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Abstract

The fibre orientation in UHPFRC members influencggnificantly the structural
behaviour and strength and needs to be considerddsign. The stress — crack opening law
could be described by a fibre model and this cpoeded well to own tensile tests.

Between the fibre orientation and the tensile gfifela nonlinear function was derived. The
stress — crack opening law based on the fibre mimded one dimensional fibre orientation
was approximated by a piece-wise function, andwlais used to describe the constitutive law
in tension of UHPFRC considering the fibre orieiaat

To explain the experimentally verified size andmhaffect of the flexural tensile strength,
an original fracture mechanics model was develdpkowing the "fictitious crack model" of
Hillerborg et al. (1976) and compared to other nimdi was found that fracture mechanics
alone cannot explain the size and shape effechefflexural strength of UHPFRC but a
theoretical explanation is only possible by addidiby considering the fibre orientation.

Résumé

L'orientation des fibres dans les structures en BRUune influence importante sur leur
comportement et leur résistance et doit étre mseompte dans le calcul. La loi contrainte-
ouverture de fissure a pu étre décrite par un neodssocié a la contribution des fibres et
correspond bien au résultat d'essais de traction.

Une relation non-linéaire a été identifiée entoeidntation des fibres et la résistance en
traction. La loi contrainte-ouverture de fissuresdxa sur la modélisation des fibres pour une
orientation unidirectionnelle de celles-ci a étéraghée par une fonction comprenant
plusieurs stades, et c'est cette fonction qui apége en compte pour établir la loi de
comportement en traction du BFUP en intégrantetefforientation des fibres.

Pour expliquer l'effet d'échelle et l'effet de stume, avérés expérimentalement, sur la
résistance en traction par flexion, un modele negbasé sur la mécanique de la rupture a
été mis au point en s'inspirant du "modéle dedlsufie fictive" de Hillerborg et al. (1976) et a
été comparé a d'autres approches. On trouve goeédanique de la rupture a elle seule ne
suffit pas a expliquer l'effet d'échelle et l'effdd structure observés sur la résistance en
flexion du BFUP, et qu'une explication théoriquesh'possible qu'en tenant également
compte de l'orientation des fibres.
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1. OPTICAL FIBRE ORIENTATION MEASUREMENT

A basic requirement for the optical measurementheffibre orientation are high quality
"low key" digital pictures of the specimen crosst&ms which allow a clear distinction
between the matrix and the steel fibres. Such asumement set-up was designed by Frettlohr
(2011) and successfully applied. The principal ditars of each fibre and the number of
fibres are determined by applying an algorithm\detiby Frettléhr (2011) using the method
of optical measurement with digital image procegsirhe algorithm was programmed using
the HALCON 8 machine vision development environmantMVTec. For further details see
Frettlohr (2011).

2. THEORETICAL CONSIDERATIONS REGARDING TENSILE STR ENGTH

2.1  Fibre orientation and correlation to tensile stength

The uniaxial tensile strength of UHPFRC dependshanfibre orientation and this was
shown indirectly with bending tests of BPR specimé&y Bernier and Behloul (1996). A
special formwork following a proposal by Hannantkt(1974) was used for casting a plate
in order to ensure a nearly one dimensional aligrinoé the fibres into the flow direction.
Test specimens were cut out of the platter undiéerdnt angles to achieve a certain fibre
orientation and were tested in bending. The fleiigasile strength clearly decreased with an
increasing angle between the fibres and the priadigxural stress direction.

Based on the constitutive law of BPR in compressaaod tension by Behloul (1996a,
1996b) the required uniaxial tensile strengt{nj was determined by Frettlohr (2011). It is
related to the fibre orientation of each specimenoider to achieve the flexural tensile
strength & of the test specimens. The one dimensional tessiEngth § 1o is achieved
when all fibres are orientated into the princigie@ss direction and it is the upper limit of the
uniaxial tensile strength, which is 18.4 MPa forEBBRccording to Behloul (1996b). For the
bending test with a one dimensional fibre orieotatirettiohr (2011) calculated a value of
fetip = 17.8 MPa which fits very well to the value byrBmul (1996b). In Fig. 1 the ratio
fe(n)/fet,1o versus the fibre orientation is plotted as derived from the bending tests by
Bernier and Behloul (1996), which characterized [gas of varying (and uniform) fibre
orientation. The correlation between the ragimj/fc.,10 and the fibre orientation is clearly
nonlinear. This contradicts the so far assumedlimerrelation (shown as black dashed line
in Fig. 1) of several other publications, e.g. Bethl(1996b) and Leutbecher (2007).

