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Abstract 

In the current studies which focus on the impact of CO2 emissions that released from the cement industry, showed the importance 
of finding alternative binders other than cement like geopolymer. This paper presented metakaolin based geopolymer which was 
manufactured by partially replacing metakaolin with colemanite with different percentages (10%, 20%, and 30%), to investigate 
the effect of colemanite on the mechanical properties of geopolymer. Then a comparison was carried out between non-fibrous 
specimens and basalt fiber reinforced ones to evaluate the improvement in terms of flexural and compressive strength of 
metakaolin-based geopolymer. The results showed that replacing metakaolin with 10% colemanite and adding 1% basalt fiber 
achieved 28.17% improvement in flexural strength at age 7 days compared to the reference sample.  
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1. Introduction

The increase in consumption rate of cement came as a result of urbanization, and this led to an increase in cement production.
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The process of cement production needs huge amounts of raw materials, energy, and heat; also cement industry produces 7% of 
global carbon dioxide emissions and millions of tons of waste product cement kiln dust each year. The harmful impacts of 
cement industry create a need to find alternative and eco-friendly binder materials [1-4]. 

 Geopolymer is an inorganic new binding eco-material. It was presented by Davidovits in 1978. The binding system of 
geopolymer is formed by the chemical reaction between the amorphous alumina-silicate materials and alkali solution, as a result 
of this reaction a three-dimensional polymeric chain structure consisting Si-O-Al bonds. Geopolymer has properties, which make 
it superior to other binder materials; low cost, quick compressive strength development, high temperature resistance and low 
energy consumption, also geopolymerization reaction could occur at room temperature, so producing geopolymer reduces the 
greenhouse emission significantly [5-9]. 

The binding materials in geopolymer are materials rich with silicate and aluminate and have pozzolanic property. They could 
be natural materials like zeolite, by-product materials such as fly ash and granulated blast furnace slag or product materials like 
metakaolin which resulting from dihydroxylation of kaolin at high temperature up to 650oC. It was found that metakaolin-based 
geopolymers are more stable even when exposed to high temperature, reaches up to 700oC, because calcined materials performed 
better in making geopolymer compared to natural ones [10-14]. 

Many of additions are used as performance optimizers to geopolymer, like fibers, which have a significant impact on the 
improvement of flexural strength of geopolymer. The effectiveness of fibers depends on type and size of fibers. In this context, 
many studies were made on the effects of fibers on the mechanical properties of geopolymers. 

Behera et al. [15] investigated the properties of basalt microfibril geopolymer composites when exposed to elevated 
temperature (200, 400 and 800 oC). It was found that the compressive strength of basalt microfibrils filled geopolymer was 
higher than the non-fibrous geopolymer due to pore-filling effect of basalt microfibrils, so denser microstructure. The study 
suggested that the basalt microfibrils filled geopolymer could be suitable for elevated temperature applications in thermal 
coatings 

Rill et al. [16] studied the effect of basalt chopped fibers on the mechanical properties and microstructure of potassium-based 
geopolymer. Geopolymers were manufactured at ambient temperature and cured in a humidity controlled, constant temperature 
oven at 50 oC. It was found the addition of even 1%wt of fibers did a small, though noticeable improvement to the strength. 
Basalt chopped fibers showed a high increase in flexural strength; also it was observed that the chopped basalt fiber helped to 
delay thermal cracking of geopolymer when exposed to high temperature up to 500 oC. 

Chen et al. [17] investigated the influence of curing temperature and time on the properties of metakaolin-based geopolymer. 
Conclusions showed, the compressive strength increases with the increasing of curing temperature, however the samples that 
cured at high temperature (80 oC and 100oC) lost a part of their own moisture, which is required for geopolymerization to 
develop the strength. The highest compressive strength was obtained at curing temperature 60oC for 168h. 

Aponte et al. [18] carried out a study on physicomechanical characteristics of metakaolin-based geopolymer with added TiO2 
particles. It was found that the highest strength was achieved by adding 10%wt TiO2, with 10.3% increase than the reference. 
This increase attributed to the small size of TiO2 particles, which enhance the formation of reaction products. 

