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Abstract 
 

The present study aims to research the characterization and properties of Miscanthus x giganteus 

fibers (M. x giganteus) as a lightweight aggregate (filler material) in a cementitious matrix to design 

a natural fiber-based concrete. Natural fibers are prospective reinforcing materials and their use so 

long has been more traditional than technical. They have long served many useful purposes but the 

application of the material technology for the utilization of natural fibers in concrete took place in 

comparatively recent years. The main factors of importance in this study are the compatibility of the 

fibers with cement (effect on the hydration process and bonding with cement), the workability, 

density and the strength development of the designed bio-concrete; the M x giganteus fibers are 

supplied and harvested by a company in the Netherlands. 

By first gathering fundamental knowledge about natural fibers and their application in cementitious 

matrices in general and the current data on M. x giganteus, it is possible to understand the main 

aspects, which natural fibers have on cement. Obtained research data together with suitable testing 

methods, the M. x giganteus fibers can be evaluated and appropriately and effectively be utilized to 

develop the bio concrete. The object of this research is to develop a Miscanthus-based bio concrete 

and the methodology behind the design processes and properties of the bio concrete, prepared with 

different amounts of Miscanthus fibres. To achieve these aims the following approach is used: 

1. characterization of the raw materials, especially the Miscanthus fibres; 

2. Compatibility between the fibre and cements (behaviour); 

3. Evaluation of the fresh and hardened properties of various mortars and concrete specimens, 

containing different amounts of Miscanthus fibres; 

4. Selection of materials and processing methods to achieve Miscanthus-based bio concrete 

with the desired characteristics. 

The compatibility between the Miscanthus fibres and cement have been found to be moderately 

compatible, indicating that the fibres do not behave aggressively and do not have a deleterious effect 

on the cement hydration process. With increasing fibre amount, the workability, density and 

compressive strength of the bio-concrete decreases, but the decreases is minimal and the values still 

fall within acceptable range. The durability of the Miscanthus-based bio concrete has been found to 

be acceptable for the Miscanthus-based bio concrete, containing less than 15% fibres (vol %).  
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tmax Time to reach max Tmax  

wt%  Percentage per weight  
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1. Introduction  

 

1.1 Background of the study 

 

Many countries have imposed rules and regulations to reduce solid waste in material manufacturing 

industries, in order to protect the environment. Currently, the energy consumption is increasing 

continuously and thereby cost of the products is increasing simultaneously and the soaring prices of 

raw materials for engineering and construction, the future sustainability of natural reservoirs and 

threat to environment have forced to use natural renewable materials for development and fabrication 

of biomaterials. Therefore, various researchers and material scientists all over the world are focusing 

their attention on new environmentally friendly and sustainable alternatives, thus reducing energy 

consumption and costs. Wide varieties of fibres, such as metallic fibres, polymeric fibres, mineral 

fibres and natural fibres, have been used in cement-based matrices. The cement matrices can consist 

of paste, mortar or concrete. Natural fibres, including sisal, hemp, flax, coconut, jute, bamboo and 

wood fibres, are possible materials and their use until now has been more empirical than technical. 

The purpose of natural fibres inclusion is to improve the properties of a given cement based material, 

which would be otherwise unsuitable for several practical applications. The concept of natural fiber 

reinforcement in cement-based materials was developed in the 1970’s, when natural fibers were 

evaluated as substitutes of manufacture of fibers (Santos et al. 2015). Natural fibers are used in 

regions where these materials are readily available. Motivations for their use include decreased raw 

materials costs and contribution to sustainability. According to Santos et al. (2015), natural 

lignocellulosic fibers present several interesting advantages, particularly low density, high specific 

stiffness, strength, biodegradability, renewable character, low processing energy in the case of 

chopped natural fibers, and availability at modest cost and variety of morphologies and dimensions.  

In Dias et al. (1999) it was mentioned that the addition of small closely spaced, uniformly distributed 

and randomly oriented short natural fibers, which are of same order of magnitude as aggregate 

inclusions, to concrete can act as a crack arrester (bridging) and improves its static and dynamic 

properties. The use of such fibres in concrete provides an exciting challenge to the concrete industry. 

As can be seen, natural fibres have many advantages; however also have a number of disadvantages, 

which make their application in concrete not fully accepted in the industry. The major disadvantages 

of natural fibers in some composites include the poor compatibility between fiber and matrix, their 
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relatively high moisture sorption and the biological degradation of the natural fibers. Many 

researches have focused on countering these disadvantages for example by using high alumina 

cement, cement with additives such as fly ash, slag, silica fume, etc. to improve the durability of the 

composite or to minimize chemical interactions between the fibres and matrix.  

Various natural fibres, in different shapes, length and sizes, have been mixed with cement to make 

natural fibre-based concrete materials for years (Dias et al. 1999; Bledzki & Gassan 1999; Aziz et al. 

1981). The use of natural fibres has gained a lot of attention in recent years primarily because of the 

improvement in process technology, and secondly due to economic factors and increased 

sustainability concerns. It has been proven that natural fibers, such as hemp, flax, cotton, especially 

Miscanthus, in this case, can be used in a variety of manners (Dias et al. 1999; Bledzki & Gassan 

1999; Aziz et al. 1981). However, there is a need for investigating the further properties of the fibers. 

Recent research studies are interested on the Miscanthus plant in the form of ground material 

(powder), pulp (biofuel residuals) and lose cut fibres. The utilization of ground Miscanthus fibres 

was proven to increase the compressive strength of concrete in (Acikel 2011). Some studies on 

Miscanthus fibres have been carried on the effect of sound absorption, CO2 absorption and 

construction materials (Snauwaert et al. 2012; Vo & Navard 2016). The majority of studies on 

Miscanthus fibres, which are very scarce, are at the scale of fibres with fraction sizes above 10 mm, 

and accurate laboratory testing is needed in order to understand the composition of the fibres, 

behavior of the Miscanthus fibers with cement and the compatibility with cement. As mentioned in 

Kochova et al. (2016), presently, a large amount of inorganic and organic waste is generated globally 

to develop sustainable construction materials, for instance in the production of  natural fibres-based 

concrete. Like so, large amounts of Miscanthus. X giganteus plants have been planted for various 

purposes in the Netherlands (Wilfred Vermerris 2008; Fowler et al. 2003; van der Werf et al. 1992; 

Smeets et al. 2009; Erwin Beukenholdt 2015). In the Netherlands, species of the genus Miscanthus 

(reed) are increasingly being used as ornamental plants or grown as energy crops in recent years. 

However, the determination of the exact species is still quite difficult because a total of 14 species 

from the same grass family exist (Wilfred Vermerris 2008). M. x giganteus is a sterile hybrid and 

multiplies itself only vegetatively.  

One of the main objectives of this project is to develop a bio concrete based on a cement matrix 

containing M. x giganteus fibers for outdoor application. Miscanthus x giganteus is likely to become 

more popular due to its versatility and favorable properties, such as low moisture content, which 

makes it ideal for biomass, paper and bioplastic production. Additionally, in Kuypers et al. (2015) it 

was mentioned that Miscanthus-concrete has relatively high insulation properties (sound, 

temperature) and absorbing properties (shock and vibration). M. x giganteus is currently used 
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commercially in the UK and Europe with a rapidly growing market demand. In addition to providing 

clean and affordable electricity and heat, Miscanthus is an environmentally friendly crop. The largest 

growth of M. x giganteus plants is in Haarlemmermeer, under a flight path from Schiphol, where it 

started with 15 hectares of Miscanthus in 2010 and was extended in April 2013 to 60 hectares 

(Wageningen UR 2014). Consequently, from which yearly almost twenty ton Miscanthus per hectare 

can be harvested (Erwin Beukenholdt 2015). The M. x giganteus fibres used in this study were 

harvested and supplied in 2015, by the company: NNRGY crops. This company has planted 20 

hectares of the crop on fallow land (in Rotterdam, Lansingerland, Zutphen and Zwolle) and has sold 

2,000 kilograms of paper from the plant fibres since 2012 and in 10 years shall expand to 1000 

hectares in order to produce sufficient material for various applications (Yorian Bordes 2015). Hence, 

a study on these natural fibers to produce a bio concrete has been carried out in this project, in which 

the properties of concrete mixes containing different proportions of fiber-cement ratio of natural 

organic (natural) fibers (M. x giganteus) are being compared with plain concrete. 

Regarding the utilization of Miscanthus, most researches use the fibres either in a powder form or in 

fraction sizes above 10mm (Acikel 2011). Furthermore, a lack of information exists regarding the 

chemical composition of the fibres and their compatibility (e.g. retardation due inhibitory to 

saccharides of the fibre) and behaviour with cement, especially when it comes to the Miscanthus x 

giganteus plants harvested in the Netherlands. Lastly, a lack of information also exists regarding the 

influence of the fibres on 1) the fresh properties of the concrete matrix, 2) the strength development 

of Miscanthus-based bio concrete (lightweight concrete, high strength concrete etc.) and 3) the sound 

absorbing properties and durability of the Miscanthus-based bio concrete. Hence, this study focusses 

on: 1) a detailed characterization of the fibres (morphological, physical and chemical properties); 2) 

the compatibility of the fibres with ordinary Portland cement; 3) the effect of the fibres on the fresh 

properties of Miscanthus-based concrete matrix; 4) possible modification of the fibres to improve its 

compatibility with the Miscanthus-based concrete matrix; 5) an evaluation of the mechanical and 

sound absorbing properties of the designed Miscanthus-based bio concrete; 6) the durability of the 

designed Miscanthus-based bio concrete. 

 

1.2 Research motivation 

 

With the increasing demands on improved energy efficiency, material scientists are looking at natural 

fibres as an alternative to synthetic fibres in cementitious matrices. As an important study of interest 

in the construction industry, we might be able to find alternative materials used in the preparation of 
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plant-based concrete that can also have required beneficial properties (e.g. good mechanical 

properties, good sound insulating properties etc.). Consequently, it can also promote sustainable 

development, where engineering design and construction is incorporated in the environmental 

sciences, particularly in the engineering design solution of a presently realistic problem that need to 

be addressed, like climate change. Miscanthus x giganteus fibres have already been used for the 

production of paper, biofuel, food for cattle etc. and it is known that M. ×giganteus has considerable 

potential for biomass production among Miscanthus species (Cichorz et al. 2015). It is known that the 

M. x giganteus plant has many beneficial properties and is already used in various application, it is 

practical and important to further broaden its applications, e.g. in cementitious matrices. Miscanthus 

fibres have already been proven to be quite suitable as a sound absorbing light and porous material; 

hence, these fibres could also serve as replacement filler material, reducing the weight of the 

resulting concrete. Consequently, the use of Miscanthus fibres in cementitious matrices can be a 

sustainable technological alternative; however, it could still lead to issues related to the chemical 

compatibility between the cement and the fibers. Hence, the need to evaluate the compatibility of 

Miscanthus fibers with cement using various methods is great in determining if the Miscanthus plant 

could lead to a potential use of plant fiber in the concrete industry, and at the same time, practice the 

virtue of sustainable development.  

 

1.3 Problem statement 

 

Fibers from the M. x giganteus plant is one of the interesting alternatives for application in 

cementitious matrices, with the fibers itself being the point of interest. Researchers interested in this 

study might encounter the following questions: 

1. What are the relevant properties to be determined in the analysis of Miscanthus-based bio 

concrete? 

2. To which degree shall the mechanical properties of the Miscanthus-based bio concrete differ 

from the mechanical properties of plain concrete (reference concrete containing no fibres)? 

3. What are the applicable design standards that can be adopted to prepare the Miscanthus-

based concrete? 

4. If likely, in what way does the fiber affect the concrete’s strength, flow properties and 

durability? 
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Main objectives 

 

Characterization of the M. x Giganteus fibers and design of a Miscanthus-based concrete, which 

possesses desired beneficial properties (e.g. workability, mechanical strength, durability etc.) for 

outdoor applications.  

Specifically, the study aims to: 

 

1. Determine the compatibility between the fibers and cement; 

2. Determine the flowability, compressive strength and durability of the Miscanthus-based 

concrete, through the proper application of European Standards (EN); 

3. Determine an adequate balance between fiber content and sufficiently good properties of the 

designed Miscanthus-based concrete by designing Miscanthus-based bio concrete 

containing different percentages of Miscanthus fibres; 

4. Determine the optimal replacement of sand and/or aggregates with Miscanthus fibres, by 

comparing the results of the workability, mechanical strength and durability tests; 

5. Compare the engineering properties of the Miscanthus-based concrete from that of plain 

concrete, providing further recommendations based on obtained findings. 

 

The main research question in this study is: 

Is it possible to design a durable Miscanthus-based bio concrete, which possesses desired properties? 

 

Sub questions: 

To get an answer to the main question, the following sub questions need to be answered: 

1. What is M. x giganteus and what related concrete data from previous research is available? 

2. What compatibility issues exist, between natural fibers and cement, more specifically M. x 

Giganteus fibers in a cementitious matrix? 

3. Which positive or negative effect shall the M. x giganteus fibers have on a concrete mix and 

how can these effects be enhanced or corrected? 

4. Which tests and calculations are relevant in determining the properties of the designed 
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Miscanthus-based concrete and which standard can be applied to execute them? 

5. Which factors or properties are of importance when the Miscanthus-based concrete is 

exposed to the outdoor environment?  

6. How can an adequate balance between fiber content and sufficiently good properties of the 

designed Miscanthus-based concrete be obtained? 

 

1.4 Scope and limitations of this study 

 

The scope of this study involves the design of a plant-based concrete with a selection of raw 

materials, whose engineering properties are required to be determined as per EU-standards. The 

chosen natural fiber to be worked with in this project, are the fibers from the Miscanthus x giganteus 

plant (M. x giganteus), which is also referred to as Elephant grass, and is a C4 grass that originated in 

East Asia. The fibres are obtained from the dried leaves called leaf stalk fibre or from the netted 

structure, which is the sheathing leaf base that surrounds the stem. Furthermore, the fibres used in 

this research are extracted by a company via physical and mechanical methods. According to 

literature, the main influential factors when using natural fibres in concrete are the properties of the 

fibres and its compatibility with cement. Hence, the physical and chemical properties of the 

Miscanthus fibres are to be thoroughly analyzed, and their influence on cementitious matrices needs 

to be determined. The properties of the Miscanthus-based bio concrete that are determined in this 

study include the fresh properties of the paste, the flexural strength, compressive strength, the 

durability and the sound absorbing properties. When designing the Miscanthus-based bio concrete, 

the fibres are regarded as filler material (small aggregates); the fibers are added by volume 

percentage and partially replace other raw materials in the mixtures. It is common knowledge that the 

strength of concrete increases over time; thus, a 1, 7, 21 and 28-day strength development plan is 

utilized in this study to compare the mechanical strengths between the reference and Miscanthus-

reinforced concrete specimens. In the current research, chopped fibres, with fraction size between 

two and four mm in length are added to the matrix. Additional properties such as workability and 

water permeability of the Miscanthus-based concrete are also tested. Furthermore, a comparison of 

the properties of the Miscanthus-based concrete and plain concrete (reference concrete) is included to 

determine the degree of influence of the fibres. However, the analysis of engineering properties of the 

Miscanthus-based concrete is primarily based on its outdoor application; it has not taken into 

consideration indoor applications. Furthermore, possible fiber treatment methods were applied, which 

could aid the utilization of the fibers in the cement matrix. Consequently, based on consulted 
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literature (research data) and obtained results from this study research, a suitable Miscanthus-based 

concrete is developed. 

Approach 

In order to design the Miscanthus-concrete, a research model is used which gradually shows the 

necessary steps taken during this research. The model consists of four phases: background phase, 

planning phase, testing phase and the analysis phase. The background phase consist of the literature, 

which was consulted in order to obtain crucial data. In the design phase, all necessary data and testing 

methods required for this project are determined. In the testing phase, the research tests take place. 

The research tests entitle determining the properties the fibers, the flow properties of mortars, the 

mechanical strength properties and durability of the Miscanthus-concrete. In the last phase, the 

analysis phase, a conclusion, discussion and recommendation is given regarding the obtained results 

of this research. In Figure 1, the research model is presented. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Research model of this project 
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1.5 Outline of thesis 

 

To design a product by using renewable, eco-friendly and economical natural fibres, this research 

aims at the development of a Miscanthus-based bio concrete. Firstly, a series of methods and 

strategies are utilized to design a Miscanthus-based concrete. Then, the properties of the developed 

Miscanthus-based concrete are evaluated. Finally, based on the obtained experimental results, the 

influence of water absorption on the developed Miscanthus-based concrete is thoroughly analyzed. 

The research framework of this thesis is shown in Figure 2, and the content of each chapter is 

explained in the following paragraphs. 
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Figure 2. Outline of the thesis 



22 

Design of innovative Bio-concrete using Miscanthus fibres 

 
 

 

 

Chapter 2 addresses the relevant data obtained from various consulted literature.  The relevant 

data can be divided into three categories: 1) research on natural fibres used in concrete, along 

with their compatibility issues; 2) current research on Miscanthus fibers, ranging from its origin 

to its present applications; 3) methods and tests used in previous research when utilizing natural 

fibres in cementitious matrices.  

 

Chapter 3 focuses on the materials characterization and experimental methodologies. The raw 

materials can be mainly divided into three categories: 1) powders (particles smaller than 125 

μm); 2) aggregates (granular materials except powders); 3) Miscanthus fibres. Then, all the used 

materials are characterized according to their physical and chemical properties, including particle 

size distribution, specific density, chemical composition, microstructure etc. The focus of 

characterization is especially on the fibres, for which the bulk density, porosity and water 

absorption were also determined. Additionally, a series of test methods are employed to assess 

the properties (e.g. workability, mechanical properties, thermal properties, and cement hydration 

kinetics and water permeability) of the developed Miscanthus-based concrete. 

 

Chapter 4 focusses on the compatibility issues of the Miscanthus fibers with cement and its 

relationship with the physical properties. Compatibility in this context can be divided in two 

categories: 1) the degree of influence of the fibres on the setting time of cement; 2) the degree of 

bonding of fibres with cement. When it comes to the setting time, the chemical properties of the 

fibres play a role and when it comes to the bonding, the physical properties of the fibres are the 

main factor. Hence, tests were performed to determine and improve the compatibility of the 

Miscanthus fibres with cement.  

 

Chapter 5 focusses on the evaluation of the MBBM, which consisted of prisms (40x40x160 

mm3). The used recipe consisted of three types of powders (CEM I 52.5 R, GBFS and LP), two 

types of sand (0-2mm and 0-4mm), M. x giganteus fibres, water and Superplasticizer 

(MasterGlenium 51 con 35%). The designed specimens can be divided into four categories: 1) 

specimens designed with pretreated M. x giganteus fibres; 2) specimens designed using no fibres 

(reference mix); 3) specimens designed using different amounts of fibres; 4) the designed 

specimens were water cured, as well as humid cured, in order to determine the difference in 
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strength development. Additionally, a series of test methods are employed to assess the 

properties (e.g. workability and mechanical properties) of the developed MBBM. 

 

Chapter 6 focusses on the design of the final set of Miscanthus-based concrete specimens, 

which consisted of cubes (150x150x150 mm3). The used recipe consisted of the materials used 

for the first set of specimens, however with Limestone aggregates (4-20mm) and fine granite (2-

8mm) included. The designed specimens can be divided into three categories: 1) specimens 

designed using no fibres (reference mix); 2) specimens designed using different amounts of 

fibres added to the recipe (volume increase); 3) specimens designed using different amounts of 

fibres to either partially replace sand or partially replace the aggregates (volume maintained). 

Additionally, a series of test methods are employed to assess the properties (e.g. workability and 

mechanical properties) of the developed Miscanthus-based concrete specimens. The aim of this 

chapter is to clarify the contribution of different amounts of Miscanthus fibres on the properties 

of the concrete and to efficiently determine at which fibre content, good workability and 

mechanical properties of the Miscanthus-based concrete are still achieved.  

 

Chapter 7 addresses the durability of the designed Miscanthus-based concrete. Fibres have the 

affinity to absorb water fast and in large amounts. Because the designed Miscanthus-based 

concrete shall be exposed to the outside environment, water shall play a large role in the 

durability of the Miscanthus-based concrete. The water permeability of the Miscanthus-based 

concrete specimens shall be tested using two methods namely the water penetration test and the 

capillary water absorption test. The aim of this chapter is to investigate the degree of water 

penetration in the developed Miscanthus-based concrete, to determine its behavior in the outside 

environment (regarding the influence of water). 

 

Finally, in Chapter 8, the conclusions of the present thesis are drawn and recommendations for 

further research in continuation of this work are presented. 
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2. Literature review 
 

2.1 Natural fibre-based concrete in general 

 

 

Presently, the production of structural elements using fibers in concrete is becoming rather popular. 

In particular, the reinforcement of the materials with fibers goes back to hundreds of years ago. 

