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TENSILE BEHAVIOR OF STEEL FIBER REINFORCED SELF-COM PACTING CONCRETE

V.M. C. F. Cunha, J. A. O. Barroé, J. M. Sena-Cruz

Synopsis In the present work the tensile behavior of a-sethpacting concrete reinforced with two hookedsend
steel fiber contents was assessed performing sudiBj@acement control tension tests. Based on thesss
displacement curves obtained, the stress-crackhwadationships were derived, as well as the endiggipated up
to distinct crack width limits and residual stredmgtThe number of effective fibers bridging thecfetaie surface was
determined and was compared with the theoreticalbau of fibers, as well as with the stress at criadiation,
residual stresses and energy dissipation paramétegeneral, a linear trend between the numbeffettive fibers
and both the stress and energy dissipation paresnet@s obtained. A numerical model supported onfithite
element method was developed. In this model, ther freinforced concrete is assumed as a two phaseriai:
plain concrete and fibers randomly distributed. Pplen concrete phase was modeled with 3D soliidefielements,
while the fiber phase was modeled with discreteentdbd elements. The adopted interface behavidhéodiscrete
elements was obtained from single fiber pulloutsteShe numerical simulation of the uniaxial temsiests showed
a good agreement with the experimental resultss;Tthis approach is able of capturing the esseasipécts of the
fiber reinforced composite’s complex behavior.
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INTRODUCTION

Self-Compacting Concrete (SCC) can be defined esnarete that is able to flow in the interior oétformwork,
filling it in a natural manner and passing throulgl reinforcing bars and other obstacles, flowind eonsolidating
under the action of its own weight (Okamura 19%xcrete steel fibers are added to cement baseedrialatto
increase their post-cracking residual strengthygndissipation capacity and impact resistance (A@%6). The
advantages associated to the addition of steetfilmeconcrete mixes may be combined with the oegdglting from

the self-compacting ability concept in concretee Tasulting material is designated by Steel Fibginferced Self-
Compacting Concrete (SFRSCC) and, when comparedotoventional concretes, presents clear technical
advantages in terms of costs/benefits ratio anehdwanced post-cracking behavior.

To explore the potentialities of SFRSCC for struatuapplications, mainly for the development of amative
systems in the precasting industry (Barmisal. 2007), a research project has being carried oolvieg
experimental, analytical and numerical researchth\iie purpose of getting, as much as possiblegrsistent
understanding of the behavior of this compositeemiat and to collect data for the calibration bé tanalytical
formulations and FEM-based numerical models, tipeermental research covers the micromechanics spethe
fiber pullout (Cunhaet al. 2006, 2008), the compressive (Curdhal. 2008b) and flexural behavior (Peregtaal.
2008) and, more recently, the uniaxial tensile bira

The present work is dedicated to the characteazaif the tensile behavior of two SFRSCC mixes, @ieforced
with 30 kg/ni [1.873 Ib/ff] and the other with 45 kg/j2.809 Ib/ff] of hooked end steel fibers. From the stress-
displacement curves, the stress-crack width relatipps were derived and the values of parametatsttaracterize
the residual strength and energy absorption famicecrack width limits were determined. The relgvaspect of
the fiber distribution in SCC mixtures was alsoessed comparing the values of these parametemsmiletel in
specimens extracted from top and bottom zones &SEFC elements. The influence of the number of #ffec
fibers crossing the fracture surface in terms & talues of the parameters that characterize tseqgoacking
behavior of SFRSS was also assessed.

Finally, taking into account the force-slip relatships obtained in pullout tests with steel fibefsdistinct
inclination and embedded bond length, a numeripar@ch was developed assuming SFRSCC as a twe phas
material: SCC and fibers. SCC is simulated by an3bti-fixed smeared crack model developed by Vemairal.
(2008), while fibers are modeled as discrete embaaables, whose internal forces are obtained fhenforce-slip
relationships recorded in pullout tests, taking iatcount the inclination between fiber and thelmieor crack plane
formed in the surrounding SCC, as well as an adbaterage value for the fiber embedded lengthhigdpproach

it is assumed that the slip is equal to the craitkhywhich is determined multiplying the crackastr normal to the
crack by the crack band width (Ventuetaal. 2008). The present work describes the experimeviigk concerning

to the characterization of the uniaxial tensile dabr of the developed SFRSCC. A brief descriptanthe
numerical model is done and its predictive perfarogais assessed.

