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Abstract

High strength concrete using silica fume is prone to plastic shrinkage cracking in dry and windy conditions. Addition of fibres is known
to restrict the growth of shrinkage cracks. The present study was aimed at controlling plastic shrinkage cracks in high strength silica fume
concrete by means of adding fibre reinforcement up to 0.5% by volume of concrete. Individual steel fibres as well as hybrid combinations of
steel and non-metallic (polyester, polypropylene and glass) fibres were evaluated for their influence on plastic shrinkage cracking. Results
showed that hybrid fibres were most effective in reducing shrinkage cracks. Among the hybrid fibre combinations, the steel and polyester
combination was found to reduce plastic shrinkage cracks by more than 99% compared to the plain concrete. Increased fibre availability
and low stress levels at early ages were the main factors contributing to the good performance of hybrid fibre mixtures.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Three-dimensional volume changes in fresh concrete
occur primarily due to rapid loss of surface bleed water
on evaporation. This results in the rapid drawdown in pore
water level, causing an increase in pore water pressure,
which tends to bring the neighboring solid particles closer
[1]. All this leads to shrinking of cement paste; the resultant
restraint offered by aggregates leads to cracking on the
surface of fresh concrete [2]. Plastic shrinkage cracks are
typically observed in thin concrete elements with a high
surface area to volume ratio. High performance concretes,
with low water to cement ratio, and incorporating silica
fume, due to the minuteness of pores formed and reduced
bleeding rate, are more prone to plastic shrinkage cracking
[3]. Fresh concrete is susceptible to plastic shrinkage crack-
ing especially during hot, windy, and dry weather condi-
tions [4]. When the evaporation rate is significantly
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higher than bleeding rate, it can cause high tensile stresses
to develop in the capillary pores in the surface zone of con-
crete that may be sufficient to exceed the tensile strength of
concrete, especially at early ages [5,6]. If the surface cracks
that develop as a result of plastic shrinkage remain unno-
ticed, they become channels for passage of external deteri-
orating agents and reduce long-term durability [7].

Precautions against plastic shrinkage cracking include
preventing rapid drying of the surface of concrete and
adopting good curing practices. Besides these, the use of
fibres as a secondary reinforcing mechanism can help in
mitigating the stresses developed upon drying [8]. The
addition of metallic fibres has been reported to provide
adequate tensile strength to concrete in addition to control-
ling shrinkage cracks [9,10]. Moreover, the addition of
non-metallic fibres such as polypropylene, glass, polyethyl-
ene, etc. is reported to reduce drying shrinkage crack
widths of concrete at later ages [11].

At present, there are no standard testing methods to
characterize plastic shrinkage cracking in plain and fibre
reinforced concretes. Various specimen geometries have
been used in the past to simulate a realistic condition of
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plastic shrinkage cracking. This includes slabs with stress
concentrators [12-14], rings [15], a modified beam test
[16], and slabs with realistic substructures [17]. Some of
the measurement techniques reported in the above tests
use randomly selected locations over a large cracked sur-
face to assess the cracking potential. In addition, conduct-
ing accurate manual measurement of the entire cracked
area is rather complex and cumbersome. The crack mea-
surements reported also involve cumbersome calculations,
and the use of average crack width at selected locations
sometimes leads to erroneous interpretation. Image analy-
sis of the cracked area is reported to be more appropriate
than manual crack measurement to study cracking at dif-
ferent scales [18]. With the use of image analysis, it has
become easier to monitor the crack development [19] and
microstructure [20] of cementitious systems.

In this paper, an attempt has been made to study the
synergistic behavior of hybrid combinations of steel and
non-metallic fibres in controlling plastic shrinkage cracks.
Using an advanced image analysis technique, a reliable

2.2. Mixture proportioning

Trial mixtures were prepared to obtain target strength
of 60 MPa at 28 days, along with a workability of 75-
120 mm. In order to obtain the desired workability, only
the superplasticizer dosage was varied. The detailed mix-
ture proportions for the study are presented in Table 1,
while the properties and volume fractions of various fibres
used in the mixtures are given in Tables 2 and 3.

