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Abstract: The primary aim of this research is to find an alternative for Portland cement using inorganic
geopolymers. This study investigated the effect of steel and polypropylene fibres hybridisation on
ternary blend geopolymer concrete (TGPC) engineering properties using fly ash, ground granulated
blast furnace slag (GGBS) and metakaolin as the source materials. The properties like compressive
strength, splitting tensile strength, flexural strength and modulus of elasticity of ternary blend
geopolymer concrete. The standard tests were conducted on TGPC with steel fibres, polypropylene
fibres and a combination of steel and polypropylene fibres in hybrid form. A total number of
45 specimens were tested and compared to determine each property. The grade of concrete considered
was M55. The variables studied were the volume fraction of fibres, viz. steel fibres (0%, 0.5% and 1%)
and polypropylene fibres (0%, 0.1%, 0.15%, 0.2% and 0.25%). The experimental results reveal that the
addition of fibres in a hybrid form enhances the mechanical properties of TGPC. The increase in the
compressive strength was nominal, and a significant improvement was observed in splitting tensile
strength, flexural strength, and modulus of elasticity. Also, an attempt to obtain the relation between
the different engineering properties was made with different volume fractions of fibre.

Keywords: compressive strength; geopolymer concrete; hybrid fibres; modulus of rupture; ternary blend

1. Introduction

The need for cement is drastically increasing day by day with the growth in the civil
infrastructure industry. Cement has been conventionally used as the binding material
which binds the fine and coarse aggregate to produce concrete. However, concrete made
with cement was noted to be less durable, especially in conditions like very severe environ-
ments [1,2]. Also, cement manufacturing results in the emission of harmful carbon dioxide
into the atmosphere [3]. Another difficulty in handling ordinary cement concrete is that it
requires a vast amount of water for curing. The water demand is increasing every day, and
it is essential to preserve the natural resource to the full. Hence, it is necessary to research
an alternative to replace the high internal-energy-intensive product with new sustainable
material. Many studies were performed to minimise the usage of cement in concrete by
partially replacing it with mineral admixtures [4]. However, the partial replacement of
cement reduces the carbon footprint to a specific limit, and it is always better to research
cementless concrete.

Geopolymers are recent promising options to replace conventional cement materials
to reduce the carbon footprint and water needed for curing. Geopolymer binders are
manufactured by activating an alumino-silicate source material using alkaline activators.
The concrete produced using this binder is considered to be environmentally friendly and
economical. However, the recent research on geopolymers shows strength reduction at high
temperatures, vulnerability to thermal cracking and brittle behaviour [5-9]. Ternary blend
geopolymer concrete (TGPC) is manufactured by combining three different source materials
as a binder to overcome these drawbacks. The TGPC will have better properties due to the
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densely packed particles of various sizes. It also effectively utilises industrial by-products
like fly ash, ground granulated blast furnace slag (GGBS), rice husk, etc. Several studies
also explored that the incorporation of fibres can significantly improve the properties of
concrete [10-13]. The addition of fibres in hybrid form provides potential advantages
over mono-fibres. In a hybrid fibre combination, the microfibres bridge the microcracks,
whereas the macrofibres are more efficient in controlling the development of macrocracks
in the concrete [14-17]. Geopolymer behaves comparably to conventional cement binders;
hence the hybrid fibres can also be incorporated in geopolymer concrete to improve the
mechanical properties [18-23]. Many researchers carried out many investigations on
the properties of fibre reinforced unary and binary blend geopolymer concrete in the
past [24,25]. However, studies on the effect of hybrid fibres on the engineering properties
of TGPC using fly ash, GGBS and metakaolin are not yet reported.

This paper provides the technology of producing hybrid fibre reinforced ternary blend
geopolymer concrete using fly ash, GGBS and metakaolin as its source materials and
presents the laboratory test results carried out on this material.

2. Experimental Programme
2.1. Raw Materials

Low calcium Class F fly ash conforming to IS 3812:2003 [26] procured from the Mettur
Thermal Power Station in Tamil Nadu (India) was used as a primary binder of the source
material. It is dark grey powder and has a specific gravity of 2.30. The mean particle
size of fly ash is 75 microns. The chemical composition of fly ash is given in Table 1.
GGBS conforming to the requirements of BS 6699:1992 [27] was included as one of the
source materials. It has a specific gravity of 2.88 with an off-white powder appearance.
The average particle size of GGBS is found to be 30 microns. Table 2 shows the chemical
composition of the GGBS. Metakaolin (MK) was also used as source material for the ternary
blend geopolymer. It is creamish ivory powder and has a specific gravity of 2.56. The mean
particle size of MK is found to be 2-3 microns. Table 3 shows the chemical composition of
metakaolin.