RESEARCH SIGNIFICANCE

Structural applications of SFRC are yet to somemdimited, if having in mind that the appearant&FRC dates
back to the early sixties (ACI 1996). The high tarabf the SFRC material behavior, in part due @aa-oniform

fiber distribution, contributes to the mistrust tinis material. In order to overcome these doubtis iof vital

importance reducing the material behavior scatted, consequently enabling the adoption of lowereneltsafety
factors (Shah and Ferrara 2008). Self-compactimgrete is effective in guaranteeing a more unifdistribution

of fibers within the specimen, as well in effectiverienting them along the casting direction. Noags, it is
acknowledge that SFRSCC exhibits better post-cngckiehavior with a lower scatter than conventi@RRC.

In this paper, the post-cracking behavior of SFR®Gtined from uniaxial tensile tests is presentéad results are
discussed based upon the micro-mechanical behakibie steel fibers used in the composition. Ther§ micro-
mechanical behavior was previously assessed by snefisingle fiber pullout tests (Cunleh al. 2008b). The
knowledge of the micro-mechanical behavior enalaledeeper understanding of the composite behavibighw
often lacks in the discussion of the experimergallts presented in the available literature.
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The numerical model developed and employed to siteuhe SFRSCC’s uniaxial tensile behavior assuimes
composite as a two phase material: SCC (paste ggegates) and fibers. The random fiber distribufito the
matrix is simulated with an algorithm supportedtibe Monte Carlo method, providing a realistic dlsition of the
fibers in a certain specimen. The numerical fibétribution generated takes into account mould &ber
dimensions. This enables to consider the so-caligdt effect in distinct ways depending on the mostépe and
geometry. With a realistic approximation of theuattfiber distribution and with the knowledge ofetimicro-
mechanical behavior of the fibers, it was possituepredict the macro-mechanical behavior of lalmrés
specimens. The presented numerical approach igetdtlly validated, however the results are prongsand its
application to other structural elements of fibeinforced concrete with complex geometry may behn future,
easily achieved with good results.

MATERIALS AND SPECIMENS

The materials and mixture procedures used for FIRSEC are described elsewhere (Pereiral. 2008). Two
batches with distinct contents of fibers (Cf), 3tda45 kg/mi [1.873 and 2.809 Ibfit were used to study the
SFRSCC tensile post-cracking behavior. Table lumhe$ the composition that has best fitted self-ctipg
requirements for the adopted two fiber contentsn&& that, in Table 1, WS is the water necessasatarate the
aggregates, and W/C is the water/cement ratio.VWBeportion was not used to compute the W/C ratiookéd-
ends steel fibers (length,= 60 mm [1.181 in], diameted; = 0.75 mm [0.0216 in], with an aspect ratidg; = 80,
and yield stress of 1100 MPa [159542 psi]) weraldsethe study.

For each batch, eight cylinders with a diametel®® mm [5.905 in] and 300 mm [11.810 in] height eveast.
Three of them were used to assess the compressvgth of each SFRSCC batch. At the date whetets were
performed, the series with 30 kg?i1.873 Ib/ff] of fibers had an average compressive strengiidf MPa [10312
psi] with a coefficient of variation, CoV, of 1.9 ,%vhile in the series with 45 kgfhij2.809 Ib/ff] of fibers the
SFRSCC had an average compressive strength oMHa9747 psi] with a CoV of 1.4 %.

TEST SETUP

The RILEM TC 162-TDF (2001) recommendations for thréaxial tension test of steel fiber reinforcechote
were adopted in this work. According to this docame notched cylinder of both 150 mm [5.905 irgrdeter and
height should be used. The specimens were swarfroot standard cylinders having a height of 300 mm
[11.810 in]. Afterwards, a notch along the perimetéh a 15 mm [0.591 in] depth and 5 mm [0.197timEk was
swan at mid height of the final test specimen. Wtiensawn operations were executed, the specimerss iw its
hardened-mature phase. These operations were deddwith care in order to ensure that the notchoivec
perpendicular to the specimen’s axis.

