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Geopolymers have several applications and concrete is 
one of the materials that can be produced with geo-
polymer as binder. Since industrial byproducts/wastes 
such as fly ash, iron slag, micronized biomass silica, 
silica fume, red mud, etc. can be used as a binder  
instead of Portland cement, geopolymer concrete 
(GPC) has generated lot of interest among the scien-
tific and engineering community. This has also resul-
ted in reduced carbon footprint of concrete and an 
effective method of disposing industrial waste. In this 
study GPC with a blend of class-f fly ash and ground 
granulated blast furnace slag as binder has been de-
veloped, and its flexural and fracture characteristics 
have been studied. The GPC developed has a 28-day 
compressive strength in the range 40–50 MPa. Incor-
poration of steel fibres resulted in increased flexural 
strength, enhanced fracture properties and ductility. 
The residual strength of steel fibre reinforced GPC 
was also determined in the study. 
 
Keywords: Alkali activators, fracture behaviour, fly 
ash, geopolymer concrete, iron slag, steel fibres. 
 
CONCRETE is the second most consumed commodity by 
humans, and Portland cement (PC) has been the binder in 
concrete for centuries. However, there is also a parallel 
effort being made to reduce the consumption of cement. 
Being produced from naturally occurring calcareous and 
argillaceous materials, cement consumes a lot of energy 
and causes environmental degradation during excavation 
and processing of raw materials. In an effort to reduce 
cement consumption, industrial by-products such as iron 
slag and fly ash are being used as partial replacement for 
cement. Incorporation of fly ash and slag not only results 
in reducing the volume of cement used, but also leads to 
better quality of concrete. When these supplementary 
cementitious materials are incorporated in a proper man-
ner, durability of concrete is enhanced without compro-
mising on its strength. The use of slag in cement dates 
back to the 1940s, when attempts were made to activate 
slag using alkalis. The bibliographic history of important 
events in the development of alkali-activated cement has 
been documented by Li et al.1. Alkali activation com-
pletely eliminates the use of PC, unlike partial replace-
ment of cement with slag or fly ash. In 1979, Davidovits 
introduced the term ‘geopolymer’ and defined it as an 
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amorphous, three-dimensional, short-range order inor-
ganic polymer that forms when a highly concentrated 
aqueous alkali hydroxide–silicate solution is added to 
aluminosilicate raw materials (e.g. metakaolin, fly ash, 
slag)2. The process of geopolymerization has been sum-
marized in three basic steps: (i) dissolution of silica (Si) 
and alumina (Al) atoms from the source material through 
the action of hydroxide ions; (ii) transportation or orien-
tation or condensation of precursor ions into monomers 
and (iii) setting or polycondensation/polymerization of 
monomers into polymeric structures3–5. It has been wide-
ly accepted that geopolymer though not a polymer in the 
true sense, since the polymeric chain is not infinite, can 
still be brought under the broad domain of inorganic  
polymers6. A major difference during the initial stages of 
geopolymer concrete (GPC) production is the curing  
method. When class-f fly ash is used as source material, 
heat curing becomes a necessity for strength develop-
ment; however, when a combination of fly ash and 
ground granulated blast furnace slag (GGBS) is used, 
then heat curing can be avoided. The calcium that dis-
solves from the slag significantly influences both early 
and later age properties, and the availability of free cal-
cium ions prolongs fly ash-dissolution and enhances geo-
polymer gel formation7. Nath and Sarkar8 have reported a 
significant improvement in both early age and 28 days 
strength of fly-ash based geopolymer with addition of 5% 
ordinary Portland cement (OPC). Coexistence of geo-
polymeric gel and calcium silicate hydrate (CSH) gel has 
been reported when a substantial amount of reactive cal-
cium is present initially. The voids and pores within the 
geopolymeric binder become filled with the CSH gel9. 
This hybrid micro structure leads to higher strength at 
lower concentration of activators without any special cur-
ing methods. 
 The low tensile and flexural strength of concrete can be 
substantially increased with incorporation of steel fibres; 
they not only increase the tensile and flexural strength, but 
also increase the energy absorption capacity and hence 
the ductility of concrete. The steel fibres act as micro re-
inforcement and improve the performance by bridging 
cracks that develop in concrete at low tensile strain. Steel 
fibres increase the impact and vibration resistance, and 
hence are widely used in industrial floors, etc. The bridg-
ing efficiency of fibres depends upon the bond strength 
between the fibres and the matrix they are embedded in. 
Fracture behaviour of concrete is a well-researched area 
for more than 40 years. The effect of supplementary  
cementitious materials such as fly ash, slag, etc. has been 
extensively documented. There are numerous theories 
proposed and the principles of fracture 3 mechanics have 
been incorporated in the codes as well. There is extensive 
literature available on the fracture behaviour OPC-based 
concrete10–16. Understanding the fracture behaviour of a 
heterogeneous material like concrete ultimately leads to 
efficient design of structures. However, when there is 