Table 1. Chemical composition of fly ash.

Elements Weight (%)
Alumina, Al,O3 27.75
Silica, SiO, 55.36
Iron Oxide, Fe, O3 9.74
Titanium dioxide, TiO, 3.54
Potassium Oxide, K,O 2.55
Calcium Oxide, CaO 1.07

Table 2. Chemical composition of GGBS.

Elements Weight (%)
Calcium Oxide, CaO 37.04
Silica, Si0, 32.49
Alumina, Al,O3 20.86
Magnesium oxide, MgO 7.82
Sulphur, S 0.98
Iron, FeO 0.68
Manganese, Mn 0.11

Chloride, Cl 0.012
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Table 3. Chemical composition of metakaolin.

Elements Weight (%)

Silica, SiO, 56.64

Alumina, Al,O3 42.38
Iron Oxide, Fe, O3 0.42
Sodium Oxide, Na,O 0.11
Potassium Oxide, K,O 0.04
Titanium dioxide, TiO, 0.1
Magnesium oxide, MgO 0.2
Calcium Oxide, CaO 0.1

M-sand (crushed stone) conforming to zone II of IS 383:1970 (reaffirmed 2002) [28]
passing through 4.75 mm (No.4) IS sieve was used as a fine aggregate. It has a specific
gravity and fineness modulus of 2.39 and 2.92, respectively. Crushed granites with a
maximum size of 12.5 mm were used as a coarse aggregate for the mixture. It has a specific
gravity and a fineness modulus of 2.78 and 6.92, respectively. The combination of sodium
silicate solution and sodium hydroxide in pellets form was used as an alkaline activator for
the geopolymer [29]. Conplast SP 430, a naphthalene-based superplasticiser, was used to
improve the workability of the concrete. Hybrid fibre combination of crimped steel and
polypropylene fibres were used to enhance the mechanical properties of TGPC. Figure 1
shows the crimped steel and polypropylene fibres used in this study. The properties of the
fibres are given in Table 4.

Figure 1. Fibres used: (a) Crimped steel fibres; (b) Polypropylene fibres.

Table 4. Properties of fibres.

Properties Crimped Steel Fibres Polypropylene Fibres
Length 30 mm 12 mm
Diameter 0.45 mm 40 micron
Aspect ratio 66 300
Tensile strength 800 N/mm? 550-600 N /mm?
Density 7950 kg/m3 950 kg/m?

2.2. Mix Proportions

Till now, there is no standard mix design method available for geopolymer concrete.
Hence in this study, TGPC mix proportion for a grade of M55 was arrived at by trial and
error method based on the guidance provided by Rangan [30]. Various parameters like
the molarity of sodium hydroxide, alkaline activator to binder ratio, proportions of source
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materials, viz. fly ash, GGBS and MK were considered for the optimum mix proportion
of TGPC. These were obtained from the authors’ detailed experimental work, presented
elsewhere [21,22] and used in this present work. Hence, the mix with 60% fly ash, 25%
GGBS and 15% MK was considered. The alkaline liquid to binder ratio of 0.3 and 14 M
molarity of sodium hydroxide was adopted. The water to binder ratio was kept constant at
0.2, and the dosage of superplasticiser was 1.5% of the total weight of the binder. Table 5
shows the summary of the TGPC mix proportion. The mix proportion was kept constant
for all the specimens with the addition of hybrid fibres at different levels.

Table 5. Mix proportions of Ternary blend geopolymer concrete.

Materials Quantity (kg/m3)

Fly ash 237.47

GGBS 122.61
Metakaolin 64.53

Coarse aggregate 1293.60

Fine aggregate 554.40
Sodium hydroxide solution 36.40
Sodium silicate 90.99
Superplasticizer 6.37
Water 84.92

2.3. Mixing, Casting and Curing of TGPC

Dry materials like fly ash, GGBS, MK, coarse and fine aggregates were initially mixed
in a drum type horizontal concrete mixer. Sodium hydroxide solution (14 M) was pre-
pared by dissolving the appropriately measured quantity of sodium hydroxide pellets in
water [31]. The alkaline activator solution was prepared by mixing the sodium silicate
solution with sodium hydroxide solution. The ratio of sodium silicate to sodium hydroxide
solution was kept constant at 2.5. For ensuring the reactivity of the alkaline activator
solution, it is recommended to mix sodium silicate and sodium hydroxide 24 h prior to
casting [32]. The alkaline activator, superplasticiser with water were then added to the dry
materials in the mixer drum. The fibres were added as per the designed volume of the
specimens. It is recommended to add polypropylene fibres along with dry materials for
the proper distribution of fibres in the mix. The steel fibres should be added at last before
5-10 revolutions of the mixer to avoid the deformation of fibres.

