ultimate BS. However, when the temperature is increasing, no

clear trend could be observed in Fy1 6 , especially fos the 60
Besides, the lonterm test result$or helically-wrapped bars seem insufficient time

available literature compared the other two types of bars, which may need to be

further examined in future research. Thus, only ribbed and-czatéd FRP bars are

considered in the subsequent discussions.
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Fig. 216 Effect of surface treatment on ttarability ofbond strength of GFRP bars

under salineonditions

2.4.2.1.2Effects of fiber and resin type To interpret the effestof fiber and resirtypes

on BS degradation, test results GFRP, BFRP and CFRP bars from several relevant
studiesare shown in Fig.2.17. It can be seen that CFRP bars exhibit the higB8st
retentiors as a result of the excellent anbrrosion performance of carbon fibers, while
BFRP and GFRP bars possess similar behavior, which is consistent with the
observations fronbong et al. (2016aHowever, the obtained phenomenon is restricted

to exposure durati@of less than 100 days due to the unavailable tat8FRP and

CFRP bars beyond this range. As mentioned earliegriptype of FRP bar, there is no
observable correlation between temperature variations and BS retention. In addition, the
resin type has a great impact on the bar inteyfand the alkaline resistance of resin
may be directly relevant to the bond durability. In the study conductdabohyg et al.
(2016a) they found that the BS retentions of epoxy rdmsed BFRP bars were
107.4%, 99.9%, 103.2% and 101.4%spectively after 15, 30, 45 and 60Gday
immersion in simulated seawater, while the corresponding values decreased to 97.7%,
98.7%, 94.1% and 91.0% under the same condifmrthe vinylester resibased ones.

ConverselyZheng et al. (2020eported that better durability of wikester resirbased
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GFRP bars was detected than that of epoxy {lessed ones (see Figl7). Thus, the
long-term performance of resin may also depend on the fiber type and this speculation

requires further study and verification based on more available test results.

Bond strength of ribbed FRP bars (NC) 2 20-30 (CFRP)
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Fig. 217 Effects of fiber and resirtypes on thedurability ofbond strengttof ribbed
FRP bars under salim®nditions

24.2.2 Alkaline solution immersion

2.4.2.2.1 Effect of alkaline concentratiokig. 2.18 shovs the effect of pH on the

durability of BS of FRP barm alkaline environmesst It is generally believed that the
chemical concentration of alkaline solutions can accelé@ttethe rate and magnitude

of bond degradation due to the increase in hydroxide ions. Hov@aar,et al. (2017)
revealed that similar BS reduction was observed for the specimens immersed in alkaline
solutions with a pH rangef 11.0 to 13.6 for 150 days, in which the specimens in the
most aggressive environment (pH = 13.6) possessed the highest BS retentions (see Fig.
2.18). Fig.2.18 also shows that the BS retensiancrease with the concentration of
alkaline solutions. The reas®for this observation can be attributed to the following

two aspects: (1)Concrete matrix provides a barrier to the external environmental

conditiors and the diffusion of solutions can only be accessed via the vowsicrete
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Consequently, variationa pH may only have aninimal influence on the batoncrete
interface condition; (2With the increase of pHa more obvious enhancemeint
concrete strength is achieved as a result of-paghg, which further improves the
compactness of concrete and suppresses the external environmentllefeetdition,
regardless of the pH value, sacwhted bars are consistently superior to ribbed bars in

terms of durability (see Fi@.18).

Bond strength of ribbed and sand-coated GFRP bars (NC)

140 | = Alkaline soluton IMMR) | & 20-30 (10. 00pH<
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5 60 ° o 8 " 40 (13.0<pH<14]|
& I [Rolland et al. 2021 (P)
40 N A 60 (12.60pHO13|
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Fig. 218 Effect of alkaline concentration on tderability of bond strengtbf GFRP

bars under alkalineonditions

2.4.2.2.2. Effect of fiber type Fig. 2.19 illustrates theeffect of fiber type on the
durability of BS of FRP barander alkaline conditions. Notablg large dispersiom

test results is observadith most studies focusing on BFRP and GFRP bars rather than
CFRP bars. Furthermore, no clear relationship exists between fiber type and BS
degradation in alkaline solutions. It should be noted that allsaattd barpresented

in Fig. 2.19 were derived fromu et al. (2021h)in which the mechanical properties of
these BFRP bars were generafyund to be inferior to those in other studies

mentioned previously. As a result, higher retentions of ribbed BFRP bars used by
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Fig. 219 Effect of fiber type on thdurability ofbond strengtlof FRP bars under

24.2.3 Water immersion

alkalineconditions

40

As shown in Fig2.20, similar BS retentions can be observed for the specimens under

water immersion compared those subjected tthe aforementioned two types of

solutions with the majority of retentions ranging from%0to 120%, further indicating

that the bond durability is insensitive to the type of solutidter exposureao 20-3 0

water it can be found that sarmbated bars exhibit stable BS with retentions distributed

around 100%, while a conspicuous descending trend is detected for ribbed bars under

the same aging conditienHowever, the lack of comprehensive test results at higher

temperatures makes it difficult to fully quantify the effect of bar surface treatment. Thus,

it is suggested that more research is needed in this area.
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Fig. 220 Effect of surface treatment on ttarability ofbond strengtlof GFRP bars

under wateconditions

Apart from the surface characteristics and fiber type of FRP bars, the influence of
concrete type on thaurability of BS under different environmental conditions is also
discussed herei\s shown inFig. 2.21, NC and HSC possess very similar performance
under alkaline and saline solution immersions, which indicates that bond failure may be
mainly controlled by the FRP bars rather than the concrete madrixoted byBazli et

al. (2017) However, for NC and SWC, no consistent conclusion can be drawn based on
the assembled databa3éwree reasons contribute to this phenomenon. First, due to the
presence of chlorides in SWC, the strength development of SWC could be more rapid
compared to NC during exposure, leading to improved bond behavior. Second, the
coupled effec of alkaline environment and chlorides in SWC may increase the
vul nerabil ity otodegGr&dgtion. Biralty,she dissolved calorides in
solutions can also accelerate the rate of portlandite leaching and reduce concrete
compactnessandthe increased porosity near the bond interface could decrease the BS
significantly. Therefore, the interactions resulting fromsthéactors lead to the

dispersed observations as in RA¢@1.
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Fig. 221 Effect of concrete type on tltirability ofbond strengtlof GFRP bars

2.4.3 RelationshipBetween theDurability of ILSS and BS of FRPBars

It has been reported that there a potential relationship between the material
degradation of FRP bars (e.g., ILSS) anddabheesponding decrease in B%ank et al.

1998; Chen et al. 2007Fig. 2.22 compareshe ILSS of bare B/G-RP barswith their
corresponding B$inder alkaline condition#\s reported byWon and Park (200&nd

Lu et al. (2021h)more severe degradatiavas found in BS than in ILSSinder the
same conditios. However, an opposite trengas observed byRolland et al. (2021)
where both mechanical properties showed varying degrees of increase. The increased
BS may be caused by the coupled efeat the postcuring of concrete and the
hygroscopic expansion of FRP bars as mentioned earlier. Similarly, the comparison
resultsfor saline conditionsare shown in Fig2.23. Again, the retention of BS is
generally lower than that of ILS8Von and Park 2006; Won et al. 2013; Lu et al. 2021b;

Ruiz Emparanza et al. 2022)he variabilityin the resultseported byRuiz Emparanza
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et al. (2022kould be partially attributed to the significant scatieservedn their tess,

as found in the original literatur®n the other hand comparisorbetweenthe ILSS of

concreteembedded FRP bars and their correspondingisB@esented in Fig2.24,

including the resultfrom both alkaline and saline solutions. Conversely, except for the

results inChen et al. (2007)the ILSS of FRP bars embedded in normal concrete

exhibits lower retentiasithan theirBS (Khatibmasjedi et al. 2020; Rolland et al. 2021)

showing that the ILSS of FRP bars is more sensitive to the concrete environment

comparedwith their BS However,the possible correlation betweéme durability of

ILSS and BSin FRP bars needs to be further verifehae to the limited availability of

relevant research
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Fig. 222 Comparison betweenterlaminar shear strengtli bare FRP bars and their

correspondindpond strengtlunder alkalineconditions
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ILSS (bare bar) vs. BS in saline solution (NC)
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Fig. 223 Comparison betweenterlaminar shear strengtti bare FRP bars and their

corresponding bond strength under satioeditions
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Fig. 224 Comparison betweenterlaminar shear strengtti concreteembedded FRP

bars and their corresponding bond strength under alkaline andsaiidiéions

2.5 FRP-REINFORCED CONCRETE BEAMS

25.1 SalineCondition

2.5.1.1 Failure modes and crack patterns

Several studies have investigated the flexural behavior of-rERRrced SWSSC
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beams under saline solution immersionveet-dry cycling conditions for different
periods(Tannous and Saadatmanesh 1998; Dong et al. 2018c, 2020; Su et alA2022)
shown in Fig.2.25, Dong et al. (2018cYound that the failure modes of BFRP
reinforced SWSSC beams tended to shift from flexural failure (concrete crushing) to
shear failure (shear compression failure) with the incréasexposure time under
seawater immersion conditions. However, no failure mode change was observed for the
same batch of beams in seawal cycling environments. They concluded that the
bond behavior of BFRP stirrups might experient@esevere degradation under lang
term seawater immersion due to surface dam@agesequently, the durability of CFRP
reinforced SWSSC beams with the same geamdimension wasassessednder the

same environmental condition and exposure durgiimng et al. 2020)The results
showed that although all conditioned beams exhibited similar failure patterns compared
with unconditioned specimena,much sparser cracking spacing was obsermeithe
conditioned beams, which indicated that more conspicuous bond degradation occurred
in longitudinal CFRP bars instead iof stirrups. On the other han8u et al. (2022)
reported that the bond degradation of stirrups was natdieefactorcontributing to the
changein failure modesafter they compared many sets of beams fabricated with
different types of stirrups. Thus, it can be speculated that apart from the bond
degradation of stirrups, variatioms beam size, shear span ratio, concrete strength,
reinforcement ratio andgingtemperature may also have great impacts on the failure
modes and crack patterns of FRfhforced concrete beams under saline conditions.
Considering that there is limited research on this topic, more research is urgently

needed to clarifgheseaissues.
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(Dong et al. 2018c, 2020; Su et al. 2022)

Load-deflection curves of FRP reinforced SWSSC beams
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Fig. 226 Load-deflection curves of FRReinforced concrete beams after saline

conditiors

25.1.2 Loaddeflection curves

Fig. 2.26 shows the loadthidspandeflectioncurves for the beanmentioned in Section
25.1.1 An obvious phenomenon is that several small load drops occur after concrete
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crackingin the conditioned beansudies byDong et al. (2018c, 2020¢speciallyin

the CFRPreinforced concrete beams. The authors speculated that these changes could
be due to the degradation of the bond between FRP bars and concrete. However, such
load dropswerenot detected during the environmental exposutlenstudy bySu et al.

(2022) which indicates that the bond degradation of FRP bars could be ignored in their
study. Since the bond durability tests were also conduct&lilgt al. (2022andDong

et al. (2018c)accompanied by the beam durability tests, the bond test results are
employed herein to further illustrate tligsue As shown in Fig2.27, the BFRP bars in

Su et al. (2022possess more significant bond degradation compared to th@seq

et al. (2018c) That is to say, the bond degradation is not the only reason for the
observed load drops. Note that the unconditioned concrete strength of 38.3 MPa and
50.5 MPawasused bySu et al. (2022andDong et al. (2018¢)espectivelyand the

shear span ratios of their beamasrealso different These differences in the two studies

may furtherinfluence the postrack behavior.

Ultimate load and bond strength retentions
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Fig. 227 Ultimate load and bond strength retentions
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2.5.1.3 Ultimate load and corresponding deflection retentions

Fig. 2.28 shows the ultimate load and corresponding deflection retentions of FRP
reinforced concrete beams under saline conditions. It can be seen frah28{g) that

the ultimate load retentienof BFRPreinforced SWSSC beams outperfornogé of
CFRPRreinforced SWSSC beams under the same environmental concetiandless of

the immersion oWD cycling condition. Moreover, the load degradations are generally
proportional to the exposure temperature, which is consistent with the retention
variations observed in bare FRP barswdver,it is difficult to distinguish the specific
effects of immersion andWD cycling due to the inconsistent temperatures for these two
conditions. Conversely, the temperature seems irrelevant to the variationd-span
deflections with more detrimental effestobservedn the deformations of the beams

under immersiofisee Fig. 2.28(b)]
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Fig. 228 Ultimate load and corresponding deflection retentions of-FdRitorced

concrete beams under saline conditions

To interpret the above phenomena, various factors related to both materidglseand
interface at different levels (i.e., macro and micro) should be considered as shown in
Fig. 2.29 (Chang et al. 2022)For concrete material, external hitgmperature and
high-humidity environments may promote further hydratiorthef cement at the early
conditioning stage, potentiallieading toan increasein the ultimate load of FRP
reinforced concrete beams. However, with the increase of exposure time in saline
solutions, concrete cracking may occur due to the formafi@xpansive products and

the concrete strength will decrease. On the other hand, considering the different water
absorption capabilities of resin and fiber, the-&x@mcrete interface could experience
uneven expansion after water absorption, which can result in interface cracking and
debonding. Subsequently, the internal fibers in FRP bars may become vulineiaile
alkaline environment, making them susceptible to marexcks and further degration

of the interface bondlherefore, the experimental observations are relatively scattered

due tothe coupledeffects of the abovenentioned factors.
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conditions(Chang et al. 2022)

2.5.2 CoupledEffects of Environmental and L oading Conditions

Several studies have been condudtedimulate the real loaag conditions of FRP

reinforced concrete beams under harsh environments. As depicted h3Bid.aoubi

et al.

performance of FRIPeinforced concrete beams. Lower initial stiffness occurs
comparedo the reference beamas a result of the preracking during the application

of sustained logdand a more obvious distinctiaminitial stiffness betweethe stressed

and unstressed beams is detected with the increase of time. However, the stressed and
unstressed beams exhibit very similar flexural behavior when the applied load is

beyond the sustained load level, which indicates that the sustained load primarily

(2006) first explored the single effect of sustained load on the flexural

influences the beam behavior at the early loading stage.

60



(o2}
o

| Laoubi et al. (2006)

50
40
=
=
- 30 o
| ’:'.'
20 //
| s Reference-50d
[0 A N R R Reference-100d
100/ . —o— SL (27%f)-50d |
/ --0 - SL (27%f)-100d
o0& . . N R T
0 5 10 15 20 25 30

Mid-span deflection (mm)

Fig. 230 Load-deflection curves of FRReinforced concrete beams with sustained load

Under the coupled effects of sustained load and water immersion, similar reduced initial
stiffness for the conditioned beams is observed compared to the immersed beams
without precracking at the same exposure tif@dmusallam and AdSalloum 2006)
[seeFig. 2.31(a)]. In addition, since the slippage between FRP bars and concrete may
occur earlier during the sustained loading process, fluctuations at low load levels are
effectively eliminated. However, the ultimate load and correspondéfigctionboth
decrease compared with the immersed beams, which contrasts with the observations
from Laoubi et al. (2006)That is to say, the coupled effeof sustained load and water
immersion may becommore severe for the later loading stages. Nevertheiess

rather difficult to draw a general conclusion herein based on these two dhydies
Almusallam and AdSalloum (2006)and Fergani et al. (2018b3ince noAAT study
relevant toimmersed beamwas carried ouin the latter research. Thus, the degraded
stiffness for the stressed beams cannot be verified for the same reason. Another
interesting observation in Fig.31(b) is that the initial stiffness and ultimateflection

both increase for the specimens subjected to sustained loading and environmental
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conditioning compared with the sustaidedded beams, which may be attributed to the

selfhealing capability of concrete in wates explained by the authors
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Fig. 231 Load-deflection curves of FRReinforced concrete beams with sustaitced

after water solution conditioning
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Fig. 2.32 depicts the loadeflection curves of FRReinforced concrete beams with
sustained load in saline solutio(Ben et al. 1998, 1999; Almusallam and3dlloum

2006; Dong et al. 2018a)t is seen that all conditioned beams possess higher initial
stiffness compared to the unconditionedams which seems controversial to the
observations for the sustairkrhded beams in water immersion conditions. Note that

all control beams in these studie®re unconditionedand tested before the onset of
environmental conditioningather than concurrently with the conditionsehans. Thus,

the unconditioned beams cannot provide a reliable reference for the conditioned beams
due to the variationgn concrete strength, which has a great impact on the initial
stiffness. With the increase of exposure time and sustained loag leeeé significant
degradation is observéa bothultimate load and midpan deflection. Additionally, the
conditioned beams subjected to the coupled effeicsustained loading and seawater
conditioning exhibit a stiffer branch before fa® compared with the conditioned
beams without sustained load. This may be attributed to the larger residual
displacement as a result of sustained loadidgng et al. 2017a)and this influence

could become more conspicuous in saline solutisasHigs. 2.31(a)and2.32(c)] due

to the detrimental effect of chloride on the concrete compactness and bond performance

between FRP bars and concrete.

