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Abstract

In this paper the results of a research programsked on the influence of steel fibre types
and content as well as different bar reinforcemeanntsflexural tensile strength, fracture
behaviour and workability of steel bar reinforceghastrength steel fibre reinforced concrete
(HSSFRC) are demonstrated. The parameters whicle werestigated are in detail the
influence of fibre geometry (straight with end hepkorrugated), tensile strength of fibres
(1100 N/mm?, 1900 N/mm?) and different steel banforcements (without rebars, 2 @ 6 mm,
2 @ 12 mm) in combination with diverse fibre conge(from 20 to 60 kg/m3). The basis for
evaluating the efficiency of the different steddrés together with the reinforcing steel are
force-displacement curves of SFRC beams, gainddunpoint bending tests. Thereby, the
average cube concrete compressive strength raeg@sdn 85 and 102 N/nfmAccording to
the German guideline of “Steel Fibre Reinforced €@ete” [1], beams of 150 x 150 mm cross
section with a length of 700 mm were used as sp&ETIm

Résumeé

Cet article présente les résultats d’'une rechesahd’influence de la teneur et du type de
fibores d’'acier ainsi que différents ferraillagesr da résistance en flexion, la rupture et
I'ouvrabilité du béton armé renforcé de fibres nligpaes a haute résistance. Les parametres
étudiés sont la géométrie des fibres (droites aéhats, ondulées), la résistance en traction des
fibres (1100 N/mm?2, 1900 N/mm?) et différents tade ferraillage (non armé, 2 @ 6 mm,
2 @ 12 mm) combinés a différents taux de fibres e a 60 kg/m3). L'évaluation de
I'efficacité des différents renforts de fibres ematures se base sur les courbes force-
déplacement de poutres testées en flexion 4 padiategsistance moyenne en compression du
béton varie de 85 a 102 MPa. Conformément aux re@mations allemandes sur les bétons
renforcés de fibres d’acier [1], les corps d’épeeunilisés sont des poutres de 700 mm de
long et de section 150 x 150 mm.

1. INTRODUCTION

In the German Guideline on “Steel Fibre Reinforc&dncrete” [1] from the German
Committee for Reinforced Concrete (DAfStb), someaarof the concrete construction are not
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covered, due to limited experimental data. Lighgheéiconcretes (LWC) as well as high
strength concretes (HSC) are generally excludedhcelethe current research is aimed to
study the load bearing and deformation behaviouhigh strength steel fibre reinforced
concrete (HSSFRC) with and without conventionalrearforcement.

2. EXPERIMENTAL PROGRAM

The experimental program includes investigationsheninfluence of geometry and tensile
strength of fibres as well as effects of differbat reinforcements. The applied fibre contents
(FC) were 20, 30, 40 and 60 kg/mThe tests were carried out according to the
recommendations of the German Concrete AssociattonSFRC [2] on small beams
(15 x 15 x 70 cm).

2.1 Materials and mixture proportions
Four different fibre types were selected:
— two straight fibres types with end hooks (F1 anjl&#
— two corrugated fibre types (F3 and F4).
Thereby, the fibre variants F1 and F3 represennabstrength fibres, whereas F2 and F4
can be characterized as high strength steel filies. properties of the selected steel fibre
types are shown in Table 1. In all cases the madofelasticity averages 200,000 N/fam

Table 1: Overview of investigated steel fibre types

Description F1 | F2 F3 | F4
View - . e
Parameters Geometry
Surface plane
Cross-section circular
Shape straight corrugated
Anchorage hooked ends continuous
Parameters Units Values
It [mm] 50
ok [mm] 1
A [mm] 50
ft [N/mmZ] 1100 1900 1100 2000
fi M [N/mm?] 1189 1762 925 1873
N [kg] 3183 3188 2903 3642
D experimentally determined fibre tensile strengtefage for 10 fibres)
The abbreviations mentioned above are detailed|ksvs:
I+  fibre length, Of fibre diameter, A =lddk aspect-ratio,
f  fibre tensile strength, Nt number of fibres per kg.