Natural fibers are typically used to reinforce cement-based products in applications around the world 

and include materials such as coconut, sisal, jute and sugarcane. These materials come in varying 

lengths, geometries and material characteristics. In the framework of international research, a 

considerable effort is going on in the exploitation of fast growing, annually renewable, cheap 

agricultural crops and crop residues for possible application in concrete. The basic advantage of 

natural fibres is that they are low cost and widely available resource in many agricultural areas. They 

are biodegradable, non-abrasive and there is no concern with health and safety during handling. 

Natural fibre-based materials are environmentally friendly materials producing less greenhouse gas 

emissions and pollutants.  

Throughout the years, the use of different types of natural fibres as reinforcement, mainly in 

cementitious matrices, has been researched (Dias et al. 1999; Bledzki & Gassan 1999; Aziz et al. 

1981).  One of the first motivations to use natural fibres in building materials was the effort to find a 

replacement for asbestos in fibre cement products. In Coutts et al. (2005), pulp fibre was used as 

replacement of asbestos in the Australian cement industry. Other research used pulp from eucalyptus 

waste, residual sisal coir, and banana pulp as a replacement for asbestos in cementitious matrices 

(Merta & Tschegg 2013), whereas in other articles, the focus was more shifted towards bamboo 

fibres in cement matrices. The applications of coconut coir and sugar cane bagasse as well as flax 

have been also studied as possible reinforcement of cementitious composites. Research was also done 

on the cracking mechanism as well as the tensile-, impact- and fatigue behavior of sisal fibres 

reinforcement in cement based composites (Li et al. 2006; Silva et al. 2011). In the research of de 

Andrade Silva et al. (2010), the mechanical and physical properties of hemp fibre reinforced concrete 

were experimentally studied. In their conclusion, it was stated that flexural strength and flexural 

toughness increase with increasing fibre content.  

Natural fibers present a cheap and sustainable alternative to the metallic and synthetic fibers used in 

building materials. Other advantages of the utilization of natural fibres include lightweight (due to 
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their low density and high porosity), low environmental impact, bio-degradability, beneficial 

properties (thermal, acoustic properties etc.). Concrete has been reinforced with various natural fibers 

such as bamboo, coconut, sisal, etc. for developing cost-effective and sustainable building materials. 

Addition of these natural fibers to concrete was found helpful to improve various performances 

including flexural properties, impact resistance, fracture toughness, reduction of shrinkage etc. and in 

some cases, it was better than glass and carbon fibers.  

Despite the many advantages of natural fibres, their applications are still limited to the non-structural 

field, due to the fact that there are some serious concerns for successful application of natural fibres 

as reinforcing material. However, because the utilization of natural fibres in cementitious matrices 

has been researched and recorded in many reports, some data exist on their behavior in cementitious 

matrices. According to consulted research regarding natural fibres in cementitious matrices, the 

following factors are the main factors in determining the overall performance of the fibre-based 

concrete:  

1. The high variation of fibre properties (physical and chemical); 

2. The high moisture absorption capacity of the natural fibres; 

3. The compatibility of the fibres with cement; 

4. Determining properties of the produced fibre-based concrete; 

5. The durability of fibres in the alkaline environment of a cement matrix.  

The mechanical properties of the fibre are an important factor in determining what effect the fibres 

may have on the natural-based concrete, as discussed in Onuaguluchi & Banthia (2016). In 

Onuaguluchi & Banthia (2016), the tensile strength, young modulus, elongation at break and the 

density of a large number natural fibres was determined .  Even though the use of natural fibers in 

cement-based composite materials is well known for having a good influence, research has shown 

that significant losses in mechanical performance in the long term have been observed in natural 

fiber-cement composites after natural or accelerated ageing (e.g. wet/ dry cycling), due to the 

degradation mechanisms of cellulose fibers in the cementitious environment. To counter this 

problem,  low alkaline binders based on industrial and/or agricultural by-products can be used or 

carbonation curing can be applied (Santos et al. 2015). Moreover, the disadvantages of natural fibres 

in some composites include the poor compatibility between fibre and matrix, poor interface between 

natural fibers and matrix, reduced durability due to high moisture absorption, generation of concrete 

cracks due to swelling and volume changes and weakening due to alkaline environment of cement. 

The degradation of fibres in cement matrix occurs as a consequence of dissolution of the lignin and 
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the hemicellulose in the middle lamellae of the fibres through the alkaline pore water, as mentioned 

in (Filho et al. 2013). Consequently, with aging the composite may undergo a reduction in strength 

and toughness. The biological degradation of the natural fibres is a major disadvantage of the use of 

these materials in the construction. Furthermore, the chemical composition and the structure of the 

various fibres are factors, which can have an influence on concrete matrices. These effects could 

sometimes be quite small, but in other cases large. As mentioned before, much research was done on 

not only identifying these issues with natural fibres, but also methods to counter them.  

The two main approaches to overcome the drawbacks of natural fibres are: 

1. Modification of the utilized natural fibres: this could be either physical or chemical 

modification of the fibre or both (Azwin bt Ahad et al. 2009; Sedan et al. 2008; Boix et al. 

2016).  

2. Modification of the matrix: using low alkaline cement or additional materials to improve the 

compatibility and/or interface between fibres and matrix (Pacheco Torgal & Jalali 2016; 

Mohr et al. 2005) 

Besides using low alkaline cement, some other approaches based on fiber modification have been 

reported to overcome the drawbacks of natural fiber such as treatment with alkali, Silane and various 

water repelling agents, as was done in Santos et al. (2015), where the hydrophilic character of a 

Silane treatment improved the fiber-matrix bond of a composite. Modification of the fibres usually 

reduces the water absorption of natural fiber either by removing hemicellulose and lignin or by 

imparting hydrophobicity, as was done in Dias et al. (1999), where water repellent agents were 

utilized. The chemical composition of fibres is of utmost importance, because fibres usually contain 

components such as cellulose, hemicelluloses, lignin, protein, ash, fat etc. and these components play 

an important role in the physiological activity of the fibres. The chemical composition of fibres 

sometimes even changes, depending on its age and environment. In Suhaily et al. (2013) it was 

mentioned that the cellulose content of bamboo plant fibres decreases as the plant gets older. 

Consequently, by removing some of the unwanted components, enhanced physiological behavior of 

the fibres should be obtained, but as proven in many reports, some are not easily removed (Oladele et 

al. 2010). Lignin for example, is present in different concentrations in different layers of cell cavity 

and it has been found quite resistant to various alkalis treatments, thus removing all lignin seems to 

be difficult. Even though the fiber modification techniques were also found advantageous to improve 

the interface between natural fiber and various matrices (Santos et al. 2015), reports have shown that 

the use of alkaline as treatment is not always good, because natural fibres are sensitive to alkali 

treatment and hence can be dissolved during treatment. In most researches, the modification of the 
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fibres were analyzed after treatment, using scanning electron microscope (SEM) and back-scattered 

electron (BSE) image detector, as was done in Santos et al. (2015) and Bilba & Arsene (2008), where 

the effect of the treated fibers on their mineralization was analyzed to assess the cut (cross-section), 

surfaces of the fibers, as well as the fracture surface of the composites. 

Regarding the durability assessment, most researches focus on certain properties of the hardened 

natural fibre-based concrete or bio composite. The following material properties are most commonly 

determined: 

1. The compressive strength, is defined as the capacity of a material or structure to withstand 

loads tending to reduce size and is tested according to EN-196-1 (2005) and EN-12390-3 

(2009), as was done in Yu et al. (2014). Additionally, cement matrices containing natural 

fibers have been reported to resist rapid propagation of micro cracking under applied stress 

as well as the ability to withstand loads even after initial cracking, thereby improving 

toughness (Ozerkan et al. 2013) 

2. The Modulus of Rupture (MOR), also known as flexural strength, bend strength, or 

transverse rupture strength is defined as the stress in a material just before it yields in a 

flexure test and is tested according to EN-196-1 (2005) and EN-12390-5 (2009), as was 

done in (Yu 2014); 

3. The Modulus of Elasticity (MOE), also known as the Young's modulus, is a measure of the 

stiffness or rigidity of a material, which determines the degree of stretch of the material 

under a specifies tensile load and is tested according EN 12390; 

4. The splitting tensile strength is generally greater than direct tensile strength and lower than 

flexural strength (modulus of rupture) and is commonly used in the design of structural 

lightweight concrete members to evaluate the shear resistance provided by concrete and to 

determine the development length of reinforcement (Srinivasan & Sathiya 2010). This is 

measured according to BS EN 12390-6 and BS EN 1992-1-1. 

5. Apparent density test is performed according to EN 12390-7, where the voluminous mass of 

concrete specimens is determined using the mass and volume of the concrete specimens 

(Boltryk & Pawluczuk 2014).  

Brittle materials (e.g. plain concrete) tend to break at or shortly past their elastic limit, while ductile 

materials (e.g. fibre-based concrete) deform at stress levels beyond their elastic limit. In Santos et al.( 

2015) it was proven that the concrete specimens containing treated natural fibres, achieved higher 

MOR but the toughness stayed the same, compared to normal concrete. Additional accelerated ageing 
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was also performed, according to EN 494 (1994), in order to assess the durability of the fibres 

(change in MOR) at a later age. From the accelerated ageing test, it was observed that fibers, which 

are not filled up with products from cement hydration, showed higher toughness in comparison to 

fibres, where reprecipitation of hydration products into fibers permeable voids had taken place, which 

let to consequent composite embrittlement. Furthermore, researches also focused on the physical 

properties of the hardened natural fibre-based concrete or bio composite (Santos et al. 2015). 

Physical properties of natural-based concrete/composites, such as water permeability (Capillary water 

absorption (CWA) and water penetration), apparent void (pore) volume (AVV) and bulk density 

(BD) have also been tested in various researches (Almeida et al. 2013; Ni 1995a; Santos et al. 2015). 

However, these properties are usually determined when accelerated ageing of the natural-based 

concrete/composites are also performed, in order to determine if the properties changed after the 

ageing test.  

As mentioned before, the flexural strength is an important property worth testing, due to the fact that 

most researches, in which natural fibres were applied to cementitious matrices, reported an increase 

in flexural strength. In Ozerkan et al. (2013), an increase in the flexural strength of the fiber-cement 

composite up to 30% was observed; however, fiber inclusion reduced the workability of the fresh 

concrete and mortars. Concrete remains in its fresh state from the time it is mixed until it sets. During 

this time, the concrete is handled, transported, placed and compacted. Properties of concrete in its 

fresh state are very important because it influences the quality of the hardened concrete. The 

properties of fresh concrete consists of consistency, workability, settlement & bleeding and slump 

loss. The consistency of a concrete mix is a measure of the stiffness or fluidity of the mix and is 

commonly measured using a slump test. The slump test measures the consistency of a concrete mix, 

which is a close indication to workability. A low slump concrete has a stiff consistency. Concrete 

will be difficult to place when the consistency is too dry. It may result that large aggregate particles 

separate from the concrete mix (Cement Association of Canada, 2004). Cement and aggregate 

particles have densities about three times that of water. In fresh concrete, they consequently tend to 

settle and displace mixing water, which migrates upward and may collect on the top surface of the 

concrete. The water that separates from the rest of the concrete is called bleeding water. From the 

time of mixing, fresh concrete gradually loses consistency. This gives rise to the problems only if the 

concrete becomes too stiff to handle, place and compact properly. The slump loss in normal concrete 

is usually due to the hydration of cement, the loss of water by evaporation or the absorption of water 

by dry aggregates. Usually admixtures such as water reducers, retarders, and superplasticizers are 

used in the concrete mixtures to counter the above-mentioned problems.  

Various researches have shown that natural fibres have a very high water absorbing capability, which 



29 

Design of innovative Bio-concrete using Miscanthus fibres 

) 

 

 

greatly influences the consistency and slump loss of a concrete mix. This is due to the fact that the 

surface of most fibres is relatively smooth which causes poor bonding with the cement matrix, which 

then leads to a reduced consistency and strength development of the concrete. The surface of fibres 

can be modified through treatment and this topic is discussed in detail in Chapter 4. The high 

porosity of the fibres is the cause of the water absorption, and this leads to a competition between the 

fibres and the cement. The amount of fibers added to a mortar mix is measured as a percentage of the 

total volume of the matrix (mortar and fibers) termed volume fraction (Vf or vol. %), as mentioned in 

(Amezugbe 2013). The volume of fiber added to the mortar affects the slump of the mortar, 

depending on how large the amount of fibres is.  The most logical and easiest method to counter 

these phenomena is to use additional water, as was done in previous research (Basheerudeen & 

Sivakumar 2013; Wei & Meyer 2016; Onuaguluchi & Banthia 2016), where the concept of wetting 

of fibres was also considered for compensating the loss of water due to fibre addition. The additional 

water required for fibre pre-wetting can experimentally be determined by performing a water 

absorption test on the fibres and calculating the amount of water necessary to fully saturate one gram 

of fibres. However, this influences the water/cement ratio and could lead to bleeding, which in turn 

deteriorates the homogeneity of the mixture, as mentioned earlier (Chen & Liu 2008; Yu 2014). 

According to Kasten K. et al. (2011), the inclusion of too much water could lead to: 

 a decrease in the strength of the concrete;  

 an increase in the water permeability;  

 an increase in porosity, due to fact that the excess water in the pores, evaporate at a later 

stage; 

 higher chances the concrete may become prone to "bleeding" and segregation; 

 A decrease of the sealing properties, durability and service life of the concrete. 

 

This being said, high quantities of fiber in concrete could result in poorer workability, more bleeding 

and segregation, relatively higher entrapped air, and lower unit weight, which leads to a decrease in 

the compressive strength, as was proven in (ACI Committee 544 2002). From this research it was 

concluded that adjusting aggregate proportions is of great importance when high quantities of fibers 

are used. Hence, through trial mixes or mortars, one should obtain optimum mixture proportions. 

Among the properties of fresh concrete, the fresh density (bulk density) and the consistency (flow 

properties) are two of the most important ones.  Research has proven that the bad bonding between 

fibres and cement and the high water absorbing ability of the fibres could lead to a reduction of 

workability of the fresh concrete. With no previous data to help decide an appropriate range of fibre 

volume or additional water, it is suggested to start at a low fibre amount of 0.1 (vol %) for the first 



30 

Design of innovative Bio-concrete using Miscanthus fibres 

 
 

 

test and then successively increase the amount for further tests, until the maximum amount of fibres, 

which have the worst effect on the consistency, has been found. Consequently, from the fresh density 

one can determine the loose bulk density and the compacted bulk density (vibrated or rodded paste) 

of the matrix and the degree of compaction (Li & Kwan 2014). Another important factor, regarding 

the utilization of natural fibres in concrete is their degree of bonding, as mentioned in Sayed (2012). 

In order to achieve multiple-cracking behavior, the fracture toughness of the matrix needs to be 

limited and the fibre bridging-stress should be increased. By creating a good bond between the fibres 

and the matrix, stresses are efficiently able to transfer from the fibres to the matrix, in order to 

develop a ductile plant fibre reinforced composite. Plain concrete has a brittle behaviour, because of 

the absence of the fibres, and fails when the tensile strength of concrete is reached, by showing 

crack(s). Whereas, concrete with fibres exhibit an enhanced ductile (strain-hardening) behaviour or a 

less ductile (strain-softening) behavior (Sayed 2012). The behavior of plain concrete and concrete 

containing fibres, under bending, are shown in Figure 3. 

 

 

Figure 3. A) Plain concrete, B) Enhanced ductile composite showing multiple-cracking behavior, C) Less 

ductile composite with growing crack width (Sayed 2012). 

The bond between the plant fibre and matrix is a combination of chemical and mechanical bonding 

and largely depends on four parameters; i.e., w/c ratio, porosity, fibre morphology and compaction 

(Sayed 2012). The cement particles, which are present in the pore water, can get into the plant fibre 

via the pore water (mineralization), and this process can create a strong bond between the matrix and 

the fibres. The drawback is that the fibres tend to become stiff and brittle exposed to the cement after 

a period of time, resulting in low performance and durability. Regarding the fibre morphology, the 

length of the fibres (fibre embedment length) and its volumetric changes in the concrete also have an 
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influence on the bonding behaviour of the fibre-cement matrix. In (Sayed 2012), it was mentioned 

that previous research done with sisal fibres with an embedment length of 10 mm failed in pull-out, 

but with an embedment length of 60 mm failed in rupture, Hence, with a sufficiently good 

embedment length, a  high pull-out strength can be obtained, while avoiding the fibre-rupture 

phenomena. The loss of bond between the plant fibre and the matrix can also be the result of 

volumetric changes (swelling and shrinkage) of the fibre due to change in temperature and moisture 

inside the matrix (Sayed 2012). As mentioned before, natural fibres have the ability to absorb and 

retain moisture. During the mixing process of concrete with fibres, the untreated fibres (no pre-

soaking of the fibres) absorb water from the fresh concrete paste. In the later stage, due to further 

hydration of the cement particles around the fibres, the water is consumed by those cement particles 

and extracted out of the fibres (Sierra-Beltran 2011). As a result, the cement paste around the fibre 

hydrates and a thin layer of reacted paste is formed, and if there is no additional water provided, e.g. 

in case of air curing, the fibre shrinks in radial direction and cracking occurs. Because of this process, 

a gap between fibre and matrix is created and the bond between the fibre and the matrix is lost. 

Research has shown that most natural fibres, especially M. x giganteus fibres, have very good sound 

absorbing capabilities. The good sound absorbing ability of fibres is due to their very porous 

structure. In Erwin Beukenholdt (2015), M. x giganteus fibres were used as noise barriers along the 

road and it was proven that M. x giganteus fibres are adequate for sound insulation applications. This 

is further discussed in Chapter 2.2, where it was assumed that a large amount of fibres was used in 

order to increase the sound absorbing ability. Consequently, in this research, a bio concrete is 

developed which contains M. x giganteus fibres from which it’s the sound absorbing capability  is 

found worth determining.  

As can be seen, the behavior and working mechanisms in a concrete environment differs from fibre 

to fibre and still lacks a complete understanding, hence it can be said that the employment of fibres in 

concrete remains challenging, especially for M. x giganteus fibres, since a lack of information exists. 

Consequently, in spite of several existing solutions to overcome the shortcomings of natural fiber, 

each treatment has different effects on different fibres and one of the major concern until date is the 

durability issue of natural fiber based composites, which in this case is important, since the designed 

MBBC is supposed to be exposed to the outdoor environment. Hence, a great deal of research efforts 

is necessary for successful implementation of M. x giganteus fibers in concrete.  

 

2.2 Properties of Miscanthus x giganteus 
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The rising interest in development and production of renewable energy sources is caused by 

depletion of fossil fuels reserves and concerns about atmospheric greenhouse gas concentrations. 

Perennial grasses are a potential source of biomass and biofuels production due to their high 

productivity and root system sequestering carbon in the soil (Coutts 2005). 

Perennial, warm-season grasses such as Miscanthus × giganteus (M. x giganteus), commonly known 

as Elephant grass, and others are being developed as sources for bioenergy in many temperate 

regions of the world, due to their many positive agronomic features. In addition to high aboveground 

biomass yields, these plants also sequester significant amounts of carbon belowground. In general, 

these perennial grasses are composed of belowground tissues, the crowns and rhizomes and roots, 

and aboveground tillers. A tiller consists of a main stem, composing solid nodes and usually hollow 

internodes. Each node subtends a leaf and leaf sheath. Depending on the species, axillary buds 

present on the nodes may develop into sub-ordinate tillers (branches) (Coutts 2005). Although there 

is important literature on the management of these species for biomass production on marginal lands, 

not many researches were done on Miscanthus fibres as lightweight aggregates in concrete. 

Miscanthus is defined as any of several perennial bamboo-like grasses and is a genus of about 15 

species of perennial grasses, which are native to subtropical and tropical regions of Africa and South 

Asia. One type, Miscanthus sinensis (reed), is spread towards the temperate East Asia. Some other 

Miscanthus species are: 

 Miscanthus giganteus 

 Miscanthus sacchariflorus 

 Miscanthus sinensis 

 Miscanthus tinctorius 

 Miscanthus transmorrisonensis 

 

The Miscanthus plant is known in the Netherlands as Miscanthus sinensis' giganteus. This plant is 

often called "elephant grass" and it is often confused with the African-derived “Pennisetum 

purpureum”, due to its very similar traits. M. giganteus is the sterile hybrid between Miscanthus 

sinensis and Miscanthus sacchariflorus and has been tested as a biofuel in Europe since the early 

1980’s. It can grow to heights of more than 3.5 m in one growth season. Its dry weight annual yield 

can reach 25 tons per hectare (10 tons per acre). M. × giganteus exhibits greater photosynthetic 

efficiency (as low as 8 oC) and lower water use requirements than other kinds of plants (Filho et al. 