Fig. 233 summarizes the ultimate load of several sustdwedied beans under
different environmental conditions. The results reveal thasustained load tends to
reduce the load capacity of FRE&Inforced concrete beamsegardless of the
environmenral conditiors. This reduction can be interpreted as follows: as depicted in
Fig. 2.29, the water molecules can easily access the concrete matrix via-tragke

as a result of the sustained lo#terebymore pronounced detrimental effects occur at

the barconcrete interface apart from the existing degradations as mentioned in Section
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25.1, leading to the further propagation of existing mimnacks andncreasedlamage

to the interface.
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Fig. 232 Load-deflection curves of FRReinforced concrete beams with sustained load

in saline solution
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25.3 Other Conditions

25.3.1 Wateimmersion

Numerous studies have investigated the durability of-FR#Forced concrete beams
under water immersion conditions. It can be seen from Z8# that the stiffness of
conditioned beams is much larger than that of conbeamsfor Mukherjee and
Arwikar (2005) while smaller stiffness of conditioned beams is observetduaat al.
(2023Db) especially forthosesubjected to longerm exposur€360 days) In addition,

the conditionedbeans in both Almusallam and AlSalloum (2006 andLu et al. (2023b)
possess smaller ultimate load and deformation capacithe reasons for the above
phenomea can be attributed to the following aspects. First, the water immersion

commenced immediately after -2&y curing in Mukherjee and Arwikar (2005)
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whereaghe immersion was postponed to several months later iothieetwo studies,

in which the concrete strength is stable to some extent. Thus, the effect-otipogt

of concrete may become more significant during water immersidviuikherjee and
Arwikar (2005) leading to increased stiffness load-deflection curves. As shown in

Fig. 2.35, thevariationtrends of concrete compressive strength retenaoasimilar to

those of ultimate load retention under water immersion conditions. However, the
difference between these two retentions indicates that the concrete strength variation is
not the only influening factor. Second, the high temperature and humidity may
accelerate the cement hydration and further increase the concrete streagttition

as mentioned earlier, the BFRP basgd inLu et al. (2023bpossesadinferior tensile

and bond durability compared with the other BFRP bar products, so it is not surprising
that the conditioned beams in their study experigiiece highest degradation in terms

of strength and stiffness.
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Fig. 2.34 Load-deflection curves of FRReinforced concrete beams under water

immersion.
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2.5.3.2Freezethaw cycles

It can be detected from Fi@.36(a) that the loadeflection curves of conditioned
beams exhibit increased stiffness afércycles, while the coupled effeocdf FT and

HT cycles make the stiffness increase negligible [see ERf(b)]. However,both
studies compark the mechanical performance dfe conditioned beams with the
control beans tested before conditioningvVang and Belarbi 2013; Khanfour and El
Refai 2017) In contrast,Laoubi et al. (2006}ested the conditioned and reference
beams simultaneously after conditioning and fowmdobvious degradationn the
stiffness of conditioned beams, whigksuledin an increase in midspan deformations.
Thus, concrete strength development dufiigcycling process should be considered
whenassessing the performance of conditioned beams. In addition, the degraded initial

stiffness caused by sustained logasalso detected in their studies uné@rcycles.
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cycling conditiors
2.6 CONCLUDING REMARKS

This chapterhasprovideda comprehensive review and systematic assessment of the
durability issus associated witlFRP bars,covering both material and component
levels Variousinfluencingparametersffecting the longermmechanical properties of
FRP bars anthe longterm flexural behavior of FRRPeinforced concrete beamgere
examined using three newly assembled datalks¢sclude over 15,200 specimens

Key findingsfrom theliterature revieware summarized as follows:

(1) Among various conditioningnethods direct solution immersion has the most
pronounced detrimental effects on the ldagn mechanical properties of FRP
bars The degradation of tensile strengthmost severein alkaline solutios,
followed by water and saline solutions, especially at elevated temperatures.

Based on the existing test dathe durability of bare GFRP bars is generally
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superior to that of bare BFRP bars after direct solution immerBesides, the
coupled actions of environmental conditioning and sustained logdcan
obviously affect thetensile strengttof FRP barsUnder the same exposure
condition, the deterioration rate increases with the applied stress level for both

bare and concretembedded FRP bars.

(2) Compared to other mechanical properties of FRP bargorssiderable
dispersion has been observedhe test resultfor bond strength, which may be
caused by the coupled effecbf the postcuring of concrete and the
hygroscopic expansion of FRP baBesides, e bond performance of FRP

bars in concrete is closely related toitlseirface treatment.

(3) Based on the available test resuite FRPreinforced concrete beams, the
degradation process in FReinforced concrete beams is quite complex
because of the interactions among FRP bars, concrete matrix, acmhbeate
interface, resulting in a change of failure modesl some inconsistent
experimental observations. In addition, the sustained load tends to reduce the
load capacity and overall behavior of FRrR¥nforced concrete beams,

regardless of the exposure conditions.

On the other hand, based on tlegiew of existing literature, the research gapbe

addressed in this Phyojecthas also been identified, as summarized below

(1) Existing studieshave demonstrated that on consensus has been reath
regarding the size effeohn the longterm performance of FRP barsdicating
the need for further experimental investigations to clarify this issue. Moreover,

significant discrepancies between the results obtained from AAT andh&EeT
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been observedighlighting the necessitpf establishing aeliable conversion

relationship between AAT and FE@&sultsfor FRP bars.

(2) Given the strong correlation between the bond performance of FRP bars in
concrete and their surface treatment, the influence of surface characteristics on
the bond durability of FRP barseed to be investigated Additionally,
emphasis should be placed establishing longerm bondslip modelsthat

incorporateexperimental findings as input parameters

(3) Comparedto FRP bars and=RP baito-concrete bonded jointsexisting
experimental datan FRRreinforced concrete beamsmaininconsistent and
limited. Therefore, further investigation into the durability of FR¥hforced

concrete beams undearious environmentand loadingconditions is needed.

(4) Most durability research has focused on individual telsEERP barsFRPbar
bonded joints, and FRRinforced concrete bearntdowever there is amirgent
need for more systematic studiésittcompare the material properties of FRP
and concrete with the structural behavior BRPconcrete members to

understand their interactions comprehensively.
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CHAPTER 3
LONG-TERM TENSILE PERFORMANCE OF
GFRP BARS INREAL MARINE ENVIRONMENTS

3.1INTRODUCTION

As reviewed in Chapter,2GFRP barshave been deemed to be one of potential
substitute for conventional steel rebadsie to theirexceptionalcorrosion resistance
especiallyin chloriderich scenariogLu et al. 2020a; Ruiz Emparanza et al. 2022;
Wang et al. 2023a)Compared toAAT, only limited studies haveddressedhe
durability of GFRP bars underctualfield conditions primarily due tothe significantly
extended durations and increased cast®lved Existing field investigationshave
mainly focused on GFRP baextracted from concrete members or structures in service
(i.e., concretembedded bars), with the aim of assessing theicrostructural
physicochemical and mechanical properti#¢gese studiehave demonstrated that
GFRP barembeddedn concretestructuresexhibit no degradation at the microscopic
level evenafter a long period of servicéMufti et al. 2007a; Gooranorimi and Nanni
2017; Benmokrane et al. 2018;-Khafaji et al. 2021)However,the extracted GFRP
bar sampleshave shownvarying degrees ofdeterioration in mechanical properties,
depending on thepecificfield conditions and exposure duratiofizakis et al. 2005;
Mukherjee and Arwikar 2005; Trejo et al. 2011; Benmokrane et al. 201Rhaflaji et

al. 2021; Morales et al. 2021; Ramanathan et al. 2021; Lu et al. 202Zahssni

2024)

In addition tostudies onconcreteembedded barghere is a scarcity of research
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concerningbare GFRP bars directly exposed to natueavironmentalconditions.Al-
Salloum et al. (2013arried outtensile tests orbare GFRP bars exposed at two
different sitesi(e., Riyadhand Jubail irSaudi Arabiarespectively representing hoty
and hothumid environments of the Middle East) flurations of6, 12 and 18 months
Their resultsrevealedminimal changes irtensile strength and elastic moduliisss
than 1% under both conditionsyen after 18month field exposure, in line with the
findings onGFPR bars after direct exposure to the outdoor weattgaudi Arabigor
up to 6 monthgAl-Zahrani et al. 2002Neverthelessit is important torecognizethat
natural environmentalconditions are much more complex than those simulated in
laboratory settings since multiple influencing factors (e.gemperaturefluctuations,
UV radiation high humidity, WD cycleg can beinvolved in the formerscenario
Moreover, it has been suggested tt@atnmonly employedccelerated aging methad
typically involving exposure to aggressive solutions at elevated temperatmds to
yield highly conservativeestimatesof the durability performance of GFRP bdAl -

Salloum et al. 2013; Benmokrane et al. 2020a)

Againstthis background, this chapteeports or-ET resultsfor GFRP barsubjected to
real marine environmesfor a long exposure duratiaf up tofour years. Two batches

of GFRP bars were respectively exposed in different marine environmental zenes (
atmospheri¢ lash tidal, and underwaterat two field exposure stations, aiming at
clarifying the durability of GFRP bars undearying marine conditionsThe residual
tensile properties athe GFRP bars with several exposure durations in the field were
examined and the effect ofbar diameter on longerm tensile performanceas also

investigated.

Of note, theFETs were conducted as part & themebasedresearchschemeproject
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enitedi Sustai nabl e Marine I nfrastr beawater e Enabl
SeaSand Concrete andiberRe i nf or ced Po | ylhseprojecCanspgoo si t es 0.
develop a new type of concrete structureadbieve sustainable marine infrastructure:

seawater sesand concrete (SSC) structures reinforetth FRP compositeshéreafter

referred to as FRBSCstructures)A key objectiveof the project isto gainanin-depth

understanding of thdurability and deterioration mechanisno$ FRR-SSC materials

and structural membeiafter prolonged exposureo real marine environmentsTable

3.1 detaik the FET plan presented in this thesigcluding specimen typegconcrete

casting datesand placement locations across different exposure zohle casting

proceduregor each series of specimeaeshown in Fig.3.1. While the majority of the

tests summarized in Table 3.1 were conducted by the PhD candidate, he would like to
acknowledge the contributions of his colleagues to this {srgke experimental

program In particular,Dr. Cheng Jiang led the preparation and placement of specimens

in Series | and conducted tests both control specimens anthose after 8month

exposure Additionally, Dr. Yiwen Zhang led the preparation and placement of

specimens in Series Hnd performed testson the 12-month exposedpecimensn

Series 1 Specifically, this chapteonly focuses on thdurability of GFRP bamwhile the

investigationof FRRSSC bonded joints and beams presentedn Chapters 5 and 6,

respectively
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Table 31 Plan of field exposure tests

Date of Date of

Series Specimen type concrete specimen Exposure - Exposure

. station zond
casting placement
1st GFRP bars 5 Oct. 14 Jan. I A-l, S,
FRP batrSSC bonded joints 2019 2020 T-I
FRRSSC beams
2nd FRRSSC beams with 5 Oct. 2 Feh I T-I
sustained load 2019 2021
3rd GFRP bars 21 Nov. 5 Jan. 1 A-Il, U-II

FRP batSSC bonded joints 2021 2022

#A = atmospheric zone; S = splash zone; T = tidal zone; U = underwater zone.

(b) The 3rd series of specimens

Fig. 31 Concrete casting for field exposure tests
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3.2EXPERIMENTAL PROGRAM

3.2.1 Materials

This chapterinvestigateswo batches ohelically-wrapped and sarcbatedGFRP bar
specimenscorresponding to the 1st and 3rd series presented in Jableothsuppled
by Dextra Building Product¢Guangdong)Co., Ltd (seeFig. 3.2). Both batches of
GFRP bars were manufactured gipultrusion process usingpntinuouskE-glass fibers
impregnatedvith a vinylesterbased resin matrpwith a helical yarn wrapping around
the barduring production It is clearly seen from Fig3.2 that there is a significant
difference between the surface appearances of the two batches of GFPBatudrd
specimensexhibit significantlylarger rib spacing (i.e., interval spacing of the helical
yarn) and ahickerlayer of sand coatingompared to Batch.IBatch Ispecimens with
diameters of Bnmand 10 mmiominal diametersf 6.4mmand 9.5 mm, respectively,
as specified irACI (2017) were employed, while onlgpecimenswvith a diameter of
10 mm were used for Batch [The physical and mechanical propertiedbofh batches

of GFRP barsre summarized in Tab&2, asprovided by the manufacturer.

Batch | - e it G el S \;
. ot ..",‘. FE ‘:__‘ ey “K!
. h Y e \t\ * 10-mm

TR TN

TN R WG]

Batch Il —

Fig. 32 Closeup view of different batches of GFPR bars

78



Table 32 Physical and mechanical properties of GFRP bars provided by manufacturer

Nominal Diameter Tensile Elastic Fiber
Batch diameter (mm) strength modulus content
(mm) (MPa) (GPa) (%)
I 6.4 6.67 912.3 52.8 83.6
9.5 9.91 852.9 50.5 81.1
Il 9.5 9.89 1037.2 53.0 81.2

#Mean value minus 3 timesandard deviatian
*Minimum value.

3.2.2 Field Exposure Stations

Two field exposure stations were includeslith their geographical locations and
photographs shown in Fi§.3. A large number of 100hm-length GFRP bar samples
from Batches | and Il wergreparedprior to exposure. Batch | specimens were
transported tehe Hong KongZhuhatMacau (HZM) Bridge Exposure Statigdenoted
as Station l)in January 2020, while Batch Bpecimenswere transported tahe
ZhanjiangPort Exposure Statiofdenotedas Stationll) in January 202%see Table3.1).
Fig. 3.4. illustratesthe \ariationsin temperaturgincluding minimum and maximum
monthly temperature (Min. and Max.) and meamonthly and annual temperatuse
(MMT and MAT)] as well asrelative humidity (RH) [includingmean monthly and
annualrelative humiditie§MMRH and MARH)] in the corresponding regions of the

two stations duringhe exposure periofdata sourced frorhttps://www.qweather.cor/

Detailed environmental conditiongor both stationsare provided in Table 3.3 and

further described below.
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Table 33 Environmental characteristics of different exposure zones

Station Exposure zone

Environmental characteristic

I A-|
S
T-1

WD (Random); HH; HSUV; TF
WD (Frequent); HHHS; UV; TF

WD (ConsecutivEg HH; HS; UV; TF; AE; WP; OG

A-ll
SHI
T-II
U-1|

HH; HS; TF

WD (Frequent); HHHS; TF

WD (Consecutivg HH; HS; TF; AE; WP; OG
HH; HS; TF; OG

#AE = abrasion and erosion; OG = orgagiowth; HH = high humidity; HS = high
salinity; TF = temperaturefluctuations; UV = ultraviolet radiation WD = wetdry

cycles;WP =wave pressure.

322 1 Station

Station | islocatedon the West Atrtificial Island of Hong KonghuhatMacau (HZM)

HZM Bridge
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Bridge in Xiangzhou District Zhuhai City, China,characterized bya subtropical
monsoon climateThe region experienceannual precipitatiomangng from 1700 to
2300 mm, with a concentrated rainy season extending from April to Septeber.
depicted in Fig3.4, during the 4year exposure period (2020 to 2023l MAT was
recorded to be 23.3,  wmirtinlum and maximum monthkemperaturesf 6 and
36 , respectively [Fig.3.4(a)], anda MARH of 77.8% [Fig. 3.4(b)]. Besides the
regionis susceptile to typhoons, particularlgetweenJuly and September, whiclean

causeextreme weather conditiossich asigh winds and heavy rainfall.

As illustrated inFig. 3.3, Station lincludes threeexposure zonesiamely, amospheric
zone (A-l), splashzone (S-1) andtidal zone (T-1), with designed elevationsf +6.2 m,

+2.5 m, 0.0 mrespectivelyThe designed averagl®westandhighest water levslare
+0.54 m -0.78 mand .65 m, respectivelyEach exposure zone repressrd typical
environmental condition, esimmarizedn Table3.3. A-1, the zondocatedabove S,

is characterized by high humidity arghlinity (humid marine air with airborne
chlorides),UV radiation temperature fluctuations and random WD cycles caused by
rainfall, while for Sl, the zonesituatedabove the high tide level influenced tyave
action experience$requentWD cycles,high humidity andsalinity (severe salt spray),
UV radiation as well as temperature fluctuations$, fhe zondocatedbetween low and
high tide leves, is subject toconsecutiveWD cycles, high humidity andsalinity,
abrasion and erosidnom tidal changesUV radiation, temperature fluctuationsave
pressure and organgrowth (e.g., seashells, oysters, algae). Batch | specimens were

separately exposed in gethree exposure zones for different durations.