Afterwards, each specimen was ground and carefigigned with both compressed air and solvent. Pleeisien
was then directly glued, “in situ”, to the loadipigtens of the testing rig. The selected gluehigha strength epoxy
resin, which achieves a tensile strength of ab6ut®a [4351 psi] and a bound strength between8 KkiPa [580
to 1160 psi] (depending on the surface materialtezatment characteristics).

A servo-hydraulic system with a 2000 kN [449618dHgtic load carrying capacity with a very stififine was used
to perform the tensile tests, Figure la. A test pesormed in closed-loop displacement control gighre average
signal of three displacement transducers mountesvorsteel rings disposed at equal distances almgerimeter

of the specimen, Figure 1b. The gauge length adoptes 35 mm [1.378 in], smaller than the uppertliemgth of

40 mm [1.575 in] suggested by RILEM TC 162-TDF (200The following displacement rates were used: 5
pm/min [0.000196 in/min] up to a displacement of @in [0.00394 in]; 10Qum/min [0.00394 in/min] until the
completion of the test, i.e. a 2 mm [0.0787 injpthsement.

RESULTS

Stress-displacement curves
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In all the uniaxial tension tests performed, cragkbccurred along the notched plane, hence theedesrack
localization was assured. The average curve aneéritielope of the experimental uniaxial tensionsstreaverage
displacement relationships, - d,,, for a fiber content of 30 and 45 kg/tf1.873 and 2.809 Ibft are presented in
Figures 2 and 3, respectively. Hereinafter, thesiees will be designated by Cf30 and Cf45, respebti A detailed
view of the initial part of the experimental resperis depicted on the right side of these figuFes. both tested
series the - 8,4 response is linear almost up to peak. Only juitreethe peak load some non-linearity is observed.
Once the peak load is attained, the load had tvellaaccentuated decrease up to a displacemeatia@ft 0.10 mm
[0.00394 in] (see right side of both Figures 2 &)dBeyond this displacement value, a plateau barmening-
plastic response has occurred. In general, thepeadt hardening is observed in the Cf45 seriestHisitresponse
was also occurred in some specimens of the Cf3@sse@Cunha 2009). On the other hand, after theeglabn the
Cf30 series, i.e. beyond a displacement of nearByntm [0.0315 in], the residual stress starts torefse with
sudden strength losses corresponding to the fibefure. In fact, during the execution of the tendiests, this was
audible by the peculiar sound of fiber fracturing.

According to Stroeven and Hu (2006), the averagentation angle of the active fibers crossing alileg crack is
35° (this value was analytically derived), and a samitalue (3% was experimentally observed by Soroushian and
Lee (1990). Recent fiber pullout tests with fibetsan inclination angle of 30with the load direction have
conducted to fiber rupture; the predominant failarede occurred when the slip was in the range J0§-mm
[Cunha et al 2006]. These reasons can justify tteumwence of the significant residual stress deafhgr the
displacement of 0.8 mm [0.0315 in], in Cf30 serighere the number of active fibers is relativelgueed for the
strength of the matrix.

Concerning the Cf45 series (Figure 5), the poskpgeadening observed can be ascribed to two reasohigher
number of active fibers crossing the crack; notiwg both the compressive strength and stiffneshefCf45 series
matrix are lower than the Cf30, thus the fiber-xalrond properties are not so favorable to propodte fiber
rupture. After the peak load, the stress staridetmrease until a minimum stress is attained, rgughbut 0.1 mm
[0.00394 in]. As micromechanics of hooked-endsrfip@llout demonstrate (Cunha 2009), above thislaégment,
the strengthening provided by fiber hooked-enddssta be the predominant fiber reinforcement maidm. Since
there are more fibers intersecting the crack, araltd the lower tensile strength of the concréte @nergy released
during cracking is smaller when compared to theOG&ries. Moreover, due to the lower tensile stiteagd matrix
stiffness, fibers did not fracture so often ashia €f30 series. Consequently, beyond a displacearennd 0.1 mm
[0.00394 in] a hardening phase occurred up to@atement value of about 1.0 mm [0.0394 in].

In general, the responses exhibit very low scati¢he pre-peak phase. On the other hand, in teegmak branch
the scatter was considerably higher, particularl€f30 series and for a displacement higher thanrtm [0.00394

in]. Up to 0.1 mm [0.00394 in] the commanding putloeinforcement mechanism is the chemical bonchf@u
2009), hence the influence of the fiber disperdiamplicitly orientation) is not so important. Asetcrack width

increases, the fiber's hooked-ends start to be limetli Hence, the scatter of the post-peak behavtreases due to
the variation of the fiber dispersion between ddfé specimens, namely, the fiber orientation. Mueg, for the

Cf30 series, fiber rupture was the predominantrffe@ure mode, as it was expected taking into aotahe results
obtained in fiber pullout tests presented elsewf@wmhaet al. 2006).

