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Abstract: The present work resumes the experimental ancerioah research carried out for the developmerd of
numerical tool able of simulating the tensile bebaw of steel fibre reinforced self-compacting carte (SFRSCC).
10 SFRSCCis assumed as a two phase material, whersttinear material behaviour of SCC matrix is el by a
11 3D smeared crack model, and steel fibres are assasiembedded short cables distributed within D€ &atrix
12  according to a Monte Carlo method. The internatdsrin the steel fibres are obtained from the stredip laws
13 derived from the executed fibre pullout tests. Terformance of this numerical strategy was appdaisg
14  simulating the tensile tests carried out. The nicaésimulations showed a good agreement with gpeemental

15  results.
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1. INTRODUCTION

In steel fibre reinforced concrete, SFRC, stegkfiband matrix are bonded together through a weakface, which
behaviour is important to understand and accuratelglel the mechanical behaviour of SFRC, sinceptbperties
of this composite are greatly influenced by theiifstce zone between fibre/matrix and, consequelnyiyhe micro-
mechanical fibre reinforcement mechanisms thatraykilised. When these composites are reinforceld Miw fibre

volume ratios, the fibre contribution benefits arimainly, not to say almost exclusively, after ¢hack initiation.

The post-cracking behaviour of random discontinufilu® reinforced composites can be predicted leyube of a
stress - crack opening displacement relationghipy. Several authors developed micro-mechanical mddedbtain
the o—-w relationship, since for quasi-brittle materials tstress-crack opening relationship that simuldtesstress
transfer between the faces of the crack has afisigni impact on the behaviour of a structure aftercracking
initiation. In case of FRC, the-w relationship can be approximated by averagingtmributions of the individual
fibres bridging the matrix crack plane, defining finis purpose probability-density functions of tbentroidal
distance of fibres from the matrix crack plane, ahthe orientation angle (Visalvanich and Naam@a3l Li et al

1991, Maalejt al. 1995). These models, which are based on an amgrggocess of all the forces that are carried
out by the fibres over a crack plane, can provitegeneral material composite behaviour with realsienaccuracy
by modelling the main mechanisms of a single fipudout. However, in general, they do not accowrt Jome

aspects, such as, fibre bending rupture and mstaking at the exit points of inclined fibres.

Another difficulty on the prediction of the postacking behaviour of a FRC in a real structure & the material
behaviour in a test specimen may differ from théadwour of a real structural element. It is wellsdébed in
literature that various casting procedures andcstral shapes may result in predominant fibre osigon into
parallel planes (Stroeven 1986, RILEM TC 162-TDR2)0 In the case of steel fibre reinforced self-pawting
concrete, SFRSCC, the predominant fibre orientatem be along the flow itself (in the fresh staayl along the
boundary surfaces due to the wall-effect (Stéhl 2008, Vandewallet al 2008). A predefined orientation of the

steel fibres parallel to the tensile direction intest specimen may result in overestimating thet-p@sking
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mechanical properties of the steel fibre reinforcedcrete, when compared with specimens with egoedunt of

fibres, however with a random fibre orientation.

Having in mind the aforementioned aspects and fadtmt influence and contribute to the post-cragkiehaviour
of a FRC, approaching the FRC as a continuum nahtedy lead to a rough estimation of the mechatieahviour
of a certain FRC structural element. Even thoughtenal behaviour laws for FRC can be obtained wjtbat
accuracy by inverse analysis procedures of testisees, these laws may not translate the accuratterial
behaviour within a specific structural element (Bar2010). It is feasible to assume FRC as a twaehaaterial,
namely, an unreinforced concrete matrix phase afilor@ phase, with the latter one comprising infation about
fibre density and orientation depending on wherd aow the material is applied. Hence, this approeah
somehow enhance the numerical simulation of FR@cstres, thus excluding the use of biased matbdhhaviour

laws, i.e. from a macro-mechanical behaviour pofntiew, obtained from the inverse analysis of ekpental tests.

Therefore, based on the prior reasoning, in thegmework is presented a numerical approach whERCSis

treated as a heterogeneous medium comprised byv@megeneous phase (aggregates and paste), an@raonéh
composed by the steel fibres. The fracture prooédise cementicious matrix (unreinforced) is moeelivith a 3D
multi-directional fixed smeared crack model. Thiseinforced concrete phase is discretized by dolite elements.
On the other hand, the stress transfer betweek ptaoes due to the fibres bridging active crasksodelled with
3D truss elements. A non-linear behaviour law sgred to these last elements in order to accdwenfitbre/matrix
interface properties. These laws are based upomibm-mechanical behaviour of the fibres. The mandfibre

distribution, over the matrix, is simulated with algorithm based on the Monte Carlo method, progidi realistic
distribution of the fibres over a bulk element. Tdeveloped algorithm enables to take into accoaaotofs that
influence the fibre structure, such as: the soedaWall-effect and the high flowability of SFRSCCupha 2009).
The geometry, positioning and orientation of thierds are subsequently inserted in a three dimealsifomite

element mesh. The cable elements representinghifes fare considered as embedded elements. Withist atage
of the research, as a simplification, the embedderhent is modelled with a perfectly bonded forrtiata Hence,
the bond - slip behaviour is simulated in an inclifashion from the transformation of a load - skfationship to a

tensile stress - strain relation. Moreover, to @l#hor's knowledge this kind of approach is quiteah, and within
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numerical models for FRC with the same philosophly oneso-level models using lattice structureskar@wn, e.g.

Van Hauwaert and Van Mier (1998), Leéeal (2004) and Bolander (2004).

2. MATERIALS

The materials used in the composition of the SFRS@€&e: cement (C) CEM | 42.5R, limestone fillerFjl-
superplasticizer (SP) of third generation basegalycarboxilates (Gleniufh77SCC), water (W), three types of
aggregates (fine river sand, FS, coarse river $a8dand crushed granite 5-12 mm, CA) and DRAMRC-80/60-
BN hooked end steel fibres (length, of 60 mm, diameted;, of 0.75 mm, aspect ratib,/d;, of 80, and yield stress
of 1100 MPa). The method used to define the SFR&8@®position, the mixing procedure and other properdf

the SFRSCC in the fresh state can be found elsewBarroset al. 2007).