3.2.22 Station II: ZhanjiangPort Exposure Station

Station Il is locatedt the Xiashan Blk Cargo Terminalof ZhanjiangPortin Xiashan
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District, Zhanjiang City, China, which shares a simitarbtropical monsooglimate
with Station|, with annual precipitatiomanging from1300 to 170Gmm. During the 2
year exposure period (2022 to 2023)e recordedMAT, minimum and maximum
monthlytemperaturesvere23.3 ,6 and35 ), respectivelyfairly close to those of

Station| [Fig. 3.4(a)], while theMA RH was slightly higheiat 82.7%Fig. 3.4(b)].

There are four exposure zorasStation Il, including emosphericzone (A-Il), splash
zone (S-11), tidal zone (T-1I) and underwater zone U, also known as submerged
zone) with designed elevationsf +11.5m, +4.7m, +2.0 mand+0.05 m,respectively.
The designedowest andhighestwater leve$ are .45 m and +4.14 m, respectively
Comparedo Station |,Station Il exhibits some differences in environmental conditions
As shown inFig. 3.3, A-ll is completelyshieldedby theoverhead structurewnhile Sl
andT-Il are situatedbelowthe ground level Therefore, UV radiatiors absentn these
three zonesand WD cycles do not occur in All. Additionally, U-ll is constantly
submergedresulting inmore stable environmentabnditions characterized k00%
humidity, high salinity, minor temperaturefluctuations and severerganic growth. It
should be noted that Batch Il specimens were exposed only in-thanél U-1l zones
with the focus mainly on the durability of GFRP bars subjectedtrttospheric and

underwater conditios

3.2.3SpecimenPreparation and TestMethod

After reachingthetargetexposureaduratiors, several GFRP bar specimérsn Batches
| and II, exposed in different zongsvere sampled andubsequentlytestedin the
laboratory to determine their tensile propertiéise replicatespecimens were prepared
for each test conditiofTable3.4). Before testing, botkends othe6- and 16mm GFRP

barswereanchoed into200- and 256mm-lengthsteel tubegouter diameter 26 mm,;
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thickness =2.5mm), respectivelywith epoxy resin filling the gap betweéme bars and
tubes To ensureproper centeringeach steel tube ag equipped with plastic caps at
both ends, allowing the GFRP bars to pass througlaheentersThe free length of
all specimens wasfixed at 400 mm leading to total lengths &00 and 900 mnfor the
6- and 10mm GFRP bars specimens, respectively [Bi§(a)]. To ensure sufficient
strength of theepoxy resin al specimers were cured at ambient temperatur®r a

minimum ofsevendays.

Tensile teswereperformedn accordance withSTM (2021) An extensometewith a
gauge length 050 mm wasinstrumentedat the midlengthof the specimeio capture
strain variationduring testing as shown in Fig.3.5(b). To prevent damage the
extensometewas removed oncehe load reachedpproximately60% to 70% of the
ultimate loadobtained fromthe reference specimen$esing was conductedusing a
WAW-1000testing machinewith applied load and specimen elongation automatically
recorded by a computerized datequisition systemloading was displacement

controlled at a constant rate of 4 mm/min.

Table 34 Test matrix of GFRP bar specimens

Batches of . Environmental Expo_sure Number of
. Station - duratiorf .
specimen condition specimens

(months)
I I Laboratory (Control) 0 5
(6 and 10 Atmospheric (Al) 8/12/24/37/48 5/5/5/5/5
mm) Splash (9) 8/12/24/37/48 5/5/5/5/5
Tidal (T-1) 8/12/24/37/48 5/5/5/5/5
Il Il Laboratory (Control) 0 5
(20 mm) Atmospheric (All) 13/24 5/5
Underwater (Ull) 13/24 5/5

“Due to administrative reasons at the exposure station, the sampling interva
slightly deviate from exact annual cycles.
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(a) Specimenpreparation

Extensometer

(b) Test seup
Fig. 35 Specimen preparation arest setup
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3.3 RESULTS AND DISCUSSION

3.3.1Surface Characteristic Observations

Fig. 3.6 showsthe closeup views ofthe GFRP barafter exposure in different zoneg
the two stationdt is clearly seerthat the specimertaken fromT-1 and U1l zoneshad
a dark surface colordue toalgae growth with additionalmarine organiss such as
barnacles, oysters and seashattsicled to the surfaces particularly pronouncedor
specimengxposedn thetidal environment () for 48 monthsSpecimens exposed in
S| zonedisplayeda deep shade of yellowkely resulting fromthe couping effects of
frequentWD cyclesinduced by waveaction and UV radiation on the regimatrix. In
contrast specimens subjected @tmosphericenvironments (A and All) showed
minimal surfacechanges except fax loss of lusteiwhen comparedo the unexposed

reference ones (Fig.2).

48 months

(a) 6mm GFRP barat Station |
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48 months

(b) 10mm GFRP barsat Station |

u-1i

A-ll [ Mmarine organisms g

T

24 months

(c) 20mm GFRP barat Station Il

Fig. 36 Surface characteristics of GFRP bars exposed in different exposure zones

3.3.2Failure Modes

Fig. 3.7 displays the failure modes of specimens exposadlifferent exposure zones
for varyingdurations [8 and 48 months for Batctas shown in Figs3.7(a) and3.7(b),
and 13 and 24 months fdBatchll, as shown in Fig3.7(c)]. As expected, the failure
modes of specimensexposedto the atmospheric (A and All) and splash ()
environmentsvere constant and characterizbg the complete damage of resin matrix

accompanied byfiber separéion and ruptue, regardless ofexposure duration.
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Conversely for the specimens exposdd the tidal (FI) and underwater U-II)
environments localized damageather than the typicabroomshapedfailure was
noticed, especiallyin those with a larger diameter [Fig8.7(b) and 3.7(c)]. This
indicaies that prolonged exposure tconsecutiveWD cycles (tidal conditiors) or
continuousimmersion(underwater conditias) hasa significant impact on the tensile
failure modes of GFRP bars. Similar observations have eparted by other
researchergD'Antino et al. 2023; Yue et al. 2024)ith the phenomenorpotentially

attributed to the internal defsdhduced by resin hydrolysis and cracking.

(b) 10mm GFRP bars at Station |
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(c) 10mm GFRP bars at Station I
Fig. 37 Failure modes of GFRP bars exposed in different exposure zones

3.3.3 Variationsin TensileProperties of GFRPBars

The averageensile properties (includinggnsile strengtland elastic modulus) together
with standard deviatian(SD) and thecoefficiens of variation (COV) for the two
batches of specimerexposed indifferent zonesover various durationare given in
Tables35, 3.6 and3.7. All the testresultswere calculatedbased omominal cross
sectional areaspecifiedby ACI (2017) (i.e., 32 mm? and 71 mnt for 6- and 16mm
GFRP barsrespectively) The test results of the referen@smexposedyspecimens are
also included. Note that specimens that failed within or just outsidenttteoragevere

excludedfrom analysis

3.3.3.1Effect of field exposure conditions

Figs. 3.8(a) and3.8(b) respectively showhe tensile strengtiariationsof 6- and 10

mm GFRP bars (Batch Bxposed in different zones Station | for up tofour years
Under thetidal environment(T-1), a cleardecreasing trendh tensile strengttwas
noticed for bothbar diameterswith valuesreducing from1024.38MPa and 1224.62
MPa to 771.89MPaand 993.62 MP#or 6- and 10mm GFRP barsrespectively, after
48-month field exposureThis suggests that the tidal environment, characterized by

cyclic wetting and dryingcombined with periodic immersion accelerate the
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deteriorationof GFRP barsThat is, the repeatedexposure to moisture amkygen
appears tpromotehydrolysis plasticization, and swellingn the resin matrix which in
turn leacs to weakening of the fiber-matrix interface andthe development of
microcracls. Besides,glass fibers are particularly sensitive to fluid ingress (e.g.,
chemical attacks) due to leaching and etching actardthe prolonged exposure leads
to more severe chemical reactiof@hen et al. 2007; Kim et al. 2008; Fergani et al.

2018a; Lu et al. 2020a)

On the contrarytensile strength adpecimensn A-1 was almostinchangedhroughout
the exposur@eriod with retentionsof 96.74~107.15% and 99.82~103.35% fera@d
10-mm GFRP bars, respectivelijhese findings align with previous studies GRRP
bars subjected to differeatmospheric environmesfMAT = 26.0 and 27.5 ; RH =
52% and 26%) for up to 18 months, as repoigdAl-Salloum et al. (2013)For
specimens exposdad S, the tensile strength of 1dm GFRP bars after 4@ontts
remained comparable tmexposed (@nonth) specimens (1224.35 MPa versus 1224.62
MPa), while émm GFRP bars exhibited a negligible reductioith a retention of
94.97% These observatiorarereasonable because thnospherienvironmentwith
limited moisture exposure, minimizes hydrolytdegradation while the splash
environment,despite frequent wetting, may not retain sufficient moisture to cause
severe deterioratiorit is worth highlighting that the tensile strength of FRP ltes
been found to be almost unaffected by the conditionimgolving UV radiation
combinal with waterspay or vater vapor condensati¢Ba Silva et al. 2016; Ashrafi et

al. 2018)

On the other handgnsile strengtivariations of 1émm GFRP bar¢Batch 1) exposed

at Station Il are shown in Fig3.8(c). Again, specimens subjected atmospheric
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environment(A-Il) exhibited insignificant degradation of tensile strength, which is
consistent with thebservationsat Stationl (A-1). However, tensilestrengthof the
specimens exposed W1l remarkably decreased with exposure timecreaing from
1131.37MPato 927.67 MPafter two yearsAnother importanbbservations that 10-
mm GFRP bars irJ-Il undemwent more severe degradatidghan thoseof the same
diameter in 71, with tensile strength retentiortd 81.99% and 90.64%, respectively,
over 24 monthsThis differencemaybe attributed to at least the following two reasons:
(1) Continuous seawaterimmersion in U-Il promotes more aggressivechemical
reactionghan the cyclic exposure irlTindudng plasticizationof the resin matrix and
acceleratindhydrolysis,which resuls in matrix softening and fiber debondin@) The
much thickersandcoatd layer provides better protectiorfor Batch |specimens (Fig.
3.2), which mitigates the diffusion of harmful ions (Feng et al. 2024aas well as

decelerated thftber looseningand resin cracking and flakir{yue et al. 2024)
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Fig. 38 Tensile strengtiariationsof GFRP bars in differerfteld exposureconditions

The variations oftensile elastic moduk for specimensxposed in different zonest
both stations arellustratedin Fig. 3.9. Compared to tensile strengtthe differencein
elastic moduls acrossenvironmentatonditionswererelatively minorfor all exposure
duratiors. For exampleat Station |, elastic modul of 6-mm specimens ranged from
46.66GPato 53.19 GPa (Tabld.5), while those of 1dnm ones were in the range of
51.10GPato 55.62 GPa (Tabld.6), both close to their unexposed counterparts (52.07

GPaand 54.13 GPa for-Gand 16mm GFRP barstespectively. Similar phenomena
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were noticed for specimemsStationll (Table 3.7). Thisis expectedecause¢he elastic
modulus of FRP bar is anharentproperty of the materialargely governed byfiber
content Thus, it is less affecteoly the environmentablegradatior{Kocaoz et al. 2005)
Besidesglastic modulweredetermired from the lineaelastic portios of stressstrain
curves, in which the resinmatrix remains effectiven transfering stresses to the fibers

(Benmokrane et al. 2017b)
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Fig. 39 Elastic modulus variationsf GFRP bars in different exposurenditions

3.3.3.2Effect of bar diameter

To assess the influence bhar diameter on the durability of GFRP bars in marine
environments, Fig3.10 compares the retentions of tensile propefteslifferentsized
specimens exposedt Station I. It can be seen from Fi§.10(a) that due to the
insignificant tensile strengthdegradation in specimens exposed ifl And Sl, as
discussed previously, raize effect can bebservedoverthe exposure period. For the
specimens in -T, however, the tensile strength deterioration of sisiakkd specimens
(6-mm) was much more pronounced compared to their {aied counterparts (10
mm), regardlessof exposure duration, with retentionsf 75.35% and 81.14%,
respectively, aftefour years. Similar findings have been reporite@revious studies on
GFRP bars immersed in saline solutidiiannous and Saadatmanesh 1998; Lu et al.
2021a) This size effectmay be attributed tothe differencebetween the ratios of

0 @gtact d O t eegrad d 0 n daof tha das subjected to harsh conditions
(Arczewska et al. 2021)rhat is, the larger the bar diameter, meallerthe affected

area.
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Although elastic moduli of the specimens sufferahited deterioration under the
exposure conditions, an interesting observation is that bar diameter seems to have a
nortnegligible effect on the durability othe tensile elastic modulus, particularly for
those subjected to tidal condit®fiig. 3.10(b)]. Giventhe fiber conterstof the 6 and

10-mm GFRP bars are close to each other (836#%81.1%,respectivelyas provided

in Table3.2), this phenomenon may be attributed to the same mechanisms underlying
the size effect observed tansile strength. Although environmental conditions #h A

and Sl areless severe than T-1, asize effecton elastic modulus retenti@ppears to

still exist in most specimens exposed in these two zones.
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Table 35 Tensile properties of-6im GFRP bars exposed at Station |

Exposure perioc Exposure zong Tensile strength (MPa) Elastic modulus (GPa)
Average SD COV (%) Retention(%) Average SD COV (%) Retention(%)
0O-month / 1024.38 77.38 7.55 100.00 52.07 1.00 1.92 100.00
8-month A-l 990.94 60.27 6.08 96.74 4994 241 4.83 95.90
S 1079.06 83.56 7.74 105.34 53.19 1.34 2.52 102.14
T-1 1057.19 45.22 4.28 103.20 51.72 1.38 2.66 99.32
12-month A-l 1031.88 85.13 8.25 100.73 50.31 153 3.04 96.62
S 1067.50 53.87 5.05 104.21 5191 1.06 2.04 99.68
T-1 952.50 60.70 6.37 92.98 51.66 1.51 2.92 99.20
24-month A-l 1030.54 50.58 491 100.60 52.45 1.81 3.45 100.72
S 1003.14 38.98 3.89 97.93 52.74 2.35 4.45 101.29
T-1 896.44 49.42 5.51 87.51 51.34 223 4.35 98.60
37-month A-l 1056.14 67.14 6.36 103.10 4953 160 3.23 95.11
S 1027.26 49.29 4.80 100.28 48.89 1.34 2.73 93.89
T-1 822.17 70.60 8.59 80.26 4946 175 3.53 94.97
48-month A-l 1097.65 43.21 3.94 107.15 4760 0.74 1.56 91.42
S 972.88 119.27 12.26 94.97 46.66 2.02 4.33 89.61
T-1 771.85 66.61 8.63 75.35 48.74 1.70 3.49 93.60
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Table 36 Tensile properties of 2hm GFRP bars exposed at Station |

Exposure perioc Exposure zone Tensile strength (MPa) Elastic modulus (GPa)
Average SD COV (%) Retention(%) Average SD COV (%) Retention(%)
0-month / 1224.62 69.26 5.66 100.00 5413 0.72 1.34 100.00
8-month A-| 1265.61 43.10 341 103.35 55.50 0.82 147 102.54
S 1222.45 68.98 5.64 99.82 5494 133 241 101.51
T-I 1298.87 21.46  1.65 106.06 55.37 0.13 0.23 102.29
12-month A-| 1233.52 28.34 2.30 100.73 55.23 1.75 3.16 102.03
S 1239.30 32.98 2.66 101.20 55.62 1.23 2.20 102.76
T-I 121496 53.33 4.39 99.21 55.13 0.87 1.58 101.85
24-month A-| 1222.48 4490 3.67 99.82 53.84 1.75 3.25 99.46
S 1177.28 38.55 3.27 96.13 55.19 0.90 1.63 101.96
Tl 1109.94 21.94 1.98 90.64 5443 223 411 100.57
37-month A-| 1242.69 63.55 5.11 101.48 5253 122 232 97.05
S 1230.70 61.56 5.00 100.50 53.09 0.75 142 98.08
T-I 1053.92 50.75 4.82 86.06 53.39 0.08 0.15 98.63
48-month A-| 1242.45 51.19 4.12 101.46 51.10 0.72 141 94.41
S 1224.35 66.85 5.46 99.98 5149 100 194 95.13
T-I 993.62 25.79  2.60 81.14 5262 151 2.86 97.22
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Table 37 Tensile properties of 2hm GFRP bars exposed at Station Il

Exposure perioc Exposure zone Tensile strength (MPa) Elastic modulus (GPa)
Average SD COV (%) Retention(%) Average SD COV (%) Retention(%)
0-month / 1131.37 44.73  3.95 100.00 47.70 1.74 3.65 100.00
13-month A-ll 1164.06 44.68 3.84 102.89 4944 117 2.36 103.64
uU-1I 1024.00 33.22 3.24 90.51 48.11 087 1.80 100.85
24-month A-ll 1168.70 32.17 2.75 103.30 47.33 089 1.89 99.22
U-1I 927.67 1522 1.64 81.99 47.67 129 271 99.93
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3.4CONCLUSIONS

This chaptempresents theesults ofa field study on two batches of GFRP bars exposed
in different marine environmental zones (iamospheri¢c lash tidal and underwatér
attwo field exposure statiormver a period of up to four yeamming atexploringthe
durability of GFRP bars subjected to real marine environmeiihe following

conclusionsan be drawn based d¢ime results and discussion:

(1) Marine organismsvere observed attached to thafaces of GFPR bars located
in the tidal and underwater zones. The appearance of GFRP bars exposed in the
splash zone exhibited @lor of deep yellow, whileminimal surfacechangs
were found for thoseexposedn both atmospherizones Prolonged exposure
to tidal and underwater conditiohad a significant impact on the failure modes
of GFRP bars, witka transition fromtypical broomshapedailure to localized

damage.

