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INTRODUCTION

Steel fibre reinforced concretes are structural materials that are gaining
importance quite rapidly due to the increasing demand of superior structural properties. These
composites exhibit attractive tensile and compressive strengths, low drying shrinkage, high
toughness, high energy absorption and durability. This is due to the tendency of propagating
micro-cracks in cementitious matrices to be arrested or deflected by fibres, which is guaranteed
by the local bond between fibres and matrix. Studies show that fibre-matriX interfacial bond is
provided by a combination of adhesion, friction and mechanical interlockingy(Li, 2007). Thus
fibre reinforced concrete has superior resistance to cracks and crack propagation. The net result
of all these is to impart to the fibre composite pronoun¢ed post- craeking ductility which is
unheard of in ordinary concrete (Nguyen Van,2006). These, properties of SFC can be enhanced
by the addition of a suitable polymer into it. The properties,of'which has been overlooked based
on the studies conducted by Gengying Li and XiaohuaZhao, Dept. of civil engg, Shantou

university, China.

Polymer cement'eoncretes have high tensile strength, good ductile
behavior and high impact resistance capability due to the formation of a three dimensional
polymer network through the hardened cementitious matrices. Because of the void-filling effect
of this network and itstbridging across cracks, the porosity decreases and pore radius are refined.
Furthermore, thedransition zone may be improved due to the adhesion of a polymer. A styrene
butadiene rubber emulsion is incorporated to improve the ductile behavior and flexural strength
of steel fibre reinforeced cement concretes (SFC). Silica fume and fly ash are also used to enhance
the densifieation of cementitious matrix. The mechanical properties, microstructure, porosity and

pore size distribution of polymer modified steel fibre reinforced concrete are studied.
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STEEL FIBRE REINFORCED CONCRETE

GENERAL

Plain, unreinforced concrete is a brittle material, with a low tensile strength
and a low strain capacity. Steel fibre reinforcement is widely used as the main and unique
reinforcing for industrial concrete floor slabs, shotcrete and prefabricated congrete products. It is
also considered for structural purposes in the reinforcement of slabs on piles, tuanel segments,
concrete cellars, foundation slabs and shear reinforcement in prestressed*elements:,ln‘tension,
SFC fails only after the steel fibre breaks or is pulled out of the cementunatrix. The role of
randomly distributed discontinuous fibres is to bridge across the cragksthat develops and
provide some post- cracking ductility. The real contribution of the fibres is to increase the
toughness of the concrete under any type of loading. When,thexfibre reinforcement is in the form

of short discrete fibres, they act effectively as rigid inelusiens in the concrete matrix.

MIX DESIGN OF SFC

As withiany other,type of concrete, the mix proportions for SFC depend upon
the requirements for a‘particularjob, in terms of strength, workability, and so on. Several
procedures for preportiening SFC mixes are available, which emphasize the workability of the
resulting mixgHowever,there are some considerations that are particular to SFC. In general, SFC
mixes contaimhigher cement contents and higher ratios of fine to coarse aggregate than do
ordinary‘concretes, and so the mix design procedures the apply to conventional concrete may not
be entirely-applicable to SFC. Commonly, to reduce the quantity of cement, up to 35% of the
cement may be replaced with fly ash (Nguyen Van, 2006). In addition, to improve the
workability of higher fibre volume mixes, water reducing admixtures and, in particular,
superplasticizers are often used, in conjunction with air entrainment. The range of proportions

for normal weight SFC is shown in Table 2.1.
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Property Mortar 9.5mm Maximum | 19 mm Maximum
agpregate size aggregate size

Cement (kg/m”) 415-710 353-5%0 300-535

wWiC Tatio 03045 035045 0405

Fine'coarse 100 45-60 45-55

aggregate(®e) 7-10 1.7 1.6

Entrained air (%) 1-2 09-18 D816

Fibre content (%%) by | 0 5-1.0 04-09 0308

volume

smooth steel

deformed steel

Table 2.1 Range of proportions for normal weight fibre reinforced conerete'(steelfibre

reinforced concrete, Nguyen Van).

PROPERTIES OF SFC

Compressive strength

Fibres do little to enhance the stati€ compressive strength of concrete, with
increases in strength ranging from essentially. nil to perhaps 25%. Even in members which
contain conventional reinforcement in additignito the steel fibres, the fibres have little effect on
compressive strength. However, the filires de substantially increase the post-cracking ductility,

or energy absorption of the material.