Stress-crack opening curves

Figures 4 and 5 present the envelope of the stres$- width curves obtained in the tests for th80Cénd Cf45
series, respectively. A stress crack width curge- (W) was derived from a stress displacement cijove d)

according to the recommendations of RILEM TC 16R¥FT(2001). The average and the charactergstiav curves
are also included in these figures. The charatitegs- w curve for the lower bound (L.B.) and upper bdU.B.)
with a confidence level of k = 95% was obtainedrfrine average curve computed from all tes;§(w) , according

to RILEM TC 162-TDF (2001):

T (W) =, (w) Z==5 (1)
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where éFme is the average energy dissipated up to a crackhwidl 2 mm [0.0787 in] andG « Is the

F2mm,

characteristic energy dissipated for the same onadth. To computeG a t-Student distribution was assumed.

F2mmk

Stress and toughness parameters

The average and characteristic values of the sisemsd toughness parameters, as well as the respamtfficients
of variation obtained from the performed uniaxests, are included in Table 2. In this Tabtg,, is the maximum

stress, whileg ..., 0., and o, are the stress at a crack width values of 0.31dl2amm, respectively [0.0118,

0.0394 and 0.0787 in]. On the other ha@y, ., and G, represent the dissipated energy up to a crackwaitll

and 2 mm, respectively [0.0394 and 0.0787 in]. Tharacteristic values were obtained for a k=95%fidence
level assuming a t-Student distribution. The noitypadf the sample was ascertained by the Shapir-\téist

(Montgomery and Runger 1994). The number of tatsrs,N;, and effective fibersN¢ , counted at the fracture

surface are also included in Table 2. Effectiverffowere considered all the fibers that had thehad deformed,
as well as the fibers that have ruptured. In spitesome researchers do not consider the ruptutsersfias
“effective”, in the authors’ opinion they should bensidered, since they are able to transfer fobeteen the
crack surfaces up to reasonable crack width. Tuky“éffectiveness” of this type of fibers can haeegtionable, but
it is feasible to admit that they are “partiallyeadtive”. For the simplicity sake, let's assumet tiine fiber slip when
it is being pulled out is approximately equal te ttrack width. Then, as it can be observed in Cwhlah (2006)

work, in the pullout behavior of inclined fibergpmending on the inclination angle and embeddedheiagfiber that
fails by rupture can sustain forces up to a slg,érack width that varies approximately from i [0.0276 in] to
4 mm [0.157 in].

From the analysis of Table 2 it is verified that,general, the stresses and toughness parametezasad with the
fiber content, as it would be expected. The onlgegxion was the peak stress which was nearby 1@wrIfor the

series with a content of fibers of 45 kg/Remark that this decrease is not due to the noofefiber, even though
it could be indirectly appointed to it, since ttggeegates, cement and additions contents for eaxtdssare distinct
in order to attain self-compactability requireme®reover, the peak stress cannot be regarddeeasctual tensile
strength, but as estimation. In fact the notchedefd a stress concentration at the notch tip, figrthe crack to be
localized in the notched plan, which could not be weakest section of an unnotched specimen (Van aid Van

Vliet, 2002).

A significant increase of the post-cracking stressas observed with the higher fiber content. Aeréase of the
fiber content of 15 kg/M[0.936 Ib/ff] increased the residual strengths from 2 to 7 gindepending on the crack
width value. Such increase is not simply justifl@dthe higher number of fibers crossing the craaffase for the
Cf45 series, since there are other factors thatriboed to this fiber reinforcement effectivene€me of these
factors is the predominant fiber failure mode tlzat,already mentioned, was fiber rupture in theOGf8ries and
fiber pullout in Cf45 series.