(2) GFRP barssubjected totidal conditiors experienced a noticeable tensile
strength reduction after 48onth exposure, compared to those exposed in the
atmospheric and splash zones, regardless of bar dianiet&ile strength
deterioration was more severe fGFRP bars exposed underwater than
those ofthe same diameteubjected to tidal exposure over the same duration
In contrastthe elastic modulus of GFRP bars wasnparativelylessaffected

by the different marine environmental conditions

(3) Largessized GFRP barsdemonstratedbetter resistanceto tensile strength
degradation than their smalizedcounterparts under tidakposureregardless

of exposure duration, implying a size effect the durability of GFRP bars in
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terms of tensile strength. Besides, nannegligible size effect was also
observed inthe tensile elastic modulus of GFRP bars subjected to marine

environments.
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CHAPTER 4
PREDICTION MODEL FOR DURABILITY OF FRP
BARS

4.1 INTRODUCTION

In Chapter 3, a systematic experimental study has been presented longtteym
performanceof GFRPbarssubjected taeal marine environmentsr up to four years

In order to estimate theurability of FRP bars in real servieasvironment currently,
several prediction models have been proposed based on thdeshtmoexperimental
results obtainedrom AAT studies (Bank et al. 2003; Huang and Aboutaha 2010;
Davalos et al. 2011; Serbescu et al. 2015; Dong et al. 2017b; Wang et al. 2024)
However, aconcern arises from the fact that gevereexposure conditions employed

in AAT studies, such as immersion in high 4#¥el alkaline solutions at elevated
temperatures, may not accurately represent the actual conditions experienced by FRP
bars during their service life. This discrepancy could result in potential inaccuracies in
model predictionsTo address this issue, systematic assessmaeaiitthese modelsis

essential prior to establishing a reliable conversion relationship between AAT and FET

In this chapter existing prediction models concerning the durability of FRP e
first reviewed Subsequently, the performance of selected madadsassessedgainst
anewly assembledrET databasasingthe AAT resultscollected fromAAT databasen
Chapter 2 Finally, a refined model was proposedfor bare FRP bars in marine
environments based on the existing FET results with the adevelop a consolidated

and accurate approach faredictingthe longterm performance of FRP bars.
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4.2 EXISTING PREDICTION MODELS FOR DURABILITY

OF FRP BARS

4.2 . 1Empirical ModelsBased on ArrheniusTheory

Currently, most of the commonly used prediction models for the-temmy mechanical
properties of FRP bars in real service environmentdaxelopedbased on Arrhenius
theory (Nelson 2009)which assumethat the increasing temperatures and aging time
only increase the degradation rate but do not affect the degradation mechanism. Thus,
temperature is the sole dominant factor of acceleration in the aging protess.
relationship between the degradation rate of FRP bars and the aging temparatuee
expressed as follows:

QO 0A@D o
o e P

where' Q= degradation rate (1/time);= constant of material and degradation process;
'O = activation energy of materia¥ = universal gas constant; aii- temperature in

Kelvin.

Eg. @.1) can be further expressed as:

2 vy I8 8

In Eq. @.2), it can be found that the logarithm@fQ(the time for a material property

to degrade to a given value)a linear function op¥ Ywith a slope ofO ¥Y.

According to the Arrhenius theory, the time shift factof Y Qa concept proposed by

Dejke and Tepfers (2001for a mechanical property to reach the same retention value
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(represented byd) at different temperatures ofY and”Y can be calculated by the

following equation:

A . 0
o oY ""Q (0] A DD < 0
Y'Y O— iz — .YY Ag % .,3 .,3 &
6 © Q s5igp 0o Y Y
Q YY

where® = retention of FRP mechanical property (%)ando = time required for the
mechanical propertyo reach a given retention value at temperaturesy aind"Y,
respectively; andQ and 'Q = degradation rates at temperatures“¥fand Y,

respectively.

On the basis of Arrhenius thepryumerous studies have been carried out to predict the
long-term performance of FRP bars by using the existing models and theteshort
results obtained frorAAT studies(Tannous and Saadatmanesh 1998; Bank et al. 2003;
Huang and Aboutaha 2010; Davalos et al. 2011; Robert and Benmokrane 2013; Wu et
al. 2015; Dong et al. 2017bAt present, there atevo main prediction methods for the
perfor mance prediction of FRP bars by
Amoi st ur e (Seriesau etk 20055hé five widely used prediction models

are briefly introduced as follows.

The first model, originally proposed blitherlan et al. (1981)or predicting the
residual strength of glass fibeginforcedconcrete (GRC) and later described by Bank

et al. (2003) for FRIBompositescan be expressed as E44):
O AT @ 18

whered = aging time; anddand®= fitting parametes of regression equation. However,
the following two inherent limitations exist in this model: (his model is only a
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linear regression of the test results and does not adopt any assumptions related to
degradation mechanism; (2Jhe strength retention at= 0 approaches infinity.
Additionally, some researchers have found that, when using this model for FRP bars,
the Arrhenius plots fitted using the test results of FRP bars were not parallel to each
other (Davalos et al. 2011; Wu et al. 2015)hich implied that the degradation
mechanismmay have changed with exposure time, violating the basic assumption in

the Arrhenius theory.

Apart from the single logarithmic modeEf. @.4)], the second model, which was
proposed bySerbescu et al. (201%)ased on the prediction method adoptedfiby
Bulletin 40 (fib 2007) assumes thahe strength retention and the aging time have a
linear relationshipin a double logarithmic scale. The strength retention can be

calculated by EqA(5):

TidE diec o 8
Another two models expressed by E¢s6) and 4.7) wereinitially proposed byPhani
and Bose (2012p predict the flexural strength retention@FRP composite laminates

0

&) pnhQDT

g

0

® PMT® AQDT

@ &

wheret = fitting parameter; ancd = retention of mechanical properties of FRP bars
(%) at aging time of infinity. These two models assume that the degradation rates of
mechanical properties of FRP bars are relatively high at the initial aging, then slow
down gradually and finally stabilize. Different from the first two models [i.e., Eg$) (

and @.5)], the degradation mechanism adopted for these two models is that the
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degradation of FRP bars is mainly caused by the-fisgn interface debondinghe
main difference between Eq4.6) and 4.7) is that the residual mechanical properties
of FRP bars tend tbe zero or a given valu® . It is worth mentioned that E¢.6) is
much more conservative than E4.7) for FRP bar predictions as reportedWgng et

al. (2017b)andFeng et al. (2022)

Except fort he aforementioned four Astrength
namemgi it ur e ab s wasptoposed dyanmausl antd Saadatmanesh
(1998)b ased on Fickb6és48:aw, as given in Eqg.

NGOG o
i

@ pTIP &

whereO = diffusion coefficient® = solution ion concentration; amnd = radius of FRP

bars. The use of this model is limited due to at least the following two reasofiie(1)
model assumes that the affected area of FRP bars penetrated by ion erosion completely
deteriorates and can no longer bear any load, which may not represent the actual
conditiors of FRP bars; (2)t is rather complicated to obtain the value®afnd6 from

moisture absorption tests on FRP K&seng et al. 2017b)

4.2.2fib Bulletin 40 (2007)M odel

To consider the influences such as moisture condition, temperature, desiredlgervice
and diameter on the durability of FRP bars in concrébe,Bullentin 40 (2007)
proposed an approach to predict the loergn tensile performance of FRP bars. An
environmental strength reduction facter j , whose inverse (i.e.p~ )
representing the tensile strength retention of FRP bars, was incorporated in this
prediction method. When the characteristic value of tensile strength afteth@000
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exposureQ is known,—  can be determined by E¢4.9a); otherwise, Eq.
(4.9b) is recommended.

Q TQ T pnmY Tpmim ©

pFf pnm’Y Tpmm W T8

where’Q = characteristic value of tensile strength obtained from the-tdront tests;

'Y = standard reduction of tensile strength in percent per logarithmic decade due to
environmental influence, which can lietermired by the slope of tensile strength
versus time in double logarithmic scale; and exponent comprising the suof
moisture(¢ ), temperatur€ ), service life(¢ ) and diametef¢ ) exponents, as

given in Eqg. 4.10).
€ € € € € 1

The values of thee four influencing parameters adoptedfiin Bulletin 40 (2007) for

different environmental conditions are given in Tahle

Table 41 Influencing parameters adoptedfiim Bulletin 40 (2007)

Parameter Conditiorf Value
Moisture € ) Dry (RH = 50%) -1
Moist (RH = 80%) 0
Moisture saturated (RH = 100% 1
Temperatureg( ) MAT < 5 -0.5
MAT = 5 to 0
MAT = 15 to 0.5
MAT = 25 to 1
Service life € ) 1 year 1
10 years 2
50 years 2.7
100 years 3
Diameter § ) Otested 0
75% of tested 0.5
50% of tested 1

*RH = relative humidity; MAT = mean annual temperature.
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4.2.3Prediction ModelsBased onEnvironmental Reduction Factor (ERF)

Based on the single logarithmic prediction moded).[ @.4)] and the existing design
guidelines/codes for durability specification of FRP bars used as concrete reinforcement,
a model that incorporates the effects of temperature, design life (DL) and environmental
relative humidity (RH) into th&RFwas proposed for tensile durability of FRP bars by
Huang and Aboutaha (201C(gq. @.11) expresses the ERf ) for FRP barswith
specified design service life and service temperature in both saturated and unsaturated

concreteconditiors:
- p &t Y "dix, 43& P p

where¢ = RH correction factor, which was assumed to be equal to the ratio of mobile
water (i.e., capillary and adsorbed water) in concrete under different RHs as shown in
Fig. 4.1; Y = tensile strength reduction afterygar experimentally exposure or by
substituting log (365) into the regression equation;slope of Arrhenius regression

line of the single logarithmic modeE§y. @.4)]; $ ,= design life in years; amdl 3 &

time shift factor between the reference temperature and the service temperature, which

can be calculated by Egt.).

Given that the actual service temperature over a year is a fluctuating value rather than a
constant valueHuang (2011)further improved the refined model [Ec4.11)] by
adopting themeanmonthly temperatur@IMT) instead of theMAT. It was found that

the difference betweethe ERFs by the twomethod is limited, with the latter one

generating a relativelgonservativeralue(Huang 2011)
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Fig. 41 Relationship between RH correction factor and relative humiditgpted from
Huang and Aboutaha 2010)

Based on thepproachesaken byHuang and Aboutaha (2018hdHuang (2011)
Dong et al. (2017b)roposed a refineanodel involving the effects of concrete
wrapping, temperature fluctuationPL and RH. In this model, theERF can be
determined by Eq4(12):

. .. $,438&
%2 &p & Y ”C]I?‘i P C

where = nominal time shift factor for bare FRP bars and con@ptbedded FRP bars
immersed in the liquid solution (= 2.44 and 2.08vererecommended for GFRP and
BFRP bars, respectively, before more experimental data is available)- and
correction factor considering the influence of the actual temperature fluctuations, as

given in Eqg. 4.13).

PG
o 20f L &

where’Y = mean annual temperature; aivd = mean monthly temperature. Tadl@
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summarizes the correction factors required for different typ@gidfthat classified by

Dong et al. (2017hb)

Table 42 Correction factors (CFs) required for loteym predictions using different
types of aging testPong et al. (20176)

AAT with elevated temperatures
Type | Type Il Type Ill

Bare bar Concreteembedded ba Concreteembedded bar

immersed . : . exposed taonstant
: ; immersed in solution L )
in solution humidity environment
Correction R R ¢ B B
factor

i rE h-= CFs for concretevrap,RH and temperature fluctuation, respective

On the basis othe exponential model [Eq4(7)] and the concephtroducedby Huang
and Aboutaha (2010Feng et al. (2023)centlydevelopedanotherefinedmodelthat
incorporates the effects &H and temperature fluctuatismo predict the deterioration
of FRP bars, asxpressed ikq. @.14).

0

PTITL PTLTIRE PTT® AQDT

@ 9T

Different from the previousefinedmodels, daily temperatuiie used todeterminethe

TSF valusin this refined model
4.3 EXPERIMENTAL DATABASE

To assess the performance of existing prediction models derived from AAT and to
establish the conversion relationship between AAT and, BEfitered FET database
was developed, agvenin Table4.3, based on the databgse., TableD1) provided in
Appendix B. Only GFRP bardincluding bare bars, concreteembeddedoars without

sustained load (i.e., unstressed) andcreteembeddedars with sustained load (i.e.,
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stressed)hre consideredn this chapterdue to the limited availability of FET dafar
other types of FRP bars as mentiomedviously Besides, only the tensile strength of
GFRP bargs included inthe databaséor several reasons: (1) is one of the most
critical properties of FRP barwith various design codes/guidelines [efi, Bulletin

40 (2007);(CSA 2019; ACI 2023)recommenthg durability-related reduction factors
for it; (2) Most prediction models weraitially developed to assess the tensile
durability of FRP bars (3) Compared to the tensile properties of GFRP bars,
experimental datan othermechanicapropertieds relatively scarce The details of the

FET datasets included in Table are given in the followingulsections.

4.3.1Bare GFRPBars

Al-Salloum et al. (2013¢onducted FET on the 4Bm GFRP bare bars (made with
vinylester resin) subjected to two field conditions with exposure times of 6, 12, and 18
months. The exposure sites includeyadhand Jubail inSaudi Arabia representing

the hotdry and hothumid environments of the Middle East, respectivEhe MATs of

these two locatiors are similar (27.5 and 26 ) with meanannual high and low
temperatures of 33 and 19 , respectivelywhile the meanannualRHs areabout 26%

and 52%, respectively.

4.3.2Concretee-EmbeddedUnstressed GFRPBars

Morales et al. (2021¢arried out FET on the durability of unstressed GFRP bars (9.5
mm and VEbased) embedded in fly ablased and slagased seawater concrete
(SWC). The SWC elements werexpoed to the typical field environment of a
subtropical region in South Florida, USA, for varying durati¢hs 6, 12 and 24

months). The recorded MAT and RH for the field condsiovere 25 and 71.2%,
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respectively.

