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Purpose: Cement concrete is characterized as brittle in nature, the loading capacity
of which is completely lost once failure is initiated. This characteristic, which limits the
application of the material, can in one way be overcome b%/1 the addition of some small
amount of short randomly distributed fibers (steel, glass, synthetic).

Design/methodology/approach: The present study deals with the inclusion of alkali
resistant glass fibers in concrete by percentage weight of cement. The mechanical
properties such as compressive strength and split tensile strength have been studied after
exposinfg the concrete samples to elevated temperatures of up to 500°C. Water binder
ratios of 0.4, 0.45, 0.5, 0.55 and 0.6 have been used to prepare design mix proportions of
concrete to achieve a characteristic strength of 30 MPa. The depth of carbonation post
elevated temperature exposure has been measured by subjecting the concrete samples to
an accelerated carbonation (5%) condition in a controlled chamber.

Findings: Conclusions have been drawn in accordance to the effect of fiber replacement
and temperature increment. The concrete mixes with fiber content of 1% by weight of
cement had shown better strength in compression and tension compared to the other
dosages and conventional concrete (without fiber). Microcracking due to internal stream
pressure reduced the mechanical strengths of concrete at elevated temperatures. Also, from
TGA it was observed that the amount of calcium carbonate in samples with fiber added, post
carbonation was less than the mixes without fiber in it.

Research limitations/implications: The present study has been limited to alkali
resistant glass fibers as the conventional glass fibers undergo corrosion due to hydration.

Practical implications: The glass fiber reinforced concrete can be used in the building
renovation works, water and drainage works, b ridge and tunnel lining panels etc.

Originality/value: Based upon the available literature, very seldom the studies are
addressing the behaviour of alkali resistant glass fiber concrete and its exposure to elevated
temperatures.

Keywords: Alkali resistant glass fibres, Accelerated carbonation, Compressive strength,
Thermogravimetric analysis, Scanning electron microscopy, Split tensile strength
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Concrete is the most widely used construction material
that has definite properties in compression, tension and
flexure. If adequately designed and cast, concrete, in its
service life, can have great resistance to weathering actions
providing sufficient durability. Also, concrete being a brittle
material, exhibits low tensile strength in comparison to its
strength in compression. The hydration of cement leads to a
reduction in volume of concrete after hardening due to the
loss of water from surface of concrete accounting to its
plastic shrinkage [1]. One of the ways of neutralizing these
deficiencies, especially early age plastic shrinkage cracking,
tensile strength and imparting toughness in concrete can be
by providing fibrous reinforcement in concrete [2-6].

Amongst various fibers in existence, Steel fibers, glass
fibers, carbon fibers and E-fibers are more prominently
studied and used in accordance to their strength, durability
and fiber content [7]. Addition of these fibers, though had no
significant improvement in compressive strength and
modulus of elasticity of concrete [8]; it increased the impact
resistance and strain at peak stress by bonding with the
cement matrix [9]. The high specific strength and stiffness
of the fibers were instrumental in imparting some post
cracking tensile strength in concrete [10-12].

Steel fibers, have been reported to have increased the
tensile strength and fracture toughness of concrete [13-18].
But the shape of fiber, geometry, aspect ratio, volume
fraction and deformity of the fiber greatly influence the
mechanical properties. Hooked end steel fibers showed
better bonding with cement matrix than the straight steel
fibers [19]. Also, volume fraction and aspect ratio of the
steel fibers have to be carefully chosen to avoid the reduction
of workability in fresh concrete. Glass fibers on the other
hand have been reported to have better Ultimate tensile
strength and Young’s modulus [20]. The combustion less
manufacture and low production cost of glass fibers [21] had
placed the glass fibers as a potential reinforcing medium in
concrete. However, one of the major shortcoming of using
this composite is the degradation of fiber due to formation
of portlandite during hydration of cement [22-24]. The
formation of portlandite (Ca(OH),) during hydration of
cement makes the pore solution in concrete alkaline with a
pH of 12.6 [25] which leads to deterioration of fibers by
reducing its filament diameter [26]. The abundant hydroxyl
ions present in pore solution of concrete break the Si-O-Si
bond in fibers to form Si-OH causing disproportionate
bonding and local concentration of stress at the surface of
fibers [27]. Also, the hexagonal crystals from portlandite

