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ABSTRACT

The benefits of adding fibres to concrete, evidenced in the post-cracking behaviour, are strongly influ-
enced not only by the type and content of fibres but also by their orientation. The objective of this study
is to evaluate the influence of the casting/placing procedure on the post-peak behaviour of fibre rein-
forced self-compacting concrete, and its relationship with the mesostructural characteristics of the mate-
rial (type, distribution and orientation of fibres). Three concretes were prepared using two types of steel
fibres of different lengths (50 mm and 30 mm) and a structural type polymer fibre. Beams of
150 x 150 x 600 mm were cast in three different ways: filling the moulds from the centre in accordance
with the EN 14651 Standard, pouring concrete from one end of the mould after a flowing along a 5 m
length and 150 mm diameter pipe, and finally, filling the moulds vertically. Flexural tests according to
the European Standard indicate that the three types of fibres achieve a preferential orientation along hor-
izontal planes, like in conventional vibrated fibre reinforced concrete. The mechanical response of beams
cast with longer steel fibres was strongly affected by the casting procedure while the flexural perfor-
mance of the other two fibre concretes, was less affected. Such results are well in accordance with the

density of fibres measured by fibre counting in different cut planes.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The benefits of adding fibres to concrete, improving ductility
through crack control, and providing residual load-bearing capac-
ity, have been widely informed along the past four decades. The
post-peak behaviour is influenced by the type, content and orien-
tation of fibres [1,2]. Several studies have demonstrated that there
is a high level of proportionality between the fibres counted in the
fracture surface and the toughness [1,3]. Kooiman [1] observed
that the variability in the post-peak parameters measured through
the bending test were related to the fibre distribution in the cross
section. In other studies on fibre reinforced concrete (FRC) [4-6] it
was also observed that the variability on the results from the uni-
axial tension test can be justified considering the effect of the num-
ber of fibres in the crack sections.

The fibre distribution is an important aspect to be considered
for the design and the analysis of the structural response of fibre
concrete elements. Although the distribution of fibres could be
homogeneous after the mixing process, the casting and compac-
tion processes, together with wall effects, affect fibre orientation
[1,7,8]. Many authors agree that in conventionally vibrated FRC
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fibres acquire a 2D orientation in horizontal planes [1,9-12]. Re-
cent studies have investigated the distribution of steel fibres in fi-
bre reinforced self-compacting concrete (FR-SCC), showing that
fibre orientation is related to the flow characteristics of the FR-
SCC [15], that fibres are prone to be aligned in the flow direction
[7,13,14], and that this effect increases with the flowability of the
FR-SCC [8]. Regarding the influence of the fibre type, a recent study
[14] indicates that the influence of the fibre length on the fibre
alignment is negligible. Others show that, especially for fibres of
high aspect ratio, the higher fine to coarse aggregate ratios en-
hanced the orientation of fibres beams for standard flexure tests
[15].

This paper studies the influence of the casting procedure on the
post-peak behaviour of FR-SCC incorporating steel fibres of differ-
ent length and a structural polymer fibre, and its relationship with
the mesostructural characteristics of the material (type, distribu-
tion and orientation of fibres).

2. Experimental program
2.1. Materials and mix design
Three FR-SCC were prepared from the same base mixture, with a water/cement

ratio equal to 0.47. Component materials include CEM I 52.5 R, limestone filler,
crushed limestone aggregates; combinations of 0-2 mm and 0-5 mm sands, and
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Table 1
Mix proportions and fresh concrete properties.
Concrete FR-SCC1 FR-SCC2 FR-SCC3
Mix proportions (kg/m>)
Cement 343 343
Limestone filler 103 103
Water 161 170
Sand 0-2 mm 619 619
Sand 0-5 mm 346 346
Gravel 5-12 mm 462 462
Gravel 12-18 mm 337 337
Plasticizer 2.8 34
Superplasticizer 113 113
Type of fibre F1 (steel) F2 (steel) F3 (polymeric)
35 35 2.5
Fresh concrete properties
Slump flow Dy (mm) 540 590 500
Slump flow tsg () 2.6 3.2 53
V-funnel Ty (s) 9.7 19.5 9.0
J-ring D; (mm) 505 535 460

5-12 mm and 12-18 mm gravels. The mix proportions are given in Table 1. Steel
fibres were of the hook-end type, FR-SCC1 incorporates 50 mm length and 1 mm
diameter fibres, while FR-SCC2 incorporates 30 mm long and 0.38 mm diameter fi-
bres. FR-SCC3 incorporates polymer fibres of 54 mm length. Admixtures include a
poly-functional plasticizer and a polycarboxylate-based high-range water reducing
admixture, Glenium C303 SCC superplasticizer.