The influence of the fibre orientation on the ténsitrength of SIFCON was investigated
by van Mier and Timmers (1991) and the nonlinearatation is confirmed (Fig. 1). The
curve for SIFCON deviates from that for BPR prolyatiie to the far higher fibre content of
circa 11,5 Vol.-% compared to circa 2 Vol.-% and tivo times longer fibres. Furthermore
also the higher fibre diameter of SIFCON might beeason. One would expect for a fibre
orientation ofn = O (all fibre are orientated perpendicular to pmmciple stress direction) a
ratio f(n)/fet,10 Oof O for BPR. Therefore a corrected trend for ¢oerelation is proposed in
Fig. 4. The proposed correlation between the tersgiength and the fibre orientation can be
described well by the following equation shown ig.R:

X(/?) — fct (’7) = 0.0014E3(5.97|ﬁ+022) + Oszm] (1)

ct, 1D
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where:  x(n) ratio of fibre orientation related tensile strén§i(n) to one
dimensional tensile strength, io
It should be pointed out that a ratig(rf)/fct,10 of 0 does not mean that the matrix strength,
which is equal to the tensile stress at the eldistit octe, iS also 0. Rather the fibres do not
improve the tensile strength after exceeding thetel limit.
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Figure 1: Ratiod(n)/fct1p versus fibore  Figure 2:Proposed approximation by Frettls
orientation facton (2011) for ratio §(n)/fct.10

2.2  Stress — crack opening law based on fibre model

The bond behaviour of concrete and steel reinfoecgntan be described through a
differential equation (DE) by Kuuskoski (1950) aRéhm (1961). This DE applies also for
fibre reinforced concrete and the stress-crack ingelaw of a single fibre can be derived. In
order to solve the DE a bond law has to be assuindeig. 3 three different bond laws are
shown proposed by Pfyl (2003), Namur et al. (198®) Naaman et al. (1991a). The bond
law proposed by Namur et al. (1989) is a specis¢ @d that from Naaman et al. (1991a).

The DE was solved analytically by Frettlohr (20Tbnsidering the bond law by Pfyl
(2003) and Naaman et al. (1991a). He furthermoveldped a numerical algorithm based on
the DE solution for a single fibre to determine #teess-crack opening law and the one
dimensional tensile strength i of an arbitrary cross section.

A parameter study by Frettlohr (2011) revealed ttether the assumed bond distribution
nor its absolute value had an influence on thed3ite strength for a one dimensional fibre
orientation (the upper limit of the uniaxial teesstrength) and the curve of the descending
branch of the stress — crack opening law. The lmmtyl results in a steeper ascending branch
of the stress — crack opening law. For his furtimmestigations Frettlohr (2011) applied
therefore the bond law by Pfyl (2003).

The derived normalized stress — crack opening lamesponded well to the measured
crack opening behaviour of own tensile tests witimaiched specimens (Fig. 4). Also a
comparison was done with the proposals by Li (1982aman et al. (1993) and Behloul et
al. (1996) (Fig. 4) and showed that the derivedsstr crack opening law by Frettlohr (2011)
exhibited the best agreement with the test curfgp@cimens out of Ductal®.
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Figure 4: Different theoretical stress — crack opghaws compared to tensile tests
with Ductal® by Frettlohr and Reineck (2009)

2.3  Constitutive law in tension of UHPFRC
The numerically derived descending branch of theesst — crack opening law is
appropriately approximated by the following equatio

2
O—Ct (WI’) - (1_ mef Wr (fCt,lD))J fOI’ Wr 2 Wr (fCt’lD) (2)
fCt,lD lf
where: w [mm] crack opening; crack width
Wi(fet,10) [Mmm] crack opening corresponding tgib
fet,10 [MPa] tensile strength for one dimensional fibreentation
It [mm] fibre length

The ascending branch is approximated by a simglififeear curve:
Jct (Wr) — (1_ Jct,el J D Wr + Jct,el

W, (fen)  Feuo

fur Wr <Wr(fct,1D) (3)

f ct1D f ct,1D
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where:  ocel[MPa] tensile stress at the elastic limit

In order to define a constitutive law in tensionldiPFRC the Eqgs. (2) and (3) have to be
extended to consider the influence of the fibremtation as described by Eq. (1). Reference
is made to Frettlohr (2011) for the mathematicalatigpns of the constitutive law in tension
including the fibre orientation. In Fig. 5 the priple constitutive law in tension is shown for
different fibre orientation factors; please notattthe ascending branch is not to scale. For the
very high values off = 1 andn = 0.9 of the fibre orientation the tensile strénfyt is higher
thanaocte, Wwhereas it is lower for values than abgut 0.5.
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Figure 5: Constitutive law in tension of UHPFRC thiferent fibre orientation factons
(ascending branch is not to scale)