fills spaces between the fiber strands cementing them
together to reduce the flexibility and strain capacity of the
fibers leading to embrittlement [27-30]. One of the ways of
protecting the fibers from alkaline attack is by using cement
of low basicity [31-33]; by densifying the periphery between
the cement matrix and fibers by using polymers to prevent
lime diffusion [34] or by using supplementary cementitious
materials [35].

Alkali resistant glass fibers had been developed by
adding zirconium oxide to the fibers to impede the alkaline
effect. In addition, the fibers improve the wear resistance of
concrete along with the tensile strength hence transforming
its properties from a brittle material to that with certain
plastic properties [21].

The present study deals with the effects of alkali resistant
glass fibers on concrete exposed to high temperatures.
Concrete with strength designed for 30 MPa with water
binder ratios 0.4, 0.45, 0.5, 0.55 and 0.6 had been used in the
study. These specimens had been exposed to elevated
temperatures of up to 500°C for an hour after 28 days of
water curing. The rate of heating was fixed to 20°C/min.
Alkali resistant glass fibers have been added to the concrete
mixture by weight of cement. Design mix proportions of
concrete with 0%, 0.5%, 1% and 1.5% fiber by weight of
cement had been used in the present study. The restraint on
dosage of glass fibers had been fixed on basis of trial and
error method.

Cement

The Ordinary Portland cement of 53 grade has been
chosen for the present study. The chemical composition and
the physical properties of the cement used in the study are
tabulated in Tables 1 and 2, respectively. The cement used
has been tested for various properties as per IS: 4031 [36]
and found to be conforming to specifications of IS: 12269-
1987 [37]. The normal consistency of cement was 33% and
the initial setting time was measured to be 45 min.

Table 1.
Chemical composition of cement
Chemical composition
SiOz A1203 Fe203 CaO MgO SO3 LOI
21.5 4.5 4 62 2.5 2.5 3
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Table 2.
Physical properties of cement
Physical properties
Density, g/em®  Specific gravity  Fineness, m*kg
3.09 3.17 310
Aggregates

Crushed basalt and sand were used as coarse and fine
aggregates, respectively. The specific gravity of the
aggregates was measured in accordance to IS 2386 Part 111
[38]. The range of particle size and specific gravity of the
aggregates has been tabulated in Table 3 along with impact
and abrasion values of coarse aggregates.

Glass fiber

Alkali resistant glass fiber has been used in the present
study. Fibers of length 12 mm and filament diameter of 12-
15 pm with a tensile strength of 1700 MPa had been taken
up for the study as shown in Figure 1. The zirconia content
in the fiber was 19%.

Fig. 1. Alkali resistant glass fiber

Table 3.
Physical properties of aggregates
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Design mix proportions of concrete

The water-binder ratio, proportions of cement,
aggregates and water, percentage addition of glass fibers by
weight of cement have been varied to obtain various
concrete mixes with different proportions. The water binder
ratio chosen for the study have been confirmed in
accordance to IS 10262 (2009) [39]. The mixes were
designed for medium workability and strength of 30-35
MPa. For each of the mixes, glass fiber has been added by
0%, 0.5%, 1% and 1.5% by the weight of cement. The design
mix proportions used in the present study are tabulated in
Table 4.

2.2. Test specimen and methodology

Mechanical strength

Concrete cubes of 15x15x15 cm and cylinders of 15 cm
diameter and 30 cm height were cast to test the strength of
concrete in compression and direct tension. These specimens
after 28 days of water curing were dried and placed in a
furnace and exposed to temperature of 100°C, 200°C,
300°C, 400°C and 500°C for an hour (Fig. 2). They were
then cooled down to room temperature and tested for their
strength in compression and tension. The compressive
strength is measured by placing the cubes in the machine in
such a way that the load is applied to opposite sides of the
cubes. It is calculated by dividing the maximum load applied
to the specimen during the test by cross sectional area. To
measure the split tensile strength of the concrete, the
cylinders were placed in the centering jig with packing strip
and loading pieces carefully positioning along the top and
bottom of the plane of loading of the specimen. The jig is
then be placed in the machine so that the specimen is located
centrally.