2.3. Mixing and placing

Concrete was mixed using a rotary pan mixer of 100 kg
capacity. The coarse aggregate, fine aggregate, cement, and
silica fume were first mixed dry for a period of 2 min. The
superplasticizer was then mixed thoroughly with the mixing

Table 1
Concrete mixture proportions (for all mixtures) used in the study

. : ” Cement Silica  Fine Coarse Water Superplasticizer
estimation of various crack measurements has been made. (kg/m®) fume  aggregate  aggregate (kg/m?) (kg/m?)
This provides a systematic approach for quantifying the (kg/m*) (kg/m?) (kg/m®)
effect of fibre reinforcement on plastic shrinkage cracking. 10 mm 20 mm

372 28 750 570 570 160 8
2. Materials and experimental methods
2.1. Materials used Table 2

Properties of the different fibres used

Ordinary Portland cement conforming to IS 12269 [21]  Property Hooked  Polypropylene  Glass  Polyester
and silica fume, obtained from Elkem Materials, India, steel
was used for the concrete mixtures. River sand with a spe- ~ Length (mm) 30 20 6 12
cific gravity of 2.65 and fineness modulus of 2.64 was used ~ Diameter (mm) 0-5 0.10 0.01 0.05

he fi hil hed . £ i Aspect ratio (//d) 60 200 600 240
gst e fine aggregate, while crushed granite of specific grav- Specific gravity 78 09 27 135
ity 2.82 was used as coarse aggregate. A naphthalene sulph- Tensile strength 1700 450 2280 970
onate based superplasticizer was used to obtain the desired (MPa)
workability. The fibres used in the study were hooked steel, Elai}tlc modulus 200 5 80 15

; (GPa)

polypropylene, polyester, and glass, obtained from local Failure strain (%) 15 18 16 35
manufacturers.
Table 3
Dosage of different fibre combinations used in the study
Mix ID Volume fraction of Volume fraction of Fibre dosage (kg/m?) Total fibre dosage

hooked steel (%) non-metallic fibre (%) S PP PO G (kg/m?)
Cl 0 - - - - - -
HST?2 0.5 38.98 - - 38.98
HSPP3 0.38 0.12 27.22 1.34 28.56
HSPO4 0.38 0.12 27.22 1.82 29.04
HSGLS 0.38 0.12 27.22 3.84 31.06
HSPP6 0.25 0.25 19.44 2.26 - - 21.70
HSPO7 0.25 0.25 19.44 - 3.36 - 22.80
HSGLS 0.25 0.25 19.44 - - 6.77 26.21
HSPP9 0.12 0.38 9.36 341 - - 12.77
HSPO10 0.12 0.38 9.36 - 5.14 - 14.50
HSGLI11 0.12 0.38 9.36 - - 10.32 19.68
PP12 - 0.5 - 4.5 - - 4.50
PO13 - 0.5 - - 6.72 - 6.72
GL14 - 0.5 - - - 13.63 13.63

Note: S — steel fibre, PP — polypropylene fibre, PO — polyester fibre, and G — glass fibre.
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water and added to the mixer. Fibres were dispersed by
hand in the mixture to achieve a uniform distribution
throughout the concrete, which was mixed for a total of
4 min. After mixing, the workability of concrete was deter-
mined using three methods: slump [22], inverted slump [23]
and Vebe consistometer test [24]. The concrete was placed
in the fabricated mould kept on a table vibrator. A smooth
steel trowel was used to finish the fresh concrete. Thirty
minutes from the time when water added to the mixer,
the specimens were transferred to the environmental
chamber.

2.4. Specimen dimensions and environmental conditions

The slab mould (see Fig. 1) of dimension 500 x 250 X
75 mm was made of laminated board. A thin polyethylene
sheet was placed over the base to eliminate base friction
between the concrete and laminated board. The slab was
provided with a stress riser of 55 mm height at the center
and two base restraints of 35 mm height at 35 mm from
both ends, along the transverse direction. In addition to
this, a bolt and nut arrangement was provided at the ends
to restrict the longitudinal movement of the concrete slab
from the edges and to provide additional restraint, increas-
ing the potential of cracking at the notch. The concrete

Fig. 1. Fabricated mould setup.