The following additional materials were used:

— composite Portland cement (with portions of gramadaslag and limestone between 6 and
20 % with a density of 3.05 kg/dmand a fineness of 4660 éfy),

— fly ash (with specific gravity of 2.3 kg/dhand grain sizes between 2 and 28,
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— polycarboxylic ether - based superplasticizer (witthensity of 1.07 kg/d#)

- long-term retarder, based on phosphonic acid (aviflensity of 1.17 kg/d#

— locally available natural sand (with a fractionesaf 0 to 2 mm used as fine aggregate),
- two different types of gravel (with a fraction siae2 to 8 mm and 8 to 16 mm).

Sand and gravel had a specific gravity of 2.65 kg/drhe applied grain size distribution
of aggregates ranged between A16 and B16, accordif3]j. Altogether 17 concrete mixtures
were fabricated for casting the specimens useduithdr tests. The reference concrete
composition (R) is shown in Table 2. By applyindfetient fibre contents, the amounts of
superplasticizer and retarder were adapted up tmaximum value of 12.4 kgfin
(superplasticizer) and 2.4 kg/m3 (retarder). Basedthis reference concrete mixture, the
HSSFRC were made for different fibre amounts (20,49 and 60 kg/f and fibres types F1
to F3. For the fibre variant F4 only 30 and 60 kimere chosen. All concrete mixtures were
mixed in a 0.5 single-shaft compulsory mixer. The calculated waduof each mixture was
0.380 ni. To reduce the influence of the aggregates’ mastin concrete properties, dried
aggregates were used for all mixtures.

Table 2: Concrete mix-proportions

Components Composition R~ Unit
Cement c 400.0 kg/in
Total water | w 132.0 kg/fn
w/c ratio 0.330 -

. Steel fibres 0 kg/m
Additives e och (FA) 100.0 kg/f
w/(c+FA) ratio 0.264 -

. Superplasticizer 10.0 kgAn
Admixtures 2 arder 0.8 kg/fn

0/2 sand 39.0 %
Aggregates | 2/8 gravel 25.0 %
8/16 gravel 36.0 %

2.2  Testing fresh mixture’s properties

Front view Cross section
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Figure 1: Experimental setup of the four point begdest

Following [4], one workability test (slump test) svacarried out for each HSC and
HSSFRC mixture in a lapse of 5 minutes after fimghmixing. The target slumpaf) was
between 56 and 62 cm, corresponding to [4]. Themta compressive and splitting tensile
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strengths were measured for six cubes with an Ehggh of 150 mm for each fibre type and

content. Additionally, the elasticity modulus wasestigated on three cylinders with a height
of 30 cm and a diameter of 15 cm. Finally, fourqtobending tests were carried out to

investigate the post-cracking behaviour. For tieason HSC and HSSFRC beams with a
cross section of 150 x 150 mm and a length of 760were casted. A scheme of the test
setup is shown in Figure 1. According to [1, 2]e theams were loaded orthogonal to the
casting direction. The load was controlled usinglisplacement method with a rate of

0.2 mm/min. The deflection was recorded by two L\&d®ne on each side of the beam).

Table 3: Number of tested beams per series

FC without steel bars B500 — 2 @ 6 mm B500 — 2 @ 12 mm
kg/m3| R1| F1| F2| F3] F4 Rl R2 Fl H2 HK3 F4 RHE1|F2|F3|F3*
0 6 6 6 6
20 6 6 6 6 6 6 6 & (0}
30 6 6 6 3 6 6 6 3 @ 6 (5)
40 6 6 6 6 6 6 6 & (0}
60 6 6 6 3 6 6 6 3 @ () (5)
F F
20 Lz 200 2 L w
¥ - j - «
s -~ A ~
a) |+ N % 4/ /\Y\ )\/Zg/;r %ﬁé\/\ 150
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Figure 2: Test specimens: (a) without bar reinforeet; (b) with 2 @ 6 mm; (c) with
2012 mm

In total 261 beams were tested. The units of tebesins per series are summarized in

Table 3. In Figure 2 an overview of the used typlelongitudinal steel bar reinforcements of
the tested beams is given. For each fibre cont@sp&cimens were casted normally. Among
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them 12 were provided with two different steel banforcement ratios (2 @ 6 mm with
0.25 %, 2 @ 12 mm with 1.0 %) and 6 beams withdoeglsbar reinforcement. Longitudinal
tensile reinforcement had hooks at the beam endsdore adequate anchorage. Additionally,
stirrups (@ 6 mm) were attached at the support®otd the bar reinforcement. The steel bars
were characterized by specified yield strength @ B/mnt (B500 according to [5]). The
hardened properties of the mixtures were testedb®8 after casting.

