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ABSTRACT

An experimental program was carried out at the katlooy of Structural Division of the Civil
Engineering Department of the University of Minhd=GT-UM) to investigate the bond behaviour of glass
fibre reinforced polymer (GFRP) bars embedded ieelsffibre reinforced self-compacting concrete
(SFRSCC) for the development of an innovative $tmad system. Thirty-six pull-out-bending tests eer
executed to assess the influence of the bond leogtitrete cover, bar diameter and surface tredtarethe
bond of GFRP bars embedded in SFRSCC. This papertsethe results of a numerical study aiming to
identify an accurate GFRP-SFRSCC bond-slip law.sT ke above mentioned pullout bending tests were
simulated by using a nonlinear finite element (EEBhstitutive model available in FEMIX, a FEM based
computer program. The bond-slip relationship adbgte modelling the FE interface that simulates the
interaction between bar and concrete is the keylimear aspect considered in the FE analyses, lmt th
nonlinear behaviour of SFRSCC due to crack ingiathind propagation was also simulated. The evaluati
of the values of the relevant parameters defininghsa bond-slip relationship was executed by fittine
force versus loaded end slip responses recorddwiexperimental tests. Finally, correlations aeppsed
between the parameters identifying the bond-sligtinship and the relevant geometric and mechanica

properties of the tested specimens.

KEYWORDS: A. Glass fibres; B. Fibre/matrix bond; C. FinildHement Analysis (FEA); D.

Mechanical testing



1 INTRODUCTION

Although reinforced concrete (RC) structures amheracommon in developed countries, several
critical issues emerged recently about their dlitplzind maintenance costs that can be assessmeythiife
cycle analyses [1]. As a matter of fact, materiagradation is not only detrimental under the adisthe
standpoint, but can even jeopardise the safety [@vstructures [2]. Moreover, due to both histafiand
economic reasons (i.e. urgency of post-war recocisbn, exasperated structural lightness, low amuon
design detailing, etc.) concrete structures wetegeaerally designed with the due attention to bilitg-
related issues. Degradation phenomena in conctetetiges are often related to corrosion of steel
reinforcement [3], which can occur after carbonafié] of concrete cortical layers in members expoge
water, humidity or other severe environmental ctons [5].

Durability issues related to the possible oxidatidrsteel reinforcement in concrete structures have
recently brought the attention of civil engineessvards alternative materials for reinforcing systeli®i.
Fibre Reinforced Polymers (FRP), which were injiateveloped and employed in the aerospace,
aeronautics, naval and automotive industries, gdligegxhibit high mechanical and durability perf@nce.
Thus, the research activities in this field arepsrpng the publication of design guidelines on tise of
FRP as internal reinforcement of cement-based ceitgpanembers [7][8][9] and, then, FRP bars are
becoming more common in the construction sectay. [10

In fact, reinforcing bars made of Glass Fibre Reicéd Polymers (GFRP) are currently employed as a
feasible alternative to conventional steel barsR@rstructures [11]. However, the relatively lowdntus of
elasticity of GFRP bars, their linear stress-sttahaviour up to failure, their brittle behavioareep rupture
and the lack of a complete understanding of themdbto cement-based matrices are key aspects to be
correctly addressed for a sound and reliable desfigoncrete structures reinforced with GFRP b@pecial
care should be given to the relatively low elastionodulus and bond properties due to its relerghtence
on the deflection and cracking at the Servicegbiliimit States (SLS) of GFRP reinforced concrete

structural elements [12] [13].



Bond between steel bars and concrete has beenyvgtlalied in the last decades and several codes
and guidelines have been issued for providing fiil@oers with sound design rules [15].

The interest for describing the bond behaviour RPFbars (either made of carbon, aramid, basalt or
glass fibres) is more recent, as the use of FRIRrmak emerged in the last decade as a feasiblefea
effective solution for reinforcing concrete struetsi [16][17]. However, the notable interest of sleeentific
community on the use of FRP systems for the sthemitg and reinforcement of concrete structuremdur
the last 20 years has generated plenty of datadrfield, in consequence of the experimental, moakand
analytical research. For instance, Daniali [18]reixeed the behaviour of glass fibre deformed baegpfdrs
et al. [19] performed pull-out tests on concret@foeced with carbon fibre and aramid fibre stranalsd
Malvar [20][21] analysed the influence of surfacsatment on bond behaviour. Moreover, several malgo
for theoretical models addressing the issue of fond=RP bars in concrete are currently availahl¢hie
scientific literature (e.g., Eligehausen et al.][22o0senza et al. [23], Rossetti et al. [24], Tepfand De
Lorenzis [25], Malvar [26], Sena and Barros [27iai0 et al. [28]).