Fig. 2. Environmental chamber used for storage of specimens.

slabs were stored after casting in an environmental cham-
ber with dimensions of 2.75x0.9x 0.9 m, as shown in
Fig. 2. Apart from controlling temperature and humidity,
this chamber was equipped with a high-speed fan of air
velocity 3.8 m/s fixed on the walls of the chamber to accel-
erate drying of concrete. The slabs were exposed to a con-
stant temperature of 35+ 1°C, a relative humidity of
40 & 1%, a wind velocity of 6 m/s. The evaporation rate,
measured by detecting the loss of water from a porcelain
bowl placed inside the chamber, was 0.62 kg/m?/h. The
slabs were checked visually for any signs of cracking at
approximately 30-min intervals. The slabs (inside the
moulds) were kept in the chamber for 24 h.

3. Results
3.1. Crack observations

The time of occurrence of first crack was noted for all
slabs during the experiments. In the case of plain concrete,
approximately 160 min after mixing with water, a fine hair-
line crack running throughout the width of the slab was
observed above the central stress riser. This fine crack,
which could have possibly been caused due to settlement,
was found to widen upon further drying. In the case of
fibre reinforced concrete specimens, the appearance of the
first crack took a relatively longer time (more than 7 h).
This could be attributed to the availability of bleed water
on the top surface, which delays drying of the surface.
Fibres in concrete have been reported to act as bleeding
channels, which supply water to replenish the drying
surface and reduce the magnitude of capillary stresses
developed [25].

In the case of plain concrete, a single crack over the
central stress riser was found to run almost straight
throughout the width of the specimen. However, for fibre

Fig. 3. Plastic shrinkage crack in the plain concrete (Cl) slab (area
250 x 250 mm).
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concretes the crack was rather short, discontinuous and
took a tortuous path around aggregate pieces or along
fibres. In addition, some hairline cracks were noticed to
branch out from the main cracks in the case of hybrid fibre
concretes.

3.2. Crack measurements

The crack measurements comprise of the crack length,
crack width (maximum and average) and total crack area.
Images of the crack were captured using an optimal zoom
camera based on crack visibility; some captured images of
different concrete specimens are shown in Figs. 3-7, and
calibration of the image size using a ruler is shown in
Fig. 8. Subsequently, the captured images were processed

Fig. 4. Plastic shrinkage crack in the steel fibre concrete (HST2) slab (area
75 % 75 mm).

Fig. 5. Plastic shrinkage crack in the steel-polypropylene hybrid concrete
(HSPP3) slab (area 35 x 35 mm).

Fig. 6. Plastic shrinkage crack in the steel-polyester hybrid concrete
(HSPO4) slab (area 18 x 18 mm).

Fig. 7. Secondary crack observed in steel-glass hybrid concrete (HSGL5)
slab (area 52 x 52 mm).

and edited with image analysis software to get a clear crack
profile using various mathematical operations such as bina-
rization, thresholding, cleaning and filtering. An example
of an image after the processing operations is given in
Fig. 9.

The length of crack was determined by using a curve-
tracing tool in the image analysis software to trace the
crack. The length was then calculated in terms of pixels,
which were converted to length units (mm) using the
calibration scale. Similarly, using a linear scale tool in the
image analysis software, the crack width was calculated
at 180 equi-distant points along the crack. The actual
image resolution varied due to variation in height at which
pictures were taken based on the crack visibility. The total
crack area was then calculated on the binarized image
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Fig. 8. Calibration of measurement using graduated scale.

using the software. In the case of very fine cracks, the crack
widths and length were recorded using a crack width com-
parator, which can measure from 0.025 to 0.25 mm. The
results are presented in Table 4.