2013). It has very low nutritional requirements – it has high nitrogen use efficiency and therefore is 

capable of growing well on barren land without the aid of heavy fertilization. M. × giganteus is a 
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sterile hybrid and therefore propagates vegetatively underground through its rhizomes. Commonly 

referred to as a reed type, Miscanthus species are tufted spreading plants with clumps of silver, green, 

white, or mottled leaves that cascade from rounded upright stems. They bear masses of tall flower 

heads from late summer to autumn, sometimes taking on autumnal colors of orange, yellow, red, or 

purple, and often remaining on plants right through winter. 

 

2.2.1 Applications 

 

Biofuels 

 

According to (Sivaraja et al. 2009), although M. x giganteus is closely related to sugarcane, it 

accumulates starch in the stem in place of sucrose. The rapid growth, low mineral content, and high 

biomass yield of M. x giganteus make it a favorite choice as a biofuel. M. x giganteus can be used as 

input for ethanol production, often outperforming corn and other alternatives in terms of biomass and 

gallons of ethanol produced. M. x giganteus is currently used in Europe for various purposes such as: 

commercial energy crop, a source of heat and electricity, or converted into biofuel products (ethanol). 

Research has been conducted in various countries, which are making strides towards developing M. x 

giganteus as a source of biomass, for the production of energy either for direct combustion or through 

cellulosic ethanol. M. x giganteus is grown in Europe mainly for cofiring in coal power generating 

facilities, and could supply 12% of the EU's energy need by 2050 according to (Shubhra et al. 2010). 

 

Plastics and Nano cellulose 

 

Plastics and other products are traditionally made from petroleum fuels, trees etc., however 

manufacturers such as AgriKinetics, NNRGY Crops, and Aloterra are currently exploring the 

possibility of using Miscanthus grass to produce bio-degradable plastics (Mohr et al. 2005; Erwin 

Beukenholdt 2015; Stewart J.R. et al. 2009) 

 

Bedding 

 

M. x giganteus is also used as a high-quality bedding typically for horses. Several companies in 
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Europe sell packaged Miscanthus bedding. As the United States waits for bioenergy markets to 

emerge, American companies have also begun using M. x giganteus as a bedding. M. x giganteus has 

a very high C:N ratio making it inhospitable to many microbes thus creating a very clean and 

antibacterial bedding. Therein lies the advantage to equine and poultry applications. M. x giganteus 

bedding promotes hoof and foot health. 

 

Game Crop / Cover Crop 

 

M. x giganteus is also used as a cover crop providing shelter for game birds such as Pheasants and 

Partridges. The advantage being that they do not need to be replanted annually as other crops such as 

corn or sugar beet. 

 

2.2.2 Related studies (Miscanthus in cementitious matrices) 

 

Research has shown that plant-based cement and concrete composites can be used as materials for 

building houses, decorations and/or heat/acoustic insulations as is shown in Figure 4, where 

Miscanthus fibres were used in the design of the concrete. 

 

 

Figure 4. a) Miscanthus-based mix and block; b) a Miscanthus based noise barrier; (c) a house built with 

Miscanthus concrete (Vo & Navard 2016). 

 

Though there are few studies covering the utilization and analysis of M. x giganteus-based concrete, 

some existing studies take into account other fiber materials in cementitious matrices such as coir, 

sisal, bamboo, hemp, elephant grass and other types of Miscanthus. Much research has been done on 
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plant-based concrete, however not to a great detailed extent for each plant type, as in this case: M. x 

giganteus. Most of the data discussed in this Chapter, shall be compared to the data found in my 

research in Chapter 3, 4 and 5 of this report. 

Miscanthus fibres have been used in the past to produce various materials e.g.: thatching material 

(Stewart J.R. et al. 2009); fiberboards and particleboards (Nsanganwimana et al. 2014); light natural 

sandwich (Fowler et al. 2003); and even concrete blocks. In Robinet (2009), it was mentioned that 

the building blocks, with noise isolating properties, were produced out of Miscanthus biomass. In Vo 

& Navard (2016), it was reported that M. x giganteus has been utilized to produce various 

construction materials, from isolation panels to bio-concrete blocks (see figure 3) and thanks to its 

ability to fix CO2, one hectare of Miscanthus used for building can store 40 tons of CO2, helping to 

reduce the greenhouse gas emission. Depending on the binders used, the compositions of fresh 

concrete and the nature of Miscanthus, the concrete can obtain a compressive strength at 7 days 

ranging from 0.95 to 5.84 MPa with thermal conductivity of 0.7 W/m K at 20% RH and 20–60 0C. 

According to Pude et al. (2005) in whole Europe there is only one type of M. x giganteus planted 

with a high rate of growth, a low nitrogen requirement of about 50 kg N ha-1 and a high binding of 

25–30 t CO2 ha-1 in the biomass. Furthermore, the plant material of M. x giganteus has other fiber 

compounds and chemical constituents like silicon, which are higher amounts, compared to other 

well-known plants.. Additionally, compared to other common renewable materials, M. x giganteus 

has two major advantages, when looking at a cross-section of its shoot. 

 The presence of parenchyma in the shoot ensures better thermal insulating properties. 

 Around the parenchyma, there are three rings, which ensure a very high firmness: the 

epidermis, the thick sclerenchyma characteristics and the radial allocation of vascular 

bundles with its own firmness texture. 

In Pude et al. (2005), for different genotypes of Miscanthus, including M. x giganteus, the 

morphological, chemical and technical properties were analyzed to determine the suitability of 

Miscanthus genotypes as a construction material. The results showed that lightweight concrete made 

from M. x giganteus obtained a substantial higher stability of 0.75Nmm-2, compared to the other 

genotypes. The tests revealed that M. x giganteus provides highest shoot volume, therefore a durable 

biomass with additionally higher content of cellulose (68.9 %) and lignocellulose (55.6 %). The 

bulk density, silicon, lignin and cellulose from the aforementioned literature, is shown in Table 1. 

The bulk density, leaf content, silicon amount, lignin amount and cellulose amount of M. x giganteus 

was determined for two different years, in order to evaluate the difference between years (Table 1). 
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Table 1. Results from the tests on M. x giganteus (Pude et al. 2005). 

 
Year M. x giganteus 

Bulk Density (kg m-3) 
2002 81.5 

2003 83.5 

Lignin (%) 
2002 14.3 

2003 18.0 

Cellulose (%) 
2002 41.6 

2003 39.7 

 

From these results, it can be seen that the difference in years (and rainfall amount) does have an 

effect on the composition of the M. x giganteus plant and there is only a slight difference in two 

years, when looking at the lignin (4%), cellulose (2%) and bulk density (2%).  It is not clear which 

genotype is most similar to the M. x giganteus used in this research, hence it can only be concluded 

that the same effect could probably be observed when analyzing the M. x giganteus used in this 

research. In this report, it was also mentioned that the high water binding of Miscanthus is due to the 

big area of cellulose fibres in the stem, as was shown from a capillary water uptake test. The setup 

consisted of Miscanthus stems of 20 cm length split lengthwise and put upright in a beaker with an 

admixture of water and cement. SEM-and pH value (11-12) tests clearly indicated that the cement 

mixture was absorbed in the outer ring of the Miscanthus stem, as seen in Figure 4. It should be kept 

in mind that these water absorption tests were only carried out with the stem and not with the leaves 

of the Miscanthus plant. Lastly, it was concluded that the high cellulose content and high capacity of 

permanent water binding in the concrete are essential parameters for good strength binding of the 

Miscanthus fibres and cement. 
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A) 

 

B) 

Figure 5. A) Cross section of stem showing absorption of red colored admixture of water and cement, B) Cross 

section of stem showing cell walls containing lignin in red due to staining with phloroglucin- saline acid (e = 

epidermis, s = sclerenchyma, p = parenchyma, v = vascular bundle) (Pude et al. 2005). 

The main points from Pude et al. (2005) are: 1) the fast absorption of the cement-water admixture 

(within 30 sec) by the M. x giganteus fibre, which might be a critical factor for the binding 

mechanism; 2)  a majority of absorbed water and cement takes place in the sclerenchyma ring; 3)  a 

high shoot content in harvest and high cellulose content are major factors for the strength binding 

between M. x giganteus and cement. In this research, only chopped stems and leaves are used, hence 

the destruction of stem compartments by chopping needs to be taken into account, when it comes to 

the binding of the fibres with cement.  

In Ghimire et al. (2016), an assessment of the morphological and phytochemical attributes of a M. x 

giganteus plant was performed. The lignin, cellulose, and hemicellulose contents (percentage) was 

also determined and the results are shown in Table 2. The cellulose and linin content were analyzed 

according to the detergent method. From this data, it can be seen that there are no drastic differences 

between the lignin and cellulose content for the stem and leafs of the M. x giganteus plant.  

Table 2. Lignin, cellulose, and hemicellulose contents (%) of triploid and hexaploid M. x giganteus. 

Composition Leaf Stem 

Acid insoluble lignin (%) 19.9 ± 0.97 18.8 ± 0.57 

Acid soluble lignin (%) 0.2 ± 0.015 0.2 ± 0.017 

Cellulose (%) 37.1 ± 2.15 45.4 ± 3.25 

Hemicellulose (%) 29.3 ± 1.78 25.4 ± 2.09 

 

In Merta & Tschegg (2013), Elephant grass was used to make concrete and was referred to as 
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Miscanthus. It was mentioned that the Elephant grass was a tall perennial grass that has been planted 

extensively in Europe during the past 5–10 years, as a new bioenergy crop. Its stem has a similar 

hollow woody core like hemp, surrounded by a thinner outer core. The designed concrete was named 

Miscanthus concrete and was made from chopped stems (solely the outer core) of the elephant grass 

and used for insulating walls. In this research solely the outer core of the elephant grass stem was 

used as fibre reinforcement for concrete. The tensile strength of the fibre was recorded between 180 

and 260 N/mm2. However, it should be mentioned that it was never confirmed if the used elephant 

grass (Miscanthus) is similar to the M. x giganteus used in this research. The utilized elephant grass 

is shown in figure 5 and only stems of 40 mm were used to develop the Miscanthus concrete.  

1) 2) 

Figure 6. 1) Chopped 40 mm stem of the Elephant grass plant; 2) Scanning electron micrographs of elephant          

grass fibre: (8L) 500-x magnification of the fibre’s cross section and (8R) 2000 x magnification of the fiber’s 

surface (Merta & Tschegg 2013). 

The data from Merta & Tschegg (2013), in this research is not entirely comparable to the data in this 

research, due to the following reasons: 

1. It is not confirmed or mentioned if the same M. x giganteus was used in this research. 

2. It is not mentioned which recipe or mix series was used to develop the Miscanthus concrete, 

only that a water/binder ratio of 0.67 and fibre content of 0.19% by weight (4.5 kg/m3) was 

used.  

3. Only 40 mm stems were used for the design of the concrete, whereas in this research smaller 

fractions (2-4mm) are used and consists of every part of the plant (stem, leaf, and flower).  

4. The 40 mm stems only consist of the outer hard layer of the stem, which is supposedly more 

rigid and has less affinity to absorb large amounts of water, due to the lack of the porous 

internal structure of fibres.  

5. The used method for determining the compressive strength of the concrete specimens and 
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the curing age are not mentioned in this research.  

However, from this research the performance of the elephant grass (Miscanthus) in concrete can be 

assessed. The presence of the elephant grass fibres does not have much influence on the notch tensile 

strength and fracture energy of the concrete and as a result of its low surface roughness, poor bond 

with the concrete matrix and fibre pull-out failure, with almost no stress transfer was observed. 

Hence, it was concluded that the employment of elephant grass fibres as concrete reinforcement is 

believed to be rather limited. 

Knowledge concerning the importance of anatomy and chemical composition on the mechanical 

characteristics of Miscanthus and other grasses is very scarce, especially for M. x giganteus fibres. In 

Kaack et al. (2003), the chemical composition and morphological and mechanical properties of M. x 

giganteus stems was analyzed and used to determine the contribution of different tissue components 

and chemical constituents to the modulus of elasticity of Miscanthus. The M. x giganteus was 

sampled in Japan and grown on sandy loam in Denmark. In this research, it was concluded that the 

M. x giganteus stems had some of the best properties and is expected be a most interesting material 

for the production of building elements. In Table 3, the Rigidity, E modulus and morphological 

characteristics of M. x giganteus stems are shown.  

Table 3. Rigidity, E modulus and morphological characteristics of M. x giganteus. 

Fibre 
Rigidity x 

100 Nm2 

Modulus 

E GPa 

Stem 

length 

(cm) 

Internode 

length 

(cm) 

Outer 

diameter 

mm) 

Cross 

sectional area 

(mm2) 

M. x 

giganteus 
1.5 4.27 188 22.8 9.2 37.3 

 

The most comparable bio-concrete from literature to the bio-concrete designed in the present 

research, is the Miscanthus-concrete designed in Snauwaert et al. (2012). In Snauwaert et al. (2012) it 

was mentioned that a Miscanthus-based concrete, which according to the report is comparable to a 

low strength concrete, had already been produced under the name “Xiriton”. Because it is relatively 

new, according to current technical norms and standards, it is not regarded as concrete, but a material 

for which terminology and norms still needs to be made. Xiriton contains chopped Miscanthus fibres, 

which replaced sand and gravel, and olivine. As mentioned before in this Chapter, Miscanthus has 

the capability to absorb large amounts of CO2 and adding the mineral olivine, enabling Xiriton to 

extract additional CO2 from the environment. Additional advantages of Xiriton is its relatively high 

insulation capacity with respect to temperature and sound as well as a relatively high absorption of 

vibration and shock. Figure 7 shows Xiriton products.  
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                   1)                           2) 

Figure 7. A) Miscanthus-based concrete block; B) Mountain goat installation from Xiriton (Snauwaert et al. 

2012). 

In Erwin Beukenholdt (2015), it was mentioned that Xiriton is a Miscanthus-based concrete with a 

very dense structure, but because this product has not yet been officially used in practice, there is 

only little scientific information to be found, thus making it very difficult to be able to draw any firm 

conclusions about its durability. The report indicated that Xiriton is quite durable and should survive 

up to 50 years; however, this is merely an assumption, which cannot be confirmed yet, because the 

assumption was based on making a comparison with different types of rough concrete. Lab tests were 

performed on the concrete but the data is confidential so they are processed in a limited manner in the 

report. Lastly it was also mentioned that moisture can easily pass through the Miscanthus because of 

its porous structure, enabling it not to break when it freezes. 

 

Figure 8. Miscanthus concrete with sound insulating properties (Erwin Beukenholdt 2015). 

In Le Ngoc Huyen et al. (2011), Miscanthus biomass was submitted to chemical pretreatments (2% 

H2SO4 at 121 0C or with 33% aqueous ammonia at ambient temperature) followed by 

Saccharification using an enzymatic cocktail (cellulase, β-glucosidase and xylanase at 50 0C). The 

treatments were performed on the stem fragments and then the enzymatic residues were incorporated 

into the cement matrix. The results of this research showed that the delay in the beginning of setting 
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time is too long, which prevents the direct use of by-product into the cementitious matrix. To counter 

this phenomenon, a setting accelerator and pretreatments such as acid or ammonia were applied to 

the cementitious matrix. As a result, only a slight reduction in the setting time delay and a slight loss 

of mechanical strength was observed. The loss in mechanical strength was due to the decrease in 

composite bulk density and the development of macro pores. A defective adhesion between matrix 

and aggregate was ruled out as a cause, because pre-soaking of the fibres was done, which served 

the purpose of avoiding water competition between aggregates and matrix, ensuring a no gap zone 

between cement and fibres within the matrix. From this research, it can be concluded that even 

though the pretreatments and saccharification made it possible to decrease the quantity of soluble 

compounds, the setting time was delayed and a decrease in mechanical properties was observed. 

Lastly, 28-day compressive as well as flexural strength tests were performed on the cementitious 

composites containing treated as well as untreated Miscanthus fibres. The results are shown below in 

Table 4. 

Table 4. Compressive and flexural strengths at 28 days of cementitious composites containing Miscanthus fibres 

with and without treatments (Le Ngoc Huyen et al. 2011). 

Miscanthus fibre treatment Compressive 

strength at 28 

days (MPa) 

Flexural 

strength at 28 

days (MPa) 

No treatment (5 wt.% based on cement mass) 25 ~3 

Pre-treated with acid <10 ~3 

Pre-treated with aqueous ammonia <10 ~3 

 

Most relevant information from this research is that the pre-treated fibre-based concrete revealed a 

large decrease in compressive strength of the hardened concrete but no change was observed for the 

flexural strength development. For the mix series, no large aggregates were used, only the 

Miscanthus and a cement and water slurry with a w/c ratio of 0.3, were gradually added to the 

saturated Miscanthus during the mixing procedure. A certain mixing procedure was utilized in order 

to obtain a homogeneous mixture of the fibres and cement.  The fresh paste was cast and demolded 

after 72 h and the test specimens remained in a storage room for another 28 days afterwards. At the 

end of this curing period, the composites were dried in an aerated oven at 50 0C until achieving 

constant mass prior to the characterization step. Lastly, in Le Ngoc Huyen et al. (2011), the lignin 

content (14.4 %), cellulose content (57.6%) and the water absorption (300%) of the raw Miscanthus 

was also determined and in is shown in Figure 9. From this figure it can be seen that the 

pretreatments, made the Miscanthus a lot more porous (macro pores), as mentioned earlier, 



42 

Design of innovative Bio-concrete using Miscanthus fibres 

 
 

 

drastically increasing its water absorption capacity, which would result in an even greater 

competition for water in the matrix.  

 

Figure 9. Water absorption of raw Miscanthus and by-products (RM: raw material; AER: enzymatic residues 

pretreated with acid; NER: enzymatic residues pretreated with ammonia aqueous (Le Ngoc Huyen et al. 2011). 

In Acikel (2011), M. x giganteus fibres, supplied from a city in Turkey, was used for the production 

of stronger and lighter structural elements. Concrete cubical specimens with dimensions of 15 × 15 × 

15 cm3 were produced with a w/c ratio of 0.5, having 400, 350 and 300 kg/m3 cement dosages, and 

with various fiber ratios (2% & 4%) and styles (ground, cut and as reinforcement). The produced 

specimens were cured in water and tested for compression on the 7th and 28th day. The 

specifications of the M. x giganteus fibres are shown in Table 5. 

Table 5. Specification of the M. x giganteus fibres (Acikel 2011). 

 
Length 

(mm) 

Diameter 

(mm) 

Density 

(kg/m3) 

Water 

absorption (%) 

Strain 

Failure (%) 

Strain failure 

(MPa) 

M. x 

giganteus 
60-80 4-8 70 110 4.3% 95-118 

 

The results from this research showed that the ground Miscanthus increased the compressive strength 

of concrete in compression by 4 to 28%, compared to the control specimen (0% fibre). For the cut 

fibres used in the matrix, a decrease in strength was observed. The decrease in strength is due to the 

fact that the cut Miscanthus fibres in the mixture absorbed up to 70% water, swelled up and the 

smooth surface of the fibres caused an insufficient bonding between the concrete and fibres. The 
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decrease in strength became more prominent when the amount of cut fibres in the mixtures was 

increased. Most noticeably, the inhibitory effect or chemical properties of the fibres were not taken 

into account in this research.  

Summary 

 

As can be seen, various research has been done in the past on different genotypes of Miscanthus, 

including M. x giganteus. The characterization of the physical as well as chemical properties of the 

Miscanthus fibres are available, but differ in various reports, due to the fact that it is not always 

mentioned which type of Miscanthus was used and that it can vary due to the environment and 

conditions (rainfall amount) in which the plant is grown. After consulting various researches on 

Miscanthus fibres in cementitious matrices, it can be concluded that Miscanthus fibres have been 

used in creating various construction materials (form lightweight material to concrete blocks); 

however, data concerning the actual analysis of Miscanthus fibres in a cementitious matrix and its 

performance and durability is still scarce. The following factors have not been or have only partially 

been discussed in literature: 

1) The behavior of different amounts and variations of Miscanthus fibres in cementitious 

matrices (with varying fraction sizes). 

2) Influence of Miscanthus fibres on the workability of a concrete matrix (also for varying 

amounts of Miscanthus fibres and different fraction sizes). 

3) Pre-treatment on Miscanthus fibres with the intention of optimizing the workability of the 

concrete matrix (bonding or reduction of water absorbing capability). 

4) Different densities of the produced Miscanthus-based composites in literature. 

5) Alternate curing methods for Miscanthus-based concrete to optimize the strength 

development. 

6) Detailed discussion of the strength development (mechanical strength) of the Miscanthus-

based concrete and its strength development after 1, 7, 21 or 28 days. 

7) Most researches do not explicitly show if the natural fibre they worked with are Miscanthus 

or elephant grass or Miscanthus x giganteus. Each of these three are different and have 

different properties. 

Moreover, limited work exists regarding the utilization of Miscanthus fibres as a filler material to 

create a bio-concrete with relatively high mechanical properties. Thus, it would remain an interesting 
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topic worth investigating. The main data from the consulted research, which may prove to be 

beneficial for this study, are as follows: 

1. The 7 days and 28 days compressive strength results of the Miscanthus-based concrete 

mentioned in previous research discussed in this chapter. 