The fresh concrete was transferred to the mould in three layers using a table vibrator.
The surface was levelled and covered with a polythene sheet to avoid the loss of water
during the curing process. The specimens were transferred to the steam curing chamber
after one day and cured at 60 °C for 24 h. Figure 2 shows the specimens in the steam curing
chamber. Then, the moulds were removed, and the samples were left at room temperature
until testing.

2.4. Test Methods

The compressive strength test was carried out on cube specimens of size 150 mm as
per IS 516:1959 (reaffirmed 2004) [33]. A total of 45 cubes were tested with different volume
fractions of the fibres in a universal testing machine of 300 t (2942.1 kN) capacity. The
specimens were tested until failure at a constant rate of loading of 13.73 N/mm?/min. Split
tensile strength tests were performed on 45 cylindrical samples of 150 mm diameter and
300 mm height conforming to IS 5816:1999 (reaffirmed 2004) [34]. The flexural strength tests
were carried out on 45 prisms of size 100 x 100 x 500 mm, under third point loading as per
IS 516:1959 (reaffirmed in 2004) [33]. The flexural strength of the specimens is expressed as
the modulus of rupture. In this investigation, the modulus of elasticity was determined by
testing 45 cylindrical samples of 150 mm diameter and 300 mm height as per IS 516:1959
(reaffirmed in 2004) [33]. The test setup for determining the modulus of elasticity is shown
in Figure 3.
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Figure 3. Modulus of elasticity test setup.

3. Results and Discussions
3.1. Properties of Fresh Geopolymer Concrete

The fresh geopolymer concrete had a glossy appearance and a stiff consistency. The
workability of the fresh concrete may be strongly affected by the variables like fibre type,
fibre geometry and fibre volume fraction [35]. Workability tests such as slump test and
compacting factor test were carried out to explore the fresh properties of concrete. A total
of 15 concrete mixes were tested, including one TGPC without fibres and others with
the addition of fibres at different levels. The mix designation and the variables of all the
concrete mixes used in the present investigation were given in Table 6. The slump of
the fresh concrete mix was measured using a slump cone as per IS 1199:1959 (reaffirmed
2004) [36], and the results are presented in Table 6. When the fibres are added to the TGPC
mix, the slump is reduced, leading to stiff concrete. This further accelerates the stiffness
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when hybrid fibres are added to TGPC. Finally, the addition of fibres and hybrid fibres
make the TGPC stiffer and stiffer, as depicted in Table 6. However, during specimen casting
with proper compaction, the specimen could be cast without much difficulty regarding
workability. Such a harsh mix was obtained despite the addition of a superplasticiser
to the mix. On the other hand, such behaviour of TGPC contradicts the behaviour of
cement-based concrete with a high dosage of admixtures, which gives mixes with a higher
slump. Compacting factor is the ratio of the weight of partially compacted fresh concrete
to fully compacted fresh concrete. For all the mixes, compacting factor was measured as
per IS 1199:1959 (reaffirmed 2004) [36]. The results of the compacting factor test are given
in Table 6. The results show that the workability of concrete was low and possess a stiff
consistency.

Table 6. Test results of fresh concrete.

Mix ID Steel Folbre, Vs Polypropylfne Fibre, V Slump (mm) Compacting
(%) (%) Factor

TGPC 0 0 22 0.87
STGPC1 0.5 0 16 0.82
STGPC2 1.0 0 10 0.78
PTGPC1 0.1 20 0.85
PTGPC2 0 0.15 18 0.85
PTGPC3 0.20 18 0.84
PTGPC4 0.25 16 0.83
HTGPC1 0.1 15 0.81
HTGPC2 05 0.15 13 0.80
HTGPC3 ’ 0.20 12 0.78
HTGPC4 0.25 10 0.77
HTGPC5 0.1 8 0.77
HTGPCé6 10 0.15 6 0.75
HTGPC?7 : 0.20 5 0.73
HTGPCS8 0.25 5 0.73

3.2. Properties of Hardened Geopolymer Concrete

The specimens are tested after 28 days of casting and each test result was the average
of three samples. The test results of all the hardened concrete specimens are given in
Table 7. The table shows that the compressive strength, splitting tensile strength, modulus
of rupture, and modulus of elasticity was improved to different levels as the fibre content
increases.