Table 1 also shows the fresh concrete properties evaluated through the slump-
flow (Dy and tsg), J-ring (D;) and V-funnel (Ty), according to the Spanish Standards
UNE 83361, UNE 83362, and UNE 83364, respectively. As it can be seen from Table
1, an increase of the V-funnel time, Ty, is observed in the case of FR-SCC2, which can
be attributed to the higher slenderness of the FR-SCC2 fibres (aspect ratio = 80)
compared to the FR-SCCT1 fibres (aspect ratio = 50). Note that for the same fibre dos-
age (35 kg/m?) the number of fibres in FR-SCC2 is much higher than in FR-SCC1.

2.2. Test specimens

Twelve beams of size 150 x 150 x 600 mm were cast with each FR-SCC, with
the casting arrangements shown in Fig. 1; four beams were cast according to EN
14651 Standard, pouring the concrete from the centre of the mould (C). Other four
beams were cast after the FR-SCC had flowed along a tube (T) of 5m length,
150 mm diameter, and 20° slope, pouring the concrete from one end of the mould.
Finally, four beams were cast with the moulds placed in a vertical position (V), and
the concrete poured from the top. In the case of T beams, the halves including the
end from where the concrete was poured were called A, and the opposite halves
were called B. In V beams the top and the bottom halves were called A and B respec-
tively. Then, in both cases concrete flowed from A to B.

All specimens were cured during 28 days in a moisture room (20 * 2 °C, 98 + 2%
RH).

2.3. Flexure tests

Three point loading flexural tests on notched specimens were carried out in
accordance with EN 14651 Standard, measuring the limit of proportionality (LOP)
or first-peak strength in this case (f;), and the residual strengths at 0.5, 1.5, 2.5,
and 3.5 mm of crack mouth opening displacement (CMOD), fr1, fr2, fr3, and fra,
respectively. Also, the maximum flexural strength (fy,) along the entire post-peak
regime was obtained. Tests were performed in a servo-hydraulic Instron testing
system through crack width control, using a clip type extensometer, the test config-
uration can be observed in Fig. 2.

2.4. Fibre orientation and distribution

After the bending tests, the fibre orientation and distribution was studied by
analysing the fibre density in three orthogonal planes of three beams cast with
FR-SCC1 and FR-SCC2. In the case of FR-SCC3 beams, such measures were not ob-
tained due to the high difficultly to precisely count the polymer fibres in the con-
crete matrix by visual observation.

The steel fibre density was analysed by cutting the beams halves (after the flex-
ure tests) in three directions: transversally («), longitudinal-perpendicular to the
cast side (), and longitudinal-parallel to the cast side (), as it is shown in Fig. 3.
For the beams cast horizontally, a transversal cut on each half was performed first.
Afterwards, one half of the tested beam was cut along the longitudinal-parallel
direction, and the other half, in the longitudinal-perpendicular direction. Each half
of the T and V beams was cut in the three directions.

The fibre distribution along planes o, 8, and y was also considered to evaluate
the influence of the concrete flow along the moulds and expected wall effects. Each
plane was divided in three or nine zones in accordance with the concrete flow and
the number of fibres was counted in each zone, as it can be seen in Fig. 4.

The fibre density in all the cut sections was calculated by obtaining the mean
number of fibres per unit area.

3. Results
3.1. Mechanical properties

Bending tests were performed at the age of 28 days. Fig. 5
shows the individual load-CMOD curves obtained for groups C, T
and V of each concrete.

In FR-SCC1, T beams achieved the highest post-peak strength,
with a post-peak hardening producing residual strengths quite
above the first-peak stress. The C beams showed an intermediate
performance, with less hardening after the first-peak drop and
lower residual strengths than the T beams. On the contrary, V
beams did not present any hardening along the post-peak regime,
showing residual stresses of approximately 40% of the first-peak
stress (LOP).