4.3.3ConcreteeEmbeddedStressed GFRPBars

A total of three FET studies ostressed GFRP bammbedded in concrete were
collected(Bakis et al. 2005; Mukherjee and Arwikar 2005; Trejo et al. 201} Bakis

et al. (2005)presented FET results of the residual tensile properties ol ZFRP

bars (VEbased) in concrete beams with a sustained lo&0% of ultimate moment

My (which was roughly 12% of the ultimate tensile strenfgtiof the FRP bar, as
reported by the authors). Prior to the application of sustained load, the beams were pre
cracked under foypoint bending by subjecting them to about 58 The beams

were exposed to the outdoor environment in State College, Pennsylvania, for durations
of 12 and 36 months. The MAT in this location is 9C, with typical daily high and low
temperature®f 20~30 in the summerand-15~-5 in the winter,respectively. (2)

The FET carried out biMukherjee and Arwikar (2005)as similar to that byakis et

al. (2005) In this study, the preracked concrete beams were exposed to the natural
conditions of Mumbai, India. The environment is hot and humid, with the MAT and RH
being 27.5 and 74.9%, respectively. (Jrejo et al. (2011)examined the tensile
durability of threedifferent types of GFRP bars embedded in concrete slabs. These
slabs were subjected to natural weather conditions in Texas, USA, for approximately
seven yearsBefore natural exposureéhe slabs wergrecracked under thregoint
bending, as a result of which the maximum stress of the inner GFRP bars was less than
30% fu. The recorded mean daily temperatures of the exposure site were D

the MAT and RH were reported to be 23and 59.3%, respectively.
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Table 43 FET databaséor model assessment

Concrete : MAT RH Time Ret
Reference Bartype type Stress level Exposure site C ) (%) (m) (%) Remarls
Al-Salloum et al. (2013) 12mm (VE) / 0 Riyadh, Saudi 27.5 26.0 6 99.66 Bare
Arabia 12 99.59 GFRP bars
18 99.46
12mm (VE) / 0 Jubail Saudi 26.0 52.0 6 99.80
Arabia 12 99.46
18 99.46
Morales et al. (2021) 9.5mm (VE) SWC(with 0 South Florida, 25.0 71.2 1 99.86 Concrete
fly ash USA 6 96.69 embedded
12 100.53  unstressed
24 98.60 GFRP bars
9.5mm (VE) SWC (with 0 1 85.45
slag 6 88.87
12 88.67
24 81.51
Bakis et al. (2005) 10.2 mm (VE) NC 20% My Pennsylvania, 9.0 57.6* 12 102.85  Concrete
USA 36 98.78  embedded
Mukherjee and Arwikar 9.5 mm (VE) NC 20% M, Mumbali India  27.5* 74.9* 18 65.43 stressed
(2005) 30 61.40 GFRP bars
Trejo et al. (2011) 16 mm (PE) NC Preloaded: Texas, US 23.0 59.3* &84 87.16
16 mm (VE) < 30%fy as4 88.32
16 mm (VE) as4 73.89
19 mm (PE) as4 92.73
19 mm (VE) as4 79.34
19 mm (VE) as4 78.50

Note: (1)VE = vinylester resin; PE = polyester res(2) SWC = seawater concret®lC = normal concretg3) M, = ultimate moment measured in the be

tests fu = ultimate tensile stress of an FRP I§dy.fi* 0. The data were collected frothe online databasghttps://www.climate.top/

112



Upon observinghe dathasegivenin Table4.3, in general, it can be found thie
GFRP bars for FET studies considered herein were maimyufacturedwith
vinylester resin and had diameteengingfrom 9.5 mm to 19 mmThe majority of
these bars were subjected to field exposure for less than three whaesonly one
study reported test results for specimens exposed in field for seven(egoset al.
2011) In addition,most specimens were placed in exposure sites characterized by hot
humid or hotdry conditions with an exception reported Bakis et al. (2005peing

exposed t@ cold environmentMAT =9 ).

4.4 PERFORMANCE OF EXISTING MODELS FOR

DURABILITY OF FRP BARS

In this section three commonly usednodels|i.e., Arrhenius empirical model fib
Bulletin 40 (2007) modeandHuanga n d A b (80t rhoded], asdescribedin
Section4.2, wereemployed topredict thetensile strength retentiasf GFRP barsising
the AAT database(i.e., Table Al)provided in Chapter 2 These predictions were
subsequentlgompared withthe FETresults presented in Tabde3, aiming toevaluate
the capability of each model in predicting theterioration of GFRP barsder actual
exposure conditionbased on AATdataand provide a comphensiveassessmeruf

model performance

4.4.1Arrhenius Empirical Model

As discussed in Sectigh2.1, a potential issue with using logarithmic models to predict
the longterm performance of FRP bars is that the Arrhenius plots may not be parallel to
each otherConsequently, the lesonservativeexponential model [i.e., Eq4{7)] was

appliedin this sectionTo enhance the accuracy of predictions using Arrhenius model,
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available AATresults with at least three different temperatures were sel@aedt et
al. 2003) Note thatBank et al. (2003%uggested a minimum acceptable coefficient of
determination (Rfof 0.80.As a resultdata points that did not meet this criterion (i.e.,
R2< 0.80) were first excluded andhe renaining ones withat least two different

temperatures &re therutilized for further calculations

44.1.1 Bare GFRP bars

According to Eq. 4.7), the master curved selected shoiterm test data fodifferent
conditionsare shown in Fig4.2, and for reference, the corresponding coefficients of
regression equations obtained in the prediction gsoaee listed in Tablé.4. The AAT

data used hereirs limited to those obtained from bare GFRP Harnth a diameter
range of 9.5~12.7 mmmmersed in alkaline, saline and water solutions. The FET data
reported byAl-Salloum et al. (2013(Table4.3) is also included in each subfigure of
Fig. 4.2 to assess tharedictionaccuracybased orArrhenius theoryOnly the predicted
results calculated usingMAT of 26.0 are presented hereas a referencsince the
difference between tharedictions folMATs of 26.0 and27.5 atthe two exposure
sitesis relatively smallwhile using the lower MAT with the same dataset yields a more

conservative prediction.
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Table 44 Coefficients of regression equations based on Arrharysrical modefor bare GFRP bars

: . Coef. in Eq.
S%I/L;)téon Reference Bar type oH T ”Coef. in Eq. (4.7) (4.2) TSE C(ief. for master curve
U Yo R? Ea/R R? U Yo R?
Alkaline Chen et al. (2006, 9.53 mm (VE) 13.6 20 1655 22.31 0.963 2122 0.957 0.86 148.6 22.96 0.985
solution 40 121.9 0.999 1.37
60 68.9 0.996 2.06
Kimetal. (2008) 12.7 mm (VE) 13.0 25 35.0 59.90 0.994 2127 0.808 0.98 36.2 62.41 0.972
40 42.2 0.996 1.37
80 13.0 1.000 2.97
12.7 mm 13.0 25 186.7 42.44 0.951 3787 0949 0.96 277.1 3477 0.972
(Modified VE) 40 159.1 0.929 1.76
80 28.6 1.000 6.93
Won et al. (2008) 12.7 mm (VE) 12.6 20 429.2 67.59 0.968 3742 0989 0.77 358.8 67.58 0.953
40 230.4 0.907 1.75
60 90.3 0.949 3.58
80 52.5 0.956 6.77
Rolland et al. 12.7 mm (VE) 13.0 20 682.1 55.24 1.000 5183 0.992 0.70 4189 56.36 0.997
(2021) ~ 40 187.7 0.999 2.17
13.6 60 82.2 1.000 5.86
Wang et al. (2022 9.52 mm (VE) 13.0 23 1097.1 30.67 0.961 8926 0.958 0.74 1189.8 29.63 0.967
40 392.5 0.962 3.80
60 38.9 0.995 21.01
11.0 23 2426.0 46.78 0.914 11184 0.994 0.68 2044.2 46.13 0.993
40 416.3 0.995 5.32
60 36.8 0.993 45.40
12.0 23 2040.0 43.47 (0.717) 11920 1.000 / 2566.1 43.46 0.997
40 432.2 0.993 5.94
60 44.0 0.996 58.36
Wang et al. 9.52mm (VE) 13.6 23 641.8 30.90 0.936 7356 0.991 0.78 556.2 31.32 0.991
(2023a) 40 209.6 0.997 3.00
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Saline
solution

Water

Yue et al. (2024)

Kim et al. (2008)

Ruiz Emparanza
et al. (2022)

Wang et al.
(2023a)

Kim et al. (2008)

12 mm (EP)

12 mm (EP)

12.7 mm (VE)

410 mm

410 mm

9.52 mm (VE)

12.7 mm (VE)

13.6

11.5

12.5

13.5

12.5

13.5

60
23
40
60
20
40
60
20
40
60
20
40
60
20
40
60
20
40
60
25
40
80
23
40
60
23
40
60
23
40
60
25
40

40.8
543.5
196.0

32.8
363.5
186.3
126.3
349.7
126.7

96.6
105.8

60.4

27.7
138.1

56.2

16.4
136.1

79.6

58.4
256.9
218.3

31.9

1827.5
738.0
47.8
1986.5
1802.1
182.8
3974.6
509.9

44.9

73.0

62.1

33.49

55.37

19.54

11.91

48.18

8.29

45.28

57.74

73.34

49.66

77.53

116

0.999
0.944
0.998
0.996
0.871
0.959
0.915
0.940
0.909
0.966
0.886
0.991
0.994
0.911
0.936
0.933
0.919
0.950
0.983
0.895
(0.504)
0.981
0.943
(0.706)
0.987
(0.535)
0.810
0.840
0.915
0.990
0.993
(0.639)
0.896

7499

2593

3175

3251

5182

2074

3994

9713

11935

11959

2723

0.980

0.987

0.921

0.983

0.984

0.986

1.000

1.000

1.000

0.999

1.000

12.30
0.78
3.07

12.91
0.84
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80 23.2 0.961 4.02

12.7 mm / 25 2709 43.79 (0.295) 5376  1.000 / 544.1 44.01 0.987
(Modified VE) 40 245.8 0.857 2.23
80 35.2 0.997 15.61
Wang et al. (2022, 9.52 mm (VE) [/ 23 84459 48.62 (-0.334) 13279 1.000 / 3288.4 48.73 0.992
40 4541 0.966 7.28
60 35.6 0.990 92.78
Note: (1) VE = vinylester resin; EP = epoxy resin. (2) The data in the brackets were excluded from the calculation becarelattbn coefficient (|8 was
|l ess than 0.80. (3) All the predicted results were calculated ba
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As shown in Fig. 4.2(a)~4.2(c), the prediction curvedor different studies vary
significantly, regardless of the solution tyfenis variability can bdurther evidenced

by the distinctly different convergepcvalues Yp observedfor the master curves
corresponding to different studie®pecifically the convergence values range from 5.03%
to 67.58% for alkaline solutions, 45.41% to 73.21% for saline solutions, and 44.01% to
78.57% for water solutions (see Talld). This is reasonable because the kbewgnm
performance of FRP bars is affected by many factors, including fiber, matrix and their
interfacial propertiegBenmokrane et al. 202Qbpar diameteBenmokrane et al.
2017b) manufacturing procesgBenmokrane et al. 2020bas well as exposure
conditiors (e.g., alkaline concentration and saline contgnfg/ang et al. 2023a)
Another important observation that can be made from £R).is that the FET data
points (solid markers) lie above all the master curves of three diffepéution types
indicating that the selectefirrhenius empirical modelprovides highly conservative
predictionsfor bareGFRP bars exposed to atmospheric environgieet, hot-dry and
hothumid environmentakonditions(Al-Salloum et al. 2013) particularly when AAT

data fromhigh pHlevel alkaline conditios are usedFig. 4.2(a)]. The significantly
underestimatd predictionscan be attributed to the fact that direct immersiorain
solution isconsiderablymore aggressive thaealworld environmental conditions and
thus cannot accurately represent theactual field conditiors that GFRP barsare

subjected to.
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Tensile strength of GFRP bars ¢, = 9.5~12.7 mm)
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Tensile strength of GFRP bars ¢, = 9.5~12.7 mm)
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Fig. 42 ComparisorbetweenFET resultand prediction curves based on Arrhenius

empirical modefor bare GFRP bars

44.1.2 Concreteembedded unstressed GFRP bars

Similar to the bare GFRP bars, the prediction peaeas also performed on the
unstressedFRP barsvrapped in concretelhe resultant curves were compared with
the FETresults inMorales et al. (2021)see Table 4.3) to assess thaccuracyof
Arrheniusmodel Eg. @.7)]. The master curves falifferentconditions arelisplayedn
each subfigure of Figd.3 and thecorresponding coefficients of regression equations
obtained in the prediction praseare provided in Tablé.5. Since the AAT data for
concreteembeddedinstresse@GFRP bars immersed in the alkaline solution is lacking,

only thosewith respect t@aline and watesolutionimmersionarepresented.
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Table 45 Coefficients of regression equations based on Arrharysrical modefor concreteembeddedinstresseGFRP bars

: . Coef.in Eq.
S?Iutéon Reference Bar type Ccinc(reete (T) Coef.in Eq. @.7) (4.2) TSE Coef.for master curve
P P 0 Yo R ER R U Yo R
Saline Robert and 12.7 NC 23  1440.1 68.96 0.940 1792 0.997 0.96 3066.5 35.99 0.972
solution  Benmokrane (2013 mm 40 1015.6 0.994 1.33
(VE) 50 872.6 0.963 1.59
Lu et al. (2022) 6 mm SWSSC 28 111.8 19.72 0.964 4625 0.851 1.17 102.7 19.34 0.960
(VE) 40 35.1 0.993 2.10
60 23.8 0.995 5.10
Water Davalos et al. 9.53 NC 20 618.0 43.21 0.934 5571 0.973 0.73 466.2 43.99 0.972
(2011) mm 40 236.3 0.923 2.45
(VE) 50 92.1 0.987 4.24
60 69.2 0.994 7.12
El-Hassanetal. 8 mm SWC 20 608.3 4493 0.952 2874 0.984 0.85 464.9 49.12 0.951
(2017) (EP) 40 368.9 0.892 1.59
60 186.4 0.964 2.75
Fergani et al. 8 mm NC 20 881.8 57.32 (0.656) 5630 1.000 / 715.8 57.43 0.973
(2018a) (VE) 40 291.4 0.999 2.47
60 99.0 0.955 7.27

Note: (1)VE = vinylester resin; EP = epoxy res{2) The data in the bracketvereexcluded from the calculatidrecausehe correlation coefficient @Rwas
less than 0.8Q(3) All the predicedresults were calculated based on the MAT of 25.04) NC = normal concrete; SWC = seawater con¢ci8WSSC =
seawater sesand concrete.
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In Fig. 4.3, except fothe master curvdoy Robert and Benmokrane (2018)hich lies
above one ofhe FET datsets(solid blue square markerigig. 4.3(a), it is noticed that
the prediction modejenerally mderestimates the residual tensile strength of concrete
embeddedinstresse@GFRP barsafter exposure ta hothumid field environmentThis
underestimation is particularly pronounced tbhe GFRP bars wrapped in seawater
concrete (SWC) comprised of fly ash, regardless of the solution Tyy@geexceptional
case in Fig4.3(a) may be caused bythe different mix proportions o€oncrete, which
has a nomegligible influence on the degradation mechanism of GFRP bars as
demonstratethy Morales et al. (2021)and this issue needs to be further veritiegto

the limited existing test resultBesides, it is interesting to find that compared to the
12.7-mm GFRP bars ifRRobert and Benmokrane (2018)e predicted curve for the 6
mm GFRP bars ihu et al. (2022)exhibits a more pronouncedderestimabn [Fig.
4.3(a), which can beattributed tothe possible size effect on the letegm tensile

strength of GFRP baesmentioned in Chapter. 3

Tensile strength of GFRP bars ¢, = 6~12.7 mm)

120
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5 L
[ag L
40
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20 | o 5 Y
0 ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! ! 1 ! ! ! !
0 500 1000 1500 2000 2500
Time (d)
0 Robert and Benmokrane (2013) olLuetal. (2022)
Mor al es et al . (2Md@Aaal &MATE6. al . (

(a) Saline solution
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Tensile strength of GFRP bars ¢, = 8~9.53 mm)

120 |
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(b) Water

Fig. 43 ComparisorbetweerFET resultsand prediction curves based on Arrhenius
empirical modefor concreteembeddedinstresse6GFRP bars

4 4.13 ConcreteembeddedtressedsFRP bars

Compared to unstressed GFRP bars embedded in concrete, those covered by concrete
and subjected to sustained lozah betterepresent their actual service conditio®s

the basis oAArrheniusempirical modelthe comparisons between FET res(Bakis et

al. 2005; Mukherjee and Arwikar 2005; Trejo et al. 20(Mgble 4.3) and prediction

curves for concretembeddedstressedGFRP barsconditioned insaline and water
solutions are depictedin Fig. 4.4, and he corresponding coefficients of regression
equations argivenin Table4.6. As a referencepnly the predictions based onVBAT

of 23.0 are displayed hereifior the same reason as mentiome&ectiond.4.1.1.
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Table 46 Coefficients of regression equations based on Arrhamiysrical modefor concreteembeddedtressedsFRP bars

Solution Bar Concrete \ Coef.in Eq. 4.7) Coef.in Eq. é.2) Coef.for master curve
type Reference type type Stresslevel T( )} 0 v R? E./R R? TSF 0 Yo R?
Saline Luetal. 6 SWSSC 20%f, 28 104.5 17.86 0.965 3697 0898 123 76.2 18.05 0.990
solution  (2022) mm 40 45.2 1.000 1.97
(VE) 60 30.7 1.000 4.00
40%f, 28 106.3 3.99 0.867 3127 081 119 724 517 0.964
40 48.5 0.985 1.77
60 37.4 0.977 3.23
Water Davalos 9.53 NC 2000~260¢U 20 512.6 37.82 0.940 3831 0938 0.88 5974 29.99 0.974
et al. mm 40 313.6 0.998 2.02
(2011) (VE) 60 105.2 0.993 421
El- 8 SWC 25%f, 20 732.1 32.28 0.972 3805 0.992 0.88 562.7 35.09 0.974
Hassan et mm 40 283.9 0.915 2.00
al. (2018) (EP) 60 154.8 1.000 417

Note: (1)VE = vinylester resin; EP = epoxy resin. {2)= ultimate tensile stress of an FRP beli= strainof FRP bar(3) All the prediced results were
calculated based on the MAT d8.2 . 4) NC = normal concrete; SWC = seawater con¢ci®W®SSC = seawater seand concrete.