3. EXPERIMENTAL RESULTS

3.1  Properties of fresh concrete

HSC has a low water-binder ratio. Hence, the cdacmeixtures were characterized by
high viscosity, resulting in problematic workahjlitHowever, during the tests a uniform
distribution and a random orientation of fibrestheut any signs of balling or clustering,
were observed. Table 4 presents the slump tesitggas) as well as concrete and ambient
temperaturesTg, Ta) of different HSC and HSSFRC mixtures. As it wasntioned above
the slump should be between 56 and 62 cm. In nasstscthis requirement was satisfied.

Table 4: Overview of determined fresh concrete prigs

B500-2x@ FC | FT as Tc Ta
[mm] kg/m3]| [ [cm] [°C] [°C]
0612 o LRl 62 28.2 19.0

6 R2 40 16.3 -3.0
0] 6]12 F1 63 20.1 3.5
o|6[12] , | F2 57 21.3 6.3
0] 6]12 F3 62 25.2 18.0

12 F3* 58 26.6 18.8
0]6]12 F1 59 215 7.5
06|12 | F2 56 20.4 4.1
0]6]12 F3 59 26.5 18.2
0] 6 F4 42 11.1 1.2
0]6]12 F1 56 21.9 4.2
0|6[12] 40 [ F2 56 20.5 4.8
0|6]12 F3 65 33.6 26.8
0| 6]12 F1 57 19.8 2.5
06|12 | F2 63 22.3 11.0
0]6]12 F3 62 29.0 23.0
0| 6 F4 40 11.7 2.7

3.2 Properties of hardened concrete

In this section the experimental results of comgikesstrength, splitting tensile strength,
modulus of elasticity, concrete density (compardldeb) and load bearing behaviour of
beams are presented. The compressive strengthgusree for classification of concrete
according to the strength classes. The splittintsite strength is important for indirect
determination of concrete tensile strength. Theestigation of load bearing behaviour of
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beams allows the determination of concrete benditrgngth. It is also required for
assessment of the post-cracking tensile strengskrvice and ultimate limit states, as well as
for evaluation of the fracture behaviour of conereind for the determination of fibre
segregation and distribution. Average compressind aplitting tensile strengths for
specimens with different fibre contents are givanTiable 5. Following these results, in
average the strength increases as the fibre cobnéoimes higher. The compressive strength
for all HSSFRC specimens was higher than for HSEsoiGenerally, the splitting tensile
strength increases with the raise in fibre content.

Table 5: Overview of determined hardened concreipgsties

Compressive Splitting tensile Modulus of
B500 -2 x @ FC ET strength strength elast'icity density
cube cube cylinder
fcm,cube S fctm,sp S Ecm S Pc

[mm] [kg/m3]| [-] [N/mm?] | [N/mm?] | [N/mm?] | [N/mm?] | [N/mm?2]| [N/mm?] | [kg/dm3]
0] 6]12 0 R1 86.1 2.29 4.18 0.22 38438 777 2.41
6 R2 85.3 8.00 4.56 0.36 35692 1065 2.3
0| 6] 12 F1 86.8 6.44 5.12 0.26 43106 1143 2.438
0| 6|12 20 F2 91.4 3.74 4.86 0.27 41383 1860 2.48
0| 6|12 F3 86.2 5.02 4.84 0.05 40327 1027 2.42
12 F3* 94.5 1.28 5.24 0.40 418719 1142 2.48
0| 6] 12 F1 90.8 4.15 5.01 0.44 40428 935 2.44
0| 6] 12 30 F2 86.2 2.24 5.42 0.22 39938 1450 2.438
0| 6112 F3 88.5 1.35 5.11 0.28 42598 1010 2.44
0 | 6 F4 86.4 1.62 4.39 0.83 36744 1221 2.38
0| 6] 12 F1 91.1 1.33 5.63 0.23 41238 2316 2.44
0| 6| 12| 40 F2 91.7 1.81 5.02 0.16 40103 476 2.44
0| 6] 12 F3 95.4 1.13 4.96 0.48 41686 8438 2.48
0| 6|12 F1 88.2 3.53 6.17 0.85 40307 1271 2.44
0| 6|12 60 F2 102.1 2.98 5.89 0.78 40959 1086 2.4p
0| 6] 12 F3 93.3 1.65 5.10 0.57 43854 1598 2.43
0| 6 F4 92.6 3.38 5.29 1.26 38100 1279 2.43