3.2.1. Compressive Strength

It may be noted that the addition of steel or polypropylene fibres in TGPC increased
the compressive strength marginally. The compressive strength of concrete was not signifi-
cantly affected by the addition of fibres since the bridging effect of fibres is not effective in
compression. The compressive strength (f:) of TGPC was 57.23 MPa. Figure 4 shows the
comparison of compressive strength for different compositions of TGPC with fibres. It may
also be observed that the incorporation of hybrid fibres improves the compressive strength
to a maximum of 17% for HTGPC5. According to literature, micro fibres act as bridges for
controlling micro-cracks propagation [37,38]. The addition of mono polypropylene fibres
of more than 0.15% results in a decrease in compressive strength. This may be due to the
fibres” high volume fraction, which results in the balling effect of the fibres [18,39-41].
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Table 7. Test results of hardened concrete.

i fC fCt fcr E; X 104
MixID (MPa) (MPa) (MPa) (MPa)
TGPC 57.23 472 5.62 3.8
STGPC1 59.64 5.82 6.40 343
STGPC2 60.85 6.04 6.61 3.89
PTGPC1 58.54 5.57 6.03 335
PTGPC2 57.75 5.73 6.10 343
PTGPC3 56.35 5.82 6.16 3.49
PTGPC4 57.00 6.08 6.20 353
HTGPC1 61.47 6.00 6.48 357
HTGPC2 61.77 6.12 6.52 3.65
HTGPC3 61.21 6.25 6.54 3.79
HTGPC4 62.23 6.37 6.58 3.88
HTGPC5 66.93 6.27 7.76 419
HTGPC6 65.77 6.32 7.85 434
HTGPC7 64.09 6.48 7.80 428
HTGPCS 64.80 6.56 7.71 423

Compressive strength

—%— Compressive strength

)

S T T S e Y G I
< (@) O @) (@) O @) o ¥ C
<O %&6‘ é<§ $

Figure 4. Comparison of compressive strength.

3.2.2. Split Tensile Strength

A sudden brittle failure in TGPC and the bridging action of steel fibres were observed
in the specimens that contain steel fibre. The split tensile strength (f.;) of concrete with
hybrid fibres is found to be higher than the concrete without fibre and mono fibre. The
HTGPC with 1% steel and 0.25% polypropylene fibres exhibited an improvement of about
39% compared with the plain TGPC. The incorporation of hybrid fibres significantly
improved the tensile behaviour of TGPC. This can be attributed to the bridging effect of the
hybrid fibres at different levels, which reduces the coalescence of cracks in the geopolymer
concrete [42]. Simultaneously, the steel fibres” high bond strength with TGPC delayed the
pull-out of the fibres [43]. Figure 5 shows the variation in split tensile strength for different

fibre contents of TGPC.
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Figure 5. Comparison of split tensile strength.

An attempt is made to obtain a relationship between the compressive strength (f;)
and split tensile strength (f;;). The primary variable for the improvement in split tensile
strength is the volume fraction of steel fibres (V) and polypropylene fibres (V). Hence,
after several combinations of different fibre parameters, a fibre factor (Fy) consisting of
parameters like geometry, volume fraction, and bond efficiency of fibre was introduced as
follows:

Fg=Fp + F; 1)
where: l

4

Fy=Vpipp @)
p
s

F = Vsz’?s (3)
S

where, 77, and 75 are the bond efficiency factors for polypropylene fibres and crimped steel
fibres respectively. The bond efficiency factor may be assumed based on the geometry of
the fibres and taken as 1.0 for straight round fibres and 1.2 for crimped fibres [44]. The
relation between split tensile strength and F./f. was plotted and shown in Figure 6. The
regression equation thus obtained is:

feor = 0120F; | /fe +5.236 4)

where f; and f. are in N/mm?.

The predicted values of the split tensile strength using Equation (4) was compared
with the experimental measured values for the TGPC with different volume fractions of
fibres. It may be noted from Table 8 that the predicted error approximately runs below 4%
for the TGPC with fibres.
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Figure 6. Relationship between f; and Fyy/fc.

Table 8. Comparison of measured and predicted values.