124



In Fig. 44, it is evident that th@redictioncurves generated by AAT data obviously
underestimate the tensile durability efressedGFRP barswrapped in concrete,
irrespective ofthe stress level, especially for those conditioned in the environments
with relatively low temperatures and/or low RBakis et al. 2005; Trejo et al. 2011)

is worth noting thathe diameters of GFRP bars for FET data are in the range of 9.5~19
mm, whilethosefor the selectedAAT dataare in the range d@3~9.53mm. The use of

AAT data for GFRP bars withrelatively small diameters may also result in
underestimategbredictions when compared to FET resuRhis discrepancy is likely

due to thepossiblesize effect on the tensile strength of GFRP bars, as previously

discussed.
Tensile strength of GFRP bars ¢, = 6 mm)
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Tensile strength of GFRP bars ¢, = 8~9.53 mm)
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Fig. 44 ComparisorbetweerFET resultsand prediction curves based on Arrhenius

empirical modefor concreteembeddedtressedsFRP bars

4.4.2fib Bulletin 40 (2007)M odel

Although fib Bulletin 40 (2007) modeWwas initially developed for th&RP bars in
concreteenvironments due tthe incorporation of correction terns  for moisture
condition in concrete members, agentioned in Sectio®.2.2, in this sectionthis
section also includethe AAT datasets of bare GFRP barassess the applicability of
applying this model to bare FRP bdtsshould be noted that only the AAT data with a
temperature range @0~30 were selected for making predictions. Ttesnperature
range represents the most moderate scenario for AAT, which might lead to relatively
unconservative predictions, and it also corresponds to the common MAT range for FET.
Additionally, the data selected were requirech&wveat least three different exposure

periods.To achieve a higher prediction accuracythis chapterthe correctionterms
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¢ ,& and¢ were determined according to the factors recommendé&d Bylletin
40 (2007)Table4.1) using thenterpolationmethod. Whendetermining the influencing
coefficient’Y , only datasetsfrom the same literaturthat meet the requirementf a
minimum acceptabl®? value(i.e.,R>O  0) w&dndoptedor the calculatior(Bank et

al. 2003)

44.2.1 Bare GFRP bars

In order toobtain theY values, the tensile strengtbtentioncurves of bare GFRP
bars @b = 9.5~12.7 mm) under alkaline and saline conditions are plotted id.Eigna
doublelogarithmic scaleAs per Egs.4.9) and 4.10), the coefficients were deterranh
based on the environmental conditions of exposure sitégd-Balloum et al. (2013)
(seeTable4.3) and thepredictedretentionpf— j aresummaried in Tabled.7. Fig.
45(a) illustrates significant differences ithe tensile strengthretention curve for
alkaline conditions, with th& valuesranging from 2.41% to 45.53% (s&able4.7).

As a result, the retention predictiovery considerably across different studiesich is
similar to theobservationsnade in the predictions based on Arrhenius model and can
be explained by the reasons mentioned in Sedtibri.1l By contrastthe discrepancy
between the retention curve for saline condtions is relatively small Y =
2.05~10.30%), as shown in Fig5(b). For ease ofissessing the model performance,
Fig. 4.6 compares the model predictions with #T results of bare GFRP bars after
field exposurgo hot-dry and hothumidenvironmend for up to18 monthqAl-Salloum

et al. 2013) It is seen that all the predicted resultsfilyBulletin 40 (2007) model
underestimad the residualnsile strength dbareGFRP barsregardless of the solution

type, particularly for the cases of alkaline solutions with high pH levels (e.g., pH > 13).
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Table 47 Coefficientsand predicted resultsased orfib Bulletin 40 (2007) moddbr bare GFRP bars

Solution Coef.in Egs. 4.9 and @.10) Ret
type Reference Bartype PH R? MAT RH Time § : o pT= i
( (%) (m) ")

Alkaline Chen et al. 9.53mm 12.7 0.994 275 260 -1 6 0.69 069 131 76.33
solution (2006) (VE) 12 1 1.00 1.35 74.02
18 1.17 117 1.37 72.76

26.0 52.0 -093 6 0.69 0.76 1.32 75.82

12 1.00 1.07 1.36 73.52

18 1.17 124 1.38 72.28

13.6 0.978 275 26.0 -1 6 0.69 0.69 5.13 19.48

12 1 1.00 6.19 16.16

18 1.17 117 6.86 14.58

26.0 52.0 -093 6 0.69 0.76 5.35 18.71

12 1.00 1.07 6.44 15.52

18 1.17 1.24 7.14 14.00

Kim et al. 12.7mm 13.0 0.997 275 26.0 -1 6 0.69 0.69 1.55 64.70

(2008) (VE) 12 1 1.00 1.62 61.57

18 1.17 1.17 1.67 59.90

26.0 520 -093 6 0.69 0.76 1.56 64.01

12 1.00 1.07 164 60.91

18 1.17 1.24 1.69 59.26

Won et al. 12.7mm 12.6 0.941 275 26.0 -1 6 0.69 0.69 1.24 80.52

(2008) (VE) 12 1 1.00 1.27 78.55

18 1.17 1.17 1.29 77.49

26.0 520 -093 6 0.69 0.76 1.25 80.09

12 1.00 1.07 1.28 78.13

18 1.17 1.24 1.30 77.07

Luetal (2021a) 11.2mm 129 0.885 27.5 26.0 -1 6 0.69 0.69 1.45 69.14

(VE) 12 1 1.00 151 66.29

18 1.7 117 154 64.76

26.0 520 -093 6 0.69 0.76 1.46 68.51
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Wang et al. 9.52mm 13.0
(2022) (VE)

11.0

Luetal (2023a) 11.2mm 129
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Wang et al. 9.52mm 13.6
(2023a) (VE)

13.6
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Ruiz Emparanze ~10 mm / 23
et al. (2022) (VE)

Lu etal. (2023a) 11.2 mm / 25
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Wang et al. 9.52 mm / 23
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1.33
1.11
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86.70
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74.54
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70.85
94.57
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93.64
94.44
93.84
93.51

Note: (1) VE = vinylester resin; EP = epoxy resin.
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Fig. 45 Tensilestrength retentionurvesbased orfib Bulletin 40 (2007) moddbr bare

GFRP bars
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Fig. 46 ComparisorbetweernFET resultsand predidbnsbased orfib Bulletin 40
(2007) model dr bare GFRP bars
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4 4 2.2 Concreteembeddednstresse@GFRP bars

The ensile strength retentionrcurves based onfib Bulletin 40 (2007) modelfor
concreteembeddedunstressedsFRP bars(d, = 6~12.7 mm)subjected to different
solutions are shown in Figl.7, and the coefficients angredicions determined in
accordance with the FET detailsMorales et al. (2021arelistedin Table4.8. Similar

to the bare GFRP bars, it can be observed fromdighat he'Y valuesfor different
studies vary significantly. By comparing the FETesultswith the predicted tensile
strength retentionpf— 5 for unstressed GFRP bars embedded in concrete and
subjected to different solution immersion, as illustrated in &8} it is found that the
model predictions generally underestimate the reportedrEsiiltsto varying degrees.
This underestimation is particularly pronounced tfee GFRPbars wrapped in SWC
incorporating fly ash.For example, after -gear field exposure inhothumid
environment (MAT = 25 , RH = 71.29%, the residuatensile strengthef 9.5mm VE-
type GFRP bars wrapped in fly asand slagbased SWC are 98.60% and 81.51%
(Morales et al. 2021 )espectively, while the predicted value determined by-mB8
VE-type GFRP bars wrapped in NC and immersed in 2@ater is only 69.40%
(Davalos et al. 2011)Therefore, it might be concluded th# Bulletin 40 (2007)
modelalso gives highly conservative predictions for toacreteembeddedinstressed

GFRP bars exposed to natunat-humidenvironment.
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Table 48 Coefficientsand pedictedresuls based orfib Bulletin 40 (2007) moddbr concreteembeddedinstresseGFRP bars

. Coef.in Ecp. (4.9 and (4.10) Ret.
S%I/l:)téon Reference Bar type C%r/ls(reete (T ) Y R? MAT : RH Time § § B S
(%) ) (%) (m) " ™)
Alkaline Wu et al. 10mm NC RT 561 0984 250 1 71.2 -0.29 1 -0.09 0 0.62 1.16 85.96
solution (2022) (VE) 6 0.69 140 122  82.19
12 1.00 1.71 1.24 80.74
24 1.30 2.00 1.26 79.38
Saline Robert and 12.7 NC 23 3.79 0.829 1 -0.09 05 1.12 1.13 88.64
solution Benmokrane mm 6 0.69 1.90 1.16 86.02
(2013) (VE) 12 1.00 2.21 1.18 85.01
24 1.30 2.50 1.19 84.04
Lu et al. 6 mm SWSSC 28 29.64 0.905 1 -0.09 0 0.62 251 39.79
(2022) (VE) 6 0.69 1.40 3.30 30.27
12 1.00 1.71 3.68 27.17
24 1.30 2.00 4.08 24.49
Water Davalosetal. 9.53 NC 20 8.72 0.937 1 -0.09 0 0.62 127 78.72
(2011) mm 6 0.69 140 136  73.32
(VE) 12 1.00 1.71 1.40 71.29
24 1.30 2.00 1.44 69.40
El-Hassanet 8 mm SWC 20 12.35 0.952 1 -0.09 0 062 141 70.78
al. (2017) (EP) 6 0.69 140 157  63.87
12 1.00 1.71 1.63 61.34
24 1.30 2.00 1.70 59.00

Note: (1) VE = vinylester resin; EP = epoxy resin.N&) = normal concrete; SWC = seawater con¢ci@WSSC = seawater seand concrete.
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Tensile strength of GFRP bars @, = 6~12.7 mm)
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Fig. 47 Tensilestrength retentionurvesbased orib Bulletin 40 (2007) moddior

concreteembeddedinstresseGFRP bars
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Fig. 48 ComparisorbetweerFET resultsand predidbnsbased oriib Bulletin 40

(2007) modefor concreteembedded unstress&FRP bars

4 42.3 ConcreteembeddedtressedsFRP bars

Fig. 4.9 displaysthe tensilestrength retentiorturvesof concreteembeddedstressed

GFRP barsdp = 6~10 mm) subjected to differeenvironmentalconditions, and the
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corresponding coefficients amatedictedresults obtained on thieasisof three FET
studies (Bakis et al. 2005; Mukherjee and Arwikar 2005; Trejo et al. 2CdE)
summarizedin Table 49. Again, as shown in Fig. 4.9, there exists remarkable
differences in theetentioncurves for different studies, leading smnificant variation

in the'Y values(Table4.9). This variationis similar to thrat observedn both bare and
concreteembedded unstressed GFRP bars. Comparing the three FET datasets with the
corresponding predictiontsy fib Bulletin 40 (2007) modelasillustratedin Fig. 4.10,

the following observations can be made: (1) All the FET results are dramatically
underestimated by the predictions using AAT datawtt al. (2022) which might be
attributableto the use of GFRP bars with a much smaller diamdter 6 mn) in this

study; (2) Although 8nm GFRP bars were adopted Bgrgani et al. (2018athe
corresponding predictions seem to be much greater in magnitude than those of other
studies. This can be explained by the fact that the redidosile strength after 1000h
exposurdi.e.,"Q in Eq. @.9a)] has been provided Fergani et al. (2018aps a

result of which a much larger prediction would be generated &sinét.9a) compared

to Eg. @.9b). Thereforemore developmental work could focus oristlaspect to
improve the reliability offib Bulletin 40 (2007) model(3) Pobably due to the low

MAT (9 ) in the natural environmemd which the specimens were exposte FET
results fromBakis et al. (2005)are significantly underestimated by most of the
predictions, irrespective of the solution type, while an opposite trend is observed for the
specimensconditioned in hot and humid environments (MAT2Z.5 and RH =
74.9%)in Mukherjee and Arwikar (2005)4) For Trejo et al. (2011)although some of

the predicted resultslosely approximat¢éhe FET results obtainddom the 16 and 19

mm GFRP barextracted from preloaded concrete beams afiggaf outdoor exposure,

the experimental results stdkceed the predicted values on average
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Table 49 Coefficients and predicted resultased orfib Bulletin 40 (2007) moddbr concreteembedded stress&FRP bars

. Coef.in Egs. 4.9 and @.10) Ret
S%I/l:)téon Reference 522 Cc;;wg(raete Stress level (T VY R? MAT : RH Time : : P j
) () (%) (m) " (%)

Alkaline  Wu et al. 10 NC 20% M, RT 496 0872 90 0 576 -075 12 099 0 0.25 1.12 89.19%
solution (2022) mm 36 147 0 0.72 115 87.05°
(pH=13) (VE) 275 1 749 -017 18 117 0 200 1.23 8158

30 139 0 222 124 80.67

23.0 05 593 -069 84 184 0 165 1.20 83.05

Precracks 10.30 0922 90 O 576 -075 12 099 0 025 128 78.3~>

+ 20%M, 36 147 0 0.72 134 74.36°

275 1 749 -0.17 18 117 0 200 154 64.74

30 139 0 222 158 6319

23.0 05 593 -069 84 184 0 165 149 67.25

Saline Luetal. 6mm SWSSC 20%f, 28 5492 0936 90 O 576 -0.75 12 099 0 025 599 16.69
solution (2022) (VE) 36 147 0 0.72 8.76 11.412
275 1 749 -017 18 117 0 2.00 2421 4.13°

30 139 0 222 2889 3.46°

230 05 593 -069 84 184 0 1.65 1830 5.46°

40%f, 53.62 0938 90 O 576 -0.75 12 099 0O 0.25 562 17.79

36 147 0 0.72 811 1233

275 1 749 -0.17 18 1.17 0 2.00 21.61 4.63°

30 139 0 222 2563 3.90°

230 05 593 -069 84 184 0 1.65 16,51 6.06°

Water Davaloset 9.53 NC 2000~2600 20 10.74 0.837 9.0 0O 576 -075 12 099 0 0.25 1.29 77.47°
al. (2011) mm e U 36 147 0 0.72 136 73.38

(VE) 275 1 749 -017 18 117 0 200 158 6349

30 139 0 222 162 61.91°

23.0 05 593 -069 84 184 0 165 151 66.07

He et al. 10 NC 20%f, 23 576 0992 90 O 576 -075 12 099 0 0.25 1.14 8753

(2017) mm 36 147 0 0.72 1.18 85.09°
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(VE) 275 1 749 -017 18 117 0 2.00 127 78.8%

30 1.39 0 222 128 77.86°

230 05 593 -069 84 184 0 165 1.24 8055

Precracks 6.06 0915 90 O 57.6 -075 12 099 0 025 115 86.8%

+ 20%f, 36 147 0 072 119 84.3%

275 1 749 -017 18 117 0 2.00 128 77.86°

30 1.39 0 222 130 76.7%

230 05 59.3 -069 84 184 0 1.65 126 79.5%

Precracks 518 0992 90 0 576 -0.75 12 099 0 025 1.13 88.73

+ 40%f, 36 147 0 072 1.16 86.51

275 1 749 -017 18 117 0 2.00 124 80.83

30 1.39 0 222 125 79.88

230 05 593 -069 84 184 0 165 121 82.35

El-Hassan 8mm  SWC 25%f, 20 1596 0.936 90 O 576 -0.75 12 099 O 025 148 67.65
etal. (EP) 36 147 0 072 161 6227

(2018) 275 1 749 -017 18 117 0 2.00 2.00 49.88

30 1.39 0 222 208 47.99

230 05 59.3 -069 84 184 0 1.65 189 53.0%

Ferganiet 8mm  NC 3000e U 20 397 0971 90 O 576 -075 12 099 0 025 1.01 99.00°
al. (2018a) (VE) 36 1.47 0 072 103 97.10°
275 1 749 -017 18 117 0 2.00 1.08 92.21°