2. The chemical properties of the Miscanthus fibres (lignin, cellulose etc.) mentioned in 

previous research discussed in this chapter. 

3. Various suitable pre-treatments on the Miscanthus fibres to improve the properties (bonding, 

reduction of delay setting time etc.) of the Miscanthus-based concrete. 

4. Various suitable durability-testing methods on the Miscanthus-based concrete itself. 
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3. Material characterization and 

experimental methodologies 
 

3.1 Introduction 

 

This chapter explains the methods, which were used to gather the necessary information and data 

needed for my thesis to answer the research question.  As mentioned in Yu et al. (2015), research has 

shown that the properties of concrete are closely related to the compositions and characteristics of the 

used ingredients (materials). Hence, to appropriately design and produce a concrete with suitable 

properties, a comprehensive understanding of the properties of the materials is essential. In this 

project, a variety of materials is utilized. They can be split into three categories, namely powders, 

aggregates (fibres included) and liquids.  

Powders, considered as granular materials with particle size smaller than 125 μm, can also be split 

into two categories namely reactive powders and non-reactive powders. Both kinds of powders can 

have an influence on the properties of concrete. Due to their chemical composition, the reactive 

powders have reactivity, which means in the presence of water they react, and contribute to the 

strength development. A summary of the reaction mechanisms of different powders can be found in 

Yu et al. (2015). The non-reactive powders, as designated by their name, do not react with water, so 

can be used as filling material, to fill the voids between coarser particles  of the concrete mixture. By 

filling the voids between coarser particles, using fine non-reactive powders with appropriate particle 

sizes, the void fraction in concrete can be significantly minimized. This could lead to an 

improvement of workability, durability and mechanical properties of concrete (Yu et al. 2014).  

For the design of the Miscanthus-based bio concrete and  Miscanthus-based bio mortar (heir in 

further referred to as MBBC and MBBM, respectively), not only an optimized granular build-up of 

the solids, but also an appropriate water content is necessary to ensure a dense grain packing in the 

matrix, as reported in Hunger & Brouwers (2009) . When looking at packing of the matrix a number 

of factors play a crucial role. The effective w/b ratio, along with the reactivity, properties of the 

fibres, particle shape and particle size distribution of the powders are the most important ones when it 

comes to the bonding quality of the aggregate and matrix. When it comes to the workability of the 

paste, the consistency of the mortar needs to be determined. Consistency refers to the ease with 
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which concrete flows and is thereby a measure for the stiffness of the concrete (workability).  The 

consistency is measured and tested by various standardized test methods. The most common test 

procedure in Europe is the flow-table test in accordance with EN 206-1:2000. The different spread 

classes are shown in Table 6. 

 

Table 6. Spread classes according to EN 206-1:2000. 

Spread classes Spread (diameter in mm)  Description of consistency 

F1 ≤ 340 Stiff 

F2 350 - 410 Plastic 

F3 420 - 480 Soft 

F4 490 - 550 Very soft 

F5 560 - 620 Free-flowing 

F6 ≥ 630 Very free-flowing 

 

For this study a reference concrete is designed, which falls in the F6 spread class, indicating that it 

has a paste consistency similar to that of Self Compacting Concrete (SCC). Just like SCC, the 

Miscanthus-based concrete consists of a various raw materials. The main ingredient to ensure a 

sufficient workability is the admixtures, in this case Superplasticizer (SP).  To design a mortar with 

sufficient consistency, both inert (filler aggregates) and reactive additions (fly ash or GBFS) are 

commonly used to improve and maintain the workability, dependent upon the amount of used cement 

and a minimum amount of fines (arising from the binders and the sand) must be achieved to avoid 

segregation.  

As can be seen, various materials are needed and for this research. The compositions of the mixture 

used in this research is derived from a well-known recipe of the project partner that is involved in this 

research. To understand the efficiency of the utilized materials and their effect on the properties of 

the MBBC, their properties such as particle size distribution, chemical composition and 

microstructure are firstly evaluated in this study. Additionally, the test procedures employed to assess 

the properties (workability, mechanical properties) of the developed Miscanthus-based concrete are 

also discussed in this chapter. Moreover, Miscanthus fibres are utilized to partially replace the normal 

aggregates in this study. A detailed analysis of the properties of the Miscanthus fibres is shown in 

this part of the report. Compared to the reference concrete (Re), which contains 0% fibres, the MBBC 

is expected to obtain reduced mechanical properties, which should be mainly attributed to the fact 

that the aggregates, which ensure the high mechanical properties, are replace with the Miscanthus 

fibres.  
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3.2 Utilized materials 

 

For this project, different powders and aggregates were utilized. The main ingredient is cement. The 

cement used, is Portland Cement CEM I 52.5 R, provided by ENCI (the Netherlands). This type of 

cement is commonly used in civil engineering projects, industrial and commercial buildings, and in 

residential construction requiring the use of reinforced concrete. A polycarboxylic ether based 

superplasticizer (SP) is used to adjust the workability of the concrete. A commercial limestone 

powder (LP) and Granulated Blast Furnace slag (GBFS), supplemented by Concrete Valley, were 

used as additional filler material. Furthermore, two types of sand: normal sand (0–2 mm), coarser 

sand (0–4 mm) and two type of aggregates: Limestone (4-20 mm) and fine granite (2-8 mm) were 

used as additional filler materials. Lastly, the M. x giganteus fibres were also included in varying 

amounts in the concrete. Every performed test consisted of different combination of these materials 

in order to get the necessarily required results. Every test procedure and their respective results shall 

be explained, evaluated and discussed in the following chapters. 

.  

3.2.1 Methodology for powder characterization 

 

In this research, three kinds of powders are utilized.  The powder materials can be divided into two 

categories: 1) reactive materials (cement (CEM I 52.5R) and Granulated blast furnace Slag (GBFS) 

and 2) non-reactive materials (limestone powder (LP). Because the physical and chemical properties 

of powder materials have very close relationship with the developed bio concrete, the utilized powder 

materials were systematically analyzed, including their particle size, specific density, chemical 

composition and microstructure. All performed tests for this research were carried out in the 

laboratory Building Physics and Services in the Vertigo Building, under ambient room temperature 

conditions. The tests are separately treated and explained in the following chapters. 

 

Particle size distribution 

 

Measuring and controlling the particle size distribution of all the solid materials is important, in order 

to control the mix series of concrete, since the fresh state behavior and hardened properties of 

concrete mixtures are influenced to a large extent by the particle packing of the utilized granular 
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materials. For this research, the Malvern Mastersizer 2000® is used to determine the PSDs of all the 

powder materials, considering the relatively small particle size of the used powders (< 125 μm). The 

apparatus is shown in Figure 10. This method uses the feature that the diffraction angle of laser beam 

on the particle surfaces is inversely proportional to the particle size. Further explanation of its 

working mechanism can be found in Hunger & Brouwers (2009) and Yu et al. (2015). Because most 

used powder in this research are reactive materials, propan-2-ol is utilized as the dispersion liquid for 

all powders, in order to maintain consistency of transport medium. The PSD’s of the utilized powders 

is shown in Figure 14. 

                

Figure 10. Mastersizer 2000® analyzer 

 

Specific density 

 

To determine the specific density of each powder, their true volume should first be determined. The 

true volume was determined by employing a gas pycnometer, according to EN 1097-7. The gas 

pycnometer is shown in Figure 11. 

 

 

 

 

 

 

 

 
Figure 11. Utilized gas pycnometer 
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This method uses helium gas as a medium fill the voids between the particles, as well as the pores in 

the powder particle (inter and intra particle pores). The specific density can then be determined using 

the following equation: 

                                                         𝜌𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =   
𝑚

𝑉𝑡𝑟𝑢𝑒

    (1)  

Here ρspecific is the specific density (g/cm3), m is the mass of the material (g) and Vtrue is the true 

volume of the material (cm3). The calculation were performed and the results are shown in Table 8. 

 

Chemical composition 

 

As mentioned before, there is a strong connection between the chemical composition of a powder and 

its physical and chemical properties. The chemical composition of the utilized powders can 

significantly influence the properties of the Miscanthus-based concrete. The Chemical composition 

of the powders can be determined via X-ray Fluorescence (XRF) (PANalytical - Epsilon 3). The 

results of this test are presented in Table 9. 

Microstructure 

 

Various research has shown that the particle shape and surface roughness (texture) of powders can 

affect the water absorption capacity, flow ability and bonding behavior of the concrete mix to a 

significant extent (Hunger & Brouwers 2009; Woodward & Duffy 2011). The microstructure of fine 

materials can be investigated by means of a scanning electron microscope (SEM). This method uses a 

type of electron microscope that produces images of a sample by scanning it with a focused beam of 

electrons. The electrons interact with atoms in the sample, producing various signals that contain 

information about the sample's surface topography and composition. This test was performed in Yu 

et al. (2015), by employing the Quanta 650 FEG, FE. The microstructure of the investigated powders 

are shown in Figure 15. 

 

3.2.2 Methodology for aggregates characterization  

 

In this research, two types of normal fine aggregates (sand) and two types of large coarse aggregates 

(limestone and fine granite) are used.  The two types of normal fine aggregates are normal sand (0-2 

mm) and slightly coarser sand (0-4 mm). Sand is a basic material in the design of concrete. It 
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functions as an inert material, which increases the volume and bulk density of the mortar. Moreover, 

it subdivides the paste of the binding material into a compact layer and thus more surface area is 

assured for its spreading and adhering (Yu et al. 2015). Lastly, well-graded sand may benefit the 

packing and can increase the density and thus improve the strength of the mortar. Hence, two types of 

sand with varying particles sizes were utilized in this study, which could sufficiently aid in filling the 

voids between the powders and aggregates, thus improving the properties of the MBBC. The two 

types of large coarse aggregates are Limestone aggregates (4-20 mm) and fine granite (2-8 mm), as 

shown in Figure 16. Aggregates are used in concrete for very specific purposes. The use of coarse 

and fine aggregates in concrete, as was done in this research, not only provides significant economic 

benefits for the final cost of concrete, but more importantly contributes significantly to the final 

properties of the Miscanthus-based concrete. According to Subramani & Anbuvel (2016) aggregates 

typically make up about 60-75 % of the volume of a concrete mixture, and their economic impact is 

measurable, due to the fact that they are one of the least expensive of the materials used in the design 

of concrete. In addition, the use of fine granites, as was done in this study, ensures a better packing of 

the concrete mixture, by filling up the voids between the paste and large coarse aggregates, which 

leads to a better volume stability of the hardened MBBC. 

 

Particle size distribution 

 

The PSD of the 2 types of sand and coarse aggregates was determined using the sieve analysis 

method conforming EN-933-1, as was done in Yu et al. (2015). In this method, aggregates pass 

through a series of sieves that are arranged in the order of increasing sieve openings from bottom to 

top according to own specified sieve opening sizes. Rubber O-rings were placed at the joint between 

each pair of sieves and mass measurements of each sieve were before and after each run to determine 

the mass percentage that settled in each sieve.  The mass of the aggregates on each sieve is separately 

weighed and used to calculate the proportion of the total mass. However, for the large coarse 

aggregates used in this study, due to the fact that they contain large particles, its PSD is determined 

by using sieves with larger sieve openings. The apparatus for the mechanical vibration grading is 

shown in Figure 12 and the obtained PSDs results of all the sands and aggregates are presented in 

Figure 17.  
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A) B) 

Figure 12. A) Small mechanical vibration grading setup, B) large mechanical vibration grading setup 

 

Specific density 

 

As was done for the powders, the specific density of the utilized aggregates was determined by 

means of the helium pycnometer (AccuPyc 1340 II Pycnometer). The specific density of the utilized 

aggregates are shown in Table 10. 

 

3.2.3 Methodology for M. x giganteus fibres characterization 

 

As mentioned before, a large amount of natural fibres have already been used in cementitious 

matrices. Even though in most cases natural fibres, especially short fibres, do not improve the 

mechanical properties of concrete by much, they are still a very sustainable and cheap method of 

using renewable materials in concrete.   

In this research, M. x giganteus fibers are utilized in a cementitious matrix. These fibers were 

supplied in various shapes and sizes. The batch is obtained from a winter harvest and was left to dry 

outside for approximately four months. Due to the fact that the physical and chemical properties of 

natural fibers could have unpredictable effects on the concrete mixture, as explained in chapter 2, the 

utilized fibers are systematically analyzed, including their particle size, specific density, bulk density, 

porosity, moisture content, water absorption capability and chemical composition.  
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Particle size distribution 

 

The PSD is important especially when chopped fibres are used in concrete, as was done in this 

research. The aim of the PSD is to determine which fraction sizes are most common or dominant in 

the unsieved batches. Furthermore, the size and amount are important for the mix series of concrete, 

since it has significant influences on the fresh state behavior and hardened properties of concrete 

mixtures, as reported in literature (Wong 2004; Sivaraja et al. 2009). Various methods exist for 

determining the PSD of raw materials, as was mentioned before in this report. Similarly, for 

determining the PSD of the aggregates, the sieve analysis method was also used to determine the 

Particle size distribution of the M. x giganteus fibres. The sieves, which were chosen, are the 8 mm, 6 

mm, 4 mm, 2 mm, 1 mm and 0.5 mm sieves. The test was performed three times to obtain the 

standard deviation and an average result. The results of the sieve analysis are shown in the Figures 18 

& 19 and Table 11, along with the standard deviations, average amount for each fraction size and 

their cumulative percentage. 

 

Specific density, bulk density, and moisture content 

 

Similarly to the method employed to evaluate the specific density of the powders and aggregates, the 

helium pycnometer (AccuPyc 1340 II Pycnometer) is utilized to measure the particle density of the 

Miscanthus fibres, as shown in Table 12.  

 

 

Figure 13. Four test samples with different fraction sizes : < 2mm, 2-4 mm, > 4mm and unsieved Miscanthus 

fibres. 
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The particle density, bulk density and moisture content of the fibres were also determined and are 

shown in Figure 20 and Tables 12 & 13. The particle density of the four fibre fractions was 

determined according to BS EN 1097-6, by employing the pycnometer and the dry bulk density of 

the four fibre fractions was determined using the equation: 

𝜌𝑏 =
𝑀𝑠

𝑉𝑡
    (2) 

Where Ms is the mass of the fibres (kg) and Vt is the volume of the container (m3).  The fibres are 

poured in a container of known volume and filled until the edge. The bulk density is the mass of the 

material related to a specific volume and reflects the volume taken up by the cement plus any air 

trapped between the particles (pores and voids). The bulk density is expressed as kg per cubic meter 

(kg/m3). Determining the density is relevant when the porosity, the thermal and acoustic insulating 

capability of the fibres are to be analyzed. Additionally, a low density is favorable to the reduction of 

mass in certain applications. To determine the moisture content of the four fibre fractions, a similar 

procedure, as shown in ASTM D 2654, was employed. For this procedure, ambient air for oven 

drying is used on a 10 g sample, at 105 ± 2 oC. This is done until change in sample mass is smaller 

than 0.1 % at 2-hour intervals. For this test, the utilized oven had an automatic temperature control 

unit with an operating range of 50-300 °C and was set at 105 °C. Consequently, an electronic 

weighing machine (0.0001 g accuracy) was used to weigh the fibres.   

 

Chemical composition 

 

As previously reported, there is a strong connection between the chemical composition of a fiber and 

its physical and chemical properties, which in turn are also highly influenced by the environment, in 

which it was grown. Moreover, the chemical composition of fibers can significantly influence the 

properties of concrete. Hence, in this study, the chemical compositions of the Miscanthus fibres are 

analyzed and the results are shown in Table 14. The aim of this analysis is to determine the content of 

lignin, cellulose, hemicellulose and glucose of M. x giganteus fibres. The determination of the lignin 

content was carried out according to Tappi T222 and Tappi UM250. 

 

Microstructure 

 

As mentioned before, the physical properties of natural fibres are important factors in determining the 

compatibility of the fibres with cement. In this case, compatibility is referred to as the degree of 
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bonding of the fibres with cement and the water absorbing capability of the fibres. As explained in 

Chapter 2, natural fibres could either have a special affinity to water or not. Fibres, which are very 

porous in internal structure, have an affinity to absorb water relatively fast and in large amounts. 

These fibres are known as fibres with a hydrophilic nature. On the other hand, fibres, which have a 

somewhat dense internal structure, absorb water to a smaller extent and are regarded as less 

hydrophilic. Regarding the bonding of the fibres, the surface of the fibres play a large role. If the 

surface of the fibres is sufficiently rough, a good bonding of the fibres with cement can be obtained. 

In the current research, chopped fibres are used, which contain a large amount of broken fibres with 

rough surfaces. Hence, the surface of the M. x giganteus fibres is not a major concern , regarding the 

bonding of the fibres with cement. Fibres with a relatively smooth surface show poor bonding with 

cement; however, this can be corrected by modifying the surface of the fibres. This is explained in 

more detail in Chapters 2 and 4 of this report. 

 

Water absorption capacity 

 

The water absorption capacity of the utilized fibers was measured on a sample of 50 g. The water 

absorption coefficient was determined by submerging the samples in the water at several times (2, 5, 

10, 30, 60, 80, 110, 180, 380, 720 and 2880 min). After wetting, the fibers were surface dried using 

an absorbent paper. The samples are weighed before and after wetting every time. The absorption 

coefficient in percentage was calculated using the following relationship: 

𝑊𝐴 (%) =  
  𝑀1− 𝑚2 

𝑀2
 × 100%    (3) 

Where M1 is the weight of the wet fibres and M2 is the weight of the dry fibres (initial weight). 

The water absorption capacity is an important parameter in a fibre-based concrete mix series. Hence, 

the amount of water absorbed by the Miscanthus fibres needs to be determined, to deduce the amount 

of water that reacts with the binder (cement) or the additional water needed to pre-soak the dry fibres. 

The rate of absorption is unique to each fibre, and is dependent on the characteristics of pore size, 

continuity, and distribution, particularly for those with a high surface area. To determine the water 

absorption capacity, the water absorption capability of each fraction size was studied as a function of 

time. However, in order to simulate the real conditions of the fibers in a cementitious matrix, it is 

recommended to determine the water absorption capacity of each fraction size as a function of time 

and as a function of temperatures (e.g. 10, 20 and 40 °C) as was done in Bouasker et al. (2014). 
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3.2.4 Superplasticizer 

 

In the development of the Miscanthus-based concrete, except the powders, aggregates and fibres, 

superplasticizer (SP) is also very important in order to ensure sufficient workability of the paste. 

Superplasticizers are commonly known as high-range water-reducing admixtures. They are 

dispersants, having a polar hydrophilic group attached to a non-polar hydrophobic organic chain, 

which prevents the flocculation of fine particles of cement. The polar groups in the chain of the SP 

molecules are adsorbed on the surface of the cement particles, and the hydrophobic end with the 

polar hydrophilic groups at the tip point outwards from the cement grain. The hydrophilic tip is able 

to reduce the surface tension of water, and the adsorbed polymer keeps the cement particles apart due 

to electrostatic repulsions. Thus, the fluid property of the concrete increases and the concrete is 

workable even at lower water–cement ratios. SP’s have been used since the 60’s in various 

applications. Nowadays, SP’s are used for obtaining high strength, high workability, and high 

durability of concrete mixtures. According to Agullo & Toralles-Carbonari (1999), the workability of 

super plasticized concrete mixtures can generally be improved by the use of pozzolanic or 

cementitious admixtures, such as silica fume, fly ash, rice husk ash, and ground granulated blast 

furnace slag. The workability of the concrete paste is of great importance, because the ease in 

pumping and easy-to-form concrete mixtures can reduce construction cost significantly in large 

projects, high-rise buildings and offshore structures, etc. 

As mentioned before, admixtures are essential to ensure a sufficient workability for the development 

of the concrete. In this research, the used SP is an admixture based on modified polycarboxylic ether 

(PCE) polymers, primarily developed for the use in the concrete industry where the highest durability 

and performance are required. The characteristics of the used SP are shown in the Table 7. 

 

         Table 7. Characteristics of utilized superplasticizer Yu (2014). 

Appearance Light brown liquid 

Specific gravity (20 ˚C) 1.095 ± 0.02 g/cm3 

pH-value 7.0 ± 1 

Alkali content (%) ≤ 5.0 

Chloride content (%) ≤ 0.10 

 

3.3 Properties of utilized materials  

 



56 

Design of a Miscanthus-based bio concrete 

 

3.3.1 Properties of powders. 

 

 

Figure 14. Cumulative particle size distributions of the used powders (LP: limestone powder, GBFS: granulated 

blast furnace lag, cement: Portland cement (CEM I 52.5 R). 

 

The PSDs of all the powders utilized in this research are shown in Figure 14. It can be noticed that 

the PSDs of LP and CEM I 52.5 R only slightly differ, compared to the PSD of GBFS, which 

contains larger particles.  