Split Tensile Strength Modulus of Rupture Modulus of Elasticity x 10—4
Mix ID Measured Predicted Error Measured Predicted Error Measured Predicted Error
(MPa) (MPa) (%) (MPa) (MPa) (%) (MPa) (MPa) (%)
TGPC 4.72 5.24 10.93 5.62 5.48 —2.53 3.28 3.12 —4.85
STGPC1 5.82 5.61 —3.67 6.4 6.06 -5.33 3.43 3.42 -0.18
STGPC2 6.04 5.98 —-0.91 6.61 6.65 0.62 3.89 3.73 —4.05
PTGPC1 5.57 5.51 -1.05 6.03 5.91 —2.00 3.35 3.35 -0.12
PTGPC2 5.73 5.65 —1.46 6.1 6.12 0.34 3.43 3.46 0.76
PTGPC3 5.82 5.78 —0.75 6.16 6.32 2.67 3.49 3.56 2.07
PTGPC4 6.08 5.92 -2.71 6.2 6.54 5.52 3.53 3.68 413
HTGPC1 6 5.89 -1.76 6.48 6.51 0.46 3.57 3.66 2.49
HTGPC2 6.12 6.04 —1.35 6.52 6.73 3.28 3.65 3.78 3.44
HTGPC3 6.25 6.17 —-1.20 6.54 6.95 6.25 3.79 3.89 2.58
HTGPC4 6.37 6.32 -0.71 6.58 7.18 9.17 3.88 4.01 3.35
HTGPC5 6.27 6.32 0.73 7.76 717 —7.61 4.19 4.00 —4.46
HTGPC6 6.32 6.45 2.10 7.85 7.38 —5.94 4.34 411 —5.20
HTGPC?7 6.48 6.58 1.56 7.8 7.59 —2.76 4.28 4.22 —1.42
HTGPCS8 6.56 6.73 2.64 7.71 7.82 1.48 4.23 434 2.69

3.2.3. Flexural Strength

From Table 7, it can be observed that the inclusion of fibres in TGPC improves the

flexural strength significantly. In the initial stage, the polypropylene fibres control the
propagation of microcracks. As the load increased, the action of steel fibre comes into
existence in arresting the propagation of macrocracks, thereby increasing the flexural
strength of the concrete [38,41]. The percentage increase in modulus of rupture varies from
7.29% for PTGPC1 up to 39.67% for HTGPC6. Figure 7 shows the variation in modulus of
rupture for all the tested specimens.

In order to obtain a relation between f., and f;, a graph was plotted between f.- and
Fg\/fc, as shown in Figure 8. The regression equation thus obtained is:

fer = 0.188F; /fc +5.478 ®)

where f;; and f. are in N/mm?.
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Figure 7. Comparison of modulus of rupture.
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Figure 8. Relationship between f;; and Fs\/fc.

Equation (5) shows a satisfactory fit to the modulus of rupture for various volume
fractions of fibres as presented in Table 8. The predicted values for the modulus of rupture
were well below 8% of error. It may be also noted that from Equation (5), for = 5.478 MPa
for TGPC without fibres, which is equal to that given by 0.724, /fc (0.724,/57.23). The
coefficient of 0.724 is very close to 0.7 mentioned in IS 456:2000 [45] for OPC.

3.2.4. Modulus of Elasticity

It may be noted from Table 7 that the values of modulus of elasticity of concrete
gradually increases with the increase in the fibre content. The addition of fibres in TGPC
improves the modulus of elasticity from 2.13% to a maximum of 32.31%. This may be due
to the effect of fibres’ high elastic modulus and strong bond between the fibres and the
matrix [46,47]. The comparison of modulus of elasticity for all the tested samples are given
in Figure 9.
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Figure 9. Comparison of modulus of elasticity.

The parameters that influence the modulus of elasticity are not directly related to
compressive strength. However, an attempt was made to obtain a relation between f. and
E. using the fibre factor for TGPC and HTGPC. A graph was plotted between Ec and Fr\/fc,
as shown in Figure 10. The regression equation thus obtained is:

E. (x 10—4) = 0.098F; /fe + 3.121 ®)

where E; and f, are in N/ mm?.

,6 -
X8
<
S
7 y = 0.098x +3.121
S R*=0.9
Fﬂﬁ vs Ee
—— Linear (E‘tﬁ vs Eq)
0 2 il 6 8 10 12 14
FA,

Figure 10. Relationship between Ec and Fgy/fc.

The modulus of elasticity values, predicted using Equation (6) are shown in Table 8.

It may be noted that the predicted values approached the measured ones as the er-
ror is less than 5% approximately. It may be also observed from Equation (6) that,
¢ =3.121 x 10~* MPa, which is equal to that given by 4125 Vfe (0.724, /57.23). The coetfi-
cient, 4125 for TGPC significantly lower than 5000 mentioned in IS 456:2000 for OPC [45].



J. Compos. Sci. 2021, 5, 203

12 of 14

4. Conclusions

The following conclusions may be derived based on this experimental investigation of
the engineering properties of hybrid fibre reinforced ternary blend geopolymer concrete:

(1) The addition of fibres improves the compressive strength of TGPC at different volume
fractions in mono and hybrid form. The strength increases from 1% for PTGPC2 up
to 17% for HTGPCS.