30 1.39 0 222 109 91.38

230 05 593 -069 84 184 0 165 1.07 9353

Note: (1) VE = vinylester resin; EP = epoxy resin. K&} = normal concrete; SWC = seawater concrete; SWSSC = seawasamndeeoncrete. (Y, =
ultimate moment measured in the beam tdstsultimate tensile stress ahFRP bargU= tensilestrain of FRP bar. (4Bakis et al. (2005fMukherjee and
Arwikar (2005);°Trejo et al. (2011).
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443Huang and AboMbdelhads (2010)

The ERFbased approach proposed Hyang and Aboutaha (2016as been adopted

by several researchers fpredicting the longerm mechanical properites of FRP bars
(Dong et al. 2017b; Benmokrane et al. 2020a; Liang et al. 204%)worth noting that

the ERF value specified in the current ACI cddeCl 2022) for GFRP bars was
determined byBenmokrane et al. (2020d0ased onHuangand Ab®@X®@® h a 6
model. Although this model was initially developed for thé&RP bars in concrete
environment@asmentioned in Sectiod.2.3, the AAT datasets of bare GFRP bars were
also included in this section referring to the metho@@mmokrane et al. (2020dn

the prediction procss, the RH correctionfactoré was determined according to the
curve shown in Figd4.1 by theinterpolationmethod.The criteriafor selectionof AAT
dataare statedas follows: (1) Datasets with at least two aging temperatures as well as
three exposure durations were considered; (2) Onlyl#hasetswith R? value greater

than0.80wereused(Bank et al. 2003)unless otherwise specified

44 3.1 Bare GFRP bars

Fig. 4.11 shows thecomparisonof tensile strengtiretentiors of bare GFRP bars
betweenthe FET resultseported byAl-Salloum et al. (2013}seeTable 4.3) and the
predictionsderived fromdifferent AAT studies based dduanga nd A b ®(2000x h a 6
model. TheseAAT studies involved GFRP bars with diameters ranging from 9.5 mm to
12.7 mm that were exposed to alkaline and saline solutidhge coefficients
determired according to the fieldconditionsof FET study and the predictiors are

listed in Table4.10. It should be noted that the value dbr each dataset was averaged
from the slopes of two regression lingg.e., the values ofo) at two selected
temperaturesTable 4.10 reveals that when the RH is less than 30&0,¢ = 0, as
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indicated in Tablel.1), the predicted tensile strength retention is consistently 106%
no GFRP degradation can be obseryetsely aligning withthoseobserved after field
exposure(i.e., retention= 99.46-99.66%). Consequently, only the resuwitish respect
to the field conditions ofMAT = 26 and RH = 52.0%are presented in Figt.11.
Notably, the predicted results generadiyhibit good agreement witthe FETresults
particularly for those produced by AAT data of GFRP bargler relatively moderate
conditions such as the alkaline environments with a pH valueeroéedingl3.0 and
saline environments. For examplide experimentally determineténsile strength
retention for the bare GFRP bars exposelaehumid environments fod8 months is
99.46% (Al-Salloum et al. 2013)while the predictions based on AAT data from

alkaline (pH = 11.5~13.0) and saline solutions range 93.03% to 100%.
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Table 410 Coefficients and predictedresulisa s ed on Huang and fartbareiGFRMbarés (2010)
S?Iutéon Reference Bartype PH (T Zoef.ln&Eq.@:Z ” % Ea/RCOI(\E/I]X'I[l Einll??H Time 00 Rlet
P ( (%) M ) ()
Alkaline Chenetal. 953 mm 136 20 -0.63 1.90 0.939 0.62 0.709 2251 275 121 26.0 0.00 6 0.5 100.00
solution  (2006) (VE) 40 -0.60 1.77 0.994 12 1.0 100.00
18 15 100.00
26.0 1.17 52.0 0.14 ©6 0.5 92.01
12 1.0 89.38
18 15 87.85
Wonetal. 12.7mm 126 20 -0.16 1.25 0.950 0.17 0.169 3795 275 1.38 26.0 0.00 6 0.5 100.00
(2008) (VE) 80 -0.17 1.09 0.941 12 1.0 100.00
18 1.5 100.00
26.0 1.30 52.0 0.14 © 0.5 98.05
12 1.0 97.34
18 15 96.92
Wanget 952mm 13.0 23 -0.15 1.21 0.956 0.20 0.171 9508 275 1.62 26.0 0.00 6 0.5 100.00
al. (2022) (VE) 60 -0.25 0.90 0.960 12 1.0 100.00
18 1.5 100.00
26.0 1.38 52.0 0.14 6 0.5 98.04
12 1.0 97.19
18 15 96.70
Wanget 9.52mm 13.6 23 -0.24 1.34 0.984 0.24 0.268 10786 275 1.72 26.0 0.00 6 0.5 100.00
al. (2023a) (VE) 60 -0.25 0.91 0.905 12 1.0 100.00
18 15 100.00
26.0 144 520 0.14 6 0.5 96.69
12 1.0 95.65
18 15 95.04
136 23 -0.23 1.30 0.961 0.21 0.284 14964 275 2.13 26.0 0.00 6 0.5 100.00
60 -0.19 0.79 0.884 12 1.0 100.00
18 15 100.00
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Note: (1) VE = vinylester resin; EP = epoxy resin.
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(b) Saline solution
Fig. 411 ComparisorbetweenFET resultsand prediagbnsbased on Huangnd
A b o u ts@@01L@) énodeldr bare GFRP bars

44.3.2 Concretembedded unstressed GFRP bars
For the unstressed GFRP bars embedded in concrete, the predicted tensile strength
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retentions based on Huaagn d A b ®(R0t.Crhodebare compared with the FET
resultstested byMorales et al. (20210 Fig. 4.12, and thecoefficientsobtained in the
prediction procss aresummaried in Table4.11. Fig. 4.12 clearly shows thator the
GFRP bars wrapped in fly asfased SWCthe modelpredictions generallpgree well
with the FET resultsin the initial two exposure duratian(i.e., 1 and 6 months),
regardless of the solution type, wher@ashe subsequent exposutaratiors (.e., 12
and 24 months)the model predictions tend to be slighttynaller in magnitude
compared to the FET dat&or theslagbased SWC counterparts, howevee FET
results for all exposurdurationsaregenerallyoverestimatd bythe modelpredictiors,

and this observation can also be explained by the reasons mentioned in &écti@n
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Table 411 Coefficients and predicted resuisa s ed on Huang and farcancdteantbaddes unstessdd@G)RPrard e |

. Coef.in Eq. 44) Coef.in Eq. @4.11) Ret
S%l/l;)téon Reference 53; C(i)r);;ete (T ) o & R? , ¥ E/R MAT e RH : Time OO0 -

: () (%) (m (%)

Saline Robertand 12.7 NC 23 -0.08 1.15 0.836 0.09 0.066 267 25.0 1.01 71.2 0.29 1 0.1 100.00

solution Benmokrane mm 50 -0.09 1.14 0.835 6 0.5 98.83

(2013)  (VE) 12 1.0 98.06

24 2.0 97.28

Lu et al. 6 SWSSC 28 -0.42 1.39 0.936 0.40 0.687 7850 0.77 1 0.1 93.70

(2022) mm 60 -0.37 0.96 1.000 6 05 8473

(VE) 12 1.0 81.26

24 2.0 77.78

Water Davalos et 9.53 NC 20 -0.18 1.26 0.940 0.21 0.207 1030 1.06 1 0.1 100.00

al. (2011) mm 40 -0.24 1.24 0.948 6 0.5 95.64

(VE) 12 1.0 93.80

24 2.0 91.96

El-Hassanel 8 SWC 20 -0.22 1.33 0.960 0.22 0.242 5989 1.41 1 0.1 98.80

al. (2017) mm 40 -0.21 1.21 0.731 6 0.5 93.91

(EP) 12 1.0 92.01

24 2.0 90.12

Fergani et 8 NC 40 -0.25 1.36 0.991 0.26 0.284 3617 0.56 1 0.1 100.00

al. (2018a) mm 60 -0.28 1.28 0.895 6 0.5 95.96

(VE) 12 1.0 93.65

24 2.0 91.34

Note: (1) VE = vinylester resin; EP = epoxy reg®).NC = normal concrete; SWC = seawater con¢i8WSSC = seawater seand concrete. (3R? value
at40 slightly less than 0.8@as also included.
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Tensile strength of GFRP bars @, = 6~12.7 mm)

120
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=3 Fergani et al. (2018) #=Mor ales et al.
-¢-Mor al es et al. (2021) MAT25.0

Fig. 412 ComparisorbetweenFET resultsand predigbnsbased on Huangnd
A b o u ts@01@) énodeldr concreteembedded unstress€FRP bars

4 4 3.3 ConcreteembeddedtressedsFRP bars

For the concretembedded stressed GFRP bars, after filteringattadlableAAT data
according to theselection criteria for Huang n d A b (R0t rhoded only two
datasetsrom Lu et al. (2022)were usedn the prediction model. Figl.13 shows the
predictedtensile strength retentions comparison with theFET results with the
corresponding coefficients summarized in TahlE. Despite the fact that the diameter

of GFRP bars used for model prediction [6 mm akuret al. (2022)is much smaller

than thoseemployedin the FET studies)(5~19 mn), there isan excellent agreement
between the FET results frowukherjee and Arwikar (2009nd the model predictions

For the other two FET studi€Bakis et al. 2005; Trejo et al. 201Hue to the reasons
mentioned inprecedingsections, the FET results are reasonably underestimated by the

predictions as expected.
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Table 412 Coefficients and predictedresulisa s ed on Huang and farcancdteantbadded stieszdtl GBRP barso d e |

Coef.in Eq. 4.4) Coef.in Eq. 4.11) Ret

o MAT ..,..,. RH . Time 00 —
" /R YY
yOBRR () @ £ m ) ()

Solution Bar Concrete Stress T
Reference N 5 5
type type type level (| ® () R

Saline Luetal. 6 SWSSC 20% 28 -0.60 1.58 0.978 0.56 0.958 9979 9.0 0.11 576 0.17 12 1.0 92.9¢%

solution  (2022) mm fu 40 -0.53 1.27 0.974 0.56 0.11 0.17 36 3.0 88.35
(VE) 275 095 749 034 18 15 64.45
0.95 034 30 25 6019

23.0 057 593 0.18 84 7.0 76.61I°
40% 28 -0.51 1.34 0.979 0.50 0.955 4184 9.0 0.39 57.6 0.17 12 1.0 87.12

fu 60 -0.49 1.05 0.905 0.50 0.39 0.17 36 3.0 83.03
275 098 749 034 18 15 64.63
0.98 034 30 25 6085

23.0 0.79 59.3 0.18 84 7.0 76.08

Note: (1) VE = vinylester resin. (§WSSC = seawater seand concrete. (3) = ultimate tensile stress ah FRP bar. (4yBakis et al. (2005)*Mukherjee
and Arwikar (2005)¢Trejo et al. (2011).
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Tensile strength of GFRP bars ¢, = 6 mm)
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<
3 / /
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Trejo et al. (2011)eMA&RPB8.6t al. (2011

Fig. 413 ComparisorbetweenFET resultsand predigbnsbased on Huangnd
A b o u ts@01L@) nhodeldr concreteembedded stress&FRP bars

4.4.4Comparison BetweenExisting M odels

A comparison operformancebetweenthe abovementionethree prediction models is
presented in this sectiomo ensure consistency, the AAT data ukeceinwere limited
to those that simultaneously meet the selection criteribedhree modelsln addition,
the statisticalindices, including themean,the standard deviation (SD)he coefficient
of variation (@V), andthe average absolute error (AARefined a€q. @.15)] were

used to evaluate the accuracy of timee models.

h
m —_— T )
0] Y ; ®

q

where’Y  is thetest valuefor theith data point’Y j is the predictedialue for the

ith data pointandi is the number oflatapoints.

Table 413 presentshie assessment resulfsr the tensile strengthretention ratios
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(Y TY ) calculated by the three models, and the corresponding distributions of
retentionratio versus AAT studies are shown in F@gl4. It can be found from Table
413 thatHu an g a n ds (2b0pmotleapnomides the most accurate predictions
with the averagé’ Y of 0.979, 1.010 and 0.925 for bare, concesteedded
unstressed and concrambedded stressed GFRP bars, respectilrelgontrastthe
accuraees of Arrheniusempirical modeland fib Bulletin 40 (2007) mode&re much
poorer, especially for the concregmbedded stressed GFRP bars (mean = 0.149 and
0.083, respectively), which can also be observed in #it4. Besides, the @&/
(0.039~0.100) and AAE (0.026~0.082) Hfu an g a n d s (2060) moded dvea 6
remarkablylower than those of the other two models, agaiggestinghat the former
performs bettem predicting the longerm performance of GFRP bars. It is important
to point out that the evaluation of model performance is highly dependent on the size of
the database used for model predictions, and therefore addiixpeiimental studies

arenecessary in thieitureto enable more robust conclusions.

Table 413 Assessment densile strengthetentionratio (Rore/ Reesy)

Number
Bar type Model ofdata Mean SD COV AAE
points
Bare GFRP bars Arrhenius 78 0.629 0.280 0.444 0.371
fib Bulletin 40(2007) 0.657 0.253 0.386 0.343
Huangand Aboutaha (2010) 0.979 0.038 0.039 0.026
CE unstressed  Arrhenius 32 0.778 0.285 0.367 0.276
GFRP bars fib Bulletin 40(2007) 0.688 0.234 0.340 0.360
Huangand Aboutaha (2010) 1.010 0.101 0.100 0.063
CE stressed Arrhenius 20 0.149 0.084 0.565 0.851
GFRP bars fib Bulletin 40(2007) 0.083 0.033 0.394 0.917
Huangand Aboutaha (2010) 0.925 0.068 0.074 0.082

Note: CE = concretembedded.
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Concreteembedded stresseGFRP bar
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Fig. 414 Tensile strengtietentionratio by different prediction models for GFRP bars

4.5 PROPOSED PREDICTION MODEL

Based on theabove assessmentesults of three existingmodels forthe longterm
predictions of GFRP bars, it was found thdu ang and s (200 madel h a 6
offered the highesteliability among the three existing modebnd it wasdeemed
applicable to bare GFRP bars subjected to natural weathérnntpis section, the
accuracyof Huang ands (2000 modeh Wwaa turther validated against FET
resultspresented in Chapter 3 for the bare GFRP bars exposaggtessivanarine
environments. As provided in TabdelO, thefiltered AAT dataset collected frorRuiz
Emparanza et al. (2028)ere used to produce predictions due to the following reasons:
(1) The GFRP bar products were from different major manufactugtaisally,
suggestinga more comprehensivanalysis; (2) Thenajor constituentsi.e., fiber and
resin and diameters of these GFRP bars vwanalar tothoseusedin Chapter 3 (3)
Natural seawater wammployedas conditioning solutiormepresentinga more realistic

assessment of durabilitpr GFRP bars in marine environmerihe keyinformationof
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the GFRP bar specimens usedRuniz Emparanza et al. (202&)dChapter 3s given in
Table4.14. It should be pointed out that the RHsdtmnospheriandsplashconditions
were taken to be recorded values, while thfseboth the tidal(characterized by
consecutive wetlry cycle3 and underwate(characterized by constant submergion

conditions vereassumed to be 100%

Using the prediction coefficient§.e.,”,Y and Ea/R) from Ruiz Emparanza et al.
(2022) as provided in Table4.10 andfollowing the prediction procss of Huang and

A b o u ts @018a) nodel as detailed in Sectiagh4.3, the prediction results for bare
GFRP bars under various marine environmental condit{orduding atmospheric,
splash, tidal and underwater environmgrdse presented in Tabk.1l5, where the
predicted tensile strength retentiery, was averaged from the predictions produced

by the AAT datasets of three different typg®., A, C, and D)of GFRP bars. As
expected, Hu a n g and s R016)unodeh prévides reasonablyccurate
predictions for the bare GFRP bars in mild marine environments, such as atmospheric
(A-1 and All) and splash (8) conditions, despite a slight underestimatigarrors
ranging from-5.6 to0-0.2), which is similar to that observed in the bare GFRP bars
subjected tanatural weatheringAl-Salloum et al. 2013)Such an underestimation is
believed to be acceptable as it allows slightly conservative predictions to be made in
practice. However, this model seems less reliable with regard to the bare GFRP bars
subjected to much harshenarine environmentswith a prolonged period. More
specifically, the residual tensile strength of bare GFRP bars exposed to tian@r
underwater (UI) conditions for four and two years, respectively, significantly

overestimated by this model.
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Table 414 Key information obare GFRP bamused in the selected studies