change in matrix, it is necessary to evaluate the flexural 
and fracture behaviour of concrete. Geopolymer binder 
differs substantially from PC binder in terms of chemical 
reactions and microstructure formed. There are few  
studies available in the literature on fracture behaviour of 
GPC. Pan et al.17 have studied the fracture properties of 
geopolymer paste and concrete. They have concluded that 
though the tensile strength of GPC is higher, fracture en-
ergy and elastic modulus are lower, and GPC is more 
brittle than OPC of similar strength. Sarker et al.18 have 
also reported that the fracture energy of heat cured  
fly ash-based GPC is similar to that of OPC with higher 
tensile strength, bond strength and a more brittle behav-
iour. Ganesan et al.19 have reported an improvement in 
tension stiffening and cracking characteristics of GPC 
with the addition of steel fibres. They have also proposed 
a method for predicting the width of cracks in reinforced 
GPC elements under uniaxial tension. Rao et al.20 have 
reported a 25% higher characteristic length for fly Ash 
and GGBS-based GPC. Hence there is a necessity to  
develop a large database on material properties of GPC 
such as elastic modulus, stress–strain behaviour and frac-
ture parameters. In the present study, two fly ash and 
slag-blended GPC mixes have been developed with low 
concentration activators and ambient air curing. The con-
crete mixes were incorporated with hook-shaped steel  
fibres at a dosage of 60 kg/m3 of concrete. Fracture, flex-
ural and residual strength parameters have been evaluated 
for steel fibre reinforced GPC. 
 A combination of class-f fly ash and GGBS was used 
as binder in the present study. Table 1 provides the chem-
ical composition of fly ash and GGBS. The final mix 
proportion of GPC was obtained through various trials 
mixes. The aim was to obtain concrete with a 28-day  
average compressive strength in the range 40–50 MPa. In 
the first mix, 75% class-f fly ash and 25% GGBS were 
used, whereas the second mix both class-f fly ash and 
GGBS were used in equal proportion. The river sand used 
was of finess modulus 2.63. Crushed granite stones of 
maximum size 12.6 mm were used as coarse aggregates. 
Activator solution was prepared by dissolving calculated 
quantity of NaOH flakes in distilled water. 
 Dissolution of NaOH in water is exothermic; hence the 
solution was cooled to room temperature and sodium sili-
cate (Table 2) twice by weight (of NaOH) was added to 
NaOH solution at the time of mixing concrete. Table 3 
shows the mix ratio in terms of quantity per cubic metre 
of concrete. Since the binder adopted was a blend of 
class-f fly ash and GGBS, the concrete mix did not re-
quire any special curing. For the same concrete mix, 
60 kg/m3 of hook-shaped discrete steel fibres were added; 
the length of the fibre was 25 mm with aspect ratio (l/d) 
of 55.55. The specimens were air-cured under shade,  
ensuring no direct exposure to sunlight. 
 Cubes of 100 mm dimension were used to determine 
the compressive strength of GPC mixes. Prisms of 
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Table 1. Chemical composition of binder materials (%) 

Material SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 Mn2O3 SO3 
 

Fly ash 62.10 27.44 4.57 0.83 0.55 0.04 1.17 1.09 0.04 0.40 
Slag 43.30 12.40 0.61 40.20 1.40 0.80 0.50 – – – 

 
 

Table 2. Composition of sodium silicate 

Specific   Total solids Viscosity  
gravity Na2O (%) SiO2 (%) (%) (N-s/m2) 
 

1.5 14.20 31.20 45.40 900 

 
 

Table 3. Geopolymer concrete mix quantity 

Mix ID  m1 (kg/cu. m) m2 (kg/cu. m) 
 

Fly ash 300 203.5 
GGBS 100 203.5 
Sand 650 634.2 
Coarse aggregate 1073 1113 
Water 157  175 
Sodium hydroxide 40 23.62 
Sodium silicate 80 47.24 