As a matter of fact, the bond interaction of FRBslismore complex than generally accepted fol stee
bars in concrete. Such a higher complexity derfves the wider range of variation of the geometid
mechanical properties of FRP bars with respectdel ®nes. For instance, various surface treatments
smooth, sanded coated, braided deformed, spirakmef], etc.) are currently available for FRP bard a
play a significant role on the bond performance andhe derived consequences. Thus, many diffdment
parameters influence the bond between FRP and eencin principle, they could include surface
conditions, modulus of elasticity, shear and astiffness, bar diameter, bond length, etc. [29]ndBo
between FRP bars and concrete is also controlleathmr factors, including chemical bond, frictionedto
surface roughness of the FRP bars, mechanicalldokebetween FRP bars and concrete, confinement
applied to the FRP bars due to concrete shrinkagexternal loads, and swelling of FRP bars due to
temperature variation and moisture absorption [J®le chemical bond would be the primary resisting
mechanism in the pull-out process of bars from oete¢ thereafter, mechanical interlock and frictamuld

be the second and third reinforcing mechanismpeiely.
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The present study is part of a research projecingino develop high performance fibre reinforced
concrete (HPFRC) flexurally reinforced by hybrickegmtressed GFRP/Steel bars. The objective of ukiag
hybrid system is to propose a reinforcing solut@sed on employing both steel and GFRP reinforgreg
stressed bars, the former being protected by aretencover (60 mm or even more) that is thicken ttiee
cover of the GFRP bars, which are mounted as esgmssible to the outer surface of the concretalrae
under consideration. Additionally, within the frawmk of the ongoing research project, a steel fibre
reinforced self-compacting concrete (SFRSCC) witlatively high amount of steel fibres (more than 60
kg/m®) is considered with the aim of eliminating theestgtirrups generally needed as a shear reinfongeme
of concrete beams. SFRSCC and a flexural reinfoeo¢msystem composed of hybrid steel/GFRP pre-
stressed bars constitute the main innovative &spEca new generation of high durable corrosi@efr
precast beams. To assess the possibility of ukisg¢inforcement solution, the study was firstgsed on
an extensive experimental program aiming to inges# the bond behaviour between GFRP bars and
SFRSCC, by means of pull-out bending tests cameidadopting an experimental setup similar to one
recommended by RILEM for steel bars [31].

Within this general framework, the present studgppses the calibration of bond-slip relationships
[14] that characterise the behaviour of GFRP bangeslded in SFRSCC. Particularly, this paper refbdgs
key achievements of a numerical investigation edriout to identify the bond-slip relationships itésg
from a back-analysis of the results of thirty-sullut bending tests performed on SFRSCC specimens
reinforced with GFRP bars [31]. The effect of seVgoroperties (namely, bond length, bar diameter,
concrete cover, and surface treatment of bars)imastigated, as they are supposed to play a netieoie
in influencing the interaction between concrete emdforcement. Section 2 of the present papermaslthe
key mechanical properties of materials employeithéntested specimens and summarises the resuiteosaf
thirty-six pull-out bending tests presented in [3Lhen, Section 3 describes the numerical simuliatiof
such tests carried out by using the FEMIX softw@&. Particularly, the geometry, boundary corudis

and constitutive laws of materials adopted in teFmModel are presented. Furthermore, Section 4rt®po
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and analyses the obtained results and, finally,ti@ecd proposes possible correlations between the
parameters identifying the bond-slip relationsmg &e relevant geometric and mechanical propeosfitise

tested specimens.