To study the SFRSCC tensile post-cracking behayiowr batches with distinct fibre contents)(@0 and 45 kg/th
were used. Table 1 includes the compositions thet lbest fitted self-compacting requirements feradopted two
fibre contents. Remark that in Table 1, WS is thetew necessary to saturate the aggregates, andid@
water/cement ratio. The WS parcel was not useaitapate the W/C ratio. The fibre pullout tests weeeformed on

the SCC medium with a fibre content of 30 ki/m

For determining the SFRSCC properties in the fiake, the Abrams cone was used in inverted pasftioncrete

flowed through the small orifice of the cone). Aalospread over 700 mm was measured and no sigagoégation

was detected as the mixture showed good homogeam&itgohesion.

3. EXPERIMENTAL RESEARCH

3.1 Fibrepullout tests

3.1.1 Series of tests, preparation of specimens and SCC properties
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The pullout tests were divided into two main grauascording to the geometry type of used fibresikied ends and
smooth. The influence of the fibre’s embedded lengb, (10, 20 and 30 mm) and fibre’s orientation30 and 69
on the pullout response was assessed in both gr&ags series of the smooth fibres comprises thpeeimens,
whereas six specimens compose each series of thedhdibres. Smooth fibres were obtained by cuttirghooked
ends of the RC-80/60-BN fibres with pliers. Codenea were given to the test series, which consistigmanumeric
characters separated by underscores. The firsactesaiindicates the fibre type (S - smooth; H -keab), the second
string indicates the embedded length in mm (fotainse, Lb10 represents a fibre embedded lengtt® ahrh) and
finally the last numeral indicates the angle betwte fibre and the fibre pullout load direction,degrees. Due to
technical problems, the series S_Lb10 0 and S L3 @ould not be correctly tested, therefore they @ot

presented.

The pullout tests on single steel fibres were penéa using cored SCC specimens. A special moulddeagned,
able to accommodate 81 fibres fixed at its bottamorge details can be found elsewhere, Cunha 20103. device
was used to cast the 81 pullout specimens simulteshg, allowing a correct placement of the fibrel &eeping the
desired Lb and inclination angle for the fibre. éftasting, the SCC slab was cured at a temperaf @&C and a
relative humidity of about 95%. After 30 days, tREC slab was demolded, and cylindrical cores coimgj each

one, a single fibre was drilled from the slab. @iemeter and height of each specimen was 80 mm.

The fibre pullout tests were performed at approxetyal80 days after concrete casting. The conaretepressive
strength was assessed by testing three cubic spesimith an edge length of 150 mm. The averageevafuhe
concrete compressive strength, at the age of bre fiullout tests, was 83.4 MPa with a coefficiehtvariation of
0.9%. This strength in cubes corresponds to arvelgrit average strength in cylinders of 69.5 MiPadbpting an

approximate ratio between the strength in cubescgiivaders of 1.2 (Kotsovos 1983, EN 1992-1-1 2004)

3.1.2 Test setup
The specimen is mounted in a steel supporting syssee Fig. 1. This frame incorporates a steekgystomposed

by a plate connected to a cylinder that is fixethetesting machine frame. The cylinder/machinamegtion allows
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free rotations of the entire steel frame. A stée lis coupled to the aforementioned steel systgnthbee steel

screws. The protruding end of the steel fibre s¢dfiaed to a standard grip that allows a securedfdtik fibre.

For the measurement of the fibre pullout slip, ¢hk&DT's (linear stroke +/- 5mm) were used. In ortteexclude
measuring deformations of the testing rig and filije at the grip, the LVDT's were fixed at the epgteel ring and
touching the bottom surface of an aluminium platsténed to the fibre. The plate was fixed to theefiwith two
fine screws and was used as a support for this L\¢brfiguration (Fig. 1). The deformation of thedtframe in
which the LVDT’s were fixed is marginal, due to @snsiderable stiffness. Since the three LVDT'sendisposed
around the test specimen forming an angle of 120%den consecutive LVDT's, the actual slip of titeef is the
average of the three LVDT's readouts. The closeg-idisplacement control was performed by the tgstiachine

internal displacement transducer, at a rate qfr(s.

3.1.3 Results

3.1.3.1 Failure modes

The totality of both hooked and smooth alignedefbwere completely pulled out. In the case of hddkwes, after
debonding of the fibre/matrix interface, the hookeab fully smoothened. This failure mode was destigeh as FM1.
A similar failure mode, FM2, was observed for samdined fibres, however, in opposite to aligneuotdis, spalling
of the matrix at the fibre bending point was obserWevertheless, the most common failure moderebdaluring
the pullout tests of inclined hooked fibres wagdilbupture, FM3. Another observed failure mode, FMés by
matrix spalling. In this case, the fibre was almfodiy pulled out from the concrete specimen. Hoewhen the
embedded end of the fibre approaches the exit pdithe concrete matrix, a portion of concrete nisar fibre
bending point was detached. This failure mode wdg observed for a few fibres with an inclinationgée of 60
and a Lb=10 mm. Premature fibre or matrix failunese observed, exclusively in pullout specimensiriclined
fibres. Moreover, fibre rupture was the predomirfaiiire mode for a 30inclination angle, whereas for an angle of
60° and lower embedded lengths matrix failure was aégpstered. For hooked inclined fibres, the fibupture
occurred for stresses lower than the fibre’s tenstitength. This can be explained by the factitidined fibres are
submitted to a mixed tensile - bending mode. Heasethe inclination angle increases, the bendinghemb will

increase resulting in a decrease of the fibre'sikenmupture stress. The failure modes observeatéoh series are
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indicated in Table 2. When more than one failuradenoccurred for a specific series, the number etispens

corresponding to each failure type is indicatedveen parentheses.