Boron is the most abundant waste material in Turkey, it exists in three forms: tincal, colemanite, and ulexite. Colemanite is a 
secondary mineral that forms by alteration of borax and ulexite. It is mostly used in ceramics industries; it has the ability to drop 
the melting temperature of the mixture and to prevent the crystallization [19]. There is a lack of studies made on the addition of 
colemanite and basalt fibers on metakaolin-based geopolymer.   

This research focused on the sustainability and replacement materials, by using waste material like colemanite, as it is one of 
the most abundantly available in Turkey. The effect of replacing metakaolin with colemanite with different percentages and 
adding basalt fibers as an optimizer, on the compressive and flexural strength of metakaolin-based geopolymer have been 
investigated in this research. 

2. Experimental materials and methods

2.1. Materials 

Metakaolin was used to produce geopolymer in this research. It was brought from Kaolin Endustriyel Mineraller A.S., Turkey. 
The pozzolanic index of metakaolin was 1359 mgCa(OH)2/g. Colemanite was obtained from Eti Mine Bigadic Boron Works 
(Balikesir/Turkey). The chemical compositions of metakaolin and colemanite are shown in Table 1: 
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Table 1. The Chemical Composition of Metakaolin and Colemanite

Alkali solution was prepared by mixing sodium silicate with sodium hydroxide (10M). Sodium silicate solution had the 
chemical composition (Na2O = 8.2%, SiO2=27.0% and water= 64.8% by mass), on the other hand, sodium hydroxide solution 
was prepared by dissolving NaOH pellets (99% purity) in distilled water. 

Also, basalt fibers were used in this research with a constant ratio (1% of binder mass). The technical properties of basalt 
fiber are shown in Table 2: 

Standard sand (TS-EN 196-1) was added to the mix as fine aggregates. 

2.2. Sample preparation 

Geopolymer was manufactured within two stages; first NaOH pellets were dissolved in distilled water a day before with 
molarity (10M). The next day it was mixed with the Na2SiO3 solution to obtain the alkali activator. The solution was cooled at 
room temperature; later dry materials were mixed with alkali solution by a mechanical mixer for 3 minutes until getting a 
homogeneous mixture. 

The reference sample was made with 100% metakaolin, one group of the samples were made with colemanite with different 
ratios as a partial replacement of metakaolin (10%, 20%, and 30% respectively), and the other group had the same formation 
with basalt fiber (1% wt.). 

The slurry was poured into prismatic molds with dimension 40 x 40 x 160 mm for flexural strength test and cubic molds with 
dimension 50 x 50 x 50 mm for compressive strength test; vibrator was used to remove the entrained air. After 24h all specimens 
were de-molded and then cured in an electric oven at 60oC for 72h. At the end of the curing process, all samples were stored at 
the ambient temperature until the testing day. Mix proportion of geopolymer and patterns are detailed in Table 3 and 4. 

Table 3. Mix Proportions Design of Geopolymer (g)

Metakaolin Standard sand Slag NaOH  (10M) Na2SiO3

450      1125 60 150 300 

Compound , % SiO2 Al2O3 Fe2O3 TiO2 CaO MgO K2O Na2O B2O3 L.o.i 1000 

Metakaolin 56.10 40.23 0.85 0.55 0.19 0.16 0.51 0.24 - 1.10 

Colemanite 4.00 0.40 0.08 - 27.00 3.00 - 0.50 40.00 25.00 

Table 2. Properties of Basalt Fiber 

Fiber type Length (mm) Diameter (μm) Modulus of Elongation Tensile Density (g/cm3)

Basalt fiber 12 13-20 89 3.15 4100-4800 2.80 
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Table 4. Mixing Patterns. 