 

Table 8. Specific densities of powders measured by AccuPyc 1340 II Pycnometer. 

Materials  Specific density (g/cm3)   

 Sample 1 Sample 2 Sample 3 Average SD 

CEM I 52.5 R 3.154 3.151 3.158 3.154 0.002 

LP  2.728 2.724 2.722 2.725 0.002 

GBFO 2.884 2.880 2.888 2.884 0.003 

 

From Table 8, it can be seen that CEM I 52.5 R has the highest specific density (3.15 g/cm3), while 

the specific density of limestone powder and ground granulated blast slag are fairly similar to each 

other with small deviations.  
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Table 9. Chemical composition of cement (CEM I 52.5 R), limestone powder (LP) and granulated blast furnace 

Slag (GBFS). 

Substance 

CEM I 52.5 R GBFO LP 

[Mass %] [Mass %] [Mass %] 

CaO 64.6 43.62 89.56 

SiO2 20.08 31.69 4.36 

Al2O3 4.98 10.96 1 

Fe2O3 3.24 0.64 1.6 

K2O 0.53 0.47 0.34 

Na2O 0.27 - 0.21 

SO3 3.13 2.89 - 

MgO 1.98 8.07 1.01 

TiO2 0.3 1.11 0.06 

Mn3O4 0.1 - 1.61 

P2O5 0.74 0.12 0.25 

Cl- 0.05 - - 

MnO - 0.30 - 

Fe2O3 - 0.64 - 

 

  

(A) (B) 

Figure 15. Scanning electron microscopy (SEM) pictures of used CEM I 52.5 R (A), Limestone powder (B)  

 

It is noticeable that the microstructure of LP predominantly consists of irregular shaped particles, 

which could prove beneficial for filling in the interfacial transition zone between the matrix and 

aggregate, and make it become much denser, which is the reason why the porosity of concretes 
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containing limestone powder is lower than that of traditional concrete 

 

3.3.2 Properties of aggregates 

 

Particle size distribution and specific density 

 

                 A)                                    B) 

Figure 16. Utilized large aggregates in this research: A) Limestone aggregates; B) Fine granite. 

 

.  

Figure 17. Particle size distributions of the utilized aggregates: 2 types of sand and 2 types of coarse 

aggregates. 
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Table 10. Specific densities of utilized aggregates measured by AccuPyc 1340 II Pycnometer. Data for sand 0-2 

mm (Yu et al. 2015). 

Aggregates Specific density (g/cm3)  

 
Sample 1 Sample 2 Sample 3 Average SD 

Sand (0-2mm) 2.648 2.644 2.639 2.644 0.004 

Sand (0-4mm) 2.654 2.657 2.655 2.655 0.004 

Fine granite (2-8mm) 2.689 2.684 2.684 2.685 0.004 

Limestone (4-20mm) 2.724 2.728 2.725 2.725 0.004 

 

The chemical composition of the utilized aggregates was not evaluated, due to the fact that they do 

not contain any chemical components which could influence or be influenced by the chemical 

components of the utilized powders and natural fibres. However, the specific density combined with 

the PSD of the utilized are important factors in determining de degree of influence on the particle 

packing of the solid skeleton, in case the natural fibres are to partially replace some of the aggregates 

in the design of the Miscanthus-based concrete.  

 

3.3.3 Properties of M. x giganteus fibres 

 

Particle size distribution 

 

Table 11. Results of the sieving analysis 

Fraction sizes Average (g) 
Standard 

Deviation (g) 

Percentage 

(%) 

Cumulative 

percentage (%) 

Unsieved 91.83 0.05 - - 

< 2 mm 1.53 0.45 23.15 23 

2 – 4 mm 4.90 0.75 55.10 78 

4 - 5.6 mm 9.93 2.00 14.84 93 

5.6 – 8 mm 54.07 1.45 5.48 99 

> 8 mm 24.20 3.05 1.40 100 
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From these results, it can be seen that the fractions size 2-4 mm yielded the highest percentage and 

the fraction above 8 mm the lowest and with increasing fibre size, the deviation also increases. As 

mentioned before, this distribution is based on the diameter of the Miscanthus fibres, rather than 

the length. The 2-4 mm fraction size contains the most part of the Miscanthus fibres, reaching 

55.10 % while 0-2 mm and above 4 mm consist 23.15 % and 21.72 % respectively. Based on these 

results the, M. x giganteus fibres were split in four groups namely: below 2 mm, 2-4 mm, above 4 

mm and unsieved.  

A) B) C) 

Figure 18. Miscanthus fibres after sieve analyses: A) fraction size <2 mm, B) fraction size 2-4 mm, C) fraction 

size > 4 mm 

 

Figure 19. PSD of the M. x giganteus fibres. 

 

From Figure 19, it can be seen that most of the chopped fibres fall between a 1000 and 8000 μm. The 

M. x giganteus fibres fall under the category of needle-Shaped, fiber-Shaped, Tubular Particles. 

Another more accurate method in determining the fibre length distribution of these fibres is by means 

of an image analysis system conform ISO 13322-2:2006, using optical micrographs (Eric Olson 

2011; Arvaniti et al. 2014).   
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Bulk density, particle density and Moisture content 

 

 

Figure 20. Bulk density and moisture content for each of the four fraction sizes 

 

Table 12. Properties of Miscanthus fibres for each fraction size 

Fraction size Bulk density (kg/m3) Particle density (kg/m³) 

< 2mm 111.1 ± 1.2 222.2 ± 3.9 

2-4mm 160.0 ± 2.0 250.0 ± 1.0 

> 4mm 125.0 ± 0.3 235.3 ± 1.2 

Unsieved 133.3 ± 3.8 230.08 ± 4.5 

 

 

      Table 13. Data for determining the moisture content percentage. 

Fraction size 
Mass of sample 

before drying (g) 

Mass of sample 

after drying (g) 

Mass of moisture 

content (g) 

Percentage 

(%) 

<2 mm 29.19 27.65 1.54 5.28 

2-4 mm 124.91 122.574 2.34 1.87 

>4 mm 125.26 123.93 1.33 1.06 

Unsieved 304.45 300.57 3.88 1.27 
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The density and moisture content of different fiber fractions were determined in this project, 

consequently their results should also differ from each other, due to the fact that they each have 

different sizes. From the results, it can be seen that the moisture content of fraction size 0-2 mm is by 

far the highest and the fraction size > 4 mm the lowest. This indicates that the fraction size 0-2 mm 

contains more moisture than the other two fraction sizes, due to its high surface area. The moisture 

content of the fibres is a very important parameter for its influence on the dosage applied in a 

cementitious matrix. The amount of water added to form the cement paste could greatly be 

influenced by the moisture content of fibres. Fibres with a low moisture content would presumably 

absorb most of the water needed to form a homogenous cement paste, which could result a decrease 

in workability of the cement paste. When looking at the bulk density, the fraction size 2-4 mm has 

the highest bulk density among the fraction sizes, and the fraction size < 2 mm the smallest. The bulk 

density of a material is defined as the ratio of the mass of a given quantity of material and the total 

volume occupied by it. Bulk density plays a large role and is linked to the particle shape, density, 

size, and moisture content of the material. As mentioned before, the density of fibers is measured by 

a picnometric procedure. According Murali Mohan Rao & Mohana Rao (2007), the densities of 

various natural fibers are likely to vary depending on certain factors, such as the process of fiber 

extraction, age of the plant, moisture present in the fiber, soil condition in which the plant has grown, 

etc. Thus, each of these factors should be kept in mind when determining the density of fibres. 

 

Chemical composition 

 

Table 14. Chemical composition of utilized Miscanthus fibres 

Miscanthus Analysis  amounts 

Acid insoluble lignin and Acid soluble 

lignin (%) 
17.93 

Extractives (%) 5.1 

Cellulose (%) 40.21 

Hemicellulose (%) 43.24 

Ash content freeze-dried sample (%) 2.97 

Components from the leachate  

Glucuronic acid (mg/ml) 0.01 

Galacturonic acid (mg/ml) 0.02 

Arabinose (mg/ml) 0.06 

Galactose (mg/ml) 0.09 
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Glucose (mg/ml) 0.19 

Xylose (mg/ml) 0.16 

Mannose (mg/ml) 0.05 

 

As shown in Table 14, M. x giganteus fibres have a cellulose content of 40.21%, which is relatively 

lower than that of other well-known natural fibres (see Table 15). As Mentioned before, cellulose is 

one of the important components of natural fibres, with respect to their ability to strengthen concrete. 

This slightly lower cellulose content of the M. x giganteus fibres indicate that the utilized M. x 

giganteus fibres do have potential in mechanical applications but not as much as other fibres. 

Consequently, the fibres have a 17.93% lignin and 43.24% hemicellulose content. The percentage of 

lignin is higher than that of other common fibres, as can be seen in Table 15. As mentioned before, 

lignin content has been reported to influence not only the fibre structure, properties and morphology 

of the fibre, but the compatibility with cement as well (Mohanty et al. 2000; Le Ngoc Huyen et al. 

2011; Kaack et al. 2003). The percentage of hemicellulose is much higher than that of other common 

fibres, as can be seen in Table 15. It should be noted that the environment and age of the plant 

determine the chemical composition, hence that should always be taken into account. The 

components shown in mg/ml, in Table 14, are the chemical composition of leachate of the M. x 

giganteus fibres. The leachate was obtained by mixing the fibres with water, with a water to fibre 

ratio of 5:1, and boiling the mixture at 80 oC for two hours.  

 

Table 15. Chemical composition of different cellulose-based natural fibers 

Fibre type Cellulose (%) Hemicellulose (%) Lignin (%) 

Jute (Béakou et al. 2008) 64.4 12.0 11.8 

Flax (Béakou et al. 2008) 64.1 16.7 2.0 

Sisal (Béakou et al. 2008) 65.8 12.0 9.9 

Coir (Fiore et al. 2014) 43 0.3 45 

Bamboo (Fiore et al. 2014) 26-43 30 21-31 

M. x giganteus (current research) 40.2 43.2 17.9 

M. x giganteus (Pude et al. 2005) 68.9 - - 

M. x giganteus november harvest 

(Hodgson et al. 2011)  
50.34 24.83 12.02 

M. x giganteus februari harvest 

(Hodgson et al. 2011) 
52.13 25.76 12.58 
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Microstructure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scanning electron microscopy (SEM) was applied for the characterization of the microstructure of 

the fibre’s surface and a micrograph of the fibre’s cross section and of the fibre’s surface is presented 

in Figure 21. It can be seen that the surface of the M. x giganteus fibre is partially rough, which 

would indicate adequate bonding between fibres and cement can be achieved. When looking at the 

cross section it can be seen that it is quite porous internally. For a more detailed analysis of the 

diameter measurement and porosity fraction, the same methods as in Béakou et al. (2008) could be 

applied. In Béakou et al. (2008) optical microscopy was used to investigate the shape and diameters 

of the fibres, which were determined along different degrees of orientation in a cross-section by a 

digital micrometer with an accuracy of 0.001 mm and the porosity fraction of the cross-section was 

computed by combination of epifluorescence microscopy and an image analysis program.  

Figure 21. A) Scanning electron micrographs of utilized M. x giganteus fibre: magnification of the 

fibre’s Surface, C) scanning electron micrographs of utilized M. x giganteus fibre: magnification of 

the fibre’s cross-section. 
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In Figure 22, several images are shown of the utilized Miscanthus fibres (0-2 mm). The images are 

taken with an optical microscope. From figure 22B, it can be seen that the surface of the Miscanthus 

fibres indeed is quite smooth; however, the surface of the stem in figure 22A is relatively rough. 

From figures 22C and 22D, it can be seen that the internal structure contains soft porous tissue, which 

leads to a high water absorption. 

 

A) B) 

C) D) 

Figure 22. Miscanthus fibres (0-2 mm) under an optical microscope. 
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Figure 23. Water Absorption Capacity vs time for three different fraction sizes 

 

From Figure 23, it can be observed that the Miscanthus fibres, especially fibres with the fraction size 

below 2 mm absorb water extremely fast, almost 200 % in the first 5 minutes. This could be 

explained by their very high porosity and surface area (porous structure). Fibres with a high 

absorption coefficient may create difficulties during the implementation of fresh material, due to the 

mobilization of a large part of the mixing water to the fibers. However, the saturated fibers, could 

also act as a water tank to deliver the water to the cementitious matrix, reducing the capillary 

depression supposedly, reducing shrinkage. 

The curves in Figure 23 describe the sorption process in two phases. In the first phase, the water 

absorption coefficient of the fibres is very high and they are able to absorb a mass of water greater 

than their own weight and expand in size. The curves of water absorption are linear in the initial 

phase when the intake of water results from the capillary suction (due to the porous structure of the 

natural fibers). During this phase, the water penetrates through the micro-pores capillary surface. In 

the second phase, the limit of swelling of the fibres takes place and barely any water can be absorbed 

anymore. The water absorptions of these M. x giganteus fibres are in the same range as the values 

reported for other raw plant fibers (bagasse, coconut coir, etc.), which is between 34% and 400% 

(Pacheco-Torgal & Jalali 2011). The water uptake of jute and silk fibres were also recorder at 90% 
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and 50%, respectively (Shubhra et al. 2010). Moreover, the water absorption of the raw utilized M. x 

giganteus fibres in the current research, are the same as mentioned in literature (Le Ngoc Huyen et al. 

2011; Robinet 2009). 

 

3.4 Experimental methodologies 

 

3.4.1    Workability 

 

In this research, two standards are employed to evaluate the workability of the fresh paste namely: 

EN-1015-3 (2007) for the mortars and EN-12350-5 (2010) for the concrete. Following EN-1015-3 

(2007), the tests procedure, also known as the mini slump flow test (Yu 2012),  can be explained in a 

number of steps: 

1. After thoroughly mixing the raw materials together using a mixer (see Figure 24), the fresh 

mortar is filled in a conical mould in the form of a frustum (Hägermann cone), as shown in 

Figure 24C. 

2. Free flow of the paste due to its own weight without any jolting is ensured by lifting the 

cone straight upwards. It should be noted that the created fresh paste is not filled in two 

layers with intermediate compaction but in one into the cone (Hunger & Brouwers 2009). 

3. After the fresh mortar has spread out, the two diameters (d1 and d2 perpendicular to each 

other) of the spread flow are measured (see Figure 24B and 24C). Consequently, their 

average value is calculated and recorded as the slump flow value of the Miscanthus-based 

bio mortar.  

The average value of the two diameters can be deployed to compute the relative slump (Γ) via 

Γ𝑝 =  (
𝑑

𝑑0
)

2
− 1 𝑤𝑖𝑡ℎ 𝑑 =  

𝑑1+𝑑2

2
    (4) 

Where do represents the base diameter of the used cone (mm), 100 mm in case of the Hägermann 

cone. The relative slump Γp is a measure for the deformability of the mixture, which was originally 

introduced by Okamura & Ouchi (2003). The test procedure and utilized recipe for the mix seriess 

are explained and discussed in Chapter 5 of this report. 
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A) B) C) 

Figure 24. A) Utilized mixer for mixing the materials; B) Concrete paste from slump flow test; C) relevant 

dimensions of the cone and slump flow (d1 and d2) 

 

This method was employed to determine the workability of the MBBM in this study. After each 

slumpflow test, the fresh concrete of each mixture was cast in moulds. Each mould produces three 

concrete prisms (40 × 40 × 160 mm3), which are demolded approximately 24 h after casting, cured 

and at a later stage tested for mechanical properties.  

Additionally, considering the effect of the large amount of utilized M. x giganteus fibres and large 

aggregates, the flowability of fresh mixtures of the MBBC is tested following EN-12350-5 (2010), 

which is a flow test used for high workability concrete. The Abrams cone (as shown in Figure 25C) 

with the internal upper/lower diameter equal to 130/200 mm and height equal to 200 mm and a flow 

table is utilized. The 700 mm square flow table is hinged to a rigid base and placed on a flat surface, 

proved with a stop that allows the far end to be slightly raised. The procedure can be explained in the 

following steps: 

1. After thoroughly mixing the raw materials together using a mixer (see Figure 25A), the 

fresh concrete is filled in a cone, similar to that used for slump testing but truncated, in two 

layers (mid of cone and when cone filled) 

2. Each layer is tamped 10 times with a metal bar and the concrete of the upper layer finished 

off level with the top of the cone. Any excess is cleaned off the outside of the cone.  

3. The cone is then raised vertically allowing the concrete to flow out and spread out on the 

flow table.  

4. The tabletop is raised, until it meets the stop and is then allowed to drop freely for 15 times. 

This causes the concrete to spread further, in a roughly circular shape.  
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5. After the fresh concrete has spread out, the two diameters (d1 and d2, perpendicular to each 

other) of the spread flow are measured (see Figure 25B and 25C). Consequently, their 

average value is calculated and recorded as the slump flow value of the MBBC.  

 

 

 

A) B) C) 

Figure 25. A) Utilized mixer for mixing the materials; B) Concrete paste from slump flow test; C) relevant 

dimensions of the cone and slump flow (d1 and d2). 

 

The test procedure and utilized recipe for the mix series are explained and discussed in Chapter 5. 

After each slumpflow test, the fresh concrete was cast in moulds. Each mould produces one concrete 

cube (150 × 150 × 150 mm3), which are demolded approximately 24 h after casting, cured and at a 

later stage tested upon it mechanical properties.  

 

3.4.2    Fresh density  

 

The unit weight of fresh concrete was determined for every mixture conforming EN 12350-6 (2009) 

to determine the fresh density. After the slump flow test, the fresh concrete is filled in a standard 

container of known volume and then vibrated on a vibration table (see Figure 26). The concrete of 

the upper layer is finished off level with the top of the container and the fresh concrete in the 

container is weighed. The fresh density is determined via 

𝐷 =  
𝑀2−𝑀1

𝑉
    (5) 

Where D is the density of the fresh concrete (kg/m3); M1 is the mass of the container (kg); M2 is the 

mass of the container and concrete (kg); V is the volume of the container (m3). 
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By determining the fresh density, a linear relation can be obtained between unit weight (wet density) 

and fibre content. Supposedly, as the fibre content increases, the unit weight decreases; because the 

fibres are very porous and have a low density, they decrease the weight density of concrete, 

especially if the fibres partially replace other raw materials in the mixture. According to Marar & 

Eren (2011), the unit weight (wet density) of fresh concrete is a strength determining factor of the 

concrete. 

A) B) 

Figure 26. A) container for determining the fresh density, B) vibration table. 

 

3.4.3    Mechanical properties 

 

The mechanical strength tests need to be performed to measure the compressive strength of the 

MBBC. The standard curing method conform EN-12390-2 (2001) was not used in this research due 

to the fact that the concrete contains natural fibres. According to Stephens (1994), during water 

curing, moisture absorbed in the fibres detrimentally affected the bond between the concrete matrix 

and the fibres and thereby reduced the tensile strength of the concrete. While most researched with 

natural fibres in concrete use the water curing method, Ni et al. (1995) mentions multiple cases where 

air or humid curing proved more beneficial for concrete containing natural fibres. In this research, 

two standards are employed to evaluate the mechanical properties of the MBBC and MBBM, namely 

EN-196-1 (2005) and EN-12390-3 (2002), respectively. The prisms (see Figure 27A) are demolded 

approximately 24 h after casting and subsequently cured in a humid container at about 21 ˚C and 

99% RH. After curing for 7, 21 and 28 days, the prism specimens are tested under three-point loading 

(flexural strength). During the test, the set-up is running in a displacement control mode, which is set 

at 0.1 mm/min. The span of the two supported points under the samples is 100 mm. Afterwards, the 

compressive strength on samples is executed according to EN-196-1 (2005) (see Figure 27B). At 

least three specimens are tested for each batch, in order to get an average result. This brings the total 
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for each batch of nine specimens for each mix. The demoulding strength was also determined for 

each mixture. For the demoulding strength, the mechanical properties of the specimens are 

determined immediately after demoulding de specimens after 24hrs. The same procedure is done for 

the cubical concrete specimens, but the compressive strength is determined conforming EN-12390-3 

(2002), for cubicle specimens. (See Figures 27C and 27D).  

A) B) 

C) D) 

Figure 27. A) Mortar prisms; B) mechanical strength test apparatus; C) cubical concrete specimens; D) 

Compressive strength test apparatus. 

 

3.4.4    Durability 

 

The durability of a material relates to its resistance to deterioration resulting from external causes as 

well as internal causes (Sivaraja et al. 2009). Therefore, in the current research, not only the 

concrete’s strength but also its water permeability is evaluated, in order to specify the concrete’s 

quality and durability. Specimens with varying fibre contents were tested to determine their 

resistance to the ingress of water by determining sorptivity and permeability coefficients. The 
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designed MBBC shall be exposed to the outside environment, where water is one of the main factors, 

which could have an effect on its durability.  