3. THEORETICAL MODEL FOR SIZE AND SHAPE EFFECT

3.1  Fracture Mechanics Model

A fracture mechanics model was developed by Ftett{8011) following the ,fictitious
crack model“ of Hillerborg et al. (1976) to explahe experimentally verified size and shape
effect of the flexural tensile strength. In genexalculations according to the “fictitious crack
model” are performed by use of finite element asialyvith discrete crack modelling. To
avoid this, the own model is based on a crossa@ectnsideration. The challenge hereby is
that the load bearing behaviour of the compresgimme is described by a stress — strain
relationship whereas in the tensile zone a comioinaif a stress — strain relationship for the
elastic part and a stress — crack opening law tidsetapplied. Therefore a compatibility
condition has to be defined in order to link stsaia crack opening. An overview of different
proposals of kinematic approaches for the compayilwondition by Pederson, Casanova and
Rossi as well as Olesen is given by RILEM TC 162-TR002).

Casanova and Rossi (1996) use the model showngin6Fio define their compatibility
condition. The beam is divided into an uncrackexbsrsection following the elasticity theory
and a rigid body in the cracked area along thekcirgtuence length. The influence length of
the crack is considered as twice the crack lengiihce the curvature courgeis unknown
within the crack influence length so it is assunede parabolic by Casanova and Rossi
(1996).
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To avoid this assumption, for the own fracture mM@ahealternative compatibility condition
is defined which links the crack opening with the elongation along the plastic hinge in the
compression zone of the cracked cross section @jigFollowing the strut and tie model
theory the crack area is considered as a D-Regidrtleerefore the crack influence length is
twice the beam height h according to Schlaich aodagr (2001). This differs from the
assumption of twice the crack length by e.g. Cagaramnd Rossi (1996) as well as Fehling
and Leutbecher (2011). The beam area within thekdrdluence length is modelled analogue
to Casanova and Rossi (1996) (Fig. 12a).
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Figure 6: Kinematic approach by Casanové&ig. 7: Course of run-out fact@ras a function
and Rossi (1996) of x/h

The strain course of the outer compression fdy(g) is derived by linear elastic finite
element calculations for varying compression zoegglits x and can be divided into an
elastic and plastic part (Fig. 8a). Integrationtlod plastic strain course leads to a stepped
strain course (Fig. 8a) with a run-out length @{(2h) - x which is equal to the plastic hinge
length. The course of the run-out facfpas a function of b/h and the applied approximation
equation for the fracture mechanics model is shiowkig. 7.

The overall elongatioil. consists of an elastic and plastic part. Due toregtry only the
half system is considered in the following. At tin@nsition from the D- to the B-Region the
Bernoulli-Hypotheses is valid and the distributiohthe elongatioml(z) along the cross
section height is shown in Fig 8 bl. Due to thedrigopdy movement the elongation at the
lower edge of the tensile zoneA{z = 0) = w/2 and at the upper egde of the compression
zoneAl(z = h) =Al¢(z = h)/2.

The elongation of the compression zone consists @fstic parfMle(z) and a plastic part
Alpl(Z):

Al(z) = Al (2) +Al, (2) (4)

The elastic elongatioAle(z) is derived (Fig. 8 b2) by integrating of thaslc straince
along the D-Region length less the plastic hinggtle. Rewriting of Eq. (4) gives the plastic
elongationAly(z) and therefore the compatibility condition (Figh2).
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It has to be pointed out that within the crackeaksrsection the Bernoulli-Hypothesis does
not apply. This is expressed by a buckle of thengdtion course along the height at the
neutral axis. The equations for describing the gddion along the cross section height are
given in Fig. 8 b2. For further details and a ckltian algorithm for the proposed fracture
mechanics model see Frettlohr (2011).

3.2  Comparison with other models and tests
The flexural tensile strength of test series byttkiler and Reineck (2009) as well as
Reineck and Frettléhr (2011) was calculated ushggftacture mechanics model of chapter
3.1 in combination with the proposed constitutiser Iconsidering the influence of the fibre
orientation (Fig. 5). The fibre orientation was m@@d by newly designed measurement set-
up as described in section 1. The results were aosdpwith the tests and the following
proposals:
— Model by Casanova and Rossi (1996);
- AFGC/SETRA (2002) recommendation for transformimg tstress - crack opening
relationship into a stress-strain relation by ajygya “structural length” ofsl = 2/3 h;
— “Structural length” of di = 2(h-x) proposed by Fehling and Leutbecher (2011) for
transforming the stress - crack opening relatigngfto a stress-strain relationship.