3.1.3.2 Pullout load - slip curves

The average pullout load - slip curves for thedesteries are depicted in Fig. 2. In general, ébh lanalyzed hooked
and smooth aligned fibres, the configuration of thélout load - slip curve was similar, regardldbg fibre
embedded length but, as expected, the peak loathardissipated energy increased with Lb (seeZ&}.In smooth
fibres, after the peak load was attained a suddep @as observed, which corresponds to an abrugpedse of
damage at the fibre/paste interface (unstable dbboifterwards, fibre/paste friction was the commliag
mechanism of the pullout behaviour. In this parthaf post-peak branch, the load decreased witmiease of slip,
since the available frictional area decreases, elsas the roughness of the failure surface. Onother hand, the
post-peak load decay in hooked fibres was not sapaihan in smooth fibres, since with the increafsghe slip the
fibore mechanical anchorage started to become pssiyely mobilized. At an approximately 4.5 mm slip
(corresponding approximately to the smoothened heongth), the pullout process occurs under friciaesistance

in similitude to smooth fibres.

In the case of hooked fibres with a 30° inclinatéorgle, as previously seen, two failure modes seduwhich were
reflected into two distinct types of pullout-sliprees. In Fig. 2b, the average curve is represeunpetb the slip
where the fibre rupture took place; therefore theve averaging was performed only up to a slipespondent to
the peak load. For some specimens, sudden load dvepe observed before attaining the peak loads Wais a
consequence of matrix wedges that have spalle@r Afich completion of wedge spalling off, a new enstable
wedge was formed, and the remaining fibre segnmabieeded in the matrix was then pulled out. On therohand,
for the post-peak behaviour of smooth fibres withiaclination angle of 30the load also decreases with the
increase of slip. Comparatively to the aligned sthdibres, the load decay is lesser abrupt, siheértfluence of the

frictional resistance is more significant for imaid fibres.

A completely distinct behaviour was observed fa $eries with an inclination angle of°gig. 2c). As previously

seen, the hooked series with the latter inclinatiogle failed by fibre rupture, with the exceptiminone specimen
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(Cunha 2010), whereas in the series of smoothdilrere fully pulled out. As the inclination angheieased, the
stresses concentration at the fibre exit point fthenmatrix increased, therefore the concrete mitnnore prone to
cracking and spalling. In terms of pre-peak behayithis was reflected in a significant loss offstiss. Comparing
Fig. 2b, and Fig. 2c, it can be perceived thatlierseries with a 8Gangle, cracking and spalling started for a lower
load level. Moreover, as a larger portion of coteneas pushed or pulled out, a larger fibre lerggth be more
easily bent. Therefore an additional displacementespondent to the free deformation of the fibpatruding part
will be added to the measured slip, which promdibesstiffness decrease up to the peak load. Regattlie post-
peak in smooth fibres, smoother load decay wasrebdéhan in case of smooth fibres aligned ate8yle, since for
a 60 inclination angle the frictional resistance duete force component perpendicular to the fibres aximuch

higher.

3.1.3.3 Effect of the fibre embedded length

In Table 2 are indicated both the average valugbepeak pullout load\,ax and the corresponding coefficient of
variation, CoV. Generally, thal,.x increased linearly with the Lb for both hooked amdooth fibres. The series
H_Lb_60 was the only exception, since it was obsgtta decrease on thi,,, when Lb increased from 20 mm to 30
mm. In the case of aligned fibres the influencé pfvas more significant on the smooth fibres, sinténarease of
more than 100% oN,., Occurred, increasinlg, from 20 to 30 mm, while smaller increments wergistered in the
hooked fibres. In fact, for hooked fibres the imaemt ofL, from 10 to 30 mm provided an increase on kg, of
about 20%. These results demonstrate that the ytutesponse of hooked fibres at given Lb is predamily
influenced by the mobilization and smoothening loé¢ thook, which is in accordance with published ifigd
(Naaman and Najm 1991, Robies al. 2002). For inclined smooth fibres, in resemblateehe aligned hooked
fibres, the increase dfin. with the increase of, was also relatively small, respectively, 17% arddo2for an
inclination angle of 30and 60 (for the comparison betwedn = 20 mm and_, = 30 mm). These results point out
that, in inclined fibres, the enhanced frictionedistance due to the force component normal tditthe axis (due to
the fibre inclination) plays a more important role the peak pullout load than the Lb. This is en@re relevant on
the inclined hooked fibres, since both mechaniefbanation of the hook and frictional resistanctuate together.

Therefore, for the latter series, the increas®lgf; with L, will be smaller than for smooth fibres. Moreov#his
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increment decreases with the inclination angle (20986 and 7%, respectively for the hooked serigb i@, 30

and 60 — these values correspond for the comparison leetlye= 10 mm and., = 30 mm).

The average values of the slip at peak pullout,lsad, and the corresponding coefficient of variatiomVC are
indicated in Table 2. For both smooth and hookeghetl fibres a slight increase gfax with L, was observed,
whereas for inclined fibres no clear tendency @& ififluence of thd, on thes,.. was found. The high values

obtained for the CoV hampers the perception okardrend betweel, ands,c.«for the inclined fibres’ series.

A detailed overview of the pullout toughness of thierent experimental tests can be found elsew(@ueha 2010).
Nevertheless, the main conclusion that can be disstirat, the overall toughness is markedly infeeshby the type
of failure mode, since fibre fracture significantigduces the toughness when compared to the cdwe Wibres

underwent a complete pullout.