: Fiber . ,
Reference Specimen Diameter content Resin Fiber type Exposure Exposure condition MAT RH Time
(mm) (%) type type ( (%) (m)
Ruiz Emparanza TypeA 10.16 76.3 Vinylester E-CR Glass  AAT Seawater immersior  / / 2/417/12
et al. (2022) TypeC 10.09 76.1 Vinylester  E Glass at 23/40/60
TypeD 10.70 70.1 Vinylester E-CR Glass
The present stud A-l 9.91 81.1 Vinylester  E Glass FET Atmospheric 23.3 77.8 8/12/24/37/48
(Chapter 3) S Splash 233 77.8
T-1 Tidal 23.3 100
A-ll 9.89 81.2 Vinylester  E Glass FET Atmospheric 23.3 827 13/24
U-1 Underwater 23.3 100

#The RHs for both the tida(characterized by consecutive velty cycle$ and underwatecharacterized by constant submergioonditions vereassumed tc

be 100%.
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Table 415 Comparison between the test and predicted results

Coef.in Eq. @.11) Huang and A Correction Proposed model

FET -k (2010) model
#

: , = factor
specimen MAT ._.,~ RH Time OV (%) —h —h
()™ w & m @ %) eror | w
A-l 23.3 1.03 77.8 038 8 0.7 (103.35) 98.30 -1.7 1.00 98.30 -1.7
12 1.0 (100.73 97.42 -2.6 1.00 97.42 -2.6
24 2.0 99.82 95.91 -3.9 1.00 95.91 -3.9
37 3.1 (101.49 94.96 -5.0 1.00 94.96 -5.0
48 4.0 (101.49 94.40 -5.6 1.00 94.40 -5.6
S 778 038 8 0.7 99.82 98.30 -1.5 1.00 98.30 -1.5
12 1.0 (101.20 97.42 -2.6 1.00 97.42 -2.6
24 2.0 96.13 95.91 -0.2 1.00 95.91 -0.2
37 3.1 (100.5Q 94.96 -5.0 1.00 94.96 -5.0
48 4.0 99.98 94.40 -5.6 1.00 94.40 -5.6
T-l 100 1.00 8 0.7 (106.09 95.52 -4.5 0.00 100.00 +0.0
12 1.0 99.21 93.19 -6.1 0.24 98.34 -0.9
24 2.0 90.64 89.20 -1.6 0.78 91.61 +1.1
37 3.1 86.06 86.71 +0.8 111 85.25 -0.9
48 4.0 81.14 85.22 +5.0 1.3 80.62 -0.6
A-ll 23.3 1.03 82.7 045 13 1.1 (102.89 96.70 -3.3 1.00 96.70 -3.3
24 2.0 (103.3Q 95.10 -4.9 1.00 95.10 -4.9
U-II 100 1.00 13 1.1 90.51 92.73 +2.5 / / /
24 2.0 81.99 89.20 +8.8 / / /
Note: (1)The data in the brackstvere taken to be 100% the calculation proces€) Error = (— j -5 )J-r .(3)*Average

value obtainedrom the predictions produced by the AAT datasets of three different types of GFRP bars
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To addresghe abovementioned overestimatione ghresenstudy refines Huang and
A b o u ts §2018)dnodel [Eg. (4.13] by introducing a time-dependent correction
factorii O ( ), to account forthe additional effestof tidal exposureon bare

GFRP bars:
- p | & Y "dIL, 43¢& P 0

A regression analysis was conducted to obtain thefib¢st value, and the values
obtained from the AAT results of three types of GFRP bars are shown against exposure
time t in Fig. 4.15. Based on the regression results, the following equation was

proposed for

m x1 16 p#® X % X

The averagevalues of andthe predictions produced by thpoposedmodel are
listed in Table4.15, while Fig. 4.16 comparethe predictionsf the proposed model
andHu ang ands(Xbpmodekdamsithe FET resultsit is evident that the
proposed model provigdnighly accurate predictions for GFRP barghe Fl zoneand

significantly outperformsHu ang an d s (R0i® madel lwahderror ranges
reduced from-6.1~5.0 to -0.9~1.1 Besides, as mentioned previoushuang and
A b o u s d20E)H model remains applicable to bare GFRP barsxposed to

atmospheric and splash environments.

Note that the proposed model, which incorporates the correction factor may be
applicablesolely to bare GFRP bars in tidal environments. Furtbgzarchs necessary
to develop a sizedependent modelthat can accurately predict thengterm

performanceof bare GFRP bars in both tidal and underwater environments mbesn

experimental data are available.
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Fig. 416 ComparisorbetweernFET resultsandmodelpredictons

4.6 CONCLUSIONS

This chapter presents a comprehensive review of existing models developed for
predicting the longerm performance of FRP bars in service. Three widely used
predictionmodelsJi.e., Arrheniusempirical modelfib Bulletin 40 (2007) mode&nd
Huanga n d A b (8010 rhoded] were systematicallyassessed against FET data

sourcedfrom the existing literature. On the basis of the evaluation results of these
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models, a refined modéhat incorporates thadditional effect of tidal conditions on
bare GFRP bars was proposed, and the acgwfthis newly developed model was
also assesse#from theresultspresented in thishaptey the followingconclusions can

be drawn:

(1) Compared to the AAT studiethoseon or relevant to the durability of FRP bars
under real field conditions are quite scarce so far, leading to limited FET data

available for model evaluation.

(2) The predictions generated Byrrhenius empirical modeland fib Bulletin 40
(2007) modelusing AAT data from different studies might vary significantly,
which is caused by théact that thelongterm performance of FRP bars is
affected by various factors such asthe inherentproperties, bar diameter,

manufacturing procesmdtypes of conditioning

(3) Huanga n d A b ®(20L0aodelvas found tgerform better than the other
two models in predictinghe longterm tensile performance of GFRP bars

based orthe FET database

(4) The proposed model provislenuch moreaccurate predictions fathe bare
GFRP bars subjected to tidal conditions, witl&t ang ands(2000p ut ah a o
model is applicable to the bare GFRP bars under both atmospheric and splash

conditions.

(5) The proposed modehay onlybe applicable tdbare GFRP bars with a limited
bar diameter rangeaproximatelyl0 mm) under tidal conditions. In order
devel@ asizedependent prediction model for GFRP bars under both tidal and
underwater environmental conditions,oma experimentaldata with wider
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ranges obar sizesareneeded.
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CHAPTER 5

LONG-TERM BOND PERFORMANCE BETWEEN
GFRP BARSAND SEAWATER SEA-SAND
CONCRETE IN REAL MARINE ENVIRONMENTS

5.1INTRODUCTION

As internal reinforcement, tHeondbetweenGFRP bars anthe surrounding concretis

a critical factor in determining theerviceabilityof concretestructuresreinforcedwith

GFRP bars and bond durabilitydirectly influences the safety and maintenance
requirements okuch structures(ACI 2022) So far, considerable research has been
conducted to assess the letegm bond performance between GFRP bars and normal
concrete (NC) under simulated environmental conditions using direct pullout tests
(Robert and Benmokrane 2010; Zhou et al. 2011; Bazli et al. 2017; Yan and Lin 2017;
Chang et al. 2021; Kazemi et al. 2022; Ruiz Emparanza et al. 2022; Shakiba et al. 2023)
However,these studies have reporteonsiderablalispersionin bond strengthresults,

with no clearconsensusasdiscusged in Chapter 2 For exampleYan and Lin (2017)
found that the bond strength of GFRP bars in NC decreasegdgximatelyl0% and

12%, respectively, after exposureth® saline solution at 50 and 70 for 60 days,
whereasKhatibmasjedi et al. (2020kportedan increaseof approximate 7% in bond

strengthafter 24 monthef seawater immersioat 60

Comparedvith NC, far fewerstudiesaddresghe bond durability of GFRP bars in SSC.
Chang et al. (2021gxperimentally investigatethe effect of seawater immersiat 25

on bond performance afifferentsized GFRP bars irSSC They found that the bond
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strengthretentionfor 12-mm GFRP barslecreasedo 92.6% after an exposure period
of 270 days,while that for 166mm GFRP bars increased to 115.7Ptao (2024)
conductedan experimental study on GFRP karSSC bonded joints subjected to wet
dry cyclesin saline solution at 40 for up to two yearsThe test results showetthat
only a slight reduction (7.5%) was detected in bond strength after 24 mkietles.al.
(2024) tested bond durability unddrydrothermal agingconditions (saline solution
immersion at 23 , 40 and 60 ) for up to 360 days and found no degradaiion

bond strengtlof the pullout specimens.

Most existingstudieson bond durability of GFRP bars in concreddy onaccelerated
aging methodswith a notabldack of researclon longterm bond performance under
actualfield and marineconditions(seeTable EL in AppendixB). Given thatit is very
difficult to infer reatworld longterm performance fromM\AT results, directFET is

necessitated to obtain conclusive data

Against this backgroundhis chapterpresentglirect pullout test resultior two series
of GFRP baito-SSC bonded joints after field exposurefaur marine environmeat
zones(i.e., atmospheri¢ plash tidal, and underwatgrfor up to four yearsThe aim is
to assesshe longterm bond performance between GFRP bars and S&alimarine
environmentsthereby facilitating theébroaderapplication of GFRP bars in practice.
Additionally, a timedependent bond stresBp model for GFRP bars in SSGs

proposegdandits accurag is evaluated.
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5.2 EXPERIMENTAL PROGRAM

5.2.1 Materials

5.2.11GFRP bars

As shown in Fig5.1, two batches ol0-mm GFRP barsdesignatechs Batch | and
Batch II, were used in thishapter TheseGFRP barsareidenticalin diameterto those
employed in Chapter 3Compared to Batchl, Batch | bars exhibita larger interval
spacingof helical yarn (20 mm versu8.5 mm) and a thickesandcoating on thi
surface.The tensile strength and elastic modubdiBatch| bars were experimentally
determined to bd224.62MPa and 54.13 GPa, respectively, while the corresponding
valuesfor Batchll bars were measureas 1131.37 MPa and 47.70 GPa, respectively
according t)ASTM (2021) Further detailgegarding the two batches of GFRP baes

provided in Chapter 3.

Batch |

- Y 2

R g s G RPN s s 1t g s - i e

Fig. 51 Two batches of GFRP bars used in this chapter
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5.2.12 Seawater seaand concrete

Readymixed SSCa designedompressivestrength of 55 MPaprovided by Gammon
Construction Ltd. in Hong Kay wasusedin this chapterThe detailed mix proportions
of SSC,including Type | Ordinary Portlandcement[as specified inASTM (2024],
pulverizedfuel ash coarse aggregat@0-mm crushed rock)fine aggregate (Xhm
crushed rock)seasand, seawateand superplasticizefRheomac 1002supplied by
BASF Hong Kong Limited)aredetailedin Table5.1. The seawater wasourcedfrom
local saltwater pumping stations in Hong Kong.andthe sessand wasmported from
Malaysia Sieveanalysiswas performed on the sesand according t&B/T (2022)
Based on the gradingurve shown in Figs.2, the fineness modulusf the sessandwas
calculated to be 2.68Additionally, the apparent density(2682 kg/n), slt content
(4.1%) and $ell content(3.4%) of the seessand were determined in accordance with

JGJ(2006)

100
90 A
80 -
70 A
60 A
50 A
40 -
30 -
20 A
10 A

0 .
0.1 1 10

Sieve size (mm)

Sand residue (%)

Fig. 52 Grading curve of sesand
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Table 51 Mix proportions of SSC

Rawmaterial ((Qku gallgqté;y Specific gravity (g/cr®) Volume (n¥)
Cement 330 3.15 0.105
Pulverized Fuel Ash 110 2.20 0.050
20-mm Aggregate 565 2.62 0.216
10-mm Aggregate 465 2.62 0.177
Seasand 730 2.62 0.279
Seawater 165 1.02 0.162
Superplasticizer 2.65+2.12 1.06 0.003

5.2.2 Design andPreparation of Pullout Specimens

Two series of pullout specimen®ferred to aseries | and Series Nyere investigated.
Theserespectivelycorrespond tahe 1st and 3rd series BET specimens involved in a
themebased research scheme proj@etble 3.1),as detailed in Chapter. Series | and
Il specimens incorporated GFRP bars from Basttand Il, respectivelyAs illustrated
in Fig. 5.3, eachpullout specimerconsistedof a 678mm-length GFRP bar embedded
concentricallyin an SSC cubwith a side length of 150 mnThe boned length ofthe
GFRP bamas set tofour times the bar diametér.e., 4d, = 40 mm as shown in Fig.
5.3(3] for Series | specimen accordance witdSCE (1995h)while for Series II
specimensthe bonded length was designed as fineesthe bar diametdi.e., 5d, = 50
mm, as shown in Fig. 5.3} following ASTM (2020) It is worth mentiomng that for
FRP bars withbondedlengtts shorterthan 5d,, the bondstress distribubn along the
bonded length can be assumed unifoatfowing local stresgo be equivalentto the
average streg¢askett et al. 2008; Feng et al. 2018)polyvinyl chloride (PVC) tube
was useds a bond breakdor the unbonded sectiprsolaing the GFRP bafrom the
SSC Both ends of the PVC tubeere sealedvith sealant so that the seawater or other
chemicals could only penetrate through the concrete ctwéacilitate measurement

free end slipthe GFRPbar protruded 20 mrbeyondthe SSC cube.
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150mm SSC cube

GFRPbar PVC tube Sealant

J /

=

(a) Series |
150mrD SSC cube
T | GFRPbar PVGtube Sealant
/
2050, 100
1 1
170 500
a

(b) Series Il
Fig. 53 Schematic diagramand preparation of pullout specimgnsgit: mm)
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The two series of specimens were each gsistga single batch of SSC on@Gctober
2019and 21 November 2021, respectivety,Tsing Yi, Hong Kong The slumpvalues
of the two batches of SS@eremeasured tve 180 mmand 170mm, respectivelyAll
pullout specimens were cured at ambient temperaturevatered forat least seven
days. After28 days ofturing, the averageompressive strengitof SSCobtaired from
three 106mm concretecubesaccording toGB/T (2019) were 60.86 MPa and &}.20
MPa for the two batchesrespectively As per GB/T (2019) and JGJ/T (2016) the
corresponding 28lay standardcylindrical strengths of the SS@iameter =150 mm,;

height = 300 mmjvereapproximately 46.24Pa and 48.79 MPa, respectively

5.2.3Field Exposure Conditions

The project includeflour differentmarineenvironmentakone(i.e., aamospheri¢ gplash
tidal andunderwaterhttwo field exposure stations [i.ehe Hong KongZhuhatMacau
(HZM) Bridge Exposure Statiof(Station ) andthe ZhanjiangPort Exposure Station
(Station 1)]. Both stations areharacterized btypical subtropical marinenvironments
Temperaturand relative humidity changés the region®f the two stationsas well as

theenvironmental characteristics of the exposure zaresdetailedn Chapter 3

Fig. 5.4 displays the specimens placed idifferent exposure zones the two stations
Field exposurdests forSeries | specimensommencedt Station lon 14 January 2020
(approximatelythreemonthsafter casting), whilehose forSeries Il specimenstarted
at Station | on 5 January 2022approximatelyl.5 monthsafter casting). Tabl&.2
gives the test matrigf pullout specimensSeries Ispecimens were exposed in zones A
I, S-I and FI for five durations(8, 12, 24, 37 and 48 mon)hsvhile Series Ispecimens
were exposed in zoneslhand Ul for two durations(13 and 24 monthsin addition,

control (unexposedpecimens werstoredin laboratoryconditionsbefore testing.
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Table 52 Test matrix of pullout specimens

Exposure

Series of . Environmental ) Number of
. Station . duratiorf :
specimen condition (months) specimens
I I Laboratory (Control) 0 3
AtmospheriqA-I) 8/12/24/37/48 5/5/5/5/5
Splash (9) 8/12/24/37/48 5/5/5/5/5
Tidal (T-1) 8/12/24/37/48 5/5/5/0/3"
Il Il Laboratory (Control) 0 3
AtmospheriqA-11) 13/24 5/5
Underwater (Ul 13/24 5/5

*Due to administrative reasons at the exposure station, the sampling interva
slightly deviate from exact annual cycles.

"No specimen wascollected on the day of sampling due to the elevated water level
" Specimers werecomposed ofa GFRP bar that as not damaged by mechanic
actions of waves and tides, as will be discussed subsequently.

(a) Series | specimens at Station |

(b) Series Il specimens at Station Il
Fig. 54 Specimens in different exposure zones
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