(2) The split tensile strength, modulus of rupture and modulus of elasticity of TGPC
increases notably with the increase in the fibre volume fraction. The split tensile
strength varied from 18% up to 39%. The modulus of rupture varied from 7% up
to 39%, and modulus of elasticity ranged from 5% to 32%. The enhancement in the
mechanical properties of TGPC was highly significant with the incorporation of fibres
in hybrid form.

(3) The strength models proposed for TGPC with different volume fractions of fibres
to predict the compressive strength, split tensile strength, modulus of rupture and
modulus of elasticity were found satisfactorily with the test results.

5. Patents

Based on these research findings, an Australian patent titled Engineered Hybrid
Fibre Reinforced Ternary Blend Geopolymer Concrete Composite was granted with Reg.
No. 2020102145 on 29 October 2020.
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Nomenclature

71s  bond factor of steel fibre

1y  bond factor of polypropylene fibre
d,  diameter of polypropylene fibre

ds  diameter of steel fibre

fe  compressive strength

fet  split tensile strength

fer modulus of rupture

E. modulus of elasticity

F¢  hybrid fibre factor

I, length of polypropylene fibre

Is  length of steel fibre

Vs volume fraction of steel fibres

Vp  volume fraction of polypropylene fibres

Neville, A.M. Properties of Concrete, 4th ed.; Mill Harlow: Essex, UK, 1995.
Hewlett, P.C. Lea’s Chemistry of Cement and Concrete, Butterworth-Heinemann, Technology and Engineering; Elsevier: Amsterdam,

References
1.
2.
The Netherlands, 2003.
3.

Mehta, PK.; Monteiro, P.J.M. Concrete: Microstructure, Properties and Materials, 3rd ed.; McGraw-Hill: New York, NY, USA, 2005.



J. Compos. Sci. 2021, 5, 203 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Babita, S.; Saurabh, U.; Abhishek, G.K.; Manoj, Y.; Pranjal, B.; Ravi, M.K.; Pankaj, K. Review paper on partial replacement of
cement and aggregates with various industrial waste material and its effect on concrete properties. Recycl. Waste Mater. 2019, 32,
111-117. [CrossRef]

Sarker, PK.; Haque, R.; Ramgolam, K.V. Fracture behaviour of heat cured fly ash based geopolymer concrete. . Mater. Des. 2013,
44, 580-586. [CrossRef]

Kirkli, G. The effect of high temperature on the design of blast furnace slag and coarse fly ash -based geopolymer mortar.
Compos. Part B Eng. 2016, 92, 9-18. [CrossRef]

Bernal, S.A.; Rodriguez, E.D.; de Gutierrez, R.; Gordillo, M.; Provis, J.L. Mechanical and thermal characterisation of geopolymers
based on silicate-activated metakalin/slag blends. J. Mater. Sci. 2011, 46, 5477-5486. [CrossRef]

Kong, D.L.Y.; Sanjayan, ].G.; Sagoe-Crentsil, K. Comparative performance of geopolymers made with metakaolin and fly ash
after exposure to elevated temperatures. Cem. Concr. Res. 2007, 37, 1583-1589. [CrossRef]

Zulkifly, K.; Cheng-Yong, H.; Yun-Ming, L.; Bayuaji, R.; Abdullah, M.M.A.B.; Ahmad, S.B.; Stachowiak, T.; Szmidla, J.; Gondro, J.;
Khalid, B.; et al. Elevated-temperature performance, combustibility and fire propagation index of fly ash-metakaolin blend
geopolymers with addition of monoaluminium phosphate (MAP) and aluminum dihydrogen triphosphate (ATP). Materials 2021,
14,1973. [CrossRef]

Doo-Yeol, Y.; Nemkumar, B.; Young-Soo, Y. Impact resistance of reinforced ultra-high-performance concrete beams with different
steel fibers. ACI Struct. ]. 2017, 114, 113-124.

Toledo, ER.D.; Marangon, E.; Andrade, S.E.D.; Mobasher, B. Effect of steel fibres on the tensile behaviour of self-consolidating
reinforced concrete blocks. ACI J. 2017, 310, 123-130.