As far as the dissipated ener@) is concerned, in the Cf45 series a significantéase (2 to 2.6 times) up to both
deflections of 1 and 2 mm [0.0394 and 0.0787 in§ whserved. In general, the CoV values obtainedhieG:
parameters were considerably smaller for the Céttes. At a first glance, these values may seeatively high;
the magnitude of such values is, however, withingRkpected values for this type of material. In,facgeneral, the
obtained CoV values were smaller than the onesrteghdoy other authors with the same test procedime:
specimen's dimensions for conventional fiber raicéd concrete (Barragan 2002, Laofgeeal. 2008).

In Figure 6 is depicted the relationship between ttital number of fiberd); (Cunha 2009), and the number of
effective fibers,N§" , at the fracture surface obtained for all thee@sipecimens of both Cf30 and Cf45 series.
Since the uniaxial tension test specimens (with B0 [5.905 in] height) were obtained from distipetrts of a
standard cylinder with 300 mm [11.810 in] heightdiionally, the specimens obtained from the botem upper

part of the standard cylinder are distinguished-igure 6. This process enables an indirect assessaiean
eventual influence of the material specific weigbtavity) on the fiber distribution. Figure 6 showslinear

relationship between thi; and N . Moreover, a tendency for an eventual higher cottaéon of fibers in the
bottom part of the specimen was not found. Dup@008) has also found a linear relationship betwtbentotal
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number of fibers and the number of effective fiblerssmall fiber contents. However, for higher film®ntents this
relationship becomes nonlinear, with an increasel§ff as smaller as higher I . In fact, due to the group effect,

N¢" may decrease as the fiber spacing decreases theigher probability of mutual influence of achat fibers
(Naaman and Shah 1976).

Influence of the number of effective fibers on th@ost-cracking parameters

Throughout Figures 7a to 7f are depicted the wwmtatiips betweerN™ and the aforementioned post-cracking
parameters obtained from the uniaxial tension te@egarding the peak stress,,, , no significant relation was
observed with theN®" increase (Figure 7a). In spite of . for the Cf45 series has been, in general, smdiker
for Cf30 series, due to the reasons already poiotegdthere was no significant relation betweep,, and the

origin of specimen, i.e. from lower or upper partacstandard cylinder. This suggests that thereweasignificant
segregation of the matrix skeleton and paste irctsted cylinders. On the other hand, for the tedidtresses at a
crack width of 0.3 mm [0.0118 inly, ... and 1 mm [0.0394 in]g, ..., & linear relationship between these residual

stresses and thR" is quite evident (Figures 7b and 7c). This waseeigd, since the residual stress sustained by

the crack is intimately related to number of maad fibers. Concerning the Cf45 series, the resstuasses for the
“top specimens” exhibited a lower scatter when carag to the values from the “bottom specimens”. Bue
technical problems occurred during the test progrdm number of specimens from the bottom partw&s
different of the specimens obtained from the top pathe standard cylinder (3); therefore, no dosive elations
could be withdrawn in this subject.

The relation between the residual stress at a @peking of 2 mm [0.0787 in}y,,,,, and theN{" is represented
in Figure 7d. When compared to tlag .. - N and g,,,- N relationships, the overall trend differed. Firt o
all, there are two clear distinct trends for g, - NS relationship. For the Cf30 series, the increase gf, with
N¢" is marginal and can be assumed null. On the dihed, for the Cf45 series a linear increasesgf, with
-N{" and o, - N{"
relationships. Moreover, a clear jump on g, value from the series Cf30 to Cf45 is visible, retleough there is
a small difference ofN§" between the Cf30 series' specimen with the higheSt and the Cf45 series with the

N¢" is quite visible, in spite of a higher scatter rththose register for thes,

3mm

lowest N{" . This considerable jump oa,,,, value from the Cf30 to Cf45 specimens is not &sctito the increase

of effective fibers, hence this jump comprisesatiihces on the fiber micro-mechanical behavior betwthe two
series with distinct fiber content, as previoudigted. In fact, for the series Cf30, in generag fibers ruptured
before a 2 mm [0.0787 in] crack width, while in easf Cf45 series, in general, the fibers were fpllled-out
enabling a higher crack bridging stress transficéfeness.