3.1.3.4 Effect of the fibre inclination angle

In general, thd\,,.xincreases up to an inclination angle of 8ad then decreases for’éhgle. For both hooked and
smooth fibres the highest maximum pullout load whserved for an inclination angle of°38lowever, the increase
of the maximum pullout load with the inclinationgh® was more significant on the smooth fibre sefié® series of
smooth fibres with a 30inclination angle had &l,,, 30% and 125% higher than the aligned smooth filamies,
respectively, folL, = 30 mm and., = 20 mm. On the other hand, for the hooked filenées with a 3Dinclination
angle, theN.a is just 7% to 15% higher than aligned hooked fibeeies. In spite of the increase of the frictional
pullout component with the inclination angle, irasing the angle from 8o 60 led to a slight decrease on the
Nmax Remember that for the series of inclined hookibde$, fibre rupture was the commanding failure mod

Moreover, the average peak pullout load was smitehe series with a 6dnclination angle than for 30

The slip at peak loadyeax increased with the inclination angle for both kew and smooth fibres, especially in the
smooth fibres. Fromto 30 a slight increase og,.. Was observed, while a significant increase of kpeas
registered from 30to 60. In fact, for the series of smooth fibres with®6@@clination angle, thes,e.x was

approximately 5 to 9 times higher than for & &@gle, whereas for the hooked series it was 1233dimes higher.
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The significant higher values @fea for a 60 angle can be ascribed to other additional mechenihat usually
occur for inclined fibres than for aligned fibréss the fibre inclination angle increases, the sesconcentrated at
the fibre bending point also increase. This leads inore significant portion of concrete that cessbr pushes off at
the crack plane. As the volume of concrete thalsahigher, a larger fibre length is subjectedending, resulting
an additional measured slip due to the fibre deftion. So, for large inclination angles, such a8, @@e slip

includes a significant parcel which is due to fideformation.

3.2 Uniaxial tensiletests

3.2.1 Specimens

For each batch eight cylinders with a diameter5ff fnm and 300 mm height were casted. The compeestigngth
of each SFRSCC batch was assessed by executingessign tests with three cylindrical specimens 50 tnm
diameter and 300 mm height. At the date when this teere performed (approximately at 30 days)sthrees with
30 kg/n? of fibres had an average compressive strengthi df MPa with a coefficient of variation, CoV, 0f01%,
while in the series with 45 kg/of fibres an average compressive strength of BIP2 was obtained with a CoV of

1.4 %.

3.2.2 Test setup

The RILEM TC 162-TDF (2001) recommendations for #eecution of uniaxial tensile tests with steelrdib
reinforced concrete were adopted in this work. Adiow to this document, a notched cylinder of bafd mm

diameter and height should be used. The specimeres sawn out from standard cylinders of 150 mm diamand
300 mm height. Afterwards, a notch along the pet@meith a 15 mm depth and 5 mm thick was swanidttraight

of the final test specimen. When the sawing opanatiwere executed the specimens were in its haddeature

phase. These operations were conducted with caoedier to ensure that the notch become perpendituléhe

specimen’s axis.

10
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Afterwards, each specimen was ground and carefléigned with both compressed air and solvent. Pleeisien
was then directly glued, “in situ", to the loadiplgtens of the testing rig. The selected gluehgga strength epoxy
resin, which achieves a tensile strength of abO6uti®a and a bond strength between 4 to 8 MPa (diépgion the

surface material and treatment characteristics).

A servo-hydraulic system with a 2000 kN static l@adrying capacity with a high stiff frame was usederform
the uniaxial tensile tests, Fig. 3a. A test wadqguared in closed-loop displacement control using dlverage signal
of three displacement transducers mounted on tea sihgs disposed at equal distances along thimetar of the
specimen, Fig. 3b. The adopted gauge length wasrB5smaller than the upper limit length of 40 mmggested by

RILEM TC 162-TDF (2001). The following displacemenattes were adopted: gfm/min up to a displacement of

0.1 mm; 10Qum/min until the completion of the test, i.e. a 2 misplacement.

3.2.3 Results

3.2.3.1 Stress - displacement curves

In all the performed uniaxial tensile tests, thacking occurred along the notched plane; hencedés@ed crack
localization was assured. The average curve anerkielope of the experimental uniaxial tensile sstre average
displacement relationships;-d,,, for a fibre content of 30 and 45 kglare presented in Figs. 4 and 5, respectively.
Note thatd,, is the average measurement over the gauge lerfg8b onm. Hereinafter these series will be
designated by Cf30 and Cf45, respectively. A dethaiView of the initial part of the experimental pesse is
depicted on the right side of these figures. Fahbested series the-0,,4 response is linear almost up to peak. Only
just before the peak load some non-linearity iseolesd. Once the peak load is attained, the loadahesdatively
accentuated decrease up to a displacement of &blitmm (see right side of both Figs. 4 and 5).dBelythis
displacement value, a plateau or a pseudo-hardgasgic response has occurred. In general, thepeak pseudo-
hardening is observed in the Cf45 series, butrdBponse was also observed in some specimens Gf30eseries
(Cunha 2010). On the other hand, after the plabeathe Cf30 series, i.e. beyond a displacemeneafby 0.8 mm,
the residual stress starts to decrease with sustdlength losses corresponding to the fibre fracturdact, during

the execution of the tensile tests this was audillthe peculiar sound of fibre fracturing.

11
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According to Stroeven and Hu (2006) the averagenteition angle value of the active fibres crossigading crack

is 35’ (this value was analytically derived), and a samifalue (3% was experimentally observed by Soroushian and

Lee (1990). According to the fibre pullout testgrigal out, fibres at an inclination angle of°3@ith the load
direction lead predominantly to fibre rupture whée slip was in the range [0.6-1.0] mm (Fig. 2bnGa 2010).
These reasons can justify the occurrence of thefgignt residual stress decay after the displacera£0.8 mm, in
the result of fibres rupture in Cf30 series, whigye number of active fibres is relatively reducedthe strength of

the matrix.