Physical property

Aggregate Size range, mm

Specific gravity

Impact value, % Abrasion value, %

Fine aggregate 0.075-4.75 2.60 - -
Coarse aggregate 10.5-20 2.72 20 25
Table 4.
Concrete design mix proportions
Mix Water cement ratio Cement Water Fine Aggregate  Coarse Aggregate  Slump, mm
C40 0.40 450 197 581 1235 100
C45 0.45 438 197 600 1218 95
C50 0.50 394 197 631 1225 83
C55 0.55 358 197 661 1227 75
C60 0.60 328 197 689 1225 60

A study on alkali resistant glass fibre concrete and its exposure to elevated temperatures
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Fig. 2. Furnace used in the study

Depth of carbonation

Carbonation is the gradual ingress of gaseous carbon
dioxide into pore solution of concrete to precipitate
carbonate ions. These ions react with calcium ions in
concrete to form calcium carbonate. The formation of calcite
lowers the pH of pore solution of concrete obliterating the
passive oxide film that restricts the steel reinforcement in
concrete from bring corroded [40]. The natural process of
carbonation takes decades to initiate as the carbon dioxide
concentration in atmosphere is around 0.035-0.04% and
concrete is not very porous. To accelerate the process,
concrete cubes of 15x15x15 c¢m, post elevated temperature
exposure for an hour were kept in an accelerated carbonation
chamber with carbon dioxide concentration of 5% by
volume and a relative humidity of 65-70%, for a month.
They were then removed, split and sprayed with
phenolphthalein indicator to measure the carbonation depth.
The colourless region after being sprayed by the indicator
represents the carbonated zone. Figure 3 shows the concrete
cube after being sprayed by the phenolphthalein indicator
and the measurement of carbonation depth by the average of
values measured in all four directions.

Fig. 3 Depth of carbonation measurement

Research paper ,

2.3. Microstructural analysis

Scanning Electron Microscopy

The micro structure of glass fibers prior and post
hydration of cement have been studied by the microscopic
imagery of the hydrated products. These images had been
identified using Back scattered images of the FE-SEM.
Concrete samples from the specimens were scrapped out
after temperature exposure were stored in acetone for 7 days
to arrest further hydration of cement.

Thermogravimetric analysis

The concrete specimens after quenching in acetone were
subjected to thermogravimetric analysis where the
specimens were heated till 900°C at 20°C/min and the
weight loss in the specimen in accordance to the temperature
and time are measured. The drop in specimen weight at
120°C, 420°C, 480°C and 750°C signifies dehydration of
pore water, calcium silicates hydrates, dihydroxylation of
portlandite and calcination of calcite, respectively [41]. The
peaks from DTG curve can give a rough estimate of
portlandite and calcite in samples with and without fibers.

3. Results and discussion
3.1. Mechanical strength

The compressive and split tensile strengths of concrete
mixes reduced with an increase in the water binder ratio as
expected. Figures 4a-d and Figures 5a-d represents a plot of
compressive strength and split tensile strength with respect
to increase in temperature, respectively. But with the rise in
temperature, the strengths reduced significantly. This might
be accounted by the reduction of pore water due to
dehydration and microcracking due to formation of internal
stream pressure at elevated temperatures. Also, at
temperatures closer to 400-450°C, the loss of interlayer
water, which is present in the microscopic pores of the
concrete, changes the sizes of the crystalline structure,
without breaking it down. Due to dehydroxylation of the
portlandite that is responsible for the strength in hardened
concrete, upon exposure to higher temperatures, the
compressive strength and split tensile strength of concrete
reduced significantly.