Metakaolin % Colemanite % Basalt Fibers % 

MK 100 - - 

10C 90 10 - 

20C 80 20 - 

30C 70 30 - 

10C+B.F 90 10 1 

20C+B.F 80 20 1 

30C+B.F 70 30 1 

MK: Metakaolin, C: Colemanite, B.F: Basalt fiber 

2.3. Characterization 

The compressive strength test was conducted on cubes, after 7 and 28 days according to ASTM C 109 [20]. Flexural strength 
test was carried out on prism samples at age 7 and 28 days by using standard three- point-bending test according to ASTM C 348 
[21]. 

3. Results and discussions

3.1. Strength properties 

3.1.1. Compressive strength 

The results of compressive strength of all mix patterns are shown in the Fig 1 and Table 5. 

Fig. 1.  The compressive strengths of the mixes 
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Table 5. Compressive Strength Results of 7 and 28 days 

Mix ID 
Compressive strength 

7 days Strength 

(MPa) C.R % 

28 days Strength 

(MPa) C.R % 

100 MK 
(control) 

48.37 _ 51.38 _ 

10C 43.48 -10.11 52.26 1.71 

20C 42.65 -11.83 39.37 -23.37 

30C 35.3 -27.02 33.51 -34.78 

10C+B.F 50.02 3.41 50 -2.69 

20C+B.F 32.97 -31.84 33.63 -34.55 

30C+B.F 29.94 -38.1 34.72 -32.43 

C.R (Changing Ratio) % = [(strength of the sample – strength of control sample)/strength of control sample]*100%. 

As is shown in the results, replacing metakaolin with colemanite reduced the compressive strength of 7 days samples and this 
reduction in the strength increased with the increasing of the amount of colemanite in the mixes. The strength decreased almost 
30% in the non-fibrous mix with 30% colemanite. In fiber reinforced samples, it was observed a slight increase in compressive 
strength with the sample 10% colemanite. At the age 28 days, in the non-fibrous sample, the mix with 10% colemanite showed 
high increase in the strength comparing to the age 7 days, and it was also slightly higher than the reference mix. In fibrous mixes, 
the sample of 10% colemanite showed strength close to the reference one. The other samples with 20% and 30% content of 
colemanite showed higher reduction than non-fibrous samples with the same content of colemanite. 

3.1.2. Flexural strength 

Fig. 2. The flexural strengths of the mixes 
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Table 6. Flexural Strength Results of 7 and 28 days

Mix ID 
Flexural strength 

7 days Strength 

(MPa) C.R % 

28 days Strength 

(MPa) C.R % 

100 MK (control) 8.901 _ 9.798 _ 

10C 10.649 19.64 11.868 21.13 

20C 9.43 5.94 9.706 -0.94 

30C 8.74 -1.81 8.211 -16.2 

10C+B.F 11.408 28.17 11.017 12.44 

20C+B.F 7.59 -14.73 8.326 -15.02 

30C+B.F 7.912 -11.11 8.257 -15.73 

Fibers, in general, have the ability to increase the flexural strength of geopolymer. Back to the results, at the age 7 days, it was 
noticed that non-fibrous mixes with colemanite showed higher flexural strength than the control mix, like the sample with 10% 
colemanite had 20% increase in terms of flexural strength.  Adding basalt fiber to the mix had a good improvement at the age 7 
days in the mix of 10% colemanite with basalt fiber, reached up to 30% and 11.408 MPa comparing to the control mix, however 
the other mixes with higher content of colemanite had a reduction with more than 10% of the flexural strength. At the age 28 the 
best results were in the mixes; 10% colemanite and 10% colemanite with basalt fiber (11.868 and 11.017 MPa respectively).  

4. Conclusion

Colemanite is considered as a waste material and could be used as partial replacement material. The results showed: 

1. Replacing metakaolin with colemanite up to 10% by weight could give positive results. On the other hand, using colemanite
more the 10% wt. adversely affects the mechanical strengths in general. 

2. The reduction caused by using colemanite up to 20% wt. yielded acceptable results in terms of compressive strength; also it
showed an increase in the flexural strength. 

3. Basalt fiber had an important improvement in terms of flexural strength in the mix where the colemanite content did not
exceed 10% wt. The increase reached 30% higher than the reference mix. 
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