Regarding the Cf45 series (Fig. 5), the post-pegkido-hardening observed can be ascribed to tvgomeaa higher
number of active fibres crossing the crack; both¢bmpressive strength and stiffness of the Cfdigsenatrix are
lower than the Cf30, thus the fibre/matrix bondg@dies are not so favourable to proportionateefitupture. After
peak load, the stress starts to decrease untihemmin stress is attained, roughly about 0.1 mmm#gomechanics
of hooked ends fibre pullout demonstrate (CunhaO20above this displacement the strengthening pexliby
fibre’s hook starts to be the predominant fibref@icement mechanism. Since there are more filotessecting the
crack and due to the lower tensile strength ofcitrecrete, the energy released during the crackiragnialler when
compared to the Cf30 series. Moreover, due todhet tensile strength and matrix stiffness, fitdeksnot fracture
so often as in the Cf30 series. Consequently, yomlisplacement around 0.1 mm a pseudo-hardertiagep

occurred up to a displacement value of about 1.0 mm

In general, the responses exhibit very low scatiéhe pre-peak phase. On the other hand, in teegmak branch
the scatter was considerably higher, particularlCf30 series, and for a displacement higher thamim. Up to
0.1 mm the commanding pullout reinforcement medrans the chemical bond (Cunha 2010), hence ttheeinée
of the fibre dispersion, i.e. fibre spatial distiiion is not so important. As the crack width irages, the fibre’s
hook-ends start to be mobilized; hence the scaftéihe post-peak behaviour increases due to thiatiar of the
fibre dispersion between different specimens. Meeeofor the Cf30 series fibre rupture was the prethant fibre
failure mode, as it was expected taking into actdha results obtained in fibre pullout tests prése in the

previous sections.
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3.2.3.2 Stress - crack opening curves

In Fig. 6 and 7 are depicted the envelope of tresstcrack width curves obtained in the testsHer@f30 and Cf45
series, respectively. A stress crack width cuoren) was derived from a stress displacement cuov®) according
to the recommendations of RILEM TC 162-TDF (200h).these figures are also included the averagethed

characteristio—w curves. The characteristiz-w curve for the lower bound (L.B.) and upper boubdB() with a

confidence level of k = 95% was obtained from therage curve computed from all tes@,(w), according to

RILEM TC 162-TDF (2001):
(1)

where G is the average energy dissipated up to a cracthwiti2 mm andG « Is the characteristic energy

F2mm F2mm,

dissipated for the same crack width. For computgg,,,, at-Student distribution was assumed.

3.2.3.3 Stress and toughness parameters

The average and characteristic values of relevaess and toughness parameters, as well as thectesp

coefficients of variation obtained from the perfedruniaxial tests are included in Table 3. In Trable o, is the

maximum stress, whiler, and g, are the stress at a crack width value of, respalgtio.3, 1 and 2 mm.

3mm’? Jlmm

On the other hands and G represent the dissipated energy up to a crackhvattrespectively, 1 and 2

Fimm F2mm

mm. The characteristic values were obtained for@5Ro confidence level assuming a t-Student distiobu The

number of total fibresl\;, and effective fibresN‘:ff , counted at the fracture surface are also includetiable 3.

Effective fibres were considered all the fibrest thad the hook deformed, as well as the fibrestibae ruptured. In
spite of some researchers do not consider the neghtiibres as “effective”, in the authors’ opinitirey should be
considered, since they are able of transferringe®mbetween the crack surfaces up to reasonaldke width. The
“fully effectiveness” of this type of fibres can logpiestionable, but it is feasible to admit thatytlaee “partially
effective”. For the sake of simplicity, let's assairthat the fibre slip when it is being pulled ositapproximately

equal to the crack width. Then, as it can be olekim Cunha (2009), in the pullout behaviour oflimed fibres,
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depending on the inclination angle and Lb, a file fails by rupture can sustain forces up tdm Bk. crack width

that varies from 0.7 mm to 4 mm.

From the analysis of Table 3 it is verified that,general, the stress and toughness parameteeagact with the
fibre content, as it would be expected. The onigegtion was the peak stress which was nearby 10wérlfor the
series with a content of fibres of 45 kd/rlote that this decrease is not due to the comtifibre, even though it
could be indirectly appointed to it, since the aggtes, cement and additions contents for eachssaré distinct in
order to attain self-compactability requirementarbver, the peak stress cannot be regarded dsrsite strength,
but as estimation, since due to the notch introdircespecimen, apart the fact that a stress coratént exists at the
notch tip, cracking does not start at the weakegeral point (Van Mier and Van Vliet, 2002).

Regarding the post-cracking stress parametergniisant increase with the increase of fibre cobtgas observed.
A small increase of the fibre content of 15 kgjfomovided high increments on the values of thedtesi stresses,
having varied from 2 to 7 times depending on theckmwidth value. Such increase on the residuatst®is not
simply justified by the higher number of fibres ssing the crack surface for the Cf45 series. Ittrhasnoticed that
there are other factors that have contributed licg fibre reinforcement effectiveness. One of thisgors is the
predominant fibre failure mode that, as alreadytinered, was fibre rupture in the Cf30 series, wihil€Cf45 series

was the fibre pullout.

In what concerns to the dissipated enei@y)(in the Cf45 series a significant increase (28 times) up to both
deflections of 1 and 2 mm was observed. In genehad, CoV values obtained for th@r parameters were
considerably smaller for the Cf45 series. At atfgisnce, these values may seem relatively higle. magnitude of
such values is, however, smaller than the onestexpby other authors with the same test procedndespecimen's

dimensions for conventional fibre reinforced coter@arragan 2002, Laofgrex al. 2008).

In Fig. 8 is depicted the relationship betweenttital number of fibres\; , and the number of effective fibrel, ",

at the fracture surface obtained for all the tesggecimens of both Cf30 and Cf45 series. Sincautii@xial tensile

test specimens (with 150 mm height) were obtaimenhfdistinct parts of a standard cylinder with 38t height,
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additionally, the specimens obtained from the botend upper part of the standard cylinder arerdjsished in

Fig. 8. This process enables an indirect assessofiemnt eventual influence of the material speacifigight (gravity)

on the fibre distribution. Fig. 8 shows a lineaatienship between thi; and N¢". Moreover, a tendency for an

eventual higher concentration of fibres in the dmottpart of the specimen was not found. Dupont (203 also
found a linear relationship between the total numdfefibres and the number of effective fibres fonall fibre

contents. However, for higher fibre contents théationship becomes nonlinear, i.e. M# increment becomes

smaller with the further increase bf. In fact, due to the group effecN¢" may decrease as the fibre spacing

decreases due to the higher probability of mutufflénce of adjacent fibres (Naaman and Shah 1976).