Tensile strength

Fibrestaligned in the direction of the tensile stress may bring about very large
increasesdn‘direct'tensile strength, as high as 133% for 5% of smooth, straight steel fibres.
Howevernfor, more or less randomly distributed fibres, the increase in strength is much smaller,
ranging from as little as no increase in some instances to perhaps 60%, with many investigations
indicating intermediate values, as shown in Fig. 2.1. Splitting-tension test of SFRC show similar
result. Thus, adding fibres merely to increase the direct tensile strength is probably not
worthwhile. However, as in compression, steel fibres do lead to major increases in the post-

cracking behaviour or toughness of the composites.
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Van)

Influence of fibre content on tensile strength (Steel fibre reinforced concrete, Nguyen

Flexural strength

Steel fibres are generally, faundito have aggregate much greater effect on the
flexural strength of SFC than on either the'gompressive or tensile strength, with increases of
more than 100% having beep reportedh, Thedncrease in flexural strength is particularly sensitive,
not only to the fibre volume, but alsoite the aspect ratio of the fibres, with higher aspect ratio
leading to larger strength inereases. Fig. 2.2 describes the fibre effect in terms of the combined
parameter WI/d, where 1d isthe aspect ratio and W is the weight percent of fibres. It should be
noted that for WA/d*>,600;the mix characteristics tended to be quite unsatisfactory. Deformed
fibres showsthe Same types of increases at lower volumes, because of their improved bond

characteristics.
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Fig.2.2. The effect of WI/d on the flexural strength of mortar anehconcretex(steel fibre reinforced
concrete, Nguyen Van)

APPLICATIONS OF SFC

The uses of SFC over the past thirty yearsihave been so varied and so widespread,

that it is difficult to categorize them. The mast'‘common applications are pavements, tunnel
linings, pavements and slabs, shotcrete'andwow shetcrete also containing silica fume, airport
pavements, bridge deck slab repairs, and soten. There has also been some recent experimental
work on roller-compacted cancrete (REC) reinforced with steel fibres. The fibres themselves are,
unfortunately, relatively expensive; a 1% steel fibre addition will approximately double the
material costs of the cancrete, and this has tended to limit the use of SFC to special applications.
To improve the propetties of SFC a suitable polymer is added and the resulting changes

in properties are ‘¢losely,examined.
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POLYMER MODIFIED SFC

To the steel fibre reinforced concrete a styrene butadiene rubber emulsion was
added and the properties of such polymer modified steel fibre reinforced concrete (PSFC) are
studied.

Experimental program

Materials

The cementitious material used in the test was ordinary Portland cement. Fly ash and
silica fume. The coarse aggregate was crushed limestone with a maximum Sizesef 12 mm. The
fine aggregate was river sand with a fineness modulus of 2.35. Hooked-end straight steel fibers
were added in concrete mixes at different volumetric fractions. Fiber shapes are shown in Fig.
3.1, and specifications are listed in Table 3.1. The superplasticizer (SP)%is a liquor of phenolic
aldehyde, with a solid content of 31% and the density 1.1°'g/cm3, The polymer used is a styrene
butadiene rubber emulsion (SBR), which is a fluid mik-white'solution, with a solid content of
48% and the density 1.09 g/cma3.

\

Fig.3.1 Shape of steel fibres (properties of PSFC, Li, Zhao).

Table 3.1 Specifications of heok-end steel fibres (properties of PSFC, Li, Zhao)

Tensile strength Speaific gavity | Fibre length Fibre diameter

(MP3a) (g/om’) (mm) (mm)

330.900 19 | 16 04

Specimen preparation and test methods
The concrete mixes are presented in Table 3.2. In the test, both silica fume and fly

ash remained unchanged. However, the amount of steel fibers and polymer varied. Firstly, steel
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fibers, cement, stone, sand, silica fume and fly ash were added and mixed for about 5 min. Then,

water, SBR latex, and superplasticizer were added. The mixture was mixed until a uniform

concrete was obtained. Three specimens (with a size of 100 x 100 x 300 mm®) were prepared for

each mix. The specimens were demoulded after 2 days, and then cured for 5 days in water with a

temperatureof 20 °C, and for another 21 days in room conditions.

Table 3.2 Max propestions of concrete (kg/m?) (properties of PSFC, Li, Zhao).