 
 
dimension 100  100  500 mm were used to conduct 
three-point bending test and determine fracture parame-
ters. A notch of 25 mm depth was induced during casting 
of the prism itself at mid span. Hence a0/h (notch 
height/beam depth) ratio of 0.25 was maintained for all 
the specimens. L0/h (distance between the supports/beam 
depth) ratio adopted was 4, with a clear span of 400 mm. 
Figure 1 provides the specimen details and loading  
arrangements adopted. 
 The testing was carried out in a 250 tonne servo-
controlled universal testing machine under displacement 
control, and at a loading rate of 0.05 mm/min. The dis-
placement was recorded with a linear variable differential 
transformer (LVDT) and crack mouth opening displace-
ment (CMOD) measured using a clip gauge. Figure 2 
shows a typical test being carried out. 
 The fracture energy (GF) was calculated from the prin-
ciples of ‘work of fracture’ (criterion I)21 by using eq. (1) 
 

 0 0

lig
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w mg
G

A

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where W0 is the area under the load–deflection curve  
(N–m), m the mass of the beam between the supports 
(kg), g the acceleration due to gravity (m2/s), 0 the de-
flection at final failure of the beam (m) and Alig is the 
area of the ligament (m2). Critical stress intensity factor 
(Kic) defined as the stress concentration that exists just in 
front of the crack tip when the crack starts to propagate, 
can be calculated using eq. (2) given below 
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where A = (a/d), a is the depth of the notch (mm), d the 
depth of the beam (mm), b the width of the beam (mm), P 
the maximum load (N) and l is the span length of the 
beam (mm). 
 Fracture energy can also be computed as the area under 
the stress–displacement curves (criterion II). Assuming a 
linear stress () distribution over fracture depth; tensile 
stress was calculated as follows 
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where F is the load recorded during the three-point bend-
ing test. The fracture energy was then evaluated up to a 
specified displacement according to eq. (4). There are 
many studies in the literature that specify various dis-
placement limits. However, fracture energy dissipated up 
to a displacement of 3 mm only is of interest in general 
design. Hence in this study fracture energy was calcu-
lated up to a displacement of 3 mm. 
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Fracture energy was also evaluated using the equation 
proposed by CEB-FIP model code21, to estimate the frac-
ture energy of OPC concrete in terms of compressive 
strength and maximum aggregate size 
 

 
0.7

2 c
max max(0.0469  0.5 26) ,* * 100f

f
G D D      

 
 (5) 

 
where Dmax is the maximum aggregate size (mm), fc the 
compressive strength of concrete (MPa), 0 the shape 
factor of aggregate (1 for rounded aggregates and 1.44 for 
angular aggregates), and w/c is the water–cement ratio of 
concrete. Bazant and Becq-Giraduon22 proposed an equa-
tion (eq. (6)) based on a statistical analysis for fracture 
energy of OPC concrete in terms of compressive strength, 
maximum aggregate size and water-to-cement ratio of 
concrete. The equation has a term of water-to-cement 
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Figure 1. Specimen and loading details for fracture testing. 
 
 

 
 

Figure 2. Testing of specimen. 
 
 
ratio that is relevant to OPC concrete. However Sarker  
et al.18 have adopted an equivalent liquid-to-binder ratio, 
the liquid content being the combined mass of sodium 
hydroxide solution, sodium silicate solution and extra  
water. 
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 (6) 

 
Addition of steel fibres in concrete improves its tensile, 
flexural and residual strength in addition to ductility  
enhancement. These parameters were evaluated for the 
fibre reinforced GPC using the equations proposed in 
RILEM TC 162-TDF23. The flexural strength ffct,L was 
computed up to FL according to eq. (7), the load at limit 
of proportionality. FL is the maximum load recorded up 
to 0.05 mm mid-point deflection. 
 

 L
, 2
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3
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2 ( )fct L
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f
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Equivalent flexural strength feq,2 and feq,3, were evaluated 
up to a deflection of 2 and 3 (2 = L + 0.65 mm and 
3 = L + 2.65 mm (where L is the deflection correspond-
ing to FL) as given in eqs (8) and (9) respectively. 
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The portion of energy required by fracture of plain con-
crete b

BZD  was not considered in the evaluation of the 
equivalent flexural strength. Only the influence of fibres 