Finally, in both series and regardless the extngctocation of the specimen, the dissipated enéagy shown a
linear increase wittN§" , for both considered crack width limits. Nevertres, there are two aspects that should be

emphasized. For the energy dissipated up to a 2[0d@87 in] crack width,G
(;Fme
aspect is that the increment rate of bah,, andG
for Cf30 series.

comm s there is also a jump on the
value from the Cf30 to Cf45 series for the san@soes pointed for ther,, - NS relationship. The other
with N¢", for the Cf45 series, was slightly smaller than

F2mm

NUMERICAL SIMULATION
Numerical model

In steel fiber reinforced cementitious composit8ERC), steel fibers and matrix are bonded togetteugh a
weak interface, which behavior is important to ustind the mechanical behavior of SFRC, since ptiegeof the
composite are greatly influenced by this interfacee (Pereira 2006). Taking this into account drad the fiber
contribution for the post-cracking behavior of ammosite is significantly higher than the unreinfmcmatrix



Cunha, V.M.C.F,; Barros, J.A.O.; Sena Cruz, J.N1(@ “Tensile behavior of steel fiber reinforcedf-sempacting concrete.” SP-274-4 Fiber
Reinforced Self-Consolidating Concrete: ResearchApplications, ACI Committees 544 and 237, 51-68.

contribution, it was settled to model the SFRC as@phase material. In the developed model, SFR@:ated as a
heterogeneous medium comprised by one homogenéass faggregates and paste), and another one cexinipps
the steel fibers. The fracture process of the cditimrs matrix (unreinforced) is modeled with a 3multi-fixed
smeared crack model. The formulation of this cramdel can be found elsewhere (Ventaral. 2008). On the
other hand, the stress transfer between crack pldoe to the fibers bridging an active crack is eted with
discrete embedded elements. A nonlinear behavwwiidaassigned to these elements in order to acdbentiber-
matrix interface properties.

The random fiber distribution into the matrix isnsilated with an algorithm supported on the Montedaethod,

providing a realistic distribution of the fibers incertain specimen. The geometry, location anehtation of the
fibers are subsequently inserted in a three dimeasifinite element mesh. This approach was adoptedhly, due

to the following reasons: 1) a homogenization & thinforcements (fibers) crossing a certain selgment is

difficult due to the random nature of the fibertdisution; 2) the discrete modeling of the reinfemtents as bar
elements located along the solid element nodes lead higher computational cost due to an unnacgssncrete
mesh refinement. Moreover, this mesh refinementdct®ad to numerical errors caused by distortedheltds for

comprising the fiber distribution.

The contribution of the steel fibers crossing adseblume is given by:
nf
K™ =K+ Z K/ )

i=1
whereK', K¢ andK; are, respectively, the stiffness matrix of thenfmiced solid element (plain concrete + fiber
reinforcement contribution), the stiffness matrixptain concrete and the stiffness matrix of thembedded fiber;
s is the total number of fibers crossing the “motheement.

A tri-linear stress-straindt &qye) diagram was used for modeling the fibers’ bong-behavior. This relationship
was obtained from fiber pullout tests carried artthree distinct inclinations angles, (0°, 30° and 60°). In Figure
8 is depicted the procedure adopted to obtairotlag, e, Wheres.q,e, Sandl, are, respectively, the embedded cable
strain, the crack band-width and the steel fibslijs; ois stress computed from the pullout forBedivided by the
fibre’'s cross sectional areé; The tension-strain law assigned to each embeddel® depends on the inclination
angle,8, between the cable and the normal vector of thigeacrack surfacen (see Figure 9).

Simulations

The model performance is appraised by simulatirg thiaxial tension tests already presented in wek. In
Figures 10a and 10b are depicted, respectivelyjrtbgh used exclusively for the concrete matrix phasd the
three-dimensional mesh used for modeling the smifacting concrete with the steel fiber contribotiEf30
series).

In the present mesh, Lagrangian 8-noded solid altsrage used for modeling the plain concrete couation. Since
the specimen had a notch at its mid-height, allrtbe-linear behavior was localized at the notchiogthus a
2x2x1 Gauss-Legendre integration scheme is usiddgdration point in the loading direction). Thenaining solid
elements are modeled with linear elastic behawind, a 2x2x2 Gauss-Legendre integration schemeojstedl The
Cornelissenet al. (1986) softening law was used for modeling thelinear behavior of SCC. The material
properties of the plain concrete matrix used indimeulations are included in Table 3. These valuere obtained
taking into account the strength class registevethfe Cf30 and Cf45 series.