3.2.3.4 Influence of the number of effective fibogsthe post-cracking parameters

Throughout Figs. 9a to 9f are depicted the relatiqms betweenN®" and the aforementioned post-cracking

parameters obtained from the uniaxial tensile tests

Regarding the peak stress; no significant relation was observed with tNé" increase (Fig. 9a). In spite of

peak?

O, fOr the Cf45 series have been, in general, smtiken for Cf30 series, due to the reasons alreadytexd out,
there was no significant relation betweer,,, and the provenience of specimen, i.e. from loweupper part of a

standard cylinder. This suggests that there wasigmificant segregation of the matrix skeleton gdte in the

casted cylinders. On the other hand, for the residitesses at a crack width of 0.3 mgn, ., and 1 mm,g,

imm?

a
linear relationship between these residual stressésheN°®" is quite evident (Figs. 9b and 9c). This was etgubc

since the residual stress sustained by the crairkiisately related to number of mobilized fibréoncerning the
Cf45 series, the residual stresses for the “topispens” exhibited a lower scatter when comparethéovalues from
the “bottom specimens”. Due to technical problemsuored during the test program, the number ofispats from
the bottom part (5) was different of the specimebtined from the top part of the standard cylin@y therefore

no conclusive elations can be withdraw in this eabj
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The relation between the residual stress at a @peking of 2 mmg, ., and theN§" is represented in Fig. 9d.

When compared to the,, .- N and g,,.- N{" relationships the overall trend is distinct. Fie$tall, there are

3mm mm

two clear distinct trends for ther, - N¢" relationship. For the Cf30 series, the increasergf, with N" is

2mm

marginal and can be assumed null. On the other,ianthe Cf45 series a linear increaseagf,, with N§" is quite
visible, in spite of a higher scatter than thoggister for theg, ,. - N{" and g, - N{" relationships. Moreover, a

clear jump on theo, . value from the series Cf30 to Cf45 is visible, mtbough the small difference dfi®"

2mm

between the Cf30 series' specimen with the high&t and the Cf45 series with the lowes§™ . This considerable

jump on g, value from the Cf30 to Cf45 specimens is not &sttito the increase of effective fibres, hence this

jump comprises differences on the fibre micro-medtel behaviour between the two series with distifilere
content, as previously stated. Since for the s&i86, in general, the fibres ruptured before ard anack width, in
case of Cf45 series, in general, the fibres welly fuulled-out enabling a higher crack bridgingess transfer

effectiveness.

Finally, in both series and regardless the eximgdtication of the specimen, the dissipated enkagyshown a linear

increase withN¢" , for both considered crack width limits (Fig. 9ededf). Nevertheless, there are two aspects that

should be emphasized. For the energy dissipatet @2 mm crack widthG there is also a jump on the

F2mm’

G value from the Cf30 to Cf45 series for the san@soes pointed for ther, - N°" relationship. The other

F2mm 2mm

aspect is that the increment rate of bath,,,, and G with N¢" for the Cf45 series was slightly smaller than for

F2mm

Cf30 series due to the higher stiffness of the Qfadrix.
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4. NUMERICAL SIMULATION

4.1 Numerical mode

In steel fibre reinforced cementitious composi®ERC), steel fibres and matrix are bonded togetiteugh a weak
interface, which behaviour is important to underdtéhe mechanical behaviour of SFRC, since prageuif the
composite are greatly influenced by this interfacaee (Pereira 2006). Taking this into account drad the fibre
contribution for the post-cracking behaviour of @nposite is significantly higher than the unreicfmt matrix
contribution, it was settled to model the SFRC as@phase material. In the developed model, SFRi@zated as a
heterogeneous medium comprised by one homogenéase faggregates and paste), and another one cadnpps
the steel fibres. The fracture process of the céitimrs matrix (unreinforced) is modelled with a itiwdirectional
three-dimensional smeared crack model. The formanaif this crack model can be found elsewhere {Meret al.
2008). On the other hand, the stress transfer leetweeack planes due to the fibres bridging an ectirack is

modelled with embedded cable elements.

The random fibre distribution in the matrix is siated with an algorithm based on the Monte Carldhoe,
providing a realistic distribution of the fibres &ncertain specimen. In the present work only oeshmwas used in
the numerical simulations of the experimental tdstsCunha (2010) can be found detailed statisfidarmation of
several “virtual meshes” generated with the Monsel&€procedure for both cylinders and prismaticcépens. The
geometry, positioning and orientation of the fibeee subsequently inserted in a three dimensioni felement
mesh. This approach was adopted, mainly, due téottmving reasons: 1) a homogenization of the faicements
(fibres) crossing a certain solid element is difficdue to the random nature of the fibre distridmit 2) the discrete
modelling of the reinforcements as cable elementated along the solid element nodes leads to hehig
computational cost due to an unnecessary concregh mefinement. Moreover, this mesh refinementcttedd to

numerical errors caused by distorted elementsdonxising the fibre distribution.

The contribution of the steel fibres crossing adseblume is given by:
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nf
K® =K+ K/ )
i=1

whereK™, K® andK" are, respectively, the stiffness matrix of thenfmiced solid element (plain concrete + fibre
reinforcement contribution), the stiffness matrfxptain concrete and the stiffness matrix of tlembedded fibre;

n; is the total number of fibres crossing the “motheement.

A tri-linear stress-straind — &) diagram was used for modelling the fibres’ borglip behaviour. This relationship
was obtained by a manual fitting procedure of titbeef pullout tests average curves obtained forethdistinct
inclinations anglesg, (0°, 30° and 60°). In Fig. 10 is depicted thecpdure adopted to obtain tile- &, whereg, s
andl, are, respectively, the embedded cable strainsttwd fibre’s slip and the crack band-widklsb mm, same as
the height of the finite element where the cracfoised to appear)yis stress computed from the pullout forEe,
divided by the fibre’s cross sectional aréa, Afterwards the completion of thg — & diagram’s last branch, the
stress transfer stops abruptly. The crack bandhvigdthe concept implicit in the 3D smeared craddet in order to
assure independence of the results from the méisiemeent (Bazant and Oh 1983). The- & law assigned to each
embedded cable depends on the inclination arfjjlbetween the cable and the normal vector of thiweacrack

surface,fi (see Fig. 11).