Mixes Ceme | Water | Sand | Stone | Sthea | Fly | Steel | Pohmmer | SPewe™) | W B | PB* | F
nt fume | ash | fibre f dos

SFCT 90 1416 | 650 062 ‘ 0 | [ ) I
SFCI S0 6 |6 i i i i ii 0 B
SFCI o0 | 1416 |6 010 | 5¢ i (K] 02 2
PiCla 90 357 | 6 062 | 0 177 | 13 02 1
PSCTE | 490 | 1260 | 6 -'F'T"- . D | 78 | 245 "T’» 0., I
PaCle 390 052 | 650 | 1062 K ) RE 018 1
PSClia 50 550 | 630 036 | 30 % |1 | 13 0250
PSCITD 90 260 | 630 036 | £1Hs 1 0215
PSCIlc | 490 352 | 630 036 | 36 % |9 [1 0183
PSCIlla | 490 | 135 650 110 T 41177 1% 0230
PSCIIIb | 290 | 1268 | 630 | 1010 ‘ 33| 243 ‘ s 0213
PSCITIC | 480 0637|650 T 1616 I S I i1 0183

* P/B: polymer given as the total hinder content by mass

* F. stedd fibres given as percent of volume

The microstructure of concrete containing, 1 vol.% steel fibers was analyzed by using

Scanning electron microscope (SEM)yThree samples with a size of 1 x 1 x 1 cm were collected

for each mix after steel fibers'being pulled out to observe the interface change between steel

fibers and cement matrix. Anether six samples for each mix were collected at random after

compressive testings T htee of them were dried in an oven at 50 + 2 _C, while the other three

were etched with, 3% hydrochloric acid (HCI) solution for 10 min. Thereafter, the three samples

were washed With Water and dried in an oven too. All samples were kept in alcohol until testing,

and gold-coated"defore examination. The effects of SBR content on concrete porosity and pore

size distribution were determined by using Mercury Intrusion Porosimetry (MIP). After strengths

were tested, samples were collected randomly from four mixes of concrete, which are SFCI,
PSCla, PSCIb, and PSCIc (as shown in Table 3.2). An AUTOSCA-10 Mercury Intrusion
Porosimetry, able to determine the distribution of pores from 2 to 5000 nm, was used for the

measurement. The maximum pressure provided by the machine was 600 MPa. The contact angle

and mercury surface tension used were 140 and 480.0 erg/cm?, respectively.
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RESULTS
Table 4.1. Mechanical properties of specimens after 28 days curing (properties of PSFC, Li,
Zhao).
Mixes Compressive Flexural Cost (¥ per m® concrete)
Strength (MPa) | strength (MPa) SF SBR Total
‘ SKCI 70+-3.1 9.60+3 8 390 0 640
! SFCII 9.9:29 126020 780 0 1030
k SFCII §28234 15.6043.7 1170 [0 1320
‘ PSCla 42228 12.7543.2 390 2301 870.1
i PSCIb 234 13.05£25 390 3185 958.5
" PSClc 620233 11,1043 3 300 767 1307
i PSClla 02+2 8 1270432 71S0 2301 1260.1
PSClib 170£29 14.60£35 i 3185 1348.5
PSClic 69.2=30 13.71£3.7 /80 167 1797
j PSCIIIa 833239 173039 1170 | 230.1 1650.1
PSCIIIv 8.1£3.6 1855441 1170 3185 1738.5
PSCllic 69.5243 148040 1170 67 2187

Mechanical properties and cost feasibility

As shown infFable4.1, the compressive strengths of concretes (SFC) reinforced
with 1, 2, 3 vol.% SFseare 70.0, 79.9, 82.8 MPa, and the flexural strengths are 9.6, 12.6, 15.6
MPa, respectively. With'the addition of SBR, the flexural strengths of concretes are generally
higher than thesewof SEC. For series | (containing 1 vol.% steel fibers), the flexural strengths of
concretesdneerporating 3,5, 10 wt.% SBR are 12.75, 13.05, 11.1 MPa, about 32%, 33%, 15%
higher than these of SFCI, respectively. For series Il (containing 2 vol.% steel fibers) and 111
(containing\3 vol.% steel fibers), the flexural strengths of concretes incorporating 3, 5, 10 wt.%
SBR are about 1%, 15%, 9%, 11%, 19%, _6% higher than these of SFC, respectively. However,
the compressive strengths are generally decreased with the addition of SBR. For series I, Il and
I11, the compressive strengths of concretes incorporating 3, 5, 10 wt.% SBR are about 1.06, 1.05,
0.88, 0.99, 0.94, 0.86, 1.01, 0.94, 0.84 times as high as these of corresponding SFC, respectively.

