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Abstract. This article aims to analyse the long-term influence of the pre-
treatment method on mechanical properties such as the compressive 
strength of geopolymer composites reinforced with short natural fibres 
(length of around 5 mm). This paper presents the behaviour of sodium 
activator-synthesised fly ash geopolymer containing natural fibres 
at ambient temperatures. Fly ash from the Skawina coal power plant 
(located in: Skawina, Lesser Poland, Poland) was used as a raw material. 
The chemical composition of the fly ash was typical for class F. The article 
evaluated the methods of pre-treatment of the fibres on the mechanical 
properties of the geopolymer composites. It compares the plain specimens 
and composites with fibres pre-treated in water and alkali solutions as well 
as with fibres without any pre-treatment. The fibres were added at the 
amount of 1% by weight. The investigation was made by visual analysis 
and the testing of mechanical properties (compressive and flexural strength 
at ambient temperature) after 6 months. The achieved results do not 
confirm the positive influence of the fibre pre-treatment on the mechanical 
properties of the composites. 

1 Introduction  

Nowadays, the reinforcement of geopolymers with natural fibres is an important topic, 
especially from an environmental point of view [1, 2]. Natural fibres are environmentally 
friendly alternative to inorganic fibres, such as steel, carbon, glass or synthetic fibres [3, 4] 
in many applications, including within the construction industry [5, 6]. They have many 
advantages [1, 7-9], such as: 
• the reduction of greenhouse gas emissions; 
• the reduction of the environmental impact (closing life cycles for products); 
• the lack of toxicity; 
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• the possibility to use the same technologies as for synthetic fibres –  natural fibres could 
replace conventional fibres in many applications without incurring additional costs; 

• the low cost of production, including easy processing;  
• their low density – the possibility of usage in lightweight products;  
• the natural fibres are renewable in short time (usually annually). 

Despite the important benefits connected with usage of natural fibres, they have also 
well-known disadvantages such as lower mechanical properties and dimensional 
repeatability than artificial fibres [10-12]. The application of natural fibres is also connected 
with some challenges. One of these is proper adhesion between the reinforcement 
and matrix [3]. Studies on fibre pre-treatment methods have been conducted as this is 
a strategy that offers the possibility to prevent the poor compaction of natural fibre-
reinforced geopolymers [3, 13]. Nowadays, physical or chemical methods are applied. 
These methods are applied for several reasons, including to increase the surface roughness 
and activation of polar groups of the fibres [3, 4] and an adverse mechanism in the case 
of the hardening behaviour of the geopolymer where the surface of the hydrophilic fibres 
need to be treated with oil to reduce the fibre-binder interaction and minimize adhesion 
[14]. In the case of natural fibres, the main reason for a pre-treatment process is the removal 
of sugar from the fibres [13] and to reduce the influence of sugar on the matrix material 
by coating treatment. Examples of such methods are [3]: 
• mechanical modification of the fibres, for example fibrillation and micro-indentation;  
• surface modification by chemical treatment, such as alkaline and silane treatment;  
• plasma modification. 

In the case of geopolymer composites, only a few study have been conducted on 
natural-fibre modification. Zhou et al. [13] compared the effects of pre-treatment methods 
on cotton stalks using an alkali solution, oil, and a PVA solution. The best results were 
achieved for alkali treatment – compressive and flexural strengths were improved by 4.8% 
and 11.5%, respectively, compared to untreated fibres [13]. Ngo and Promentilla confirmed 
the positive effect of alkali pre-treatment on abaca fibres in their research. [15]. Soaking 
fibres in an alkali solution (sodium hydroxide (NaOH)) removed the impurities from 
the fibres and sufficiently reduced the hydrophilic components in the abaca fibres [15]. This 
was evident in TGA results. 

The above-mentioned studies have shown the potential of pre-treatment on enhancing 
the adhesion of fibres to the matrix. The article evaluated the different methods of pre-
treatment of flax fibres on the mechanical properties of the geopolymer composites. 
It compares the plain specimens and composites with fibres pre-treated in water and alkali 
solutions as well as with fibres without any pre-treatment.  