In FR-SCC2, which incorporates shorter steel fibres, the differ-
ences due to the casting arrangements were not as evident as in
FR-SCC1. Both C and T beams showed a similar post-peak behav-

&t
Tube (T)

Centre (C)

Fig. 1. Casting arrangements.
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Fig. 2. Flexure test arrangement according to EN 14651 and detail of the device used to measure the CMOD.

i *-‘i ﬁ’i ,_.‘,' A
" Aree 1 f Casting direction

Fig. 3. Planes o, 8 and 7 for the analysis of the fibre orientation.

iour (hardening type). In the case of T beams, the post-peak curves
presented a small increase in variability, mainly at early stages,
which is evidenced in the scatter of fy; and fi; results. As happened
in the case of FR-SCC1, V beams showed the lowest residual
strength.

Finally, in FR-SCC3 incorporating polymer fibres, neither C, T
nor V beams presented a hardening response in the post-peak
stage. However, as it happened in the FR-SCC1 and FR-SCC2 con-
cretes, the post-peak performance is clearly lower in the V beams
(cast vertically). It can also be seen that C and T beams had a sim-
ilar behaviour, as in FR-SCC2, indicating that the differences be-
tween the two casting arrangements were negligible.

The observed behaviour is confirmed by the analysis of the
mean values of the residual strengths measured from the flexure
tests (fi, fr1, fro» fr3, fra» and fyy), summarised in Table 2.

Casting surface

150 mm

0 o

Beams C and T

0 600 mm
(A) Beams C and T B)

IV

0 600 mm
(A) Beams C and T (B)

With the aim of analysing the effect of the casting procedures
on the mechanical behaviour of FR-SCC, results included in Table
2 are plotted as relative values in Fig. 6, considering C beams as
the reference. It can be seen that in FR-SCC1 the residual strengths
of T beams were between 163% and 175% of the strengths of C
beams, while in FR-SCC2 and FR-SCC3 the values were between
75-97% and 92-100%, respectively. As it again can be seen, when
compared to the SCC with longer steel fibres (FR-SCC1), concretes
FR-SCC2 and FR-SCC3 show less differences between the case
where the material flowed along the tube and the mould, and
the case where the specimens were cast according to the standard
indications, which present a slightly higher post-peak response. In
the case of V beams, in FR-SCC1 the residual strengths were in the
order of 36-38% of the residual strengths of C beams but FR-SCC2
beams showed values between 53% and 71%. In FR-SCC3 the
strengths were between 27% and 33% of the residual strengths of
C beams.

3.2. Fibres orientation and distribution

Table 3 presents the results of the fibre density measured in
different directions for each group of beams of concretes FR-
SCC1 and FR-SCC2; standard deviations are included between
parentheses. Considering FR-SCC1, it can be seen that in the V
beams the density of fibres was similar in planes g and y (0.35
fibres/cm?) and smaller in the transversal plane (0.23 fibres/

150 mm
0 o
Beams V
Y
B
0 600 mm
(A) Beams V (B)

Fig. 4. Template for the analysis of the fibre distribution in the different planes of the beams.
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Fig. 5. Load-CMOD response from flexure tests: (a) FR-SCC1, (b) FR-SCC2, (c) FR-SCC3.
Table 2
Flexural test results with corresponding standard deviation.
Concrete Beams Residual strength parameters (MPa)
fL fR1 fRZ fRB fR4 fM
FR-SCC1 C 3.8(0.3) 3.4 (0.5) 3.6 (0.7) 3.5 (0.7) 3.2 (0.8) 4.0 (0.5)
T 42(0.1) 5.6 (1.2) 6.3 (1.3) 5.7 (0.4) 5.5 (0.3) 6.4 (1.2)
\% 3.2 (0.25) 1.3 (0.3) 1.3(0.3) 1.3 (0.3) 1.2 (0.3) 3.3(0.2)
FR-SCC2 d 5.4 (0.3) 5.5 (1.0) 3.1(0.7) 2.1(0.3) 1.6 (0.3) 5.8 (0.6)
T 4.4 (0.3) 49 (1.2) 3.0 (0.4) 1.8 (0.2) 1.2 (0.2) 5.1 (1.1)
\% 5.1(0.1) 2.9 (0.8) 2.0(0.2) 1.5(0.2) 1.0 (0.2) 5.1(0.1)
FR-SCC3 e 5.4 (0.6) 1.2(0.2) 1.1 (0.2) 0.7 (0.1) 0.5 (0.1) 5.4 (0.6)
T 5.2 (0.3) 1.1 (0.1) 1.0 (0.1) 0.7 (0.1) 0.5 (0.1) 5.2 (0.3)
\% 49 (0.4) 0.4 (0.04) 0.3 (0.05) 0.2 (0.03) 0.15 (0.01) 49 (0.4)

cm?). In C beams, fibres were mostly horizontally aligned;
the average density was 0.43 and 0.42 fibres/cm? in planes
o and 7y, respectively, and only 0.24 fibres/cm? in plane p.
In the T beams, the highest density was found in plane o
(0.51 fibres/cm?), and lower values in longitudinal-parallel
and longitudinal-perpendicular planes (0.32 and 0.29 fibres/
cm?).