,2
f

BZD  and ,3
f

BZD  was taken into account. The residual 
flexural tensile strength are calculated at four deflections 
(at 0.46, 1.31, 2.15 and 3.0 mm) and these are represented 
by the nos 1, 2, 3, 4 in the nomenclature. According to 
eq. (10), where b (100 mm), h (100 mm) and l (400 mm) 
are the width, height and span of the test specimens re-
spectively, and a0 (25 mm) is the notch depth. 
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Table 4 lists the compressive and flexural strength of 
GPC mixes. Figures 3 and 4 show typical load versus mid 
span deflection, and load versus crack mouth opening dis-
placement curves respectively, for each concrete mix 
tested. 
 The load deflection behaviour of GPC mixes without 
steel fibres displayed a linear behaviour up to peak load 
at which point a crack developed at the notch. Load drop 
was rapid with high rate of crack propagation. In mixes 
with fibres, initial curve was linear up to the point of 
crack initiation. Once crack formation began the slope of 
load deflection curve changed up to peak load point; post 
peak when crack depth was nearly half the ligament 
depth, a near horizontal behaviour was observed in most 
of the specimens. This can be attributed to bridging ac-
tion of steel fibres. Once de-bonding or pullout of fibres 
began softening of curves was observed; however, load 
drop was gradual indicating good ductility in the speci-
mens. Similar behaviour has been observed in load versus 
CMOD curves as well. Figure 5 shows a typical crack 
pattern of the beam specimens. 
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Table 4. Compressive and flexural strength of geopolymer concrete 

 Compressive  Standard Coefficient of Peak load Flexural  
Batch strength fc (MPa) Mean deviation variation (%) (in flexure) P (kN) strength f (MPa) Mean 
 

m1-1 40.5 40.43 0.90 2.23 3.54 3.78 3.41 
m1-2 41.3    3.2 3.41 
m1-3 39.5    2.86 3.05 
m2-1 48.0 46.57 1.56 3.36 5.8 6.19 5.58 
m2-2 46.8    4.9 5.23 
m2-3 44.9    5 5.33 
m1-h1 45.5 46.10 0.66 1.42 4.61 4.92 5.14 
m1-h2 46.1    5.29 5.64 
m1-h3 46.8    4.55 4.85 
m2-h1 53.1 52.60 1.44 2.74 6.94 7.40 6.54 
m2-h2 53.8    5.64 6.02 
m2-h3 51.0    5.81 6.20 
 
 

 
 

Figure 3.  Typical load versus mid span deflection curves (m1 and 
m2 stand for mix 1 and 2 respectively, h stands for hooked fibres and 
the last numeric stands for specimen number). 

 

 
 

Figure 4. Typical load versus crack mouth opening displacement 
curves (m1 and m2 stand for mix 1 and 2 respectively, h stands for 
hooked fibres and the last numeric stands for specimen number). 
 
 
 There was an increase in flexural strength with the  
incorporation of fibres. For mix m1, the increase was 
about 50% and for mix m2 it was about 20%. This 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5. Typical crack pattern. 
 

variation could be due to difference in bond strength be-
tween the geopolymer matrix and steel fibres, and actual 
dispersion of fibres at the section of fracture. It was  
observed that ultimate failure of fiber reinforced speci-
mens was due to pull out, rather than rupture of fibres 
(Figure 6). 
 Table 5 shows the fracture parameters calculated. The 
fracture energy was calculated from the principles of 
‘work of energy’ (criterion I) and that as area under 
stress–displacement curves (criterion II) was similar for 
all mixes, with the latter being marginally higher. How-
ever, for mixes with fibres this trend was opposite, with 
fracture energy as per work of energy being marginally 
higher. The fracture energy reported for fibre reinforced 
specimens was up to 3 mm deflection only, while for 
mixes without fibres, energy under the entire curve was 
reported. Fracture energy evaluated using the equations 
proposed by CEB-FIP22, and Bazant and Becq-Giraduon23 
yielded a more conservative value than experimental 
value. These equations when applied to fibre reinforced 
concrete yielded a very low value, since they do not con-
sider the contribution of fibres. The fracture energy in-
creased with compressive strength both for mixes with 
and without fibres. The critical stress intensity factor or 
fracture toughness, defined as stress just in the vicinity of 
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Table 5. Fracture parameters for geopolymer concrete 

 Fracture energy GF (N/m) Critical stress 
      intensity factor, 
Id Criterion (I) Criterion (II) Eq (3) Eq (4) Kic MPa (–mm0.5) 
 

m1-1 127.00 138.18 68.39 95.05 8.21 
m1-2 138.00 154.10 69.33 95.90 7.42 
m1-3 120.00 152.60 67.20 93.96 6.63 
Mean 128.33 148.29 68.31 94.97 7.42 
 

m2-1 128.00 140.76 77.03 112.34 13.46 
m2-2 121.00 145.00 75.67 111.04 11.37 
m2-3 111.00 126.35 73.51 108.94 11.60 
Mean 120.00 137.37 75.40 110.77 12.14 
 

m1-h1 1264.00 1389.05 74.19 100.27 10.69 
m1-h2 2274.00 1684.76 74.76 100.78 12.27 
m1-h3 1008.00 865.95 75.67 101.58 10.56 
Mean 1515.33 1313.26 74.88 100.88 11.17 
 

m2-h1 2968.00 2501.23 82.56 117.58 16.10 
m2-h2 2253.00 1950.68 83.43 117.58 13.08 
m2-h3 2465.00 2226.92 80.36 117.58 13.48 
Mean 2562.00 2226.28 82.12 117.58 14.22 