2 Materials and methods 

2.1 Materials  

As a raw material for geopolimerisation, fly ash from the CHP plant in Skawina was used 
(Lesser Poland region, Poland). The physical and chemical properties of this fly ash are 
appropriate for geopolymer manufacturing [16, 17]. The composition of this material is 
characteristic for class F (up to 5% of unburned material, less than 10% of iron compounds 
and a low amount calcium compounds). It comprises 36% of the reactive silica and the 
content of particles under a size of 45 μm is around 88% [16, 17]. These factors are 
important for the proper reactivity of the raw material. The good workability of fly ash is 
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caused by it having a large amount of spherical particles (Fig. 1). The investigation of 
the mineralogical structure shows a large amount of the amorphous phase [17].  

  

Fig. 1. SEM images for fly ash at 500x magnification  

 The samples were reinforced with 1% by mass of green tow flax fibres. These flax 
waste fibres were chosen because it is one of two fibre plants naturally occurring in Poland, 
the other being hemp. The green tow flax fibre is a coarse, broken fibre which is removed 
during flax processing – it is a by-product of textile-fibre production. This fibre is rather 
thin, has moderate stiffness and it is usually shorter than 30 cm. For the research fibres not 
longer than 0.5 cm were applied – they were mechanically shortened. The fibres have been 
purchased from the Institute of Natural Fibres and Medicinal Plants in Poland.   

2.2 Sample preparation 

Samples were prepared using fly ash, flax fibres and a 12M ratio of sodium hydroxide 
solution. The fly ash, alkaline solution and fibres were manually mixed for around 5-10 
minutes to obtain a homogeneous paste. The homogeneous paste was then transferred into 
sets of plastic moulds and was hand-formed. Next, the composites were heated in 
the laboratory drying cabinet for 24 h at 75 °C. Afterward, the samples were unmoulded. 
The six series of prepared samples are presented in Table 1. 

Table 1. The information about prepared samples 

Sample Reinforcement 

00 Sample without fibre 

F0 1% flax fibre without pre-treatment 

F1 1% flax fibre: pre-treatment 24 hours in distilled water 

F2 1% flax fibre: pre-treatment 24 hours in sodium alkali 3 moles 

F3 1% flax fibre: pre-treatment 24 hours in sodium alkali 6 moles 

F4 1% flax fibre: pre-treatment 24 hours in sodium alkali 12 moles 

 The samples were stored in laboratory conditions for 6 months. Next, research of 
the mechanical properties was conducted. 
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2.3 Methods  

Compressive strength testing was performed after 6 months on cubic samples of 
the following dimensions: 50 x 50 x 50 mm. The tests were provided in accordance with 
methodology described in the EN 12390-3 standard. The testing process was performed 
on a MATEST 3000kN concrete press at a rate of 0.5 MPa/s. The tests involved four 
specimens of each group of samples. 

Flexural strength tests were performed after 6 months on prismatic samples of 
the following dimensions: 50 x 50 x 200 mm (the space between supporting points was 
150 mm). The tests were conducted in accordance with the methodology described in 
the EN 12390-5 standard. The testing process was performed on a MATEST 3000kN 
universal testing machine at a rate of 0.05 MPa/s. The tests involved eight specimens of 
each group. 

3 Results 

The results of the compressive strength tests are presented in Table 2.  

Table 2. The results of compressive strength tests 

Sample Compressive 

strength [MPa] 

Standard deviation 

00 50.2 3.3 

F0 46.1 4.1 

F1 40.5 9.2 

F2 35.9 4.5 

F3 36.5 13.2 

F4 23.0 7.1 

 The best results were achieved for the samples without fibre – 50.2 MPa. These results 
were very similar to the composite with 1% flax fibre without pre-treatment. The results 
for the composites for which the fibres received pre-treatment for 24 hours in distilled 
water or in sodium alkali were significantly worse. They had lower values of compressive 
strength as well as large standard deviations. The results for particular samples had 
significantly different values. 

The results of the flexural strength tests are presented in Table 3.  