Analysing pre- and post-cracking behaviour is intgatr for design of SFRC members,
subjected to bending. According to the modern stehdapplied in Germany [1], residual
flexural tensile strength is of particular importan The influence of fibre content and type as
well as different bar reinforcement on pre- andtymoacking behaviour of HSC and HSSFRC
beams is shown in Figure 2. All specimens demotestran increase in the load level in post-
cracking range as the fibre content became highewever, by changing the fibre content
from 20 to 60 kg/m3, the load bearing capacityastnipled, because the relation between the
effective fibres and fibre content is nonlinearr Bpecimens with reinforcing steel 2 @ 6 mm
curves for R1 and R2 (without fibre reinforcemeaitler the first crack have jumps because
additional cracks appeared immediately after ttet ine has developed. These jumps may be
avoided by adding fibres. In specimens without k@Enforcement the load in the post-
cracking range decreases with increasing deflecfi@ble 6 a to d). For beams with bar
reinforcement the load increases after the crackdtion.
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Table 7: Average load-deflection contributionsibfés for different fibre types (atod — F1, e
toh—-F2,ito |- F3, mand n - F4) with differdéibre contents and bar reinforcement ratios
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The increase becomes more evident for higher baforeement ratio. For specimens
combined with end anchored fibre types (F1 anddf2)2 @ 6 mm the loading rate at 3.5 mm
was generally higher, compared to that in specimeétiscorrugated fibre types (F3 and F4).
Regarding specimens with high reinforcement ra2i@(12 mm), the influence of fibre type
is comparatively small. It should be mentioned ttieg tested beams had different failure
modes. The following notations can be used foreddht failure models: BT, failure in
bending, tensile reinforcement bars are failed; B&lure in bending, concrete in the
compressed zone is collapsed; BS, failure in shear.

For example, specimens with a reinforcement ratit % (2 @ 12 mm) and none or low
fibre contents (0 and 20 kg/m?) failed in BC or B&d for fibre contents from 40 to 60 kg/m3
primary compression failure (BC) was observed. Bpewes with bar reinforcement
ratio< 0.25 % (2 @ 6 mm) failed in bending (BT). Specisiémat failed in shear and have not
reached a deflection of 3.5 mm have not been irclud calculations of average results.

Table 7 presents the contribution of fibres to libed-deflection curves. For specimens
without bar reinforcement the force-deflection @svfor HSC beams were subtracted from
those obtained for HSSFRC ones. For specimens baitireinforcement the load-deflection
curves were generated by subtraction of loadsfméted for beams with bar reinforcement
without fibres from beams with fibres and longituali reinforcement.

Normally, with increasing bar reinforcement ratioe load bearing capacity of steel fibres
will be reduced at low deflections (representing service ability limit state), due to the fact
that multiple cracks appear in HSSFRC beams wittifarcing bars. The bar reinforcement
initially absorbed a big percentage of the firshokr energy as a result of better bonding
between the bars and the matrix, compared to tmiden the fibres and the matrix. As the
deflection increased, multiple cracks were notiaed smaller crack widths in respect to the
same deformation were measured, compared to beatihsawsingle crack. Slower crack
opening caused a slower but continuous activatidibes. A stronger rise of the curves was
observed for the smaller bar reinforcement ratidependent of fibre type and content.

Referring to this, up to deformations between 18 mand 1.5 mm, a higher working
capacity of fibores was observed for specimens With 6 mm, compared to those with
2 @ 12 mm, because of a higher activation of theef during the load transfer after repeated
matrix failure on the basis of lower bond forcegdlad smaller longitudinal reinforcement. In
contrast to the other bar reinforcement ratios astamt load level was observed for the
specimens with a bar reinforcement of 2 @ 12 maeéiection higher than 2.0 mm.

The average number of fibres in the fractured serfawas determined for all tested
specimens per series, independent on orientat@sitign and embedded length of the single
fibres. The results are presented in Table 8.

