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Abstract This study looks into the effect of polypropylene (PP) maloeo$ on the
flexural response of self-consolidating fiber-reinforced concrete (SCFRGibies

with a length of 38 mm dosed at 8 kd/mere incorporatedh different mixes in

order to produce prismatic specimens and test them in flexuretotdiebinder
content was maintained at 450 k§/im all casesand the percentage of ground
granulated blast-furnace slag (GGBS) was varied between 25% and 50%. The water
to-binder ratio (w/b) was varied between 0.40 and 0.45. The assipe strength

and the residual flexural strength were evaluated at the age of 56 Tdwgys.
experimental results from these tests were related to w/b and GGBS content
Predictive equations and response surfaces were obtained for the residual flexural
strength parameters by means of multiple linear regression. It was ghaivthere

is a statistically significant synergy between GGBS content and w/b that affects th
variability of residual load-bearing capacity of SCFRC in flexure.

Keywords: Ground-granulated blast-furnace slag, polypropylene
fibers, residual flexural strength.

I ntroduction

Self-consolidating fiber reinforced concrete (SCFRC) combines the advantages of
self-consolidating concrete (SCC) with the enhanced mechanical performance of
fiber reinforced concrete (FRC) in the cracked state§CFRC when compared to
FRC presents a substantial advantage: the enhanced workability ayeheiral,
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fresh state performance that makes it easier for fibers to be dispetisedash mix

[2]. This is made possible partially as a result of the addition ofiitapt amounts

of mineral powders, which have a lubricant effect on the fresh paste that
complements the effect of superplasticizers and allows for better compatibilit
between these and cemef8-5]. Mineral additions are therefore important
constituents of self-consolidating concretes. The partial replacement of ceithent w
pozzolanic materials or the addition of fillers such as limestone poilu8&) can
significantly interact with fibers [3, 6].

Fibers restrain the initiation and development of cracks and as a result provide
concrete with a residual load bearing capatitgeneral, SCFRC shows better crack
resistance and better strength and toughness than SCC [7]. Cottrardgl fibers,

PP fibers are hydrophobic and therefore weakly wetted by cement pastespiti

that they have been shown to behave satisfactorily in terms ofnigota the
concrete matrix [8].

Scope and Objectives

This research aimed at assessing the changes in flexural response thatlamedo
in SCFRC reinforced with 8 kg/m3 of 38-mm length PP fibererwthe ground
granulated blast-furnace slag (GGBS) content and/or the teabénder ratio are
varied. To do so, several batches of four different SFRC mix degigre cast and
prismatic specimens were produced and tested in flexure. The follpaitigular
objectives were pursued:

¢ Identification of significant synergies between w/b ratio and GGBS comtdnt a
guantification of their impact on residual flexural strength.

e Establishment of regression models that relate the residual flexural loads to w/b
and GGBS content and that account for significant interactions.

o Assessment of the variability profile of the flexural response of cracked SCFRC
specimens.

Experimental Programme
Materials

Cement class CEM | 42.5 R and GGBS were used as constituents iofciéye Bhe
average particle size of the GGBS was 13.8 microns. Limestone powdgn{aSP
also used as a filler, with an average particle size was 9.1 microns. @imé&cah
composition of these materials is shown in Table I.

A polycarboxylate ether-based superplasticizer (SP) was used, its demsiyl.06
g/cn? and with a water content 66% In addition to the santlyo coarse aggregates
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with different maximum size (8 and 14 mm) were used, all of tleemshed.
Polypropylene fibers with a length of 38 mm were used.

Table L Chemical composition of cement, LSP and GGBS.

Cement LSP GGBS
SiO, 19.61 1.74 35.65
TiO; 0.336 0.011 0.735
Al,Oz 5.02 0.09 11.53
FeOs 3.14 0.11 0.96
MnO 0.097 0.048 0.210
MgO 2.67 0.54 7.22
CaO 63.79 55.24 41.26
NaO 0.22 <0.003 0.26
K>0O 0.469 0.026 0.396
P.Os 0.077 0.132 0.008
SO 3.04 <0.002 2.33
L.O.l. 2.40 42.71 -0.86

Mix designs

Four different mixes were considered, differing in terms of their watbinder
(w/b) ratio and their GGBS content. They are summarized in Table II.