Results from FR-SCC2 also show a preferential fibre orientation
in horizontal planes, but no clear influence of the casting arrange-
ment. The fibre densities in plane « were similar for C and T beams
(0.81 and 0.71 fibres/cm?), and the fibre density at plane y was al-
ways lower than in plane «. Finally, the mean density at planes y
and B of the V beams was 0.72, showing that in this case fibres
were also oriented in horizontal planes.
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FR-SCC1

Fig. 6. Strength and toughness parameters relative to the C beams.

It must be noted that, though in a few cases the scatter of the
results of fibre density was slightly high, the results undoubtedly
show that the fibres orientate in preferential planes.

Fig. 7 shows the fibre density in « plane of T and V beams as rel-
ative values of the densities measured in C beams. The fibre density
in FR-SCC1 of T beams was 16% higher than the density measured
in C beams whereas in FR-SCC2 the fibre density in T beams was
slightly lower (88%) than the density measured in C beams. In both
cases the lowest values of the densities correspond to V beams, but
the reduction was more evident in the case of longer fibres (47%
and 70% in FR-SCC1 and FR-SCC2, respectively). As it can be ob-

served, these values are in accordance with the relationships be-
tween the residual strengths shown in the previous section.

The fibre distribution was evaluated comparing the number of
fibres counted on different zones along each plane («, 3, and 7),
for the three groups of beams studied.

Fig. 8 represents the variation of the fibre density along planes
and y (only the longitudinal variation), and along the height of
plane ¢, for each group of beams. Mean values (big symbols) and
maximum and minimum values (small symbols) corresponding
to three beams of each group are plotted. Considering T and C
beams of FR-SCC1, it can be seen that in T beams the highest fibre
density on plane y was found at the extreme opposite to the pour-
ing end (end B). There seems to be a stronger wall effect on this end
of the mould than at the pouring end, probably due to the concrete
flow along the mould. On the other hand, the mean fibre density
tends to be higher at the ends of the mould in plane y of C beams,
and less scatter was found in the density values, which can also be
attributed to wall effects. Finally a low scatter of the fibre densities
was observed at the bottom of the T beams, in plane o.

T beams cast with FR-SCC2 had in plane y more fibres on every
zone of the A halves (pouring end) than on the B halves. As F2 fi-
bres are smaller with respect to the mould dimensions, there
was no significant effect of the flow from one end to the other of
the mould.

Regarding V beams cast with both concretes, B halves (bottom
halves) showed slightly higher densities in all sections than in
the case of A halves (top halves). In this case, it must be mention
that a higher number of fibres was counted in the periphery of
plane o of FR-SCC1, as a result of the orientation due to the wall
effect.

3.3. Relationship between mesostructure and flexural test results

As it can be observed, the mechanical properties measured on
the different beam groups of each concrete show that the casting
arrangement and the concrete flow can affect the fibre orientation
and distribution.

Fig. 9 plots individual values of the first-peak (f;) and maximum
(fu) stresses obtained from the flexure tests, as a function of the fi-

1.4
1.2 1
1.0 +
0.8 1
0.6 T
04 +
02 1
0.0

FR-SCCI1 FR-SCC2

Fig. 7. Fibre density measured in plane o of beams C, T, and V cast with FR-SCC1
and FR-SCC2. Values relative to C beams.