 

Water-pressure permeability test 

 

In this research the water permeability tests was performed conform EN 12390-8 (2009): depth of 

penetration of water under pressure, as was done in Yu et al. (2015). This test method is useful for 

structures such as basements, tunnels, and water reservoirs because it recreates the pressure 

conditions to which these structures are subjected in a realistic way. In general, the water tightness of 

concrete depends on the capillary porosity, its connectivity and the pore structure. These parameters 

are directly related to the w/b ratio and the progress of cement hydration. This test measures the 

depth of water penetration into MBBC specimens (15x15x15 mm3) subjected to 0.5 MPa (72.5 psi) 

of hydrostatic pressure over a period of three days. The cubical concrete samples are clamped 

between two flanges with special circular gaskets (see Figure 28A), after 28 days of humid curing. 

The sample-holders are open at both ends, with one end subjected to hydrostatic pressure, in this case 

the water comes from the bottom. During the test, visual inspections shall be carried out to monitor 

the appearance of watermarks and leakage in the bottom face of the specimens. After three days, the 

samples are removed from the testing apparatus and the surface on which water pressure was applied 

is wiped to remove excess water. The specimen is split in half, perpendicular to the face on which the 

water pressure was applied. The water penetration front on the specimen is then marked at various 

position on the specimen to get an average value (in cm), as shown in Figure 28B. Low water 

penetration depth results indicate higher resistance to water under hydrostatic pressure. No specific 

literature was found, regarding the maximum limit of water penetration depth of a concrete specimen. 

However, in Yu et al. (2015), the penetration depth of various light weight concrete was evaluated. It 

was concluded that each specimen had an average penetration depth below 5 cm (see Figure 28B) 

and that those values were regarded as acceptable results.  
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A B 

 

Figure 28. A) Concrete water impermeability apparatus. Six place model; Split surfaces of cubes after the 

water pressure permeability test; water ingress from the side of the bottom surface.(Yu et al. 2015). 

 

Water absorption test 

 

One of the most effective ways to test an integral waterproofing system’s ability to resist water 

penetration is through a permeability test, more specifically a capillary water absorption test. 

Absorption testing is a popular method of determining the water-tightness. In this research, the water 

tightness of the MBBC specimens (15x15x15 mm3) was performed conform EN-480-5 (2005). This 

test is used to determine the rate of absorption (Sorptivity coefficient) of water by measuring the 

increase in the mass of a specimen resulting from absorption of water as a function of time, when 

only one surface of the specimen is exposed to water ingress of unsaturated concrete by capillary 

suction during initial contact with water (see Figure 29). The rate of sorption is the slope of the best-

fit line to the plot of absorption against square root of time Low absorption is considered a positive 

result. The capillary absorption test procedure can be explained in the following steps:  

1 The test specimens and the water reservoir are in equilibrium with an ambient temperature 

of 20 +/-1°C. 

2 The initial weight of the prepared specimen is measured before testing to an accuracy of 

0.1g. 

3 The bottom side of the specimen is placed in contact with the water in a shallow tray up to a 

maximum depth of 3 millimeters. The water level is kept constant during the duration of the 

test. 

4 The remaining surfaces of the specimen are first sealed with plastic foil or paraffin to avoid 
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evaporative effect as well as to maintain uniaxial water flow during test, ensuring water to 

be absorbed only through the bottom face. 

5 The uptake of water by capillary absorption is measured through the weight of the 

specimens (g) at different time intervals of contact with water. 

6 Before weighing, the surface in contact with water is wiped with a moist sponge or non-

absorbing cloth in order to remove free water, but the concrete surface must remain glossy.  

The test can be performed until further absorption is much slower or does not take place. According 

to Bozkurt & Yazicioglu (2010), the sorptivity coefficient is determined via  

                                   𝑆 =  
𝑄

𝐴

√𝑡
    (5) 

Where S is the sorptivity (cm/s1/2), Q is the volume of water absorbed (cm3), A is the surface area in 

contact with water (cm2) and t is the time (s). S is obtained from the slope of the linear relationship 

between Q/A and √t. According to EN-480-5 (2005), the capillary water absorption (CA) is calculated 

in g/mm2 as follows: 

                  𝑐
𝐴 = 

𝑀𝑗−𝑀𝑜

𝐴

               (6) 

 

Where Mo is the initial mass of the test specimen, in g, after storage for 28 days, Mj is the mass of the 

test specimen, in g, after the required absorption time. 

 

 

Figure 29. Schematic set up for the measurement of water capillary sorption 

3mm 

20 +/-1°C 
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3.5 Summary 

 

In this chapter, the characterization of the utilized materials and the experimental procedures 

employed in this thesis are presented. Based on the results, the following summary can be made : 

1) After characterization of the M. x giganteus fibres, it was noticed that the 2-4 mm 

fraction sizes obtained the highest percentage among the other fractions and has a water 

absorption of 300, which is ±25 % less than the water absorption of the below 2 mm 

fraction. Based on these results, the M. x giganteus fibres of the fraction size 2-4 are 

mainly utilized in the design and evaluation of the MBBM and concrete.  

2) Studies have shown that the chemical composition of natural fibres is an important factor 

when applied in concrete. The lignin, cellulose and hemicellulose are the three most 

important components since they have an influence on the water absorbing capability of 

the fibres and on the hydration reaction of cement. From the results it can been that the 

utilized M. x giganteus fibres have a lower cellulose content, as well as a slightly higher 

hemicellulose and lignin content, compared to that of other well-known natural fibres.  

3) From the water absorption results, it was observed that the M. x giganteus fibres, 

especially fibres with the fraction size below 2 mm absorb water extremely fast, almost 

200% in the first 5 minutes. This could be explained by their very high porosity and 

surface area (porous structure) and . The water absorptions of these M. x giganteus fibres 

are in the same range as the values reported for other raw plant fibers (bagasse, coconut 

coir, etc.), which is between 34% and 400% (Pacheco-Torgal & Jalali 2011). Moreover, 

the water absorption of the raw utilized M. x giganteus fibres in the current research, are 

the same as mentioned in literature (Le Ngoc Huyen et al. 2011; Robinet 2009). 

4) To ensure a better packing of the MBBC microstructure, two types of normal fine 

aggregates are mainly utilized: normal sand with the fraction 0-2 mm and rough sand 

with the fraction 0-4 mm and. 

5) The SEM photographs of the fibres show that the surface of the fibres is rather rough, 

indicating an adequate bonding with cement can be achieved. The SEM of the cross 

section of the fibres shows that the internal structure of the fibres is very porous, which 

explains its high water absorbing capability. 
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4. Compatibility of Miscanthus fibres 

with cement 
 

4.1 Introduction 

 

The use of natural fibers in cementitious matrices can be a sustainable technological alternative; 

however, it still has problems related to the chemical compatibility between the cement and the fiber. 

When natural fiber are used in cementitious matrices, often enough many problems occur at the 

interface due to incompatibility. Therefore, modification of the natural fibers, by means of treatment, 

is one of the largest areas of current research to improve the compatibility with cement, as mentioned 

in Chapter 2 of this report. As mentioned before, a lack of information exists regarding the influence 

of the chemical components of fibres on cement (e.g. retardation due inhibitory saccharides of the 

fibre), especially when it comes to fibres of the Miscanthus x giganteus plants harvested in the 

Netherlands. Lastly, a lack of information also exists regarding the influence of the M. x giganteus 

fibres on the fresh properties of the mix (bonding behaviour). Hence, this Chapter focusses on: 1) the 

evaluation of the compatibility of M. x giganteus fibers with cement using calorimetry (the effect the 

fibres have on cement hydration), 2) modification of the fibres (treatments) to decrease its 

hydrophilic nature.  

 

4.2 Compatibility issues of natural fibres in general  

 

In the majority of the consulted research, it has been accepted that the negative effect that some 

natural fibres have on the cement hydration is due to the amount of extractive content and the kind of 

extractives they possess. In order to test the extractive content, various methods have been applied in 

research articles. In order to test the extractive content, hot water soluble extractives was added to a 

cement paste, which resulted in completely hindering the setting process (Ali & Mohammed 2008). 

However, in other research it was proven that among species with the same level of extractive 

content, different levels of compatibility were measured, which indicates that there is no clear 

relationship between the hot-water extractive content and compatibility. According to Jorge et al. 

(2004), a possible explanation to this phenomenon is the influence of the chemical composition of the 



77 

 Design of a Miscanthus-based bio concrete  

 

extractives themselves. From various research, it was concluded that different natural fibres have 

different components in their extractive content, which have varying inhibitory effects on the cement 

hydration. The hydration of cement and fibres is far more complex than the sum of hydration 

reactions of the individual minerals with saccharides. Compatibility or incompatibility between 

organic fibres and cement is linked to the soluble carbohydrates in the extractives, which are found to 

hinder or stop the hydration of cement. Natural fibres can contain many saccharides, which may 

hinder the hydration of cement to certain degree. However, not all have the same inhibitory effect. 

The amount and concentration of saccharides in each fibre depend on not only the type of natural 

fibre, but also the conditions (environment) in which they are grown. According to research, the 

retarding effect of natural fibres has been widely attributed to a mechanism based on the absorption 

onto the clinker grains and nucleation poisoning of hydrate surfaces (Kochova et al. 2016; Na et al. 

2014). Saccharides contain multiple properties, but the main properties that have an effect on the 

cement hydration are their alkaline stability and their calcium binding capacity. Research has proven 

that saccharides hydrolyze in the strong alkali environment of cement paste, and their degradation 

products appear to be more effective retarders than the sugars (Thomas & Birchall 1983). In Kochova 

et al. (2016), it was mentioned that several studies have shown the effect of carbohydrates on the 

hydration of cement paste, where a comparison was made between cement with 1% sugar and cement 

without sugar using calorimetry and results showed that the sugar caused the retarding of cement 

hydration for several months. As can be seen, there are different factors, which play a role in 

determining the compatibility of fibre with cement.  

When a cement matrix containing natural fibres is incompatible, a lowering of the physical properties 

of the sample is usually the consequence, leading to samples without physical integrity. However, 

this is only a general conclusion of the term compatibility. If it is to be measured, then the heat-

release during the exothermic chemical process of cement-hydration could be used as an indicator 

whether the fibre is compatible with the cement, as mentioned in various research articles (Na et al. 

2014a; Ferraz et al. 2012; Wei et al. 2000; Espinoza Herrera & Cloutier 2008). A simple method is to 

compare samples with each other by looking at two components. The first component is the heat 

release. One sample being the reference sample, from which the ratio of the amount of heat released 

from a cement paste without interferences, is the determining factor. The reference sample usually 

consists only of water and cement (reference), in order to eliminate any additional components, 

which might influence the hydration reaction. The sample containing fibres, water and cement is the 

research sample, from which the ratio of the amount of heat released from a fibre-cement paste with 

interferences, is the determining factor. By comparing these data, one can obtain the decrease or 

increase of heat flow during the exothermic chemical process of cement hydration. The second 

component is the amount of time needed to reach the maximum temperature (tmax). By comparing 
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these data, one can determine if both achieve the same maximum temperature, and if a delay in time 

has occurred. The entire process contains five stages, which can be analyzed. When looking at a 

typical plot of temperature vs. time, as shown in Figure 30, during the cement hydration, the focus is 

on the beginning, when components are mixed, until reaching phase 5, where there is only slight 

differences in temperature. The phases are as follows: 

1. The first stage is the initial temperature rise (small rise during a short period): C3A 

hydration and formation of ettringite. 

2. The second stage is the dormant period (where temperature does not rise or may even show 

a small decrease): aluminate hydration, Ettringite coating retards further. 

3. The third stage is the cement hardening, also known as initial set (acceleration period, 

where a rapid temperature rise takes place (tmax): reaction of anhydrous calcium silicate of 

C3S and C2S. C2S hydrates slowly and is responsible for the ultimate strength in cement. 

4. The fourth stage is the retardation period, also known as final set (the temperature drops): 

Ettringite to monosulphate transformation and further aluminate hydration.  

5. The fifth stage is the long term phase (setting and hardening). 

 

 

 

 

When looking at the hydration kinetics of Portland cement, a typical heat profile can be observed, 

Figure 30. Hydration degree. Image obtained from Physical Aspects of Building Materials lecture. Slide 37. 
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using the calorimeter. An initial peak occurs immediately after mixing the water with the 

cementitious materials, which is due to rapid dissolution of C3A and initial formation of ettringite 

(Aft) phases (stage one of Figure 33). The second peak (Tmax) is related to reaction of anhydrous 

calcium silicate of C3S and C2S (stage three of figure 33). The third peak, also called sulfate 

depletion peak, corresponds to the reaction of C3A and C4AF, and it has been suggested that it relates 

to the renewed formation of ettringite (stage four). Both C3S and C2S react with water to produce an 

amorphous calcium silicate hydrate known as C–S–H gel, which is the main product that binds the 

sand and aggregate particles together in cement mortars and concrete (Yu 2014).  

From previous research (Jorge et al. 2004; Semple & Evans 1964), it was concluded that the process 

of cement hardening could determine the compatibility between natural fibres and cement. If the 

chemical process of cement hardening is undisturbed or disturbed just to a low extent (CA >68 %), 

by the presence of natural fibres, this cement matrix is labelled as compatible. However, if the 

chemical process of cement hardening is impaired largely by the presence of natural fibres, then they 

are labelled as incompatible (CA<28 %). The CA factor can be calculated using the following 

equation: 

𝐶
𝐴 = 

𝑄𝑟𝑒𝑓

𝑄𝑠𝑎𝑚𝑝𝑙𝑒

                        (7) 

 

Where CA is the CA factor, Qref is the heat release of the reference paste within a specified period (J/g) 

and Qsample is the heat release of the sample, containing fibres, within a specified period (J/g). 

This simple analysis of cement hydration, by using the CA factor, was also performed in the current 

research, by comparing the reference sample with various research samples containing different 

amounts of fibres. Similarly, this was done in Kochova et al. (2016), where the influence of various 

natural fibres, based on their heat flow, was analyzed,  in order to demonstrate their influence on 

cement hydration, as shown in Figure 31.  
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Figure 31. Effect of milled fibres on the heat flow of OPC paste at 20°C (Kochova et al. 2016). 

 

4.3 M. x giganteus fibre-cement compatibility assessment 

 

In this section, the compatibility of the utilized M. x giganteus fibre with cement and in a mortar is 

evaluated. The compatibility of the fibres with cement is analyzed through a hydration tests, 

employing a TAM Air Isothermal calorimeter at a constant temperature of 20 °C. The compatibility 

of the fibres in a mortar is analyzed through analyzing the consistency of the fresh pastes of various 

mortars containing different amounts of M. x giganteus fibres (fibre-cement bonding). Consequently, 

different fibre treatments are employed to improve the compatibility of the fibres in a mortar. 

 

4.3.1 Calorimetry measurements 

 

The objective of this section is to evaluate the influence of M. x giganteus fibres on the hydration 

kinetics of cement. As mentioned before, the compatibility of the natural fibres with cement can be 

determined by means of the degree of hindrance on the cement hydration profile. By determining the 

compatibility, one can predict if a retarding effect on the cementitious matrix can be expected. In this 

research, the compatibility of the Miscanthus fibres with cement is determined by performing a 

thermal analysis using a calorimeter. The calorimeter measures the heat of chemical reactions or 
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physical changes of a substance and in the current research, the TAM air 6-channel an isothermal 

calorimeter was used. The calorimeter continuously measures and displays the heat flow related to 

the hydration reactions taking place in the cement paste after mixing. The isothermal calorimeter was 

used as a tool to evaluate the compatibility of M. x giganteus fibres with cement in paste mixtures. A 

series of paste mixtures containing different amounts of fibres (2%, 5% and 9%) was evaluated, 

maintaining a water to cement (binder) ratio of 0.5 and a reference sample (0%) with only cement 

and water (water/cement = 0.5). Additionally, paste mixtures containing presoaked fibres, with water, 

were also created in order to determine if the saturated fibres have an equal influence on the 

hydration as the paste mixtures containing dry fibres.  All materials were kept at room temperature at 

least for one day before utilizing them. This was done to ensure that each material, including the 

water in the reference ampoule (see Figure 32), would have the same temperature when performing 

the test. All pastes have a mass of 52 g, are mixed for two minutes and then injected into a glass 

ampoule, which is screwed tightly with a plastic cap. The ampoule is then placed into the isothermal 

calorimeter (TAM Air, Thermometric). The instrument is set to a temperature of 20 oC. After 5 days, 

the measurement is stopped and the obtained data is analyzed. The apparatus contains two well-

insulated containers – ampoules- to determine the heat capacity of an object or liquid. The first 

ampoule contains a liquid of known heat capacity, in this case water, and is used as the reference 

ampoule and the second ampoule contains the created paste mixture (see Figure 35).  

 

A) B) 

Figure 32. A) Calorimeter ampoule setup (Lemke n.d.), B) Utilized Calorimeter lab equipment. 
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The most important factor for the calorimeter tests is to determine the heat capacity of each utilized 

components in the mixture. The average heat capacity must be equal to that of the reference 

container, in order to get accurate results. In table 18, the tested samples are shown along with the 

specification of their mixtures. Based on the individual heat capacity of the materials, the mixture 

were produced. The reference ampoule contains water and has a specific heat capacity of one. Based 

on different ratios of the utilized materials for the paste, their collective specific heat capacity should 

be equal to that of the reference ampoule, in order to successfully perform the test. The heat capacity 

is the amount of heat needed to raise the temperature of an object by one degree and is illustrated in J 

kg-1 K-1. In Table 16, the heat capacities of the utilized materials are shown and in Table 17, 

specifications of the different created paste samples are shown.  

 

Table 16. Thermal specifications of water, CEM I 52.5 R and M. x giganteus fibres 

 

Water 

(William 

1954) 

Cement 

(Bentz 

2009) 

M. x giganteus fibres 

(Dupont et al. 2014) 

Cp > heat capacity (J kg-1 K-1) 4184 750 1448 

Specific heat capacity (kcal/kg oC) 1 0.2 0.34 

 

 

Table 17. Specifications of the utilized samples for the Calorimeter test 

Miscanthus  

2-4mm 
Samples 

  Reference 
Fibres 

dry 2% 

Fibres 

dry 5% 

Fibres 

dry 9% 

Fibres 

wet 2% 

Fibres 

wet 5% 

Fibres 

wet 9% 

abbreviation Re M2 M5 M9 M2.1 M5.1 M9.1 

water/binder 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

binder/fiber - 49 19 11.5 49 19 11.5 

water for 

fibers/fibers 
- - - - 2.5 2.5 2.5 

mass fibers (g) - 0.70 1.75 2.78 0.67 1.53 2.27 

mass binder (g) 35.19 34.39 33.15 31.92 32.57 29.10 26.13 

mass water for 

cement (g/ml) 
17.67 17.55 17.45 17.35 16.28 14.55 13.06 

mass water for 

fibers (g/ml) 
- - - - 1.66 3.83 5.68 
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As mentioned before in this Chapter, it has been proven that sugar components, hemicellulose and 

lignin can contribute to the inhibition of cement hydration or delay the cement setting time (Kochova 

et al. 2016). Hence, an approach that has been used by many authors is the pretreatment of the fiber 

using various processes; however, many of the treatments need a thorough study that includes the 

analysis of the generation of new residues (Marques et al. 2016). The hot water treatment was the 

only treatment performed on the fibres due to the fact that the other treatments including chemicals 

which are not environmentally friendly. By boiling the fibres for several hours, one can partially 

extract the sugars, decreasing the chances of delay of cement setting time. The M. x giganteus fibres 

were boiled in water for 6 hours. Afterwards, the fibres were dried and placed in a desiccator. The 

boiled water containing the sugars of the fibres (from here on referred to as extractives) was stored 

under normal room conditions. Both the boiled fibres, as well as the extractives were then used to 

create pastes, which are evaluated in the calorimeter.    

 

4.3.2 Fibre-cement calorimetry results  

 

 

Figure 33. Effect of different amounts of untreated M. x giganteus fibres on the normalized heat flow of OPC 

paste at 20°C 
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Figure 34.Effect of different amounts of untreated M. x giganteus fibres on the normalized heat of OPC paste at 

20°C 

The isothermal calorimetry results of the reference sample and different amounts M. x giganteus 

fibres without pre-treatment added to the cement pastes (research samples) are shown in Figures 36 

and 37. As it was expected, the fibres have a retarding effect on the cement hydration. Even though, 

sample M9 has the lowest Tmax among the samples (0.0012), it does not differ much from that of 

sample M5 (0.0014). Sample M2 has a slightly lower Tmax (0.0025), than that of Re (0.003). The tmax 

of Re is the shortest at 3.5h, followed by M2 at 8.01h, M5 at 9.15h and lastly, M9 at 10.33h. 