In Fig. 9 the flexural tensile strength versus ltlegght h for b/h = 3 are compared for the
different approaches. The flexural tensile strerajtthe test series decreases by ~35 % with
an increasing specimen height from h = 25 to 150. mhe approaches by Casanova and
Rossi (1996), AFGC/SETRA (2002) and Fehling and thecher (2011) each show a
decrease of the flexural tensile strength of oblgudt 12 to 16 % and match the test results for
h = 75 respectively 100 mm. However, the model psed by Frettlohr (2011) exhibits
smaller discrepancies in comparison to the testilewvith differences of only 3 to 7 %. The
theoretical flexural tensile strength for h = 50 meaches only 81 % of the test value, but this
test appears to be an outlier. A comparison oftélse series for b/h = 1 and 5 show similar
results as described for b/h =3. The model by Btett(2011) explains also well the shape
effect as derived by tests.
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Figure 9: Test results for flexural tensile strénfgtn versus height h compared with the
different approaches
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The model by Casanova and Rossi (1996) as welheaswn model are based on fracture
mechanics. In contrast, both proposals for a “stmat length” for transforming the stress -
crack opening relationship into a stress - stralationship by AFGC/SETRA (2002) and
Fehling and Leutbecher (2011) are based on a stheareerical approach. The compression
zone is considered as a strut with constant stiidierefore these models neglect the local
strain and stress increase within the compressiae when the localisation occurs. Reference
is made to Frettlohr (2011) for further details.

4. CONCLUSIONS

It was shown that the correlation between the fimientation and the tensile strength is
nonlinear. Furthermore the stress — crack opemwgolf a single fibre could be described by a
fibre model. A numerical algorithm based on thedimodel enabled to determine the stress-
crack opening law of a arbitrary cross section em@stimate the one dimensional tensile
strength 4§ 10. For UHPFRC in tension a constitutive law was medi considering the
influence of the fibre orientation. The proposedcture mechanics model in combination
with the constitutive law in tension of UHPFRC cesing the influence of the fibre
orientation give a theoretical explanation for #erimentally determined size and shape
influence on the flexural tensile strength.

ACKNOWLEDGEMENTS

The author is grateful to the Deutsche Forschungsgeschaft (DFG), Germany for the
grant enabling this research program and also agpes the support by Lafarge, Paris.

REFERENCES

[1] Hillerborg, A.; Modéer, M.; Petersson, P.-E. (1978halysis of crack formation and crack
growth in concrte by means of fracture mechanias famite Elements. Cement and Concrete
Research, Vol. 6 (1997), 783-782

[2] Frettlohr, B. (2011): Bemessung von Bauteilen ausahochfestem Faserfeinkornbeton
(UHFFB). Diss., Institut fur Leichtbau EntwerfenduKonstruieren (ILEK), Universitat Stuttgart,
2011

[3] Schonlin, K. (1988): Ermittlung der Orientierung, eWge und Verteilung der Fasern in
faserbewehrtem Beton. Beton- und Stahlbetonbad 833), Heft 6, 168-171

[4] Markovic, I. (2006): High-Performance Hybrid - FébConcrete - Development and Utilisation.
Dissertation, TU Delft, 2006, 228 pp.

[5] Bernier, G.; Behloul, M. (1996): Effet de I'orietitan des fibres sur le comportement mécanique
des BPR. 233 - 240 in: 2e colloque internationahdophone sur les bétons renforcés de fibres
métalliques, Toulouse 4 et 5 juillet 1996

[6] Hannant, D. J.; Mice; Spring (1974): Steel - fibneinforced mortar: a technique for produsing
composites with uniaxial fibre alignment. Magazofe€Concrete Research, Vol. 26, No. 86

[7] Behloul, M. (1996a): Analyse et modélisation du pomement d’'un matériau a matrice
cimentaire fibrée a ultra hautes performances. Bid3is, E.N.S. Cachan, France, 1996, 181 pp.