4.2 Simulations

The model performance is appraised by simulatieguthiaxial tensile tests already presented inwhuigk. In Figs.
12a and 12b are depicted, respectively, the mesth esclusively for the concrete matrix phase amdniesh of the
3D embedded truss elements for the case of th&selpacting concrete reinforced with 30 K§/of steel fibres
(Cf30 series). In the present mesh are used Lagnar@tnoded solid elements for modelling the pleimcrete
contribution. Since the specimen had a notch ahitsheight, all the non-linear behaviour was |logad at the notch
region, thus a 2x2x1 Gauss-Legendre integratiorraehis used (1 integration point in the loadingdion). The

remaining solid elements are modelled with linekastic behaviour, and a 2x2x2 Gauss-Legendre iatiegr
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scheme is adopted. The Cornelisseml. (1986) softening law was used for modelling thetpmwacking behaviour
of SCC. The material properties of the plain coteraatrix used in the simulations are included @bl€ 4. These

values were obtained taking into account the sthealgss registered for the Cf30 and Cf45 series.

On the other hand, the steel fibres are modelled 8D embedded elements with two integration po{@auss-
Legendre). For all the embedded elements is asswmohlinear behaviour. From the fibre pullout segtere
ascertained three distinet — & laws corresponding, respectively, to the studibdefipullout inclination anglesy
(0°, 30° and 60°). Due to the impossibility of mayvia o—s law for every possible inclination angle, tes laws
obtained from the pullout tests with an anglef 0°, 30° and 60° was assigned, respectivelyye@mbedded cables
with an orientation towards the active crack swefé@ ranging from [0°, 15], [15°, 45°] and [45°, 75Phe strain in
an embedded element, is obtained from the displacement field of itsotimer” element, and the corresponding slip

is determined multiplying; by the crack band width. The relationships use@déxha, are given in Table 5.

In Figs. 13 and 14 are depicted the numerical sitranl of the uniaxial tensile tests of the Cf30 &fd5 series,
respectively. Regarding the Cf30 series a goodeaigeat with the experimental response was obtaidadhe other
hand, for the Cf45 series two numerical simulatiorgse carried out. The first one adopting thes laws obtained
from the fibre pullout tests (in which fibre ruptuwas observed for @=30° and 60°). Up to a crack width of
approximately 1.0 mm a relatively good agreemerih whe experimental response is observed. Signifistress
decay is, however, observed after this crack widtit due, mainly, to the rupture of the embeddedbles with an
inclination 8 between 15° and 45°. Note that, the embeddedscalifle an inclinationd between 45° and 75° have
also rupture, but only for crack widths higher tHamm. Since for the uniaxial tensile tests of Cé&5ies, fibre
rupture did not occur so often, due to both a ftessstant matrix and the reduction of the average forientation
angle towards the crack plane, another simulati@s warried out assuming that the embedded cablés ani
inclination @ between 15° and 45° did not rupture (see Tablé/fih this approach the quality of the simulatioasv

improved (Fig. 14).
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5. CONCLUSIONS

In the present work the tensile behaviour of selfipacting concrete (SCC) reinforced with two distinooked end
steel fibre contents (30 and 45 kdjrwas characterized by performing displacementrotiat tensile tests. These
results were discussed based upon the micro-meaxdidrehaviour of the steel fibres used in the caitjpm. The

fibres’ micro-mechanical behaviour was assesseaudsns of single fibre pullout tests.

The fibre orientation (0°, 30° and 60°) and fibmeébedded length (10, 20 and 30 mm) influence orfibre pullout
behaviour was studied. In general, two main pulli@iiures modes were observed during the pulloststeThe
complete fibre pullout was observed for aligned Kembfibres, aligned smooth fibres and inclined sthddres,
whereas for inclined hooked fibres the observedgyal failure mode was fibre rupture. In genetlaé maximum
pullout load had an almost linear increase withlthdor both hooked and smooth fibres. Regardireefiect of the
fibre orientation angle, the maximum pullout loadrieased up to an inclination angle of 30° and tlemeased for a
60° inclination angle. For both smooth and hookiéghed fibres a slight increase of the slip at ptsdd with the
fibre Lb was observed. On the other hand, regarttiegnfluence of the fibre orientation angle, igtd increase on
the slip at peak load was observed for a 30° anglereas for a 60° angle the slip at peak stres®ased
considerably. This significant increase for a 60§8la can be ascribed to other additional mechanttasusually
occur on the pullout of inclined fibres in oppositealigned fibres. Those phenomena add to the umedsslip a
supplementary displacement corresponding to the fileformation in consequence of matrix spallinguad fibre

exit point.

From the stress-displacement curves obtained ininfexial tensile tests the stress-crack openitagiomships were
derived, and residual stress and energy dissipgiiamameters, able of indicating the effectivenetsfitore
reinforcement mechanisms, were determined. Theiwvelg high compactness of the matrix system ofséhe
SFRSCC, the number of effective fibres bridging ffeeture surface and the results obtained in iftre fpullout
tests were all taken into account to interpretgbst-cracking tensile behaviour of the tested caites. In general,
a linear relationship between the post-crackingupeters and the effective number of fibres wasrebse A strong

dependency on the type of fibre failure mode ared dtiffness of the matrix and number of effectiirds was
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detected, which justified the occurrence of a peehmtdening branch in the softening phase of thREFC with
the highest fibre content (Cf45 series), as welthessignificant residual strength decay occurrethe SFRSCC
with the lowest fibre content (Cf30). In fact, id4G series the predominant failure mode was fiukopt, while in

Cf30 series fibre rupture was the predominant failmode.