It is worth noting that both the mixes PSCla and PSCIb have higher flexural

strengths than SFCII, while containing a lower content of steel fibers. Due to this property, these
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two mixes are attractive for engineering applications. Nowadays, the price of steel fibers in
China is about ¥ 5000 per tonne, the SBR about ¥ 13,000 per tonne, and Ordinary Portland
Concrete about ¥ 250 per m3. The costs of all mixes are shown in Table 4.1. It is seen that both
PSCla and PSCIb are cheaper than SFCII. This indicates that the appropriate addition of SBR to
a concrete can enhance its flexural property, and lower specific gravity and price. The optimal
addition of SBR is about 5 wt.%, which achieves the highest flexural strength. Probably due to
the higher air content in concretes, the increasing addition of SBR and steel fibers does not
enhance both compressive and flexural strength. In engineering applications, PSC is usually
subjected to compression. Fig.4.1 shows the load—displacement curves,ef concretes under
uniaxial compression, which were obtained at the age of 28 days withieubicispecimens of 100 x
100 x 100 mm®. It is seen that the addition of both fibers and SBRydoes.not have much influence
on the behavior of a hardened concrete before peak load:3However, a significant improvement in
energy absorption (defined as the area under the compressivesload—displacement curves after
peak load) is observed after peak load. Both the ultimate deformation and dissipated energy
increase with increasing dosage of fibers. The lead=displacement curves without SBR decreases
much more sharply with the increase ofidisplacement, indicating that the concretes with SBR

possess better ductility.

900 :
PSCHIe
800 - PSCIll¢ PSCIIb

. — / PSClHa
ol il [ J
600 {i //'
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500 +4 PSClIb
400 4 PSCle

| ] psCIf SECIHN
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Fig.4.1. Comparison of compressive load displacement curves of concrete specimens with
and without SBR (properties of PSFC, Li, Zhao)

Porosity and pore size distribution
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Porosity and pore size distribution for SFCI, PSCla, PSCIb, and PSClIc after 28 days’
curing are shown in Table 4.2. Obviously, the porosity and pore size distribution are influenced
by the incorporation of SBR. The overall porosity increases with the increasing dosage of SBR,
but does not as it was expected. This fact might be due to the application of MIP test method
itself, which uses high pressure capable of damaging the thin polymeric films and compacting
the concretes. The magnitudes of overall porosity are 8.24%, 8.26%, 8.37% and 9.44% for SFCI,
PSCla, PSCIb and PSClc, respectively. The pores with a size less than 50 nm are designated as
“‘gel’” porosity or medium shrinkage. While the pores larger than 50 nm aze designated as large
capillaries or entrained air and will affect mainly strength and permeability:J able 5 shows that
the magnitudes of gel or medium capillary porosity for SFCI, PSCla, RSCIh and PSClc are
4.67%, 6.70%, 6.87% and 4.60%, respectively. Howeverftthe values of large capillary porosity
become 3.90% for SFCI, 2.02% for PSCla, 2.35% for PS€Ib,"and\5.26% for PSClc. The large
capillary porosities for PSCla and PSCIb are lower, andtherefore*higher strengths are achieved
(Table 4.1).

Mixes | Total Total Mean | Mode | Median | Poros a
Pore size distribution (%¢)
intruded | surface | radius | radius | radius ty (%)
volume | area (rum) {nm) (rame) <10 10mm- | Smm- | >10m

(m/g) e SOwm Tpm

'SFC1 | 00327 | 10968 | 8909 | 233 | 1476 |S24 |200 |267 |241 |149
PECla | 00339 ' 255 F035 2091 11.53 826 263 107 186 016
PSCIb | 00344 | 9430 | 7.190 | 2.113 | 118 §37 | 263 [424 |225 |010
PSCIc | 0.0309 | 11.060 | 1237 | 2717 | 3201 | 944 | 142 |318 |425 |10

Table 4.2 Porosity, mean radius@nd pore size distribution of concretes (properties of PSFC, Li,
Zhao).
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CONCLUSION

Mechanical behaviours and microstructures of the materials were analyzed. It is concluded that

Addition of steel fibres to a concrete will improve both its flexural and compressive strength.
The strengths increase significantly with fibre content.

The flexural strength increases greatly when containing 3-10 wt.% SBR. The optimal use of
SBR is 5 wt.%, which achieves the highest flexural strength. However, the compressive strength
may decrease with the addition arrives 10 wt.%, a 16% reduction is observed:

Polymer films are observed in concretes when incorporating 5 or 10 wt% SBR,"and act as
bridges across pores and cracks. Morover, the polymer films in concrete,incorporating 10 wt.%
SBR are thicker and more coherent.

The pore size distribution curves of specimens exhibit atileastiwerpeaks, which locate in the
ranges of 5-20 nm and 50-1000 nm, respectively. Higheraddition of SBR leads to a larger peak
magnitude in the range of 50-1000 nm.

The overall porosity increases with,the increasing desage of SBR.
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