On the other hand, the steel fibers are modeled 8@ embedded elements with two integration pof@auss-
Legendre). A nonlinear behavior is assumed forttedl embedded elements. From the fiber pullout testse
ascertained three distinot&,,e laws corresponding, respectively, to the studikdrfpullout inclination anglesy,
(0°, 30° and 60°). Due to the impossibility of mayia o-&qne law for every possible inclination angle, tbreg.qy e
laws obtained from the pullout tests with an anglef 0°, 30° and 60° was assigned, respectivel\he¢embedded
cables with an orientation towards the active ciaafface @) ranging from [0°, 15°[, [15°, 45°] and [45°, 75°]
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Figures 11 and 12 present the numerical simuladibithe uniaxial tension tests of the Cf30 and Cé&sies,
respectively. For the Cf30 series the results efrtbmerical simulations were in agreement withekperimental
results. The predicted numerical tensile strengtheiarby the upper bound limit of the experimeatalelope. This
is feasible since, during testing, is almost impgmesto completely exclude eccentricities, thus &éxperimental
post-cracking average strength is smaller tharctineespondent numerical one. For the Cf45 semes,numerical
simulations were carried out. The first one adaptime o &4 laws obtained from the fiber pullout tests (in ahi
fiber rupture was observed foraE30° and 60°). Up to a crack width of approximately mm [0.0394 in], a fairly
good agreement with the experimental responsessrebd. Significant stress decay is, however, olseafter this
crack width limit due, mainly, to the rupture oftlembedded cables with an inclinati@tetween 15° and 45°. It
should be noticed that, the embedded cables witindimation 8 between 45° and 75° have also rupture, but only
for crack widths higher than 2 mm. Since for théauial tension tests of Cf45 series, fiber ruptdig not occur so
often, due to lower matrix strength and a highember of fibers crossing the crack’s fracture siefagnother
simulation was carried out assuming that the embadhbles with an inclinatiof between 15° and 45° did not
rupture. Assuming that fibers did not rupture, @45 series; the quality of the simulation was ioyad. (Figure
12).
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CONCLUSIONS

In the present work the tensile behavior of selfipacting concrete (SCC) reinforced with two digtinocoked ends
steel fiber contents (30 and 45 kd/ii.873 and 2.809 Ibff) was characterized by performing displacement
controlled tensile tests.

The stress-crack opening relationships were deffirad the stress-displacement curves. Additionahg residual
stress and energy dissipation parameters abledafaiting the effectiveness of fiber reinforcemergctmanisms in
these two composite materials were determined. rétaively high compactness of the matrix systenthafse
SFRSCC, the number of effective fibers bridging filaeture surface and the results obtained in gigus research
program dealing with fiber pullout behavior of thige of steel fibers were all taken into accouninterpret the
post-cracking tensile behavior of the tested cortg®sin general, a linear relationship betweenpbst-cracking
parameters and the number of effective fibers viseiwed. A strong dependency on the type of fibidure mode
and the stiffness of the matrix and number of eiffecfibers was detected, which justified the ocence of a
pseudo-hardening branch in the softening phaseeoSFRSCC with the highest fiber content (Cf45exgrias well
as the significant residual strength decay occumeitie SFRSCC with the lowest fiber content (Cf3@)fact, in

Cf45 series the predominant failure mode was ffélout, while in Cf30 series fiber rupture was thain failure

mode.

The SFRSCC tensile behavior was numerically modated two phase material. The matrix was simulaié a
3D multi-fixed smeared-crack model, while fibersrevenodeled as discrete embedded short cableshdigid into
the concrete matrix FE-mesh according to a MontdoGaethod. A good agreement between the numesicdl
experimental results was obtained.
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Table 1 — Composition for 1 fof SFRSCC

Cement Type |  Limestone Water Water to saturate Super Fine Sand Coarse Crushed Steel Fibers
42.5R Filler aggregates plasticizer Sand Calcareous
©) (LF) (W) (WS) (SPY) (FS) (CS) (CA) (cf)
[kq] [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
401.7 344.2 117.3 65.4 7.6 178.3 668.1 668.1 45

@) Sp- Sika HE200P; 1 kg = 2.2 Ibs; 1#m0.03531 ft 1 mm = 0.0394 in.; 1f+ 6.1023x16in.2

Table 2 — Stress and toughness parameters obtroradhe uniaxial tension tests [1 MPa = 146 pd\ £ 0.2248 Ib; 1 mm = 0.0394 in]

