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Abstract: Geopolymer concrete uses inorganic binding materials such as fly ash or blast-furnace slag in
contrast to conventional concrete, which relies on cement. Utilisation of geopolymer concrete reduces the
carbon-footprint by decreasing the production of cement, which is one of the highest CO2 emitting
industries, and by reusing the (geopolymer) industrial waste. The mechanical properties of geopolymer
concrete and the factors influencing them are well established, however, detailed studies on its fracture
energy are limited. In the current study, the mode | fracture energy of fly ash-based geopolymer concrete
was investigated using the wedge-splitting test (WST) method. Research was conducted to identify the
effects of several factors on the fracture energy of geopolymer concrete, including the curing temperature,
sodium hydroxide concentration and addition of water. Increase in the curing temperature to 60°C had the
maximum influence indicating approximately 300% increase in fracture energy. For the ambient-
temperature cured geopolymer concrete, an increase in fracture energy was observed when the molarity of
the sodium hydroxide solution was increased. Addition of water in the geopolymer concrete mix improved
the workability of the mix, however, compromised the fracture energy. Overall, the fracture energy of
ambient-temperature cured geopolymer concrete was approximately 85% lower and was comparable in the
case of elevated-temperature cured geopolymer concrete, when compared to that of conventional concrete.
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1. Introduction

Geopolymer was introduced by Davidovits in 1978 as a binding material with two major components: an
alumino-silicate-based binder and an alkaline solution [1]. For construction purposes, geopolymer concrete
can be made using by-products such as fly ash and/or blast furnace slag, which are rich in silicon and
aluminium, combined with an alkaline solution such as a mixture of sodium hydroxide and sodium silicate.
Geopolymer concrete undergoes a polymerisation process known as geopolymerization similar to the
hydration process observed in conventional concrete.

Geopolymer concrete when compared to conventional or ordinary Portland cement (OPC) concrete shows
a better resistance to sulphate attack and reduced creep for a comparable compressive strength [1]. There
has been some research done on the mechanical properties and structural behaviour of geopolymer
concrete to determine the effects of curing temperature, type of binder, concentration level of alkaline
solution, ratio between alkaline solution to the binder, total water content in the mixture, and the use of
superplasticizers [2-11]. However, there are limited studies on how the aforementioned variables affect the
fracture energy of geopolymer concrete.

The fracture energy is the energy that a material will absorb during failure and is described as the capacity
of a material to absorb post-crack energy [12]. There are three different modes of fracture: Mode |, where
two cracked surfaces open normal to one another; Mode Il, where the cracked surfaces shear past one
another in the crack plane and Mode Il where the crack surfaces slide past one another out-of-plane to the
crack. In the current study only the Mode | fracture energy is investigated. There are two experimental
methods to obtain the (Mode 1) fracture energy of concrete: The Three-Point Bending (TPB) method [13]
and the Wedge-Splitting Test (WST) method [14]. The schematic of the two methods is shown in Figure 1.
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Figure 1. (a) Test setup for Three-Point Bending (TPB) method (b) Test setup for Wedge-Splitting
Test (WST) method [15]

In comparison to the TPB method, the WST method is new and has recently been adopted by multiple
researchers because of its benefits such as easier handling of specimen and elimination of the effect of self-
weight of the specimen on the fracture energy calculation [20]. A study conducted by Léfgren et al. [16]
showed that an addition of guided notch, as shown in Figure 1.b, improves the reliability and consistency of
the test results. In WST method, the vertical force (F,) applied using the wedging device translates it into a
horizontal splitting load (Fs,) with the help of rollers. The Fg, is dependent on the F,, the frictional coefficient
of the rollers (#) and the angle of the wedging device (f) using the following relation:

_ Fy 1-u-tan(0) 1
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¢ can commonly vary between 0.1% to 0.5% and results in 0.4% to 1.9% error in the outcome when 0 is
15°. In the current study, ¢ of 0.1% was assumed for the wedging device with 6 of 15°.

The procedure adopted by Lofgren et al. [16, 17], was used in the current study. Figure 2, shows a typical
Fs-Crack Mouth Opening Distance (CMOD) graph obtained from the WST method. The area under the
curve is the work of fracture (Wg) which when divided with the Area of ligament (41i4) as show in Figure 1.b,
provides the Fracture energy of the specimen.
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Figure 2: A typical force-CMOD graph obtained from the WST method [15]

2. Experimental tests

2.1 Concrete mixture designs

To examine the connection between the compressive strength and fracture energy of geopolymer concrete,
sixteen distinct geopolymer concrete mixes and one OPC concrete mix were developed. The OPC concrete
was developed solely for comparison. The geopolymer concrete mixtures were produced using fly ash as a
binder, sodium hydroxide (NaOH) and sodium silicate (Na,SiO;) as the alkaline solution, coarse aggregate,
sand and in some cases additional water or superplasticisers. The goal was to determine the effects of
various curing techniques (ambient/elevated temperature), NaOH concentrations (8—14 Molar), water (0%—
7.5% of the weight of the binder), superplasticizer (0%—4% of the weight of the binder), and maximum
aggregate sizes (14 mm and 20 mm) on their compressive and fracture properties. In all cases, the ratio of
NaOH:Na,SiO; were kept constant at 1:2.5. The mix designs of all the mixes are shown in Table 1.