2 OUTLINE OF THE EXPERIMENTAL RESULTS

Thirty-six pull-out-bending tests (based on the R\ standard [33]) were carried out at the
Laboratory of Structural Division of the Civil Emggering Department of the University of Minho (LEST
UM) with the aim of investigating the influence tife following characteristics on the bond behaviour

between GFRP bars and SFRSCC:

bar surface treatment: sand-coated; ribbed;

bar diameter®):8 mm; 12 mm;

concrete cover thickness: 15 mm; 30 mm;

bond length, defined in terms of a multiple of teminal bar diameter: @§ 20.

Table 1 and Table 2 show the main properties thatacterise the mechanical behaviour of both
SFRSCC and GFRP bars. The full characterisatigdhepost-cracking flexural behaviour of SFRSCC and
the tensile behaviour of GFRP bars are detaileanimther paper [31]. Moreover, Table 3 summarises th
pull-out-bending test program carried out.

For this experimental program, prismatic concr@ecanens (82¢200<150 mni) were used with a
reinforcing GFRP bar embedded inside, near to titoin (tensile) surface of concrete blocks, withrero
thickness values indicated in Table 3. Figure 2nshthe schematic view of the pull-out-bending tetp,
consisting of two concrete blocks (A and B). A lendpond length (335 mm) was always assumed for the
bar embedded within the block B, as debonding ffails aimed to occur in block A, where a much s#ort
bond length (ranging between five and twenty tithesbar diameter) was taken.

Each test was monitored by means of several measatanstruments (Figure 2). A strain gauge was
glued on the GFRP bar surface at the symmetryabtise specimen to measure the axial strain deeelap
bar and determine the pull-out force at the loagled by multiplying such a strain by the GFRP etitsti
modulus and bar cross sectional area. Four différansducers were applied, the LVDT 1 and LVDToR f
measuring the loaded and the free end slip, respgctwhereas LVDT 3 and LVDT 4 were installed nea

the symmetry axis to estimate the variation of ititernal arm (distance between the contact poirthef



steel hinge and the GFRP bar for an indirect ass#sof the force applied to the GFRP bar). Furtiee,
three load cells, C1, C2 and C3 were installedraeoto be possible the determination of all thplieg
loads and reactions.

The relationships between the pull-out force F iggdplo the GFRP bar and the corresponding values
of loaded end slip (sby using the records in LVDT1 and subtracting @ERP elastic deformation between
the section of the GFRP bar where the LVTD1 is niediand the loaded end section, which is 50 mntapar
Figure 2) and free end slip,,(By using the records in LVDT2) are the direcultssobtained from these pull-
out-bending tests. The numerical simulations peréat in the following sections aim to determine ltzal-

bond slip relationship by fitting the F-s responsbtained experimentally.



3 DEFINITION OF THE FE MODEL

The experimental tests introduced in Section 2 vgarallated by using Finite Element (FE) models
available in FEMIX, a FEM-based computer progray.3

The following subsections report relevant inforraatabout the key aspects of the adopted models in
terms of geometry, boundary and loading conditi@m] constitutive laws for the materials and GFRP-

SFRSCC interface.

3.1 Geometry and boundary conditions

Figure 3 shows the FE mesh adopted in the simakationly one block (actually the one with the
shorter and variable bond length) is consideredh&x FE model, as a result of the assumed structural
symmetry for the test setup.

Eight-node Plane Stress finite elements were erepldgr representing the concrete block, with a
Gauss-Legendre integration scheme xi2,2vhile 2-nodes Truss 2D elements were adoptesihialate the
GFRP bars. Moreover, 4-nodes 2D Interface FE wet®duced to connect the corresponding nodes of
concrete and bar throughout the actual bond letigthis one of the variables under consideratiothis
study on GFRP-SFRSCC interaction. A Gauss-Lobatitegration scheme was assumed for the
aforementioned interface elements by considerimge®yration points.

The FE mesh shown in Figure 3 was the result ehaitvity analysis about the influence of the mesh
refinement on the results, and it was verified th&trther refinement did not contribute signifitdgrior the
accuracy of the numerical simulations. The sensgjtianalysis was performed by refining the mesheaund
linear elastic behaviour only to reach the stadilizesults with a prescribed accuracy. The sugattioad

conditions are also represented in Figure 3.