Table 8: Overview of counted number of fibres pares based on test results

average number of counted fibres in the fractutethse based on test resutiss [-]
FT Fibre content [kg/m3]
20 30 40 60
F1 44.8 57.9 81.0 124.9
F2 39.1 58.9 80.3 120.1
F3 33.8 57.2 79.3 1154
F4 - 69.3 - 141.8
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Table 9: Calculated number of fibres based on éweldped model according to [6, 7]

calculated number of fibres in the fractured swfabased on model
ET NM, min [‘] | Nv,@ ['] | NM, max [‘]
Fibre content [kg/m3]

20 30 40 60 20 30 40 60 20 30 40 60
F1 | 35.3| 63.00 80.6 125/743.4| 66.8| 88.5 131/147.3| 69.8| 90.8 1395
F2 | 35.3| 63.1 80.7 125/943.4| 66.9| 88.6 131,347.3| 69.9| 90.9 139)7
F3 | 33.5| 58.3 74.7 115/240.0| 61.6| 81.0 118/945.0| 64.4| 86.1 127.3
F4 | 46.4| 71.5 955 141(7/50.1| 76.5| 99.5 150/,553.1| 79.4| 105.1157.9
5
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Figure 3: Comparison of number of fibres basedxgeemental and theoretical results
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Figure 4: Overview of selected interaction charts

In Table 9 an overview of calculated number of ddbibased on the developed model is
given. This model was introduced by Mueller in 7§, The minimum, average and maximum
values for the investigated fibre types and costané shown in the table.

Figure 3 presents a comparison of number of fidvased on experimental and theoretical
results, of small beams for different fibre congeninh the diagram the relations of number of
fibres resulting from the average values of theeeixpental resultsnfg) and the minimum
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values of the modehf,min) are shown [6, 7]. The value 1.0 characterizespthiat reaching
accordance between model and experimental rednltgeneral, a good conformity of the
model was observed. Regarding the fibre amounOdgZm? for all fibre types, the average
number of fibres in the testi(g) was always higher compared to the minimal nundfer
fibres based on the mod@h(min). For this reason the relation is generally ovér 1

In Figure 4 selected types of interaction chareseld on the fibre model, are shown. In
general a linear relation between used fibre cdaraed determined number of fibres in the
fractured zone can be assumed (left diagram). Tiferehces in the curves were caused by
the existing length and weight of a single fibreegRrding the right diagram, the area of
reinforcement of steel fibres can be derived framriumber of fibres in the fractured surface.
Thereby, an inference to the effectiveness of §itinethe crack is not considered.

4, CONCLUSIONS

The strength and geometry of fibres have a dirgtience on the load bearing capacity of
HSSFRC beams without bar reinforcement. Using lsigngth fibres resulted in a clearly
better ductile behaviour and higher load levelh&post cracking range, compared to normal
strength ones (for specimen without bar reinforagineSpecimens with high strength fibres
had lower number of broken fibres in the failedssrgections, compared to those with normal
strength ones. The use of high-strength fibresainreinforced HSC beams is not necessary,
as no significant increase in the load bearing céyggacompared to beams with normal-
strength fibres, was observed.

In cases of fibre contents of 0 and 20 k§jthe specimens, containing bar reinforcement of
1 %, failed in shear or compression. Primary comsgiom failure was observed for specimens
with fibre content of 40 kg/fa For fibre content of 60 kgfnthe HSC beams with
longitudinal reinforcement ratio of 1 % failed inrapression only.

In serviceability limit state the highest efficignof the fibres (specimens without bar
reinforcement) was observed for the corrugated biggngth fibre type. In ultimate limit state
the highest efficiency of the fibres (specimenshaiit bar reinforcement) was observed for
the straight high strength fibre type.

If design of steel bar reinforced HSSFRC beams bal based on the test results of
specimens without bar reinforcement, the load bgacapacity at serviceability stage (low
deformations) will be overestimated, independentheffibre type. The load level in the range
of high deformations, representing the ultimateitlistate, will be overestimated for the high
strength fibre type.

Normal and high strength corrugated fibre showeghéyi reserves for design of HSSFRC
with bar reinforcement at ultimate limit state camgd to fibres with end hooks.

On the basis of the developed model, it is posdibleheck the used fibre content of a
mixture by comparison of the average number ofeBbon the fractured surface with the
theoretical value resulting from the model.
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