4. Discussion of experimental results

Experimental results given in Table 4 indicate that the
maximum crack width was observed in the case of plain
concrete; with fibre addition, the crack widths were
reduced. Compared to steel fibre concrete, hybrid fibre con-
cretes showed better crack control features. The total crack
area reduced with increased addition of non-metallic fibres,
as shown in Fig. 10. The reduction in crack width using
hybrid fibre combinations (presented in Table 4) signifi-
cantly contributed to the reduction of the overall crack
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Fig. 9. Example of a processed image of controlled concrete.

area. The improved performance of hybrid fibre combina-
tions can be attributed to the increase in fibre availability
compared to the steel fibre concrete, since all non-metallic
fibres had considerably lower specific gravity than steel.
The increase in fibre availability reduces the fibre spacing
and also the propensity for crack origination. However,
the performance is not linked only to the fibre availability
(which in this study has been characterized by the rein-
forcement index in Table 4). Amongst the hybrid fibre con-
cretes, the performance was further affected by the length
and stiffness of the non-metallic fibres. Polyester and poly-
propylene fibres performed better than glass. An explana-
tion for this trend could be the differences in stiffness of
these fibres. Polyester and polypropylene, which have a
much lower elastic modulus than glass (see Table 2), are
probably more effective in restricting plastic shrinkage

Table 4

Experimental results of crack measurements

Type of concrete Mix ID  Volume Reinforcement Time of first Maximum  Total crack  Total crack Percentage
fraction of  index crack appearance crack width length (mm) area (mm?) reduction in
fibre (%) (Wex LId) (min) (mm) crack area

Plain concrete Cl1 0 - 160 0.541 301.62 151.11 -

Steel fibre HST2 0.5 2338 280 0.416 249.83 77.69 48.58

Steel + polypropylene fibre HSPP3 0.38+0.12 1855 360 0.285 239.84 29.98 80.16

Steel + polypropylene fibre HSPP6 0.25+0.25 1541 420 0.174 217.20 16.29 89.21

Steel + polypropylene fibre HSPPY 0.12+0.38 1127 - 0.134 95.45 4.96 96.71

Polypropylene fibre PP12 0.5 747 - 0.080 48.65 1.80 98.80

Steel + polyester fibre HSPO4  0.38+0.12 1906 540 0.211 146.47 14.93 90.11

Steel + polyester fibre HSPO7  0.25+0.25 1670 600 0.173 104.75 7.22 95.21

Steel + polyester fibre HSPO10 0.12+0.38 1332 - 0.124 51.44 2.31 98.46

Polyester fibre PO13 0.5 1008 - 0.081 6.23 0.18 99.87

Steel + glass fibre HSGL5 0.38+0.12 3937 300 0.362 271.91 59.82 60.41

Steel + glass fibre HSGL8 0.25+0.25 5228 360 0.261 189.48 33.15 78.05

Steel + glass fibre HSGL11 0.12+0.38 6753 420 0.195 117.46 15.38 89.81

Glass fibre GL14 0.5 8178 - 0.130 53.19 4.94 96.72

Note: — denotes that time of occurrence could not be detected due to fine hairline cracks.
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cracks, where the stress levels causing cracking are quite
low. In addition, the polyester and polypropylene fibres
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are much longer compared to glass fibres (that have a
length of only 6 mm); the short glass fibres could have
got pulled out of the matrix even at the low stress levels,
as the bond between the fibre and matrix would not have