Singh, M.; Sheikh, A.H.; Ali, M.S.M.; Visintin, P.; Griffith, M.C. Experimental and numerical study of the flexural behaviour of
ultra-high performance fibre reinforced concrete beams. Constr. Build. Mater. 2017, 138, 12-25. [CrossRef]

Wang, W.; Chouw, N. The behaviour of coconut fibre reinforced concrete (CFRC) under impact loading. Constr. Build. Mater. 2017,
134, 452-461. [CrossRef]

Yu, R.; Spiesz, P.; Brouwers, H.J.H. Static properties and impact resistance of a green Ultra-High Performance Hybrid Fibre
Reinforced Concrete (UHPHFRC): Experiments and modeling. Constr. Build. Mater. 2014, 68, 158-171. [CrossRef]

Qian, C,; Stroeven, P. Fracture properties of concrete reinforced with steel-polypropylene hybrid fibers. Cem. Concr. Compos. 2000,
22,343-351. [CrossRef]

Sivakumar, A.; Santhanam, M. Mechanical properties of high strength concrete reinforced with metallic and non-metallic fibres.
Cem. Concr. Compos. 2007, 29, 603-608. [CrossRef]

Raza, A.; Khan, Z. Experimental and numerical behavior of hybrid-fiber-reinforced concrete compression members under
concentric loading. SN Appl. Sci. 2020, 2, 1-19. [CrossRef]

Ganesan, N; Indira, P.V,; Santhakumar, A. Engineering properties of steel fibre reinforced geopolymer concrete. Adv. Concr.
Constr. 2013, 1, 305-318. [CrossRef]

Raj, S.D.; Ajith, R. Performance of hybrid fibre reinforced geopolymer concrete beams. SN Appl. Sci. 2019, 1, 1-8. [CrossRef]
Ranjbar, N.; Zhang, M. Fiber reinforced geopolymer composites: A review. Cem. Concr. Compos. 2020, 107. [CrossRef]

Bazan, P; Kozub, B.; Lach, M. Evaluation of hybrid melamine and steel fiber reinforced geopolymers composites. Materials 2020,
13, 5548. [CrossRef] [PubMed]

Ganesan, N.; Indira, P.V,; Santhakumar, A. Effect of steel fibres on shear strength of geopolymer concrete beams. |. Struct. Eng.
2015, 41, 441-448.

Frattini, D.; Occhicone, A.; Ferone, C.; Cioffi, R. Fibre-reinforced geopolymer concretes for sensible heat thermal energy storage:
Simulations and environmental impact. Materials 2021, 14, 414. [CrossRef]

Gaesh, C.A.; Sowmiya, K.; Muthukannan, M. Investigation on the effect of steel fibers in geopolymer concrete. IOP Conf. Ser.
Mater. Sci. Eng. 2020, 872, 1-8. [CrossRef]

Ganesan, N.; Indira, P.V,; Sahana, R. Strength and Durability of Hybrid Fibre Reinforced Binary Blend Geopolymer Concrete.
In Proceedings of the Sixth International Conference on Durability Concrete Structures; University of Leeds: Leeds, UK, 2018;
pp- 154-159.

IS 3812:2003. Pulvarized Fuel Ash-Specification; Bureau of Indian Standards: New Delhi, India, 2003.

BS 6699:1992. Ground Granulated Blast Furnace Slag for Use with Portland Cement-Specification; Bureau of Indian Standards:
New Delhi, India, 1992.

IS 383:1970. Specification for Coarse and Fine Aggregates from Natural Sources for Concrete; Bureau of Indian Standards: New Delhi,
India, 2002.

Rashad, A.M.; Bai, Y.; Basheer, P.A.M.; Milestone, N.B.; Collier, N.C. Hydration and properties of sodium sulfate activated slag.
Cem. Concr. Compos. 2013, 37, 20-29. [CrossRef]

Rangan, B.V. Fly ash based geopolymer concrete. Int. Work. Geopolym. Cem. Concr. Chidambaram. 2010, 1, 68-106.

Rangan, B.V. Mix design and production of fly ash based geopolymer concrete. Indian Concr. ]. 2008, 82, 7-15.

Nagalia, G.; Park, Y.; Abolmaali, A.; Aswath, P. Compressive strength and microstructural properties of fly ash-based geopolymer
concrete. J. Mater. Civ. Eng. 2016, 28, 1-11. [CrossRef]

IS 516:1959. Method of Test for Strength of Concrete; Bureau of Indian Standards: New Delhi, India, 2004.