3.2 Constitutive laws of materials

3.2.1 Steel fibre-reinforced self-compacting concrete

The mechanical behaviour of SFRSCC employed to tlestspecimens under consideration was
modelled within the framework of continuum and nioaar fracture mechanics, by considering a stress-
strain constitutive matrix that considers the iafluae of fibre reinforcement just after crack irita,
through a multidirectional smeared crack model deed in detail elsewhere [34]. Fine and coarserriv
sand and crushed granite aggregates with maximamena$i1l2 mm were used, and 60 kg of hooked ends
steel fibres per fof concrete, with a length.{ of 33 mm, a diameted{ of 0.55 mm, and an aspect ratio
(L+/dr) of 60 were adopted to produce a SFRSCC that ata®8 had an average compressive strength of
63.7 MPa, measured through testing cylinder spatinwth 300 mm of height and 150 mm of diameter.
The same tests led to obtain an average Young'silmeof 30.4 GPa.

In the constitutive model adopted to simulate th@aviour of SFRSCC assumes linear and elastic
behaviour if it is uncracked, or with cracks contplg closed. This approach is deemed crediblepathfs
relatively small percentage of fibres the stresghstrelationship is not affected by the fibres|eatst in the
branch between strain at crack initiation and ttrairs at peak compressive strength. Furthermore, th
maximum compressive stress obtained in the analgsiglatively small compared to the compressive
strength of this material. Therefore, the modelpheld to simulate the behaviour of SFRSCC is foedlian
the nonlinearities resulting from the crack initatand propagation.

Several three-point notched beam bending tests wamged out according to the CEB-FIP Model
Code 2010 [35] for characterizing the post-crackiedpaviour of SFRSCC. The applied force {E)sus
both the crack mouth opening displacement (CMOD) mid-span deflectiondf were obtained for the five

tested beams. To determine fe- ¢ that characterizes the fracture mode | propagaticthe SFRSCC

under the framework of a multidirectional smearedck approach (Figure 4), an inverse analysis was
executed by fitting with the minimum error the sage force-deflection curve recorded in the expentade

tests. The finite element mesh is representedguargi5, which shows that the material nonlineatyaita
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was restricted to the finite elements that diszeethe volume of SFRSCC ahead of the notch, whuose t
width is equal to the width of the notch (5 mm).eTdrack band width,, (Figure 4), i.e., the characteristic
length that bridges crack width and crack normadistconcepts, was assumed equal to the notch \{dth
mm), as it was assumed that the failure crack hagr@ssed at the notched plane, orthogonal toxisech
the beam. In order to force the cracked plane agnesss along the symmetry axis of the specimerawes$s

Legendre integration scheme of2lpoints was adopted. The obtaing@- ¢ diagram is represented in

Figure 6, where the values that define this diagrasnwell as the mode | fracture enerGy, derived from

the area under the &7 (wheree; =w/l, ) diagram are indicated in Table 4.

3.2.2 GFRP bars

GFRP bars are basically stressed in tension amdrtteehanical response can be supposed elastic up
to failure. Thus, a linear elastic stress-stralatienship can be assumed for the truss elemetrtsdinced in
the FE model for simulating the behaviour of GFRIPsbTable? includes the modulus of elasticity and the

ultimate strain adopted in the FE simulations.

3.2.3 Interface finite elements to simulate the bond-slip

Interface finite elements are used to simulatebthred behaviour between GFRP bars and surrounding
SFRSCC. In particular, 4-nodes-2D-interface firelements were selected for this purpose. The glidin
behaviour of such interface elements is definetheybond-slip relationship represented in Figure/fich

is characterised by the following three branches:

r=;—°E$:>Osssso (1a)
0
s a
r:rmtﬁs—] = S, <S<S, (1b)
m
s\
t=rm[ﬁ—j =s>s, (1c)
Sm
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where ¢, of Eq. (1a) is obtained from Eq. (1b) by replacsdy s,. Therefore, the main parameters

required to define the sliding component of thestitutive law of the interface finite elements asg(slip at
the end of the linear branch), (maximum bond stress), $slip corresponding tom), a andf3 (factor that
defines the shape of the pre-peak and post-peaklioreespectively).