160
150 —m— Plain concrete developed sufficiently. The steel-polyester combination
140 —8— Steel-Polypropylene fibre concrete performed the best among the three hybrid fibre
130 Steel-polyester fibre concrete binati
120 —v— Steel-glass fibre concrete comoinations. ) ) )
€ 110 Although the increase in non-metallic fibres resulted in
£ 138 an appreciable crack width reduction, it also caused a
g 80 decrease in workability of concrete (presented in Table 5).
% 70 The reduced workability could be attributed to the larger
© . N .
& 60 v. number of fibres available (since non-metallic fibres have
g ig a lower specific gravity) that causes balling and resultant
30 ® trapping of free water. This resulted in harsh mixtures that
20 \.\ required high compaction energy. This negative effect
v . .
18 \">, restricts the maximum dosage of polypropylene and poly-
. . —— . | ester fibres to an optimal level of 0.25% (V) based on the
0.00 012 024 036~ 048 060 workability range of 50-75 mm. However, in the case of
Volume fraction of non-metallic fibres (%) glass fibres the increase in dosage up to 0.38% does not
Fig. 10. Influence of dosage of non-metallic fibres on total crack area. affect the workability.
Table 5
Workability of various concrete mixes
Mix ID Volume fraction Volume fraction of Inverted slump Vebe time (s) Slump (mm)
of hooked steel (%) non-metallic fibre (%) flow time (s)
Cl - 2 - 105
HST2 0.5 - 11 1 80
HSPP3 0.38 0.12 15 3 75
HSPO4 0.38 0.12 18 5 70
HSGLS 0.38 0.12 13 2 80
HSPP6 0.25 0.25 20 7 65
HSPO7 0.25 0.25 27 10 55
HSGLS 0.25 0.25 19 3 70
HSPP9 0.12 0.38 45 17 35
HSPO10 0.12 0.38 53 25 Stiff mix
HSGLI11 0.12 0.38 32 16 50
PP12 - 0.5 50 19 Stiff mix
PO13 - 0.5 62 36 Stiff mix
GL14 - 0.5 41 16 Stiff mix
Table 6
Crack statistics for the different concrete mixtures
Mix ID Mean crack  Standard  Coefficient of  Percentage of crack widths
width (mm)  deviation  variation (%) (547 04mm  04-03mm 03-02mm 02-0..mm 0.1-005mm 0.05-0.025mm
Cl 0.501 0.162 32.3 80 12 5 3
HST2 0.311 0.132 423 45 10 15 20 9 1
HSPP3 0.125 0.081 64.8 - - 25 23 25 27
HSPP6 0.075 0.012 16.8 - - - 27 35 38
HSPP9 0.052 0.018 33.6 - - - 34 45 21
PPI12 0.037 0.075 15.0 - - - - 86 14
HSPO4 0.102 0.021 20.5 - - 43 27 26 4
HSPO7 0.069 0.035 50.7 - - - 34 45 21
HSPO10  0.045 0.021 44.4 - - - 15 57 28
PO13 0.030 0.011 36.6 - - - - 44 56
HSGLS 0.220 0.052 23.5 - 17 23 47 10 3
HSGLS 0.175 0.063 36.0 - - 34 56 5 5
HSGL11 0.131 0.192 37.9 - - - 32 34 34
GL14 0.093 0.027 29.1 - - - 17 23 60
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In the case of polyester and polypropylene hybrid fibre
concretes, at high volume fractions of non-metallic fibres,
secondary cracks were seen to appear branching out from
the main crack. These secondary cracks were thinner than
the main crack (crack widths were less than 0.035 mm).
The total area of secondary cracks was calculated to be
always less than 10% of main cracks. As the non-metallic
fibre fraction increased to 0.38%, the main crack was nei-
ther continuous nor distinctive. This trend was slightly dif-
ferent for steel-glass fibre concretes, as the secondary crack
widths were of the order of 0.075 mm.

The crack statistics are presented in Table 6. The per-
centage of cracks of different sizes indicates the degree of
cracking. The percentage of crack widths greater than
0.3 mm was found to be more than 90% in the case of con-
trolled concrete and 60% in the case of steel fibre concrete
and almost zero in the case of hybrid fibre concretes (except
for the steel-glass combination at low volume fraction of
glass fibres). In the case of hybrid fibre concretes, the per-
centage of cracks lesser than 0.05 mm was maximum at
increased levels of non-metallic fibre reinforcement.

5. Conclusions

This paper reported experimental results of plastic
shrinkage studies conducted on high strength silica fume
concrete incorporating hybrid combinations of fibres. The
following conclusions can be drawn from the results pre-
sented in this paper:

1. Plastic shrinkage cracks were reduced significantly by
fibre addition (by 50-99% compared to plain concrete
without fibres); hybrid fibres were more effective in crack
reduction compared to individual steel fibres.

2. Among the three hybrid fibre combinations, the steel-
polyester combination caused the best crack reduction
of 99% compared to plain concrete.

3. With an increase in the non-metallic fibre content, even
though the crack characteristics were significantly
improved, the concrete mixtures had poor workability.
This effectively restricts the maximum content of non-
metallic fibres to 0.25% (volume fraction).

4. Secondary cracks were observed branching out from the
main crack in the case of hybrid fibre concrete specimens.

5. Among the three hybrid fibre combinations, the steel—
glass combination did not perform as well as the other
two, possibly because the stiff glass fibres were not able
to contribute much at the low stress levels causing early
age cracking.
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