IS 5816:1999. Splitting Tensile Strength of Concrete-Method of Test; Bureau of Indian Standards: New Delhi, India, 2004.


http://doi.org/10.1007/978-981-13-7017-5_13
http://doi.org/10.1016/j.matdes.2012.08.005
http://doi.org/10.1016/j.compositesb.2016.02.043
http://doi.org/10.1007/s10853-011-5490-z
http://doi.org/10.1016/j.cemconres.2007.08.021
http://doi.org/10.3390/ma14081973
http://doi.org/10.1016/j.conbuildmat.2017.02.002
http://doi.org/10.1016/j.conbuildmat.2016.12.092
http://doi.org/10.1016/j.conbuildmat.2014.06.033
http://doi.org/10.1016/S0958-9465(00)00033-0
http://doi.org/10.1016/j.cemconcomp.2007.03.006
http://doi.org/10.1007/s42452-020-2461-5
http://doi.org/10.12989/acc2013.1.4.305
http://doi.org/10.1007/s42452-019-1788-2
http://doi.org/10.1016/j.cemconcomp.2019.103498
http://doi.org/10.3390/ma13235548
http://www.ncbi.nlm.nih.gov/pubmed/33291368
http://doi.org/10.3390/ma14020414
http://doi.org/10.1088/1757-899X/872/1/012156
http://doi.org/10.1016/j.cemconcomp.2012.12.010
http://doi.org/10.1061/(ASCE)MT.1943-5533.0001656

J. Compos. Sci. 2021, 5, 203 14 of 14

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.
46.

47.

Balaguru, PN.; Shah, S.P. Fibre Reinforced Cement Composites; McGraw-Hill Int. Ed.: New York, NY, USA, 1992.

IS 1199:1959. Methods of Sampling and Analysis of Concrete; Bureau of Indian Standards: New Delhi, India, 2004.

Carrico, A.; Bogas, ].A.; Hawreen, A.; Guedes, M. Durability of multi-walled carbon nanotube reinforced concrete. Constr. Build.
Mater. 2018, 164, 121-133. [CrossRef]

Kotop, M.A.; Alharbi, Y.R.; Abadel, A.A ; Binyahya, A.S. Engineering properties of geopolymer concrete incorporating hybrid
nano-materials. Ain Shams Eng. J. 2021, 1-7. [CrossRef]

Chajec, A.; Sadowski, L. The effect of steel and polypropylene fibers on the properties of horizontally formed concrete. Materials
2020, 13, 5827. [CrossRef] [PubMed]

Maksum, M.; Alrasyid, H.; Irmawan, M.; Piscesa, B. Effect of steel fiber volume fraction to the tensile splitting strength of concrete
cylinder. IOP Conf. Ser. Mater. Sci. Eng. 2020, 930, 1-8. [CrossRef]

Malkawi, A.B.; Habib, M.; Aladwan, J.; Alzubi, Y. Engineering properties of fibre reinforced lightweight geopolymer concrete
using palm oil biowastes using palm oil biowastes. Aust. J. Civ. Eng. 2020, 18, 89-92. [CrossRef]

Zhang, P.; Wang, J.; Li, Q.; Wan, J.; Ling, Y. Mechanical and fracture properties of steel fiber-reinforced geopolymer concrete. Sci.
Eng. Compos. Mater. 2021, 28, 299-313. [CrossRef]

Shaikh, FU.A. Pullout behavior of hook end steel fibers in geopolymers. J. Mater. Civ. Eng. 2019, 31, 1-11. [CrossRef]

Swamy, R.N.; Al-Taan, S.A. Deformation and ultimate strength in flexure of reinforced concrete beams made with steel fibre
concrete. ACI J. 1981, 78, 395—405.

IS 456:2000. Plain and Reinforced Concrete-Code of Practice; Bureau of Indian Standards: New Delhi, India, 2000.

Cui, Y.; Gao, K.; Zhang, P. Experimental and statistical study on mechanical characteristics of geopolymer concrete. Materials
2020, 13, 1651. [CrossRef]

Raza, S.S.; Ali, L.; Babar, Q.; Raza, A. Effect of different fibers (steel fibers, glass fibers, and carbon fibers) on mechanical properties
of reactive powder concrete. Struct. Concr. 2020, 1-13. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2017.12.221
http://doi.org/10.1016/j.asej.2021.04.022
http://doi.org/10.3390/ma13245827
http://www.ncbi.nlm.nih.gov/pubmed/33371427
http://doi.org/10.1088/1757-899X/930/1/012058
http://doi.org/10.1080/14488353.2020.1721954
http://doi.org/10.1515/secm-2021-0030
http://doi.org/10.1061/(ASCE)MT.1943-5533.0002722
http://doi.org/10.3390/ma13071651
http://doi.org/10.1002/suco.201900439

	Introduction 
	Experimental Programme 
	Raw Materials 
	Mix Proportions 
	Mixing, Casting and Curing of TGPC 
	Test Methods 

	Results and Discussions 
	Properties of Fresh Geopolymer Concrete 
	Properties of Hardened Geopolymer Concrete 
	Compressive Strength 
	Split Tensile Strength 
	Flexural Strength 
	Modulus of Elasticity 


	Conclusions 
	Patents 
	References