Theoreticallya can range from 0 to infinity, but for values gredtean 1 the branch described by Eq.
(1b) has a-s convex configuration, which is not representativéhe behaviour observed in experimental
tests. Thus, it was assumed thatan assume values in the interval between 0 akarla=1 a pre-peak

linear branch is assumed, while for0 a constant bond stresstafis considered in the interva] <s<s_

. By increasing the value @, from O to infinity, a more pronounced decay oh@iastress transference is
simulated for the post-peak phase. Be© it is assumed that a constant bond stress dquidde bond

strengthtm, is assumed for sis

3.3 Nonlinear analyses

The above mentioned FE model was employed to stmth& behaviour observed in pull-out bending
tests, namely the pull-out force versus loaded and free end slips. All geometric and mechanical
parameters needed to define concrete and bar elepneperties were determined from experimental
programs carried out on materials employed in putlbending tests fully reported in [31]. On theirary,
the five parameters of the bond-slip law definedsibsection 3.2.3 were completely unknown, as they
depend on the bond interaction between two inne#atiaterials (namely, GFPR and SFRSCC) for which
no well-established bond-slip relationships werailable.

This study has the purpose of calibrating the fater bond-slip law for GFRP bars embedded into
SFRSCC. Thus, an inverse analysis procedure wasiEewith the above described FE model, in order t
find numerically the values of the parameters degjrthe bond-slip relationship (1) that conducthe best-

fit of the experimental results in terms of pulltdorce and the corresponding slips (measured therei
12



loaded and free end). The proposed method for radilily the interface bond-slip relationship can be

regarded as an inverse identification procedur¢379] The above mentioned five parameters can be

collected in the vectoq :[so;sm;rm;a;ﬂ] and the proposed calibration can formally be deedrby the

following optimisation problem:
nr _ 2
g = argmin Z[Fé'x)pl_z - G ,q)] 2)
a =1

where Fkyp12iS the average pull-out force value of each cowgflédentical specimens measured in the
experimental program for the interface slipasd Fkur(S;q) is the corresponding numerical prediction that
depends on the current values of the pull-out patars collected ig. Slip valuesgranging between 0 to 5
mm were actually considered and, then, n is thebeurof experimental measures recorded in this range
Moreover, the following error term was defined aguantitative parameter of the matching between the
experimental measures and the corresponding nuasthgsredictions based on the identified parameters
collected in the vectoq :

n 2

0,2 (s 8
. é[ exp.t 2 (si a )] 3)

(R0

Within this general framework, each nonlinear FBIgsis was performed in displacement control by
increasing step-by-step the relative displacemetwéden concrete (pointrAc in Figure 3) and loaded-end
of GRFP bar (point Arein Figure 3). At the end of each analysis two esrrelating pull-out force versus
loaded and free ends were determined by considdrenfpllowing quantities:

— The slip at the loaded end was actually assuméteasontrolled displacement component;
— The slip at the free end was determined as theerdifite between the two horizontal absolute
displacements obtained in pointsgBand Bsrre (Figure 3), belonging to concrete and reinforciay,

respectively;
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— The pull-out force in the GFRP in correspondenca tertain loaded and free end slip was considesed
the reaction at the support igure 3).
The numerical simulations were interrupted at 5 ofnslip at the loaded-end, since above this slip

value the experimental results showed that pullfonae decreased as slip kept growing.
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4 NUMERICAL RESULTS

4.1 Calibration of the FE models

An iterative search for the “optimal” bond-slip lamas carried out for each couple of identical &kste
specimens according to the procedure outlinedatise3.3. This section proposes the comparisotsdsn
experimental results [31] and numerical simulatiomsterms of force versus loaded and free end slip
relationships (F+sF-g) obtained by adopting the above mentioned “optirnahd-slip laws.

Figure 8 reports the k-and F-scomparisons obtained for specimens with 8-mm dedok bars, from
which it is evident that the numerical procedureapable of fitting with high accuracy the expeniad
responses. Each diagram shows the relevant expeahte-numerical comparison by considering the¢hr
different cases of bond length investigated in expental tests and outlined below:

- Five times the nominal bar diameter (denoted &' i& the following graphs);
- Tentimes the nominal bar diameter (denoted a®*“1@ the following graphs);
- Twenty times the nominal bar diameter (denoted?@®* in the following graphs).