 
Table 6. Flexural strength parameters  

  FL ffct,l feq,2 feq,3 fR1 fR2 fR3 fR4 
 

a, For geopolymer concrete mixes 
 m1-1 3.48 4.64 
 m1-2 3.19 4.25 
 m1-3 2.59 3.45 
    3.09 4.11 
 m2-1 5.67 7.56 
 m2-2 4.92 6.56 
 m2-3 4.92 6.56  
     5.17 6.89 
 
b, For fibre reinforced geopolymer concrete mixes 
 m1-h1 4.05 5.40 6.05 4.80 5.89 4.89 3.68 3.32 
 m1-h2 3.82 5.09 7.25 5.87 6.95 6.15 4.95 4.03 
 m1-h3 3.85 5.13 4.46 2.95 4.31 2.95 2.08 1.47 
 3.91 5.21 5.92 4.54 5.72 4.66 3.57 2.94 
 m2-h1 4.28 5.71 8.94 8.69 9.00 9.12 8.21 7.57 
 m2-h2 5.28 7.04 7.29 6.68 7.09 6.81 6.13 5.12 
 m2-h3 5.12 6.83 7.53 7.55 7.21 7.67 7.57 7.15 
 4.89 6.52 7.92 7.64 7.77 7.87 7.30 6.61 

m1 and m2 stands for mix 1 and 2 respectively, h stands for hooked fibres and the italic numeric 
stands for specimen number. 
 

 
the crack tip increased substantially with addition of  
fibres, indicating that a high stress is required for the 
crack to propogate in fibre reinforced concrete. 
 Table 6 lists the flexural strength parameters calcu-
lated. The equivalent flexural strength decreases as  
deflection increases. The ratio feq,2/feq,3 is 0.76 for the mix 
m1-h (represents the three specimens m1-h1 to m1-h3, 
and m2-h represents the three specimens m2-h1 to m2-
h3), whereas it is 0.96 for m2-h hence there is loss of 
around 24% and only 4% strength between the deflec-
tions 2 and 3 (2 = L + 0.65 mm and 3 = L + 2.65 mm 
where L is the deflection corresponding to FL, the maxi-

mum load recorded up to a midpoint deflection of 
0.05 mm) for the respective mixes. The residual strength 
parameters calculated indicate a decrease in residual 
strength with increase in deflection; however, a signifi-
cant strength was retained when the test was stopped as 
indicated by fR4. The flexural strength parameters indicate 
the enhanced ductility in the steel fibre reinforced GPC. 
 Thus, the following can be concluded from the present 
study. 
 
 Two geopolymer mixes were developed with a blend 

of class-f fly ash and GGBS and ambient air curing. 
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Figure 6. Typical failure surface of the beam. 
 
 
 The geopolymer mixes developed attained a 28-

average compressive strength of 40.43 MPa for the 
mix with 75% fly ash and 25% GGBS as binder, and 
46.57 MPa for the mix with fly ash and GGBS in 
equal proportions. 

 Addition of 0.75% steel fibre enhanced the flexural 
strength by 1.5 and 1.2 times for the mixes m1 and m2 
respectively. 

 The fracture energy of GPC was found to be directly 
proportional to compressive strength. 

 The fracture surface of GPC specimens was smoother 
when compared to fracture surface of OPC concrete in 
general. 

 The failure of fiber reinforced concrete specimens was 
essentially due to pull out and not fibre rupture. 

 The post peak behaviour of GPC mixes with steel  
fibres exhibited an enhanced ductile behaviour with a 
substantial increase in fracture energy and critical 
stress intensity factor. 

 The reduction in flexural strength (residual strength), 
post peak, for fibre reinforced mixes was in the range 
4%–24% (up to a deflection of 3 mm). 

 The flexural and fracture characteristics of GPC are 
similar to OPC concrete in general. The post-peak 
performance of GPC can be significantly increased in 
terms of fracture energy and ductility with the incor-
poration of steel fibres. 
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