The reduction in strength can also be due to the internally
restrained thermal shrinkage after the samples are cured post
exposure to elevated temperatures. For the increase in the
percentage of fiber dosage in concrete, the compressive and
split tensile strengths increased to its maximum at 1% fiber
addition and then decreased with any further addition of
fiber to concrete.

S. Hussain, J.S. Yadav
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Fig. 4. Compressive strength of: a) OPC concrete vs temperature, b) GFRC concrete (0.5%) vs temperature, ¢) GFRC concrete
(1.0%) vs temperature, d) GFRC concrete (1.5%) vs temperature

3.2. Depth of carbhonation

Figures 6a-d represent the plot of carbonation depth in
accordance to rise in temperature. The concrete mixes with
glass fibers added to the cement showed better resistance to
carbonation than the mixes with no fiber in it.

The carbonation of the portlandite is more rapid than the
carbonation of calcium silicate hydrates. But the portlandite

A study on alkali resistant glass fibre concrete and its exposure to elevated temperatures

formed during hydration is most likely filled in spaces
between fibers leading to notching by calcium hydroxide
crystals [42-44]. Hence the carbonation front is more
dependent on the decalsification of the calcium silicate
hydrates. The mixes with higher water binder ratios had
higher depth of carbonation due to relatively more porosity
of the hardened concrete.
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3.3. Scanning Electron Microscopy

The microstructural observations made through SEM are
displayed in Figures 7 and 8. Figure 7 is a microstructural
image of an alkali resistant glass fiber strand before mixing
it into concrete. Figure 8§ is a post cement hydration fiber
strand plucked from hardened concrete. Calcium hydroxide
is formed in between the fiber space and on it. The

Research paper ,

undulations on the surface of the fiber are due to high pH of
the matrix.

3.4. Thermogravimetric analysis
Hardened concrete specimen after exposure to elevated

temperature and cooled down and subjected to thermo-
gravimetric analysis. Samples from mixes with water binder

S. Hussain, J.S. Yadav
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Fig. 6. Carbonation depth of: a) OPC concrete vs temperature, b) GFRC concrete (0.5%) vs temperature, ¢) GFRC concrete
(1.0%) vs temperature, d) GFRC concrete (1.5%) vs temperature

ratio of 0.4, 0.5 and 0.6 with (1.5%) and without fiber were
taken and their DTG (Derivative thermogravimetric) plots
were studied to identify the peaks corresponding to
dehydroxylation of portlandite and calcination of calcium
carbonates. Figure 9 shows the DTG plots of mixes used in
the study. The peaks at 700°C-800°C correspond to the

A study on alkali resistant glass fibre concrete and its exposure to elevated temperatures

calcination of calcium carbonates. From the fig., it is clear
that the mixes with fiber added to concrete had less calcium
carbonates compared to the mixes without fibers. Also, the
amount of calcium carbonates is more for the mixes with
higher water binder ratios due to more availability of
hydroxyl ions.
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4. Conclusions

Within the scope of the present study, following

conclusions have been drawn:

i

The hardened concrete samples with fiber added to
cement showed better mechanical strength in
compression and tension.

Research paper ,

ii. The tensile strength seems to have improved
significantly and the increase is highest for a fiber dosage
of 1.0%.

With the rise in temperature, the strengths reduced
significantly due to the reduction of pore water due to
dehydration and microcracking due to formation of
internal stream pressure at elevated temperatures.

1il.

S. Hussain, J.S. Yadav
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iv. The concrete mixes with glass fibers added to the cement
showed better resistance to carbonation than the mixes
with no fiber in them.

v. After hydration, the spaces between fibers are mostly
filled with portlandite crystals. This would have
deteriorated the normal glass fiber.

vi. The mixes with fiber added to concrete had less calcium
carbonates compared to the mixes without fibers as
observed from DTG curve. Also, the amount of calcium
carbonates is more for the mixes with higher water
binder ratios due to more availability of hydroxyl ions.

The authors are highly thankful to the Department of
Civil Engineering, Manipal University Jaipur for proving the
necessary equipment for conducting this investigation.
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