Table 3
Fibre density measured on the different planes, fibres/cm? (standard deviation between parentheses).
Concrete Beams Plane o Plane y Plane
A B A B
FR-SCC1 C 0.43 (0.02) 0.42 (0.10) - 0.24 (0.04) -
T 0.51 (0.02) 0.32 (0.03) 0.32 (0.10) 0.28 (0.04) 0.29 (-)
\Y 0.23 (0.06) 0.31 (0.12) 0.40 (0.15) 0.35 (0.01) 0.35 (0.02)
FR-SCC2 C 0.81 (0.05) 0.48 (0.06) - 0.57 (0.08) -
T 0.71 (0.14) 0.50 (0.08) 0.44 (0.03) 0.47 (0.16) 0.35 (0.08)
\ 0.57 (0.09) 0.71 () 0.60 (0.01) 0.89 (-) 0.69 (0.04)
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Fig. 8. Fibre distribution along o,  and y planes for C, T and V beams cast with FR-SCC1 and FR-SCC2. Big symbols: mean fibre density, small symbols: maximum and

minimum values.

bre density measured on plane . As expected, no significant differ-
ences were observed between the first-peak flexural strengths of C,
T, and V groups of each concrete, since f; mainly depends on the
plain concrete strength. The effect of the fibre density is more evi-
dent in the case of the maximum residual value, fy,, particularly for
FR-SCC1.

Fig. 10 shows the relationship between the residual strength
measures (fr1, fro,» and fz3) and the fibre density for concretes
FR-SCC1 and FR-SCC2. In the case of the FR-SCC1, higher residual
strengths values were found in T beams, followed by C beams,
which is attributed to the stronger orientation of the fibres
due to the concrete flow. In V beams, the number of fibres in
the transversal plane was notably lower than in the other
groups, and also the residual strengths. As it was shown, the
residual strengths measures of V beams were in the order of
36-38% of the residual strengths corresponding to C beams,
and the fibre density in plane o was 47% lower. As the post-peak
load-bearing capacity did not significantly vary with the CMOD
(mainly due to the relatively large length of the FR-SCC1 steel fi-
bre), no differences were found between the residual strengths
fr1s fro, and fgs.

In FR-SCC2, a clear relationship between the post-peak param-
eters and the fibre density can also be observed. In this case, there
are differences between fg1, fro and fgs; the post-peak behaviour of
the FR-SCC2, cast with the shorter fibres, was more affected by the
CMOD. The residual parameters and the fibre density were slightly
higher in C beams; these facts indicate that there was almost no fi-
bre orientation produced by the concrete flow through the pipe.
Beams V showed the lowest residual capacity, with values between
53% and 71% of the residual strengths measured in C beams, and a
fibre density of approximately 70% of the density measured in C
beams.

As mentioned, although the fibre density was not measured in
FR-SCC3 due to the practical difficulties for a precise fibre counting
by visual means, a preferential orientation in horizontal planes can
be inferred from the post-peak behaviour observed in flexure tests
of the C, T, and V beams.

4. Conclusions

The following conclusions can be summarised from the analysis
of the fibre density and post-peak mechanical response of three fi-
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bre reinforced self-compacting concretes (FR-SCC) including differ-
ent types of fibres; two steel fibres of different length, and one
polymer fibre:

e As in conventional vibrated FRC, a preferential orientation
(mainly in horizontal planes) was found in FR-SCC incorporating
steel and polymer fibres.

e The casting procedure can significantly affect the fibre distribu-
tion and orientation. This fact can have significant implications
for the mechanical performance of FR-SCC structural elements
in service.

e In standard beams cast vertically (V), like a column, and tested
horizontally, the fibre reinforcement was notably less efficient,
from a mechanical point of view, in the three FR-SCC.

e Beams cast with FR-SCC incorporating the longer steel fibres and
cast pouring the concrete through a tube (T), like a pumping
pipeline, presented a higher post-peak response than beams cast
from the centre of the mould (C) following the Standard proce-
dure. However this was not observed in beams cast with shorter
steel fibres or polymer fibres.

e The observed post-peak behaviours can be explained by the
mesostructural characteristics of the concrete (type, distribution
and orientation of fibres). Important wall effects were evi-
denced, that clearly depend on the ratios between the dimen-
sions of the mould and the length of the fibres; in FR-SCC1,
with 50 mm long steel fibres, significant differences were found
in terms of fibre orientation between beams cast following the
Standard procedure (C) and those filled from one end after the
concrete had flowed through a 5 m long tube. This effect was
not evident in the case of FR-SCC2, incorporating 30 mm long
fibres.

The analysis of the mesostructural characteristics of FR-SCC and
the comprehension of the fibre distribution/orientation sources ap-
pears as a useful tool to take more benefit out of fibre reinforce-
ment, i.e. by defining convenient casting conditions.
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