The w/b ratio was considered at the levels of 0.40 and 44l cases, the total
binder content (total weight of cement and GGBS) was kept constant at/#%0 kg
The relative amount of GGBS was considered at two different dossitess 25%

or 50% of the total binder weightThe SP dosage was adjusted in each case after
some trial mixes to achieve a maximum spread between 650-700 thenslump

flow test.

Table Il. SCFRC mixes produced and tested in flexure (Rg/m

A25G | A50G B25G | B50G
water/binder ratio w/b = 0.45 w/b = 0.40
Cement type | 338 225 338 225
Water 203 203 180 180
Sand 800 800 825 825
Aggregate 8-mm 592 592 611 611
Aggregate 14nm 208 208 215 215
Limestone Powder 150 150 150 150
GGBS 113 225 113 225
SP 2.5 1.7 2.9 1.9
PP Fibres 8.0 8.0 8.0 8.0
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Fuller's theoretical curve was assumed when proportioning the aggregates, seeking
the relative volumes that optimised the fit between the actual and the theoretical
curve. The total aggregates content was 1600 kgmi650 kg/m for the mixes

with w/b of 0.45 and 0.40 respectively. The sand/coarse ratio wasokg® in all

cases in order to ensure a reasonably good degree of cohdmdrSF content was

kept constant at 150 kg#in all cases.

Bending tests

The residual flexural strength of the SCFRC mixes was assessed by tastiragipr
specimens in flexure to the European standard EN 14651:2005e BRighows the
dimensions of the prismatic specimens produced and the setup ofebedint
bending test. Figure 2 illustrates the parameters that were retained as outcomes of
these tests: the flexural loads corresponding to the limit of proportionalty 6r

peak load, B), and the loads corresponding to crack widths of 0.5, 1.5a863.5

mm (F, F2, Fs and R respectively.

T

| | 150 | h,

75_1_75
25 250 ; 250 \ |25 - 150 _|

550

Figure 1. Bending test setup and specimen dimensions (EN 14651
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Figure 2. Residual parameters retained from the bending test (EN 14651).
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Three batches of each of the four mixes in THbhere produced and three prismatic
specimens per batch were tested at the age of 56 days, as the pozzolanif effec
GGBS had been shown to be fully developed at this age [3]. Additiptiakye cubic
specimens per batch were tested in compression at the same age to obtaiagee aver
compressive strength values.

Experimental Results

The experimental results obtained for the compressive strepgth (h MPa), the
limit of proportionality (F, in kN), and the loadings in the postcrack regiof k&,
Fs, and R, in kN) are given in TablHl.

Tablelll. Experimental results obtained from the bending tests.

Mix fe cube Fo F1 F2 F3 Fa
MPa) | Ny | Ny | (kN (kN) (kN)

A25G 69 19.09 7.43 8.41 8.88 8.87
A25G 72 20.19 9.47 11.40 11.91 11.63
A25G 68.3 19.67 6.23 7.47 8.03 8.17
A50G 55.6 16.35 5.84 6.63 7.06 8.49
A50G 54 16.71 6.27 8.26 8.97 9.28
A50G 54.6 17.24 4,18 5.24 5.64 5.77
B25G 63.2 18.15 7.60 9.34 9.71 7.43
B25G 64.5 16.37 5.49 6.43 6.97 7.37
B50G 62 18.69 7.55 9.20 9.94 9.72
B50G 58.6 17.69 7.43 8.89 9.93 9.93
B50G 61 15.10 7.54 8.65 9.67 9.78

These results are plotted in Figures 3 and 4, which include the error bars
corresponding to the 95% confidence interval for each average value. lersaibs

that the average residual loads are not below 50% of the limit of proportipaality
therefore the contribution of 8 kgfnof 38-mm PP fibres to the residual flexural
strength of these SCFRC mixes is not negligible.