Regarding the normalized heat flow, M2 releases 17% less heat than that of Re and both M5 and M9 

release 53% and 60% less heat than that of Re. From these results, it can be concluded that even 

though the fibres do have an a retarding effect on the cement hydration, the hydration still takes 

within 1 day, indicating that the M. x giganteus only have a slight effect on the setting of the cement 

mixture and that the retarding effect seems to increase with increasing fibre content. Regarding the 

normalized heat release after 2 days, it can be seen that the amount of heat released for M2, M5 and 

M9 are 18, 33 and 41%, respectively, compared to that of Re, as shown in Table 19. These results 

could be due to the low percentage of cellulose, lignin, hemicellulose and sugars in the M. x 

giganteus fibres. When looking at the different hydration stages, it can be seen that with increasing 

fibre content, the dormant period is also prolonged (stage 2). The initial setting, as well as the final 

setting also take longer before reaching the long-term phase. It can also be seen that for M2, M5 and 

M9 the dormant period differ slightly from each other, which indicates that the fibres have a slight 

effect on the aluminate hydration; however, the acceleration period is extended, which indicates that 

the fibres have a larger effect on the hydration of C3S and C2S.  As mentioned before, the initial set is 
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crucial and plays a role for the ultimate strength in concrete; hence, an unwanted effect of this stage, 

by the fibres, could result in less strength development of the specimen. From Kochova et al. (2016), 

it can be seen that lignin plays a large role in the prolonging of stage 2 of the hydration process and 

that glucose barely has any effect on the hydration, indicating that the low percentage of lignin and 

glucose in the M. x giganteus fibres only have a slight effect.  

 

Figure 35.Effect of different amounts of treated M. x giganteus fibres on the normalized heat flow of OPC paste 

at 20°C. 

 

Figure 36.Effect of different amounts of treated M. x giganteus fibres on the normalized heat of OPC paste at 

20°C 
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Isothermal calorimetry results of the reference sample and different amounts M. x giganteus fibres, 

with pre-treatment (pre-soaked), added to the cement pastes (research samples) cured at 20°C are 

shown in Figures 35 and 36 . From the results, it can be seen that the pretreated fibre samples have 

almost the same trend and values as that of the dry fibre samples. Compared to the dry fibre samples, 

M2.1 has a slight reduction in Tmax (4%), whereas M5.1 and M9.1 have a slight increase of 14% and 

25% respectively.  Furthermore, the tmax of sample M9.1 has also become shorter and it only differs 

by 2.5h from sample M5.1, whereas sample M9 differs by 5.37h form sample M5. When looking at 

the normalized heat release at 2 days, compared to the dry fibre samples, sample M2.1 is slightly 

reduced by 5%, sample M5.1 is slightly increased by 9% and sample M9.1 is slightly increased by 

3%. This indicates that the pre-soaked fibres only have a slight effect on the hydration, as did the dry 

fibre samples; however, the Tmax and tmax of sample M2.1 and M9.1 were slightly improved.  

 

 

Figure 37. Effect of M. x giganteus fibres on the normalized heat flow of OPC paste at 20°C 
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Figure 38. Effect of raw and treated M. x giganteus fibres on the normalized heat of OPC paste at 20°C 

 

Isothermal calorimetry results of reference sample and natural fibres with and without pre-treatment 

added to the cement pastes (research samples), cured at 20°C are shown in Figures 37 and 38. The 

extractives sample contained leachate from the hot water treatment of the M. x giganteus fibres, 

which replaced the amount of water needed in the reference sample. Sample M5.2 consists of 5% M. 

x giganteus fibres, which were first boiled for several hours, dried and left in a desiccator, before 

applying it to the paste. Even though, sample M5 has the lowest Tmax among the samples, its tmax is 

shorter (at 9.15h) than the extractives sample (at 10.96h) and sample M5.2 (at 11.03h). Excluding 

sample Re, the extractives sample has the highest Tmax (1.5) among the samples. From these results, it 

can be seen that the extractives, have a retarding effect on the hydration, indicating that the sugars, 

extracted from the fibres, do have an influence. From the normalized heat release results, it can be 

seen that both the extractives sample and sample M5.2 gradually increase over time; however, at 2 

days the normalized heat of samples M5.2, M5 and extractives is quite close at 160, 165 and 175, 

respectively. The values for the normalized heat flow and normalized heat are shown in Table 18, 

including the difference of each sample compared to sample Re in percentage. 
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Table 18. Calorimetric results of the samples. Results from each specimens compared to that of Re. 

Samples Tmax Difference 

Tmax 

tmax Difference 

tmax 

Tmax 2 Difference 

Tmax 2 

mW/g % h  J/g % 

Re 3 0 3.5 0 245 0 

M2 M2 0.17 2.5 8.01 4.51 200 0.18 

M2.1 0.20 2.4 7.83 4.33 190 0.22 

 

M5 

M5 0.53 1.4 9.15 5.65 165 0.33 

M5.1 0.47 1.6 9.15 5.65 180 0.27 

M5.2 0.50 1.5 11.03 7.53 160 0.35 

M9 M9 0.60 1.2 13.38 9.88 145 0.41 

M9.1 0.50 1.5 10.33 6.83 150 0.39 

Extractives 1.9 0.37 10.96 7.46 175 0.29 

 

 

4.3.3 Conclusion  

 

From these calorimetric results, it can be concluded that with the increasing amount of M. x 

giganteus fibres, the hydration of cement gets further influenced. However, compared to the results in 

Kochova et al. (2016), in which different fibres were used, the Miscanthus fibres only have a very 

small effect on the hydration of cement. Pre-wetting the fibres only showed improvement in Tmax and 

tmax for samples M5.1 and M9.1. Most interestingly, the extractives had an influence on the cement 

hydration, indicating that the sugars in the M. x giganteus fibres do have a slight effect on the 

hydration of cement. In overall, it can be concluded that the M. x giganteus fibres are not aggressive 

and only has a slight retarding effect. For each sample containing fibres, stages 3 and 4 of the 

hydration process are influenced the most. Sample M9 had the largest effect both in Tmax and in tmax; 

however, the setting still takes place within one day. In Kochova et al. (2016), various methods of 

determining the compatibility of fibers are discussed. The measurement of hydration with calorimetry 

is one of the most frequently used methods. The basic principle is measuring the maximum 

temperature (Tmax) of hydration and the time (tmax) required to reach this temperature with the 

assistance of calorimetry, as was done in current research. As in before mentioned literature, the Ca 

factor was used to determine the compatibility of the M. x giganteus fibres with cement. When using 

this factor, the compatibility depends on the amount of heat released from a fibre cement mixture in 

3.5-24 h interval and can be placed in three categories namely: 
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 Compatible: CA > 68%; 

  Moderately compatible: 28% < CA < 68%; 

 Not compatible: CA < 28 %. 

In Table 19, the amount of heat release for each sample between the 3.5 and 24 h interval can be 

seen. 

 

Table 19. Heat release between 3.5 and 25 h for each sample 

Samples 
Heat  CA 

J/g % 

Re 145 0 

M2 
M2 148 63 

M2.1 142 65 

 

M5 

M5 110 53 

M5.1 122 57 

M5.2 100 49 

M9 
M9 89 46 

M9.1 103 54 

Extractives 118 55 

 

From these results it can be seen that each sample falls in the second category, under moderately 

compatible. 

 

4.4 Treatment methods (preventions)  

 

As mentioned before, the negative effects are usually caused by the extractive content and the kind of 

extractives the fibres possess. Thus, one can conclude that by removing those extractives, the 

negative effect shall no longer occur. To increase the compatibility, various methods of pre-treatment 

have been researched. In order to improve the fibre-cement compatibility, many measurements can 

be taken. Some of the most common ones are the extraction of sugars in the fibres before mixing with 

cement paste, addition of cement curing accelerators (CaCl2 and MgCl2) or a chemical treatment of 

the fibres (NaOH or Ca(OH)2) (Na et al. 2014; Jorge et al. 2004). The extraction process occurs 

through a hot water treatment. Sugar components, hemicellulose and lignin can contribute to the 

inhibition of cement hydration or delay the cement setting time. By boiling the fibres for several 

hours, one can partially extract the sugars, decreasing the chances of delay of cement setting time and 
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improve the fibre-matrix bond (Ferraz et al. 2012; Vo & Navard 2016). Even though chemical 

pretreatments can be very effective, from an environmentally friendly aspect this procedure is not 

suitable. Fibre-cement ratios also play an important role in the compatibility and durability context. 

In the current research, no chemical pre-treatments were used on the fibres. From the calorimetry 

results, it was concluded that the sugars in the M. x giganteus fibres only have a small influence on 

the cement hydration, making the M. x giganteus fibres compatible. Hence, no chemical treatment is 

needed. The main issue of interest is the high water absorbing ability of the M. x giganteus fibres, 

which needs to be reduced. In the current research, the optimal treatment would be the protection of 

the cellulose fibers from water uptake, which can be achieved by creating less hydrophilic surfaces 

(either natural or after an adequate treatment), and without losing the quality of the fiber bridging, 

which is responsible for the mortar’s ductility (Santos et al. 2015). 

 

4.4.1 Utilized pretreatments (M. x giganteus fibre modifications)  

 

From previous research, as mentioned in Chapter 2, it is shown that the water absorbing capability of 

natural fibres could lead to a decrease in the durability of the concrete mixture. The aggressive water 

absorption of the fibres could lead to insufficient water in the matrix, which is needed for the reaction 

and hydration of the powders (cement, slag etc.), which in turn leads to an underdeveloped concrete 

(Pacheco Torgal & Jalali 2016). Additionally, increasing the amount of water to the matrix by an 

excess amount would not be an appropriate solution, since it could lead to unnecessary bleeding and 

a change in volume. Additionally, the result of this condition is greater porosity in the interfacial 

zone once the concrete has dried. From a mechanical standpoint, this zone is thus considered as a 

weakness in the concrete (Acikel 2011; Le Ngoc Huyen et al. 2011). However, based on the 

determination of the water absorbing ability, the amount of water for saturation could be calculated 

and could be added to the concrete matrix, to safeguard a balance, as was mentioned before in 

Chapter 2 of this report. The additional water to the concrete matrix could be applied either by pre-

saturating the fibres beforehand (Bentz 2009; Mohr et al. 2005), or adding the additional water after 

the dry fibres have been added during the concrete mixing process (Le Ngoc Huyen et al. 2011; 

Marcos, Venicius Pereiraa Roberto et al. 2015). It should also be mentioned that the method of 

adding the fibres into the fresh concrete mix is of importance, in order to provide good dispersion of 

fibres and prevention of clumping (balling). The fibres were added last into the fresh concrete mix 

and are uniformly added with slow and small increments by hand, to assure that every individual 

fibre receives a coating of cement paste and a thorough mixing of the fibers with the matrix is 

obtained. This method of adding fibres was obtained from literature, (Sivaraja et al. 2010; Wong 
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2004), and shall be discussed in detail in Chapter 5. 

This research focusses on treatments that can modify the fibres to increase its hydrophobicity, 

ensuring less water absorption and better bonding, resulting in better properties of the M. x 

giganteus-based bio mortar. Different pre-treatment methods shall be applied to counter the issues 

and enhance or stabilize the interaction between fibres and the concrete matrix. The choice of 

treatment is based on methods and materials that are not energy consuming and environmentally 

friendly. The most probable methods include: 

1) Matrix modification:  

 research has shown that adding pozzolanic by-products such as fly ash or slag are 

effective in preventing fibre degradation in the high alkaline environment and 

improving the bonding between fibres and cement (Pacheco Torgal & Jalali 2016). 

Hence, in this research, blast furnace slag was also used in the concrete mix. 

 Additional water (calculated beforehand), that is needed to saturate the fibres, are 

added to the concrete matrix, in order to counter the fibre-cement competition for 

water and increase the consistency of the matrix. 

2) Fibre modification: 

 Pre-saturated fibres: Before the fibres are added to the matrix, they are submerged in a 

certain amount of water for 5 minutes, since it was observed that most wat gets absorbed 

within the first 5 minutes. By saturating the fibres beforehand, competition between fibres 

and cement for is avoided during mixing and the hydration of the cement can take place. 

 Cement and slag-impregnated fibres: most commonly, fibres are coated with a water 

repellent agent or impregnated with sodium silicate, sodium sulphite, or magnesium 

sulphate (Pacheco Torgal & Jalali 2016). Based on these coating and impregnated methods, 

in this research, the surface of the M. x giganteus fibres was coated in a cement or in a slag 

slurry. By doing so, the water absorbing capabilities of the fibres could be reduced 

(reduction of voids) and better bonding of the impregnated fibres (rough surface) in the 

concrete mix can be obtained, ensuring better workability and mechanical properties of the 

bio concrete. Similarly, this was done with beet in Monreal et al. (2011).  

 Waterglass-impregnated fibres: in many researches, it has been proven that by covering the 

surface of the fibres with a water-repelling agent, the water absorbing capabilities of the 

fibres could be reduced (reduction of voids). Since the water glass used in the lab has a high 

concentration, deluded water glass solutions (with water) will also be applied. Other 

possible water repelling agents include: sodium silicate, sodium sulphite, or magnesium 
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sulphate (Pacheco Torgal & Jalali 2016; Kochova et al. 2016). 

 Lignin-impregnated fibres: even though many researches have discussed the negative effects 

of lignin in the fibres, in Vo & Navard (2016) it was mentioned that a layer of lignin helped 

lowering the water intake and acted as a physical/chemical barrier to prevent cement from 

migration into the fibre lumen. Consequently, the fibres were less vulnerable to 

mineralization. By covering the surface of the fibres with a lignin slurry, the water 

absorbing capabilities of the fibres could be reduced, ensuring a better workability. 

 Linseed oil-impregnated fibres: in many researches,  linseed oil (siccative oil) has been used 

to treat or coat fibres (Na et al. 2014b; Monreal et al. 2011). The aim of this treatment is to 

isolate the fibres, making them resistant to water and durable against the alkaline 

environment. The use of organic compounds like natural oils can also reduce the 

embrittlement process, according to Pacheco Torgal & Jalali (2016). 

 Thermal treatment of the fibers: This method is also referred to as hornification method and 

is used to create structural changes in cellulosic fibers, caused by drying and wetting cycles. 

The hornification process is carried out by pressing and drying the fibres at room 

temperature or by a forced drying process in an oven. The later was applied in this research.  

 

4.4.2 Mix design 

 

In this Chapter, the water absorbing ability of the treated fibres is evaluated. The water absorption 

tests, which was performed on the untreated M. x giganteus fibre, was also performed on the treated 

fibres. The aim of this test is to determine whether the selected treatments were effective enough in 

increasing the hydrophobicity of the M. x giganteus fibres. Each treatment is performed according to 

literature and shall individually be evaluated. From the treated fibres, only the ones that had most 

effectiveness were selected to be used in the actual MBBM, to assess their effect on the fresh 

properties and strength development of the bio mortar (discussed in Chapter 5).  

 

Cement impregnation of fibres 

 

The idea of coating the fibres with cement is based on the idea that the hardened cement shall have a 

water repelling effect, similar to sodium silicate, sodium sulphite, or magnesium sulphate, as 

mentioned in Pacheco Torgal & Jalali (2016). It is expected that the surface of the fibres shall be 
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coated with cement, but research has also shown that the Miscanthus fibres are capable of absorbing 

a cement-water mixture a well (see Chapter 2). This would indicate that the internal structure is also 

changed and it would also contain some amount of cement which could function as a water repellent. 

In Table 20, the proportions of the materials is shown, which were used for the cement impregnation. 

Table 20. Proportions of materials for cement-fibre impregnation 

 

 

 

 

 

The water to binder ratio was kept at 0.5, because no data was found on cement impregnation of 

fibres. The only data related to cement impregnation is the “hand lay-up method”, in which layers of 

fibres in the form of mats or fabrics are placed in moulds, impregnated with a cement slurry, and then 

vibrated or compressed, to produce dense materials with very high fibre contents (Bentur & Mindess 

2006). The most important factor in impregnating the fibres was to have sufficient cement slurry with 

a good viscosity to cover the surface of each fibre manually. After covering the fibres with the 

cement slurry the fibres were kept under normal room deconditions for a week (23 oC), enabling the 

cement to sufficiently harden, as shown in Figure 39. 

A) B) 

Figure 39. A) Cement impregnated fibres after 7 days; B) illustration that not all surfaces of the fibres are 

covered with cement. 

GBFS impregnation of fibres 

 

The idea of coating the fibres with slag is based on the same idea as the cement impregnated fibre, 

except that the slag has a few more positive aspects. Granulated Blast Furnace Slag is a waste 

material, and research has shown that it is effective in preventing fibre degradation in the high 

ratio w/b 0.5 

Cement for slurry (g) 100 

water for cement slurry (g) 50 

fibers 2-4 mm before impregnate (g) 50 

fibers 2-4 mm after impregnation (g) 100 
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alkaline environment and improve the bonding between fibres and cement (Pacheco Torgal & Jalali 

2016). The procedure for the GBFS impregnated fibres is the same as that of the cement impregnated 

fibres. In Table 21, the proportions of the materials is shown, which were used for the cement 

impregnation. 

Table 21. Proportions of materials for cement-fibre impregnation 

 

 

 

 

 

After covering the fibres with the GBFS slurry the fibres were kept under normal room conditions for 

a week (23 oC), enabling the GBFS to sufficiently harden, as shown in Figure 40. However, even 

after a longer period than 5 days, the slag slurry that was covering the fibres could easily be wiped of 

by hand, indicating that the fibres were not sufficiently covered.  

A) B) 

Figure 40. A) GBFS impregnated fibres after 7 days; B) illustration that not all surfaces of the fibres are 

covered with cement 

 

Waterglass impregnation of fibres 

 

Water glass, also known as natrium silicate, has been reported in various literature to have many 

good properties such as accelerating the bond hydration, which decreases the time available for 

inhibitors to leave the wood. The other is to increase the initial strength (Kochova et al. 2016). 

However, water glass is also known for its very good water proofing ability and has been used in 

various applications too, where water needs to be repelled. Application such as blending waterglass 

together with concrete or mortar to create a waterproof final product, or by applying a thin layer of 

ratio w/b 0.5 

GBFS for slurry (g) 100 

water for GBFS slurry (g) 50 

fibers 2-4 mm before impregnate (g) 50 

fibers 2-4 mm after impregnation (g) 100 
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waterglass to floors, walls and concrete walls to make them waterproof. Based on these findings on 

waterglass, using this material as a pretreatment for the M. x giganteus fibres, seemed worth 

researching. The utilized waterglass consists of 28% SiO2, 8% Na2O and 64% water.  Because the 

waterglass has a very high concentration, diluted water glass solutions (with water) were also taken 

into consideration. In Table 22, the proportions of the materials is shown, which were used for the 

Waterglass impregnation.  

Table 22. Proportions of materials for Waterglass-fibre impregnation 

 Sample 1 Sample 2 Sample 3 

  
No 

dilution 

Diluted 

25% 

Diluted 

50% 

fibers 2-4 mm (g) 50 50 50 

water for diluting water glass (g) - 200 200 

water glass pure for fibers (ml) 200 50 100 

weight of fibers after treatment (g) 245.2 168.7 179.4 

weight of fibers after 5 days (g) 230.7 136.9 156.6 

 

The water to waterglass ratio was kept at 0.5 for 50% dilution and 0.25 for 25% dilution. The most 

important factor in impregnating the fibres was to have sufficient material to thoroughly cover the 

surface of each fibre manually. After covering the fibres with the pure waterglass and the diluted 

waterglass, the fibres were kept under normal room deconditions for a week (23 oC) an then in the 

oven at 50 oC, as was done for the linseed oil impregnated fibres, enabling the waterglass to 

sufficiently harden, as shown in Figure 41. 

A)  B) 

Figure 41. A) Waterglass impregnated fibres after 7 days (all 3 samples separate); B) illustration that all 

surfaces of the fibres are covered with Waterglass. 
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Lignin-impregnated fibres 

 

The idea of coating the fibres with lignin is the same as that of the cement and GBFS impregnation. 

By applying a layer of lignin, the water intake of the fibres could be lowered. Because the utilized 

lignin is in powder form and a slurry would presumably not bind well with the fibres, cement was 

also added to create the lignin slurry. In Table 23, the proportions of the materials is shown, which 

were used for the lignin impregnation. 

Table 23. Proportions of materials for lignin-fibre impregnation 

 

 

 

 

 

 

After creating the slurry, the fibres were manually covered with it. The sample was cured under 

normal room deconditions for a week (23 0C), however after a week the same phenomena occurred as 

with the GBFS impregnated fibres where the coating on the surface of the fibres could easily be 

removed by hand. In Figure 42, the lignin-impregnated fibres are shown.  

A) B) 

Figure 42.A) illustration that not all surfaces of the fibres are covered with Lignin; B) Lignin impregnated 

fibres after 7 days. 