[8] Behloul, M. (1996b): Les micro-bétons renforces dieses de I'éprouvette aux structures.
XIVemes Journées de I'AUGC, Clermont-Ferrand, Ri@unes Chercheurs "René Houpert”,
1996

[9] Leutbecher, T. (2007): Rissbildung und Zugtragviena von mit Stabstahl und Fasern
bewehrtem Ultrahochfesten Beton (UHPC). Diss., Bablet Massivbau der Universitat Kassel.
Schriftenreihe Baustoffe und Massivbau, H. 9, Ursitét Kassel, 2007

697



RILEM-fib-AFGC Int. Symposium on Ultra-High Performance Eibteinforced Concrete,
UHPFRC 2013- October 1-3, 2013, Marseille, France

[10]Van Mier, J.G.M.; Timmers, G. (1991): Shear Fragetin Slurry Infiltrated Fibre Concrete
(SIFCON). 348-360 in: Reinhardt, H. W.; NaamanEA(Hrsg.): Proceedings of the International
Workshop “High Performance Fibre Reinforced Cem€pimposites” held by RILEM, ACI,
Stuttgart University and the University of MichigaMainz, June 24-26, 1991, E&FN
Spon/Chapman & Hall, London/New York, 1992

[11] Kuuskoski, V. (1950): Uber die Haftung zwischendetind Stahl. Technische Hochschule von
Finnland, (The State Institute for Technical ResleaPublication No. 19), Helsinki 1950, 203 pp.

[12]Rehm, G. (1961): Uber die Grundlagen des Verbsindavischen Stahl und Beton.
DAfStb Heft 138. W. Ernst u. Sohn, Berlin 1961, 52

[13]Pfyl, Th. (2003): Tragverhalten von Stahlfaserbetbmssertation, Institut fir Baustatik und
Konstruktion, ETH — Zirich. vdf Hochschulverlag A@ der ETH Zirich, 2003, 139 pp.

[14]Namur Jr., G.; Naaman, A. E. (1989): Bond Stressgldlifor Fiber Reinforced Concrete Based on
Bond Stress-Slip Relationship. ACI Materials Jolrwal. 86 (1989), No. 1, Jan — Feb, 45 - 57

[15]Naaman, A. E.; Namur, G. G.; Alwan, J. M.; Najm,$.(1991a): Fiber Pullout and Bond Slip. I:
Analytical Study. Journal of Structural EngineeriNgl. 117 (1991), No. 9, September

[16]Li, V.C. (1992): Postcrack scaling relations fobei reinforced cementitious composites.
in: Journal of Materials in Civil Engineering, V@ .(1992), No.1, February, pp. 41-57

[17]Behloul, M.; Bernier, G.; Cheyrezy, M. (1996): TéaBehaviour of Reactive Powder Concrete
(RPC), 1375-1381 in: 4th International Symposium @tilization of High-Strength/High-
performance concrete, Paris, 1996, Vol. 3, 1996

[18]RILEM TC 162-TDF (2002): Test and Design Methodsdteel fibre reinforced concrete. Design
of steel fibre reinforced concrete using t¥ method: principles and applications. Materiald a
Structures, Volume 35 (2002), June, 262-278

[19]Casanova, P.; Rossi, P. (1996): Analysis of metéilhre-reinforced concrete beams submitted to
bending. Material and Structures, Vol. 29, July,984-361

[20] Schlaich, J.; Schafer, K. (2001): Konstruieren $tahlbetonbau. Betonkalender 90 (2001),
Teil 1, 311 - 492. Ernst & Sohn Verlag, Berlin 200

[21]Fehling, E.; Leutbecher, Th. (2011): Bemessung Bamteilen aus UHPC. Vortrag vom 9.
Minchner Baustoffseminar - UHPC, 14. April 2011n8®arunterlagen

[22] Frettldhr, B.; Reineck, K.-H. (2009): Versuche zuMalRstabseinfluss bei kombinierter
Beanspruchung aus Biegung und Langskraft von dinBaoteilen aus ultrahochfestem
Faserfeinkornbeton. Abschlussbericht zum Forschuortgaben RE 813/6-1. Institut fir
Leichtbau Entwerfen und Konstruieren (ILEK), Unisigéit Stuttgart. September 2009

[23]Reineck, K.-H.; Frettlohr, B (2011): Versuche zumalf4tabseinfluss bei kombinierter
Beanspruchung aus Biegung und Langskraft von UHFREeiner Druckfestigkeit von 211 MPa
Bauingenieur 86 (2011), H. 1, 42-52

[24]AFGC/SETRA (2002): Bétons fibrés a ultra-hautes fgrerances. Recommandations
provisoires. Documents scientifiques et techniqu&ssociation Francaise de Génie Civil
(AFGC), Service d'études techniques des routeutetr@utes (Setra), Bagneux Cedex, janvier
2002, 152 pp (in French and English)

698