Table 1: Concrete mix designs and material proportions (kg/m3)

Mix Coarse aggregate | Sand Binders Alkaline | Molarity | Water Super- Curing*
design 10 14 20 Fly oPC solution | (Molar) plasticizer
no. mm | mm | mm ash
1 375 750 - 731 375 - 169 8 - - Ambient
2 375 750 - 731 375 - 169 12 - - Ambient
3 375 750 - 731 375 - 169 14 - - Ambient
4 375 750 - 731 375 - 169 12 2.5% - Ambient
5 375 750 - 731 375 - 169 12 5% - Ambient
6 375 750 - 731 375 - 169 12 7.5% - Ambient
7 375 750 - 731 375 - 169 8 - - Elevated
8 375 750 - 731 375 - 169 12 - - Elevated
9 375 750 - 731 375 - 169 14 - - Elevated
OPC 320 320 640 800 - 320 - - 50% - Ambient

2.2 Casting and curing

A rotating concrete mixer was used for mixing all the samples. A total of 10 minutes of mixing time was
adopted for all mixes. The barrel was filled with coarse aggregates and sand, which were dry mixed for two
minutes. After adding the proper binder, the mixture was thoroughly mixed for an additional minute.
Following that, for 5 minutes, the alkaline solution (for GPC) or water (for OPC) was introduced and mixed.
Any additional water was then added, and it was combined for an additional 2 minutes. After the completion
of mixing time, the mixture was tested for workability.

It was observed that fresh geopolymer concrete is sticky in nature, have high viscosity and the hardening
time is shorter in comparison to OPC concrete for a similar slump. During the slump cone test for determining
workability, it was noted that the geopolymer concrete stuck to the slump cone while lifting due to its sticky
nature. Therefore, a slump test may not be suitable for geopolymer concrete. Similar observations have
been made by other studies [5, 18, 19]. The mixtures were poured into a bucket and vibrated for 5 seconds



over four periods of 30 seconds to gauge the workability of geopolymer concrete. A visual examination was
done to gauge how quickly the mixture solidified and if the mixture lost its homogeneity. The current study
also documented the handling time, which is the period of time between the end of the mixing process and
the beginning of the hardening process.

To evaluate the concrete's fracture energy and compressive strength, two notched 150x150x150 mm
concrete cubes and a minimum of three 100x200 mm concrete cylinders were cast for each mix design,
respectively. Figure 3 displays a specimen being loaded, the WST apparatus, and the WST specimen
casting mould.

Figure 3: (a) WST specimen casting mould (b) WST specimen under loading [15]

All the specimens were cured for a total of 28 days. After casting, the specimens were covered in polythene
sheets and left at room temperature for 24 hours. After which, the specimens were demoulded and either
covered in polythene sheets to cure under ambient temperature or placed inside a preheated oven at 60°C
for 24 hours for elevated temperature curing. Specimens placed inside the oven were then taken out and
covered in polythene sheets for the rest of its curing period at ambient temperature.

3. Experimental tests

Table 2 shows all the results obtained for the concrete mix designs tested. The findings' coefficient of
variation (COV) is displayed in brackets. Most mix designs had COV <10%, suggesting reliable outcomes.

Table 2: Experimental results

Mix design no. Compressive Fracture energy, GF Workability comment
strength, fcm (MPa) (N/m)
1 16.1 (1.2%) 35.3 (5.1%) Handling time = 60 mins
2 22.1 (1.6%) 38.4 (2.2%) Handling time = 60 mins
3 24.2 (1.1%) 40.8 (4.0%) Handling time = 60 mins
4 17.3 (2.0%) 35.8 (3.1%) Handling time = 90 mins
5 15.6 (1.6%) 31.4 (2.4%) Handling time = 90 mins
6 11.8 (1.3%) 21.6 (4.6%) Handling time = 110 mins
7 27.2 (1.5%) 140.8* Handling time = 60 mins
8 32.4 (1.4%) 144.7 (1.5%) Handling time = 60 mins
9 37.9 (1.7%) 152.9 (1.3%) Handling time = 60 mins
OPC 34.5 (1.0%) 142.0 (11.8%) Handling time > 120 mins

* Gg is based on one specimen as the second specimen was faulty.