The only exception to the general trend of goodliot®n has occurred in the test n® 12 (i.e P2
bonding length and 30 mm of concrete cover, Figde which can be justified by the premature tensil
failure of the GFRP bar registered experimentaly][ Table 5Sreports the numerical values of the relevant
parameters that identify the bond-slip laws subjatethe numerical simulations represented in f&@u

The final experimental-to-numerical comparisonsaot#d for specimens with bars of 12 mm nominal
diameter (either smooth or deformed) confirm thghhaccuracy of the FE simulations performed by
assuming the calibrated bond-laws. Thus, figuresvsig such comparisons are omitted herein for tie s
of brevity, but as indicated by the error valueJ ables 5 to 7, the predictive performance waslaimm all

the tested series.

4.2 Results of the numerical calibrations
The Eq. (1) that defines the bond-slip law is dafifby the following five parameters: two slips.(i.e

“sg” and “sy"), one interface shear stress (i.a@y") and two shape-function coefficients (i.ex,"and “B").
15



This section focuses on analysing the values obdaby calibrating the above mentioned parameters
for the various tested specimens. It aims at pogntiut the possible influence of geometric and raefal

properties (i.e., surface treatment, concrete ¢dardiameter and bonding length) on the bondtalip

4.2.1 Resultsinterms of s

The parameter osrepresents the slip corresponding to the end me#ali phase of local bond
relationship. The linear range is only a small mdrall the pull-out force-slip relationship. Asnaatter of
fact, Table 5, 6 and Table 7 point out that theueals are almost unaffected by the variable properties
considered in this study (i.e., bonding length,atete cover, surface treatment and bar diametecprstant

value $=0.03 mm can be assumed in all cases.

4.2.2 Results in terms oftm

The parameter, represents the maximum interface shear of the betationship. It is of key
importance in influencing the actual bond behaviouUGFRP bars. The FE calibrations demonstratetittha
is affected by all relevant geometric propertiessidered in the present study (see Tables 5 to 7):

- thetm has decreased with the increase of the bond leigth decrease was more pronounced fro@*“5
to “10d* than from “10p* to “20P*;

— the concrete cover thickness plays a positiveanléhe values ofy, as higher values of bond stress were
obtained for the thicker concrete cover; it is \Wmanbting that concrete splitting cracks were obserin
tests with 12-mm deformed bars with 15-mm concoeteer [31], and the numerical calibration of the
bond-slip law actually led to the lowest valueg®fn such cases;

— as expected, the surface treatment has an influem¢ke maximum bond stress, whose values were

significantly higher (about 10%) for deformed bars.

The stress field transferred from the bar to threosunding SFRSCC increases with the bond lengtiiceSihe material

nonlinear behaviour due to crack initiation andgamgation of the surrounding SFRSCC was simulatetidranalyses
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carried out, the level of damage introduced inte 8FRSCC increases with the bond length. In comsegy the
confinement provided of SFRSCC to the GFRP bawedbkas the sliding resisting mechanisms decreaethe bond

length, leading to a decrease in the bond stremgtha decrease of the slip at peak bond stress.

4.2.3 Results in terms of s

The s is the slip corresponding to the maximum interfaloear stresg{). This parameter influences
significantly the bond-slip relationship, as it ithefs the limit between the hardening and the siftephases
of the bond-slip law considered in the presentys{ldigure 7).

Table 5, 6 and Table 7 highlight that is affected by bond length, bar diameter, concceteer and
surface treatment. In particular, the valuenoisshigher for:

— bars with longer bond length;
— bars with larger concrete cover thickness;

— deformed bars than for smooth bars.

4.2.4 Results in terms ofa

The a exponent defines the trend of bond-slip relatigngh the ascending branch of the curve from
the end of linear phase up to the peak bond stielgsed on the results of the identification pdure
carried out through the presented FE model, thed Hmehaviour observed in experimental tests under
consideration is almost unaffected by this parammed@ad a constant valwe=0.15 can be assumed in all

case, regardless the bond length, concrete coaeneter and surface treatment of bars.