Cf [kg/m3] N f N ?ff apeak 00.3m Ol O omm GFJ.nr\m GF 2mm
[-] [-] [MPa] [MPa] [MPa] [MPa] [N/mm] [N/mm]
Avg. 27 19 3.392 0.649 0.520 0.186 0.685 1.007
30 CoV 30.8% 28.8% 13.0% 36.6% 45.1% 22.8% 32.3% 33.7%
Kosoe 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% 18.0% 13.6% 13.1%
Kos o 58 34 2.768 1.036 1.310 0.972 1.189 2.356
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Table 3 — Plain concrete properties used in theuksitions [1 MPa = 146 psi; 1 N = 0.2248 |b; 1 mra.6394 in]

Property Series

Cf30 Cf45
Density p = 2.4x16 N/mn?®
Poisson ratio v=0.2
Initial Young modulus 41.3xEN/mnt 40.6x16 N/mn?
Compressive strength 71.1 N/fhim 67.2 N/mm
Tensile strength 4.6 N/nfm 4.5 N/mnf
Fracture energy 0.117 N/mm 0.114 N/mm
Crack band-width I, =5 mm (equal to the element height at the notch)
Threshold angle 30°
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(b)

Figure 1 — Uniaxial tensile test setup: (a) geneialv and (b) location of displacement transdu¢eos scaled)

17



Cunha, V.M.C.F,; Barros, J.A.O.; Sena Cruz, J.N1(@ “Tensile behavior of steel fiber reinforcedf-sempacting concrete.” SP-274-4 Fiber
Reinforced Self-Consolidating Concrete: ResearchApplications, ACI Committees 544 and 237, 51-68.

Stress [MPa]
N
o
1
1

T T T T T T T T — 71 r T v 1 r 1 7
0.00 025 050 075 100 125 150 175 20000 0.02 0.04 0.06 0.08 0.10
LI [mm] L [mm]

Figure 2 — Uniaxial tensile stress - displacemetfdtionship for the Cf30 series [1 MPa = 146 psih = 0.0394
in]
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Figure 3 — Uniaxial tensile stress -displacemelati@nship for the Cf45 series [1 MPa = 146 psinth = 0.0394
in]
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Figure 4 — Uniaxial stress - crack width relatioipstor the Cf30 series [1 MPa = 146 psi; 1 mm =3940in]

20



Cunha, V.M.C.F,; Barros, J.A.O.; Sena Cruz, J.N1(@ “Tensile behavior of steel fiber reinforcedf-sempacting concrete.” SP-274-4 Fiber
Reinforced Self-Consolidating Concrete: ResearchApplications, ACI Committees 544 and 237, 51-68.

4.0
3 5_- ["1Envelope i
’ Average Curve
1 ---- L.B. - 95% conf. interval
3.0 —— U.B. - 95% conf. interval

Stress [MPa]

oot—m——onrm——m17r - ——
000 025 050 075 100 125 150 175 200.00 002 004 006 008 0.10

w [mm] w [mm]

Figure 5 — Uniaxial stress - crack width relatioipstor the Cf45 series [1 MPa = 146 psi; 1 mm =3940in]
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Figure 6 — Relationship between the total numbdibefrs and the number of effective fibers antereck surface
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Figure 7 — Relationships between the number ofcéffe fibers and the post-cracking parameterspéak stress,

(b), (c) and (d) stress at 0.3, 1 and 2 mm cradkhyirespectively; (e) and (f) dissipated energytaip and 2 mm
crack width, respectively [1 MPa = 146 psi; 1 N.2218 Ib; 1 mm = 0.0394 in]
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Figure 8 — Determination of the embedded cablessststrain diagram based on the experimental yuldwce-
slip relationship
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Figure 9 — Three-dimensional scheme of the embeddbk intersecting an active crackig the vector normal to
the crack plane)
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Figure 10 — Three-dimensional finite element mast): concrete phase and (b) concrete + fibers ph@fa§€
series; red lines represent the fibers)
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Figure 11 — Numerical simulation of the Cf30 serigsaxial tension tests [1 MPa = 146 psi; 1 mm.8394 in]
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Figure 12 — Numerical simulation of the Cf45 sérigsaxial tension tests [1 MPa = 146 psi; 1 mm.8394 in]
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