3.1 Influence of NaOH concentration

The influence of NaOH concentration was investigated using 8 molar, 12 molar and 14 molar concentration
levels when specimen was cured under ambient temperature and elevated temperature (refer mixes 1-3;
10-12 and 14-16 in Table 1). According to the results, in all cases, the compressive strength and fracture
energy of the concrete increased by increasing the concentration of the NaOH solution. A maximum of 37%
and 80% increase in compressive strength was observed when the NaOH concentration was increased



from 8 molar to 12 molar and then to 14 molar, respectively. Similarly, a 3%-25% and 9%-40% increase
was observed in its fracture energy. Similar observations were made by other studies [2, 20-22]. As a resullt,
a 14 molar NaOH concentration is ideal for use in geopolymer concrete, though doing so raises the possible
health risk from using a highly concentrated NaOH solution and raises production costs.

3.2 Influence of curing temperature

The influence of the curing temperature of the specimen had the maximum effect on the compressive
strength and fracture energy. The results show that a maximum of 68% and 300% increase in compressive
strength and fracture energy was observed when the specimens were cured under elevated temperatures,
respectively. The current study's observation of an increase in compressive strength due to elevated-
temperature curing is consistent with other studies [1, 23-25] that have documented increases in
compressive strength of up to 100%. Accordingly, the observations made on the fracture energy of ambient-
temperature cured geopolymer concrete specimens were in excellent agreement with those of Wang et al.
[26] and Ganesan et al. [27]. Similar to this, Sarker et al.'s [28] findings and the fracture energies of elevated-
temperature cured specimens obtained in this research were both in good agreement. Given the purpose
for the use of geopolymer concrete is to reduce the carbon emissions and global waste, curing it under
elevated temperatures would defeat its purpose as it needs high amount of energy to heat large geopolymer
concrete elements. Future studies are therefore required to look into ways to enhance the mechanical and
fracture characteristics of geopolymer concrete when it is cured at ambient temperatures.

3.3 Influence of water

To increase the workability and handling time of geopolymer concrete, water (2.5%, 5%, and 7.5% of the
weight of the binder) was introduced in addition to the alkaline solution. When 5% and 7.5% water were
added, the handling time increased by about 1.5 and 2 times, respectively. But the additional water
significantly reduced the compressive strength and fracture energy. According to the findings, the
compressive strength decreased by 20%, 30%, and 45%, respectively, when 2.5%, 5%, and 7.5% water
was added. These findings are consistent with those of other investigations [2, 29, 30], where a maximum
44% reduction in compressive strength was noted for up to 10% of water. With 2.5% and 5% water,
respectively, the decrease in fracture energy was only 7% and 18%. However, when 7.5% water was
introduced, the fracture energy decreased by 44%. The reason to the reduction in compressive strength
and fracture energy was attributed to the increase in the water-to-NaOH ratio and consecutively the
decrease in the concentration of NaOH solution in the concrete mixture [2, 30].

3.4 Comparison to OPC concrete

In comparison to OPC concrete, the fracture energy of ambient-temperature cured geopolymer concrete
was approximately 85% lower for a comparable compressive strength whereas, geopolymer concrete when
cured under elevated temperature, showed a consistent result with that of OPC concrete. The obtained
results when compared to the existing prediction equations to calculate fracture energy (Table 3) shows that
the CEB FIP, 2010 prediction equation [31] accurately predicted the fracture energy of OPC concrete and
geopolymer concrete cured under elevated temperatures. Whereas, all the other prediction models
overestimated the fracture energy of ambient-temperature cured geopolymer concrete by 12%-108%
(Figure 4). Therefore, a new prediction equation or an existing prediction equation needs to be modified to
predict the fracture energy of ambient-temperature cured geopolymer concrete. The results are in good
agreement with the existing research [26, 27, 32].

Table 3: Fracture energy prediction equations for OPC concrete

Prediction equations References
Gp= Gfo(fcm/10)0'7 Hilsdorf and Brameshuber [33]*
Gr=73f018 CEB- FIP [31]
Gp=432+113fcp Phillips and Binsheng [34]

* Gy = 25, 30, 58 for maximum aggregate size (dmnax) = 8 mm, 16 mm, 32 mm, respectively.
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Figure 4: Comparison between the obtained results and fracture energy prediction equations listed
in Table 3

4. Conclusions

This research examined the compressive strength and fracture energy of fly ash-based geopolymer
concrete and their influencing factors. The most positive influencing factor was the elevated temperature
curing which showed a maximum of 68% and 300% increases in compressive strength and fracture energy,
respectively. Similarly, increasing the NaOH concentration (i.e., up to 14 molar) showed improvement in
both compressive strength and fracture energy of geopolymer concrete. On the contrary, addition of water
to improve the workability of the mixture diluted the NaOH concentration which resulted in reduction in
compressive strength and fracture energy. Finally, in comparison to OPC concrete, ambient-temperature
cured geopolymer concrete showed 85% lower fracture energy for a comparable compressive strength. All
the existing prediction models overestimated the fracture energy of ambient-temperature cured geopolymer
concrete by 12%-108%. Whereas the CEB FIP, 2010 model [38] accurately predicted the fracture energy
of elevated-temperature cured geopolymer concrete and OPC concrete.
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