Figure 3 presents the results averaged with respect to w/b ratio, and Figeserts
them averaged with respect to GGBS content. In terms of the influence dtio/b

on the residual flexural strength parameters, Figure 3 shows that the varidbility o
these parameters for w/b is 0.45 is systematically higher than for @/f. ¥Vith
respect to the effect of GGBS, no noticeable differences are directly infeorad fr
Figure 4 concerning residual flexural strength or its variability. Howevetintiite

of proportionality is reduced when the percentage of GGBS is increased.
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ﬂ J w/b=0.40
i = W/b=0.45
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Figure 3. Experimental results, grouped by w/b values.
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Figure 4. Experimental results, grouped by GGBS contents.
Analysisand Discussion
The experimental values obtained for the limit of proportionality and residual
flexural loads were related to w/b ratio and GGBS content (in %) by nwfans
multiple linear regressio

Limit of proportionality

For the limit of proportionality, the following expression (Eq. Bswobtained (R-
squared = 0.62):
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w w
F, = —24.08 + 103.65 +0.89G —2.23G n 1)

The relationship as modelled by Equation (1) is shown in Figure 5 as arcpiatou

It is observed that the combination that gives the highest value for thisgizr
corresponds to the case with a GGBS content of 25% and w/b ratio of Bid% T
attributed to the fact that 8 kg#raf polypropylene fibres is a relatively high dosage,
which can negatively affect the consolidation of the cementitious mhltrixever,

the variations observed in the limit of proportionality are not of anortapt
magnitude: the values obtained range between 17 kN and 19.5 kN iapyiedy,

and the deviation that these values represent with respect to the average is below
10%, which is consistent with the variability accepted for concrete compressive
strength. It can be concluded that the addition of 8 kghpolypropylene fibres,

and the variations of GGBS content and w/b ratio between the ranges cehsider
have a minor impact on the limit of proportionality.

0.45
19.5
,_ 0.44 19.0
3
£ 043 18.5
]
[ 18.0
£ 042
= - 17.5
0.41
17.0
0.40 T T T T
25 30 35 40 45 50
GGBS (% over binder)

Figure 5. Contour plot for the limit of proportionality (Fn kN).
Residual flexural load values

In terms of the flexural capacity, similar trends are observed for akktidual load
values. Only lrand F; are discussed in here, as representative of the relationships
observed between any of them and w/b ratio and GGBS content. The fgllowin
equations (2 and 3) were obtained farafnd F values (R-squared=0.50 and 0.45
respectively):

w w
Fi=-29.68+88.14 + 108G —259G 2

w w
Fy = —34.41+103125 + 1316 -3.12G (3)
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Figure 6 shows the contour plot fog Falues corresponding to their relationship
with w/b ratio and GGBS content as modelled by equation (3). It is obsthiatettie

worst situation corresponds to the mixes with the highest w/b ratio @S5GBS
content (50%). On the other hand, the most satisfactory combinations are either w/b
= 0.40 if GGBS is used at 50% or w/b = 0.45 if GGBS is used at 25%laGimi
observations can be made with respect to equation (3) and Figure 7.

0.45
0.44
g
£ 043
Q
[
2 042
=
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25 30 35 40 45 50
GGBS (% over binder)

Figure 6. Contour plot for Fvalues (in kN).
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Figure 7. Contour plot for fvalues (in kN).
Conclusions

e Four series of prismatic specimens were produced and tested at 56 days to
characterize the residual flexural strength of SCFRC mixes incorporating 8 kg/m
of 38-mm PP fibers, with w/b values between 0.40 and 0.4%558&BS contents
between 25% and 50% of the total binder weight.
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¢ Residual flexural loads, in average, were not significantly less than 5@8é of
limit of proportionality and therefore the contribution of PP fibers at tlsagi®
considered to the mechanical performance of the material in flexure is not
negligible.

¢ The variability of residual flexural loads for mixes with w/b = 0.4&sound to
be consistently higher than for mixes with w/b = 0.40.

¢ Increasing the relative GGBS content from 25% to 50% was observed to cause a
slight reduction (10%) of the limit of proportionality, but did noteaff the
variability of residual flexural loads.

¢ Significant synergistic effects between w/b and GGBS content were detected.
The minimum values for both the limit of proportionality and the residual
flexural loads were observed in mixes with w/b = 0.45 and GGBS content of
50%. The best performance was found in these cases: w/b = 0.46GBH
content of 50%, or w/b = 0.45 and GGBS content of 25%.
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