4.2.5 Results in terms off3

The B parameter defines the shape of bond-slip relatipns the softening range. Table 5, 6 and
Table 7 report the values Bfobtained from the numerical simulations, and hgitilthat this parameter is
mainly affected by the variation of the concretgageto-diameter ratio in the case of deformed biaréact,

in this casep ranges from 0.15 to 0.30 when the concrete cav€igmeter ratio ranges from 1.14 (i.e., bar

17



diameter of 13.1 mm and cover thickness of 15 mmB.49 (i.e., bar diameter of 8.6 mm and cover
thickness of 30 mm). For smooth bars a constantevaf 0.34 can be assumed for parampterspecially

for longer bond length (i.e., @and 2@).

4.3 Proposed correlations between bond-slip law and thgpecimens properties

Based on the behavioural observations remarkedhanptevious subsections, possible quantitative
correlations between the calibrated values forath@/e mentioned bond parameters (Lg.s», andf3) and
the key geometric and mechanical properties ofwdous specimens (i.e., bond length, bar diameter,

surface treatment and concrete cover) are propodas section.
Firstly, the trend oftm versus bond length-to-diameter ratia/¢l) reported in Figure 9 for the values
of C/d parameters considered in the present expatahprogram (C is the concrete cover and d id#re

diameter) suggests that can be obtained from the following Eq.:

oG

wheretocan be expressed as function of the concrete casipeestrength 1, = (f )y3). A mathematical

power function (i.ey = aX) was fitted to the experimental results, takingpiaccount the two groups of
concrete cover (15 and 30 mm). The results offitting analysis are reported in Table 8 and tHatesl
curves are plotted in Figure 9. The empirical valte yi, y. andys may be 0.264 (the mean value), 0.340
and 0.778, respectively, for the types of GFRPSRRSCC utilized in this study.

The numerical results for,show a rather irregular variation, and no simgeedations can be found
for this parameter. Although this, some reasonablees can be proposed for definingthat is mainly
affected by the bond length-to-diameter ratio:

— smranging from 0.25-0.35 mm in the case @&fBond length;

— syranging from 0.40-1.00 mm in the case o®lifond length;

— sy ranging from 0.50-1.10 mm in the case ofp2fiond length.
18



5 CONCLUSIONS

The numerical results and the inherent discussiasgmted in the present paper are intended to
contribute for defining a bond stress-slip relasioip {-s) capable of simulating the bond behaviour ofgla
fibre reinforced polymer (GFRP) bars embedded isteel fibre reinforced self-compacting concrete
(SFRSCC). The values of the parameters that ddfieer-s equation were obtained from an inverse
identification procedure based on minimising thiéedence between the experimental results anditiad f
numerical simulation. Possible correlations betwtenvalues of such parameters and the key geametri
properties of the tested specimens were, thengmesed. In this regard, the following remarks can b
underlined:

under the qualitative standpoint, stable relatigystwere figured out between two of such relevant
parameters (namely, the maximum bond stresshe corresponding slipnsand the3 exponent which
control the softening branch) and the key geomedraperties of tested specimens, whereas the two
remaining ones (i.ep&nda) were almost invariant for the various specimens;

- under the quantitative stand point, the cover-tovgiter C/d ratio was recognised as the one thag¢ mor
affects the shape of the bond-slip law. In fact @d ratio controls the possible occurrence ofttampdj
throughout the concrete cover, which has a detriahaifect on the bond of GFRP bars embedded into
concrete;

- as expected, the surface treatment of the GFRPHaarsa key role in affecting the bond behaviour of
bars, even though the influence could even be hitfen observed, if no splitting phenomena has
occurred in the case of low C/d values and deforbaed;

- possible analytical correlations (or constant vpiuere derived for expressing the relevant pararsete
the bond-slip curve as a function of the key geoimgiroperties; such correlations could be useful t
simulate the behaviour of GFRP bars embedded irS8KR depending on the actual values of geometric

properties of the specimen under consideration fag diameter, concrete cover, surface treatnaeuot).
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Moreover, the inverse identification procedure ewyipt to determine the bond-slip laws for a series
of specimens tested in pull-out bending confirmeslliigh predictive performance of FEMIX V4.0. Ireie
nonlinear material FEM-based simulations the boekaiour was simulated through zero-thicknessefinit
interface elements.