Taking the results obtained in fibre pullout temtsl considering SFRSCC as a two phase materiallleddyy a 3D
multi-directional smeared crack model for the ceterand considering the fibres as discrete stebkedded short
cables distributed in the matrix according to a ko@arlo method, the carried out tensile test vgaraulated with
good accuracy. With a realistic approximation @ dctual fibre distribution and with the knowledgfethe micro-
mechanical behaviour of the fibres, it was posstiolepredict the macro-mechanical behaviour of latmy's

specimens.
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Cement Type

Table 1 — Compositions for 1*of SFRSCC.

Limestone Water  Water to saturate Super Fine Coarse Crushed Steel Fibres wi/C
| 42.5R Filler aggregates plasticizer Sand Sand Calcareous
(©) (LF) (W) (WS) (SP) (FS) (CS) (CA) (Cf)
[ka] [ka] [dm?] [dm?] [dm?] [ka] [ka] [ka] [ka]
359.4 312.2 96.9 64.7 6.9 108.2 709.4 665.2 30 0.29
401.7 344.2 117.3 65.4 7.6 178.3 668.1 668.1 45 103
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Table 2 — Overview of the experimental pullout tesu

Nmax CoV Speak CoV
Series Failure mode
[N] [%] [mm] [%]
S Lb10_60 FM4 154.2 43.8 3.34 45.6
S Lb20_0 FM1 77.4 2.0 0.12 11.8
S Lb20_30 FM2 173.5 18.2 0.19 7.4
S_Lb20_60 FM2 172.8 8.7 2.02 2.0
S Lb30_0 FM1 155.2 9.7 0.25 14.4
S Lb30_30 FM2 203.7 13.8 0.38 32.3
S_Lb30_60 FM2 189.4 15.0 2.17 11.8
H_Lbl10_0 FM1 321.8 5.6 0.59 8.7
H_Lb10_30 FM2(2)', 360.9 13.9 0.94 11.4
FM3(4)
H_Lb10_60 FM3(5), FM4(1) 342.0 2.3 2.40 20.8
H_Lb20_0 FM1 347.8 2.8 0.65 9.4
H Lb20 30 FM2(2), FM3(4) 400.1 4.9 1.00 9.7
H _Lb20_60 FM3 335.2 3.0 2.33 15.1
H_Lb30_0 FM1 388.2 1.6 0.69 11.0
H _Lb30_30 FM3 416.0 3.4 0.80 19.3
H_Lb30_60 FM3 365.1 25 2.64 23.2

FM1- Fibre pullout;FM2 — Fibre pullout with matrix spallindM3- Fibre rupturefFM4 — Matrix spalling

" (i) —i is the number of specimens with this type of f@lmode
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Table 3 — Stress and toughness parameters obfaogmedhe uniaxial tensile tests.

Nt NfEﬁ Gpeak To.3mm O1mm Domm Grimm Gramm
Cf (kg/nt)
[-] [-] [MPa] [MPa] [MPa] [MPa] [N/'mm]  [N/mm]
Avg. 27 19 3.392 0.649 0.520 0.184 0.685 1.007

30 CoV | 30.8% 28.8% 13.0% 36.6% 45.1% 22.8% 32.3% 33.7%

k95% 20 14 3.024 0.450 0.324 0.250 0.500 0.724

Avg. 67 39 3.019 1.219 1.466 1.342 1.342 2.645
45 CoV | 16.1% 16.5% 9.9% 18.0% 12.7% 13.6% 13.6% 13.1%

k95% 58 34 2.768 1.036 1.310 1.189 1.189 2.356
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Table 4 — Plain concrete properties used in theemiza simulations.

Property

Series

Cf30 Cf45

Density

Poisson ratio

Initial Young modulus
Compressive strength
Tensile strength
Fracture energy
Crack band-width

Threshold angle

p = 2.4x16 N/mn?

v=0.2
41.3xEN/mnt 40.6x10 N/mnt
71.1 N/rhm 67.2 N/mm
4.6 N/nfm 4.5 N/mnf
0.117 N/mm 0.114 N/mm

I, =5 mm (equal to the element height at the notch)

30°
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Table 5 — Tri-linear stress-strain diagrams usedrfodelling the fibres’ bond - slip behaviour.

o[’ | Failure mode o [MPa] o, [MPa] or3 [MPa] €1 [-] &2 [-] €3 []
0 Pullout 588 803 441 0.030 0.090 0.500
Rupture 453 679 905 0.016 0.050 0.200
% Pullout 588 803 441 0.030 0.090 0.500
60 Rupture 283 362 656 0.020 0.16 0.400
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Fig. 1 — Set-up of the single fibre pullout testy §chematic representation; b) photo.
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(a) (b)

Fig. 3 — Uniaxial tensile test setup: a) generalwand b) positioning of displacement transduceos ¢caled).
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Fig. 4 — Uniaxial tensile stress — displacemerati@hship,0-3,,, for 30 kg/m.
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Fig. 5 — Uniaxial tensile stress — displacemet#tionship -9, for 45 kg/nd.
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Fig. 10: Determination of the embedded cable’ssstrestrain diagram based on the experimental ygultoce-slip

relationship.
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Fig. 12 — Three-dimensional finite element meshcfacrete phase and (b) fibre phase (Cf30 series).

43



Cunha, V.M.C.F.; Barros, J.A.O.; Sena Cruz, J.M1P) “An integrated approach for modelling the té@dehaviour of steel fibre reinforced
self-compacting concrete.” Cement and Concrete &eke41, 64-76.

4.0

3.5 [ Experimental envelope
’ —— Average experimental curve

30 1 —O— Numerical curve 1

2.5+ E

2.04 -

Stress [MPa]

1.0 —

0.5+ E

oot v+
000 025 050 075 100 1.25

T — —
150 175 20000 0.02 0.04 006 008 0.10
w [mm] w [mm]

Fig. 13 — Numerical simulation of the Cf30 seriesiaxial tensile tests.
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Fig. 14 — Numerical simulation of the Cf45 seriesiaxial tensile tests.
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