Table 3. The results of flexural strength tests 

Sample Flexural 

strength [MPa] 

Standard deviation 

00 6.2 0.4 

F0 6.0 0.5 

F1 5.3 1.0 

F2 5.3 0.6 
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 The flexural strength tests give similar results as compressive strength tests. The best 
results were achieved for the samples without reinforcement – 6.2 MPa. In this case, it is 
quite surprising because the fibre addition should increase the bending value. Similar 
results were obtained for the composite with 1% flax fibre without pre-treatment –
 6.0 MPa. Significantly worse values were obtained for the composites with 1% flax fibre: 
pre-treatment 24 hours in distilled water and in sodium alkali of 3 moles – 5.3 MPa. Pre-
treatment for 24 hours in sodium alkali of 6 moles and 12 moles had a negative influence 
on flexural strength. The results for these samples were only 3.0 MPa. 

The results of the compressive strength test were compared with sample density 
(Table 4). 

Table 4. The results of density 

Sample Density [g/cm3] 

00 1.47 

F0 1.49 

F1 1.44 

F2 1.36 

F3 1.40 

F4 1.41 

 The density should be correlated with compressive and flexural strength for 
the composites. For the examined samples, this tendency appears to a slight extent. 
The samples without fibre and with 1% flax fibre without pre-treatment have higher density 
values and also better mechanical properties. The samples with fibres pre-treated for 
24 hours in sodium alkali solutions have lower densities and lower mechanical properties. 
In this case, the advantages connected with lower density are not as important as 
the significantly lower values of mechanical properties, especially for composites with 1% 
flax fibres pre-treated for 24 hours in the sodium alkali of 12 moles. 

4 Discussion 

The results for compressive and flexural strength are closely related. The highest results 
were obtained for the samples without reinforcement and for the composite with 1% flax 
fibre without pre-treatment. It shows that the process of pre-treatment does not improve 
the mechanical properties of the composites. These results are not coherent with 
the investigation of other cellulose-based fibres [13, 15]. Usually, the chemical treatment of 
fibres, such as alkalisation, improves cellulosic-fibre tensile properties and positively 
influences composite mechanical properties [3, 13]. The results for pre-treated fibres are 
significantly worse and the worst results are for the fibres pre-treated in sodium alkali of 
12 moles. This could be explained by decreasing the cross section of the fibres which 
affects the mechanical properties of the composites. However, such mechanism was not 
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observed in the adopted solutions for flax fibres. The investigations did not showed visible 
micro cracks due to water or solution absorption on the surface of the material. Some 
explanation of this mechanism could be existence in the waste material some coarse 
elements that appeared after the process of flax fibres manufacturing.  

 The achieved results for reinforcement are also not fully in line with other 
investigations made for flax-fibre additives. The addition of natural fibres should increase 
flexural strength and decrease density [3, 10]. For example, the research provided by 
Assaedi et al. [19] shows that both flax and cotton fibres enhanced the mechanical strengths 
of geopolymer matrices [10, 19]. In the case of the provided test, the results for reinforced 
materials and plain samples do not show significant differences. The same mechanism was 
observed on different matrices based on: dehydroxylated kaolinite-type clay (New Zealand 
halloysite - Imerys Premium grade) [20], low calcium fly ash (from the Eraring power 
station in NSW) [21, 22] and fly ash with nano-clay particles [23, 24]. All this studies 
confirmed that the addition of flax fibres between 4 and 10% by mass increased 
the mechanical properties of the composites. Other research shows that a lower amount of 
reinforcement (0.25-1.0% by mass) also positively influences the mechanical properties, 
especially the flexural strength of the geopolymer fly ash-based composites [25]. 
The mechanism of reinforcement could be related to the kind of flax fibres used [18, 26]. 
A lot of advantages could lead to the application of long flax fibres or flax fabric as 
reinforcement [27, 28]. 

5 Conclusions 

The main goal of article was to improve the interfacial bonding properties of flax fibres 
by pre-treatment and thus increase mechanical properties. The research shows that pre-
treatment methods such as 24 hours in distilled water and 24 hours in sodium alkali 
at different molar ratios are not ineffective. The results of both compressive and flexural 
strength tests were lower than for material without reinforcement and the composite with 
1% flax fibre without pre-treatment. This shows that these kinds of methods are 
inappropriate for flax fibres. The research could be continued with the use of different pre-
treatment methods. 
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