Finally, the results presented in this paper tades the bond behaviour of GFRP bars embedded into

SFRSCC can be employed for global analysis of stratmembers made of such materials.
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Figure 1: GFRP bars employed in the experimentagnam [31]
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Table 1: Basic mechanical properties of SFRSCC

Compressive strength Young modulus Flexural tensile strength
fc Ec ffcl
MPa GPa MPa
63.7 30.4 2.9

() — Obtained according to [17]
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Table 2: Geometric and mechanical properties of BEBR's

Nominal Measured Elastic Tensile
Diameter Diameter Producér Type of surface modulug strengti* a”
mm mm MPa MPa
8 8.6 A Deformed with rib and groves 64000 ~1000 7.4 %
12 13.1 A Deformed with rib and groves 55000 ~1000 7.4 %
12 12.4 B Sand-coated 49000 ~1000 4.4 %

* Fictitious denomination of the companies thatignl the GFRP bar§;Values provided by the supplier;
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Table 3: Experimental tests

Surface treatment Bar diameter @) Concrete cover Bond length Specimen
mm mm n°
50 01-02
15 109 05-06
Deformed 8.6 209 09-10
50 03-04
30 100 07-08
209 11-12
50 13-14
15 100 17-18
Deformed 13.1 209 21-22
50 15-16
30 100 19-20
200 23-24
50 25-26
15 109 29-30
Smooth 12.4 200 33-34
50 27-28
30 100 31-32
209 35-36
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Table 4: Values of the mechanical parameters addptesimulating the behaviour of SFRSCC in tension

Parameter Value
Compressive strength 63.7 MPa
Tensile strength 2.9 MPa

&1 0.09
o1 1.293
&2 0.393
o2 0.579
Gt 4.187 N/mm
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Table 5;: Numerical results for 8 mm deformed bars

Specimen configuration

Adopted bond slip law

Specimen Surface treatment Bar diameter  Concrete Coveéond length S Sm Tm B error
° mm mm mm MPa %
01-02 5® 0.03 0.25 19.5 0.15 0.23 0.4
05-06 15 100 0.03 0.40 15.0 0.15 0.23 1.8
09-10 Deformed 86 200 0.03 0.50 13.5 0.15 0.23 0.6
03-04 ' 5¢ 0.03 0.28 19.5 0.15 0.15 0.4
07-08 30 100 0.03 0.45 16.5 0.15 0.15 0.1
11-12 200 0.03 0.80 16.0 0.15 0.15 0.5
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Table 6: Numerical results for 12 mm deformed bars

Specimen configuration

Adopted bond slip law

Specimen Surface treatment Bar diameter  Concrete Coveéond length S Sm Tm B error
° mm mm mm MPa %
13-14 5¢ 0.03 0.26 19.0 0.15 0.30 0.2
17-18 15 100 0.03 0.50 15.0 0.15 0.30 0.5
21-22 Deformed 131 200 0.03 0.80 13.5 0.15 0.30 0.5
15-16 ’ 5¢ 0.03 0.28 23.0 0.15 0.18 0.3
19-20 30 100 0.03 1.00 19.0 0.15 0.20 1.6
23-24 200 0.03 1.10 16.0 0.15 0.20 0.5
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Table 7;: Numerical results for 12 mm smooth bars

Specimen configuration

Adopted bond slip law

Specimen Surface treatment Bar diameter  Concrete Coveéond length S Sm Tm B error
° mm mm mm MPa %
25-26 5® 0.03 0.35 18.5 0.15 0.28 0.9
29-30 15 100 0.03 0.40 14.5 0.15 0.34 0.3
33-34 Smooth 124 200 0.03 0.40 13.5 0.15 0.34 2.7
27-28 ’ 5¢ 0.03 0.35 22.0 0.15 0.22 1.1
31-32 30 100 0.03 0.90 17.0 0.15 0.34 0.9
35-36 200 0.03 0.90 15.0 0.15 0.34 0.8
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Table 8: The results of fitted curves in termsha maximum bond shear stress versud. tteatio

Analysis number  C/d a b R vi Y2 Y3
1 2.5 34.38 -0.278 0.939 -0.278 0.340 0.778
2 1.25 27.14 -0.250 0.924 -0.250 0.340 0.778
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