Linseed oil-impregnated fibres 

 

Linseed oil as natural fibre pretreatment has been mentioned in multiple researches. In some 

ratio w/b 0.5 

Cement for slurry (g) 30 

Lignin for slurry (g) 70 

water for cement slurry (g) 50 

fibers 2-4 mm before impregnate (g) 50 

fibers 2-4 mm after impregnation (g) 90 
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researches, it was proven that linseed oil with catalyst seemed to offer the best protection against the 

alkaline environment with the lowest tensile strength loss of the fibre (Merta & Tschegg 2013) and in 

other researches, it actually decreased the strength of the composites (Mohr et al. 2005). A lack of 

information exists regarding its application procedure. In Merta et al. (2012) a catalyst was used in 

linseed oil to accelerate the polymerization reaction of the unsaturated oil. In Sellami et al. (2013), 

the fibres were covered in linseed oil and then placed in an oven at 50 oC for several days. In Monreal 

et al. (2011), beet pulp was covered in linseed oil and a beet-to-linseed oil mass ratios of 1–3 was 

used. This treatment was continued for 7, 14 and 21 days in an oven at a temperature of 50 oC. 

Similarly, this was done in the current research, where 100 g of M. x giganteus fibres was covered in 

200 g of linseed oil, from which half was placed in an oven at 50 oC for a week to make sure that all 

fibers are homogeneously covered with oil in many researches. The other half was kept in a container 

under normal room temperature (23 oC), in order to evaluate the difference between the two samples. 

A ratio of 1-2 was maintained since fibres are used in this research and not pulp, which need a lot 

more linseed oil to be saturated or coated. The aim of this treatment was to isolate the fibres, making 

them resistant to water and durable against the alkaline environment. Additionally, it can also reduce 

the embrittlement process, according to Pacheco Torgal & Jalali (2016). In Table 24, the proportions 

of the materials are shown, which were used for the Linseed oil impregnation. 

 

Table 24. Proportions of materials for Linseed oil-fibre impregnation 

 

 

 

 

 

It should be mentioned that after 1 week the coated fibres were still somewhat sticky and wet. This 

could be due to the concentration of the utilized linseed oil. In Rampling et al. (2000) it was 

explained that Linseed oil primarily consists of a mixture of three fatty acids namely oleic, linoleic 

and linolenic acids. When linseed oils is exposed to air, the oil polymerizes and hardens. The 

hardening process involves both polymerization and oxidation and this process is directly related to 

the concentration of linolenic acid in the oil. The potential for linseed oil to self-heat is quantified by 

the iodine number, which increases with an increasing concentration of linolenic acid. The iodine 

number is related to the oils ability to absorb oxygen and its drying ability. If the concentration is 

higher, the oil dries faster; hence, it can be assumed that the concentration of the utilized Linseed oil, 

ratio linseed oil/fibres 0.5 

linseed oil (g) 100 

fibers 2-4 mm before impregnate (g) 50 

fibers 2-4 mm after impregnation (g) 105 
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in current research, is relatively low. This was done on purpose, due to the fact that Linseed oil of 

high concentrations has an increased likeness of ignition. Furthermore, it was also reported that a 

single rag, the size of a handkerchief, which had been dampened with linseed oil, had burst into 

flames within 6-8 hours after exposure to the air.  

 

Thermal treatment of the fibres 

 

Cellulose fibers undergo a series of irreversible changes when exposed to cycles of wetting and 

drying. This process is known as "hornification”. This is a pretreatment of natural fibres that has been 

reported in many researches to be effective in making the fibres more hydrophilic (Brancato 2008; 

Fernandes Diniz et al. 2004; Claramunt et al. 2011). The two main effects of this treatment are the 

loss of water retention capability of the fibres and the smoothing of the fiber surface; although a 

smooth surface was ruled out due to the fact that free micro fibrils of the fiber surface draw together 

during the treatment, forming hydrogen bonds, laminating, reducing the cell wall thickness and 

presenting a more uniform fiber surface (Santos et al. 2015; Kato & Cameron 1999; Brancato 2008). 

This treatment does not modify fiber strength and length, but causes a reduction in cell wall thick- 

ness. An illustration of the hornification stages of cellulose fibre is shown in Figure 43.  

Hornification, whereby fibres are alternately dried and re-wetted to irreversibly decrease its water 

retention value has also shown to enhance fibre-cement bond (Onuaguluchi & Banthia 2016). 

The Hornification treatment can be performed, by pressing and drying the fibres at room temperature 

or by forced drying in oven. The later was used to perform the hornification treatment in this 

research, based on the method mentioned in Santos et al. (2015), in which the fibres were dried and 

saturated 4 times. The process of hornification consists of 2 cycles of drying and rewetting, as 

following: (1) dry 200 g of M. x giganteus fibres in an oven, with air circulation at 60 °C for 7 h and 

(2) immerse the fibres in water at room temperature for 15 h. This was performed four times and 

afterwards, the fibres were patted dry and placed in a desiccator for cooling down to room 

temperature.  

 

Figure 43. A) normal lumen of fibre; B) the lumen is fully saturated and then forced dried, which makes it shrink; C) 
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and D) gradual decrease in cell wall thickness and lumen. 

 

4.4.3 Water absorption capability 

 

As mentioned before in Chapter 3 the water absorption of the fibres is an important factor in this 

research, due to fact that they can absorb a large amount in very little time. The water absorption 

capacity of the fibres was determined before developing the composite in order to determine how 

much water is needed to saturate one gram of M. x giganteus fibres. If fibres are not saturated, they 

can indeed absorb water from the mixture and cause unwanted modifications in composite properties 

in both the fresh and hardened states. The level of water absorption by the treated fibres was 

determined under equal conditions. Each treated fibre was kept under normal room conditions, to 

keep their temperature and humidity constant and equal. Afterwards they were immersed in water, 

taken out at set intervals, patted dry and weighed.  

 

 

Figure 44. Water absorption of untreated fibres and treated fibres. 

 

From these results, it can be seen that each treatment did reduce the water absorption of the fibres, 
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but with different effectiveness. The treatment with the lowest performance (290%) is the lignin 

treatment and the waterglass treatment performed the best (140%). The oven treated linseed oil 

impregnated fibres (a) performed slightly better than the linseed oil impregnated fibres cured under 

normal room conditions (b). Surprisingly, the cement impregnated fibres also performed well, having 

a water absorption of 210%.  

 

4.4.4 Fresh properties and mechanical properties of the M. x 

giganteus based bio-mortar 

 

Based on these results, the decision was made to only incorporate the waterglass impregnated fibres, 

the linseed oil impregnated fibres and the cement-impregnated fibres in mortars, to determine their 

influence on the fresh and mechanical properties of the MBBM. Their mix series and results are 

presented and discussed in Chapter 5.  

 

 

4.5 Conclusions 

 

In this Chapter, the compatibility of M. x giganteus fibres is evaluated by using calorimetry and 

different fibre treatments are employed to increase the hydrophobicity of the M. x giganteus fibres. 

From the results and data addressed in this Chapter, the following conclusions are drawn: 

1. Isothermal calorimetry proved to be a good tool for identifying the compatibility of the M. x 

giganteus fibres with cement. From the results it can be concluded that : 

 The M. x giganteus fibres do have a small retarding effect on the hydration of 

cement. With increasing fibre content, the Tmax decreases and the tmax gets 

prolonged, indicating that the M. x giganteus fibres have the most effect on stage 3 

and 4 of the hydration process.  

 Pre saturating fibres had a similar influence on the hydration of cement as the dry 

fibre samples, and increased the Tmax and decreased the tmax for samples M5.1 and 

M9.1. 

  The boiled fibres sample (M5.2) was expected to have less effect on the hydration 

process than sample M5, since literature has shown that with a hot water treatment, 
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the sugars, which have inhibitory effects, can be extracted from the fibres. Results 

have shown that the boiled fibres had similar trend and value as sample M5. 

 Compared to the compatibility of other fibres with cement in previous researches, 

the M. x giganteus fibres behave very well and have decent compatibility with 

cement, based on their annual heat release between 3.5 and 24 h (Ca factor). 

2. The water absorption of the M. x giganteus fibres in this research was determined and was 

recorded at roughly 300%. In Le Ngoc Huyen et al. (2011), the water absorption of raw M. x 

giganteus fibres was recorded at 320%, which is almost equal to the water absorption results 

in the current research. In the same research chemical pre-treatments of the fibres led to a 

water absorption of 570%. This is a very large increase in water absorption. This could serve 

as indication that acid and ammonia treatments should be avoided, regrading M. x giganteus 

fibres.  

3. In the presented research, M. x giganteus fibres underwent different pretreatments 

(modifications) in order to decrease their water absorption. Most treatments were done 

according to consulted literature and were chosen based on the requirements: not energy 

consuming and environmentally friendly. The fibres were treated with the following 

protective agents: cement, GBFS, waterglass, lignin, linseed oil and thermal treatment 

(hornification). Based on the water absorption results, the following conclusions are drawn: 

 Untreated M. x giganteus fibres (2-4 mm) reach a water absorption of 300% (three 

times its weight), while all treated fibres had lower percentages. Indicating that the 

treatments were effective.  

 Fibres treated with waterglass, linseed oil and cement showed most effectiveness and 

reached water absorptions of 140%, 180% and 210% respectively.   

 The best results were obtained for the water glass treatment, where the water 

absorption was decreased by almost half. 

The three above mentioned pretreatments methods were used to modify the fibres, which 

were then used to design MBBM, in order to evaluate their effect on the fresh and 

mechanical properties of the bio mortar.  
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5. Evaluation of Miscanthus-based bio 

mortars (results and discussions) 
 

 

5.1 Introduction 

 

This chapter focuses on the experimental results obtained from each test and analysis of the test 

results. The experimental tests were carried out to obtain the mechanical properties and behaviour of 

MBBM, while also compared to the conventional plain concrete (reference). The comparisons of 

mechanical properties and behaviour include the workability, compressive strength and flexural 

strength. The evaluation of the mortars can be explained in 5 basic steps: 1) create the fresh mortar; 

2) determine the density and workability of the fresh paste; 3) cast the mortar in prism shaped 

moulds; 4) demould the hardened prisms and place for curing; 5) determine the flexural and 

compressive strength of the mortars after 1, 7 and 28 days of curing.  

The testing of M. x giganteus fibres in mortars are as follows: 

1. Determine if pre-saturated fibres or dry fibres with additional water to the matrix (5% fibres 

by vol %) have the same effect by evaluating their fresh properties.  

2. Determine if humid curing of the prisms or water curing of the prisms have the same effect 

by evaluating their mechanical properties.   

3. Design the reference mortar (original recipe) following the five basic steps. 

4. Design multiple MBBM by adding different amounts of fibres to the original recipe, 

namely: 2%, 3%, 4%, 5%, 10% fibres (vol %).  

5. Design MBBM containing the pretreated fibres (5% vol %), following the five basic steps. 

 

5.2 Materials and mix methodologies 

 

5.2.1    Materials and mix series 
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The experimental investigation consists of the five basic steps, as mentioned before. For each 

mixture, three sets are cast. Each set comprises three rectangular prisms for determining compressive 

and flexural strengths respectively. The three prisms are needed to obtain an average result. In total, 

141 prisms were cast in this phase (evaluation of MBBM). In Table 25, the proportions of materials 

are shown, which were used for the design of the reference mixture.  

 

Table 25. Composition of reference mixture for preparation of a Prism. 

Code Raw material 
Density Amount Amount 

(kg/m3) (kg/m3) l/m³ 

SND Sand 0 - 2 mm 2640  347 131 

SAN Sand 0 - 4 mm 2640  853 323 

LP Limestone powder 2720  250 92 

GBFS Granulated blast furnace Slag 2880  125 43 

CEM CEM I 52,5 R 3100  453 146 

WA Water 1000  248 248 

SP MasterGlenium 51 1100 4 3 

Total 
  

2278.7 987.1 

 

Based on this composition of materials, the mortars were designed. In Table 26, the proportions of 

materials are shown, which were used for the design of the MBBM. It can be seen that the addition of 

M. x giganteus fibres was done in volume percentage. In Chapter 3, the density of the utilized M. x 

giganteus fibres was determined at 250 kg/m3. Additionally, it can be seen that no large aggregates 

were used, due to fact that large aggregates could have a negative effect. In Sayed (2012), it was 

observed that aggregate sizes bigger than 4 mm affected the homogeneity of the mixture, because at 

the positions where the aggregates were located, Abaca fibres could not be present, leading to poor 

workability. Thus, for mortars with dimensions 40 x 40 x 160 mm3 it was not appropriate to use 

aggregate sizes bigger than four mm. lastly, in the current research. 

 

 

Table 26. Composition of M. x giganteus based mixtures. Fibres addition by volume percentage. 

 

2% 

fibres 

3% 

fibres 

4% 

fibres 

5% 

fibres 

9% 

fibres 



104 

Design of a Miscanthus-based bio concrete 

 

 

5.2.2    Mix procedure 

 

The MBBM are developed by adding different amounts of fibres to the original recipe. 2%, 3%, 4%, 

5%, 10% fibres by vol % and following the basic 5 steps mentioned before. Specifically the fibre 

fractions between 2-4 mm shall only be used for testing (as mentioned in Chapter 3). In the first 

phase, the focus is more on determining which method of utilizing the fibres in the matrix is the best 

to obtain a homogenous mixture with a sufficiently good consistency. In various literature, the 

incorporation of natural fibres is either by pre-saturating them or by adding the dry fibres as the last 

material, along with its additional water needed for saturation. Both methods are evaluated in order to 

make a comparison. Based on the data from the water absorption tests, the fibres can be pre-soaked 

with a specific amount of water and then be added to the mix. After calculations the required amount 

of water to fully saturate 1 gr of M. giganteus is 2.5 g of water. This method of mixing the saturated 

fibres in the concrete matrix was derived from Stephens et al. (1994), where the possibility that the 

dry fibres would take up water and reduce the available water for hydration of the cement in the 

concrete mixes was investigated. Moreover, it was concluded that this problem would not have 

dramatic effects, provided the fibres were first well mixed with the aggregate and cement.  

Pre-soaked fibres mix procedure 

 

(vol%) (vol%) (vol%) (vol%) (vol%) 

  
Mass 

(g) 

Mass 

(g) 

Mass 

(g) 

Mass 

(g) 

Mass 

(g) 

Sand 0 - 2 mm 347 347 347 347 347 

Sand 0 - 4 mm 853 853 853 853 853 

Miscanthus 2-4mm 5 7.5 10 12.6 22.6 

Water for fibers  12.5 12.5 12.5 12.5 12.5 

Limestone powder 250 250 250 250 250 

Granulated blast 

furnace Orcem 
125 125 125 125 125 

CEM I 52,5 R 453 453 453 453 453 

Water 248 248 248 248 248 

MasterGlenium51 

(SP) 
4 4 4 4 4 

Total (g) 2297.5 2300 2302.5 2305.1 2315.1 
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, the original recipe is used and 5% (vol %) pre-saturated M. x giganteus fibres are added to the mix.  

For the pre-soaked fibre mix The steps for creating the mix are as follows:  

 Weigh the materials 

 1st minute: dry mixing of the powders 

 2nd minute: add sands; dry mixing of sands with powders 

 3rd minute: add 75% of required water and check if everything is mixing thoroughly 

 4th minute: let the mix rest for 1 minute 

 5th & 6th minute: add the superplasticizer + remaining 25% water and continue the slow 

mixing 

 7th minute: add the pre-soaked fibres in a steady stream by hand and continue the slow 

mixing 

 8th - 11th minute: increase mixing to level 2, to separate any clumping fibres. 

 

Dry fibres mix procedure 

 

For this mix, the original recipe was used and dry fibres, along with the necessary water was added to 

the mix. This method is of relevance, in order to see if time for pre-soaking the fibres can be ignored 

and the same results can be obtained. The steps for creating the mix are as follows: 

 Weigh the materials 

 1st minute : dry mixing of the powders 

 2nd minute: add sands; dry mixing of sands with powders 

 3rd minute: add 75% of required water and check if everything is mixing thoroughly 

 4th minute: let the mix rest for 1 minute 

 5th & 6th minute: add the superplasticizer + remaining 25% water and continue the slow 

mixing 

 7th minute : add the dry fibres and continue the slow mixing 

 8th & 9th minute: add the additional (2.5 g water per 1 gr fibre)  and continue slow mixing 

(level 1) 

 10th & 11th minute: increase the mixing speed to level 2 to separate any clumping fibres. 

 

The optimum method of mixing to achieve a homogeneous mix, was found to be to first mix the raw 

materials thoroughly in the mixer, and add the fibre as last in a steady stream by hand, and then 

finally the required amount of water. 
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5.2.3    Curing  

 

Several methods of curing are reported in various research (Savastano et al. 2000; Abd elaty 2013; 

Kim et al. 1998). The most common curing period for mortars or concrete specimens are 28 days 

long, due to the fact that within 28 days the specimen has almost reached 99% of its strength. Casting 

fresh mixtures in moulds, demoulding them after 24 h and placing them for curing is the usual lab 

procedure, as seen in many scientific reports. Curing ages refer to the amount of days when concrete 

sample is cured and tested on its mechanical properties. Most codes of practice do not consider the 

increase of strength beyond 28 days for design purposes, as is discussed in Abd elaty (2013).  When 

looking at the mechanical features of the utilized CEM I 52.5 R, the concrete must obtain a strength 

of 30 N/mm in 2 days of curing and 52.5 N/mm in 28 days of curing, according to EN 197-1:2011. 

Not only the curing period, but also the method of curing also varies according to consulted research 

articles. In Filho et al. (2013) it was proven that natural fibre based mortars that were cured under 

water in the standard fashion, moisture in the fibres detrimentally affected the bond between the 

concrete matrix and the fibres and thereby reduced the tensile strength of the reinforced mortar. 

Hence, in the current research, the water cured method and the humid cure method are evaluated, in 

order to determine which is more adequate for the strength development of the MBBM.  

 

5.3 Evaluation of mix (dry fibres vs saturated fibres) and 

curing procedure (water curing vs humid curing) 

 

5.3.1 Properties of the fresh mortar 

 

Table 27. Fresh properties of the reference mixture and M. x giganteus mixtures 

Mixtures 

Dry fibres specimens Pre-saturated fibres specimens 

Fresh 

density 

(kg/m3) 

Average 

slumpflow 

(cm) 

Fresh 

density 

(kg/m3) 

Average 

slumpflow 

(cm) 

Reference 0% 2237.1±50 30.25±0.5 2237.1±50 30.25±0.5 

Miscanthus 2% 2102.2±50 28.25±1 2084.4±50 28.75±1 

Miscanthus 3% 2100.4±50 28±0.5 2132.1±50 27.25±1 
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5.3.2 Mechanical strength of the mortars 

 

 

Figure 45. 7-day flexural strength development: dry fibres specimens vs pre-saturated fibres specimens. 
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Figure 46.7-day compressive strength development: dry fibres specimens vs pre-saturated fibres specimens. 

 

Water curing vs humid curing 

 

 

Figure 47. 7-day flexural strength comparison: water cured specimens. vs humid cured specimens 
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Figure 48. 7-day compressive strength comparison: water cured specimens vs humid cured specimens 

 

5.3.3 Conclusion and discussion 

 

From these results, the following main observations can be made: 

1 By including fibres to the matrix, the compressive and flexural strength of the specimens 

decrease with increasing fibre content. 

2 By including fibres to the matrix, the average slumpflow (consistency of the paste), as well 

as the fresh density of the paste decrease with increasing fibre content. 

3 There is no difference in any of the determined properties of the mortars, if dry fibres or pre-

saturated fibres are used to develop the MBBM, indicating that either one can be used.  

4  There is no difference in the strength development of the specimens if water curing or 

humid curing are employed, indicating that either one can be used.  

As with other natural fibres, the addition of natural fibres to cementitious matrices decreases the 

compressive strength. Research has shown that with natural fibre-based concrete, the compressive 

strength decreases with increasing fibre percentage and with increasing fibre length (Kriker et al. 

2008). The same was observed when Coir, Sisal, Jute and Hibiscus fibres were used in cement and 

lower compressive strength than mortar samples without fibres was found (Ramakrishna G. 2005). 
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Regarding the mechanical strength testing of the specimens, only 7 day cured specimens were tested 

in order to be able to make a comparison of the effects the two curing methods had.  

When looking at the fresh density of the mortars, due to the increase in fibres, the volume increases 

and the weight decreases due to the very low density of the fibres. For simplicity, the samples shall 

be referred to as follows:  

 Reference = Re 

 Miscanthus 2% = M2 

 Miscanthus 3% = M3 

 Miscanthus 4% = M4 

 Miscanthus 5% = M5 

 Miscanthus 9% = M9 

 

Compared to the density of the Re, for M2 the density decreases by 6%; for M3 by 6.1%; for M4 

fibres by 1.05%; for M5 by 1.67%; for M6 by 1.93%. The same trend can be seen for in slumpflow, 

where M2, the slumpflow decreases by 6.6%; for M3 by 7.4%; for M4 by 14.9%; for M5 by 18.2%; 

for M9 by 58.7%.  

From the fresh property result it can be seen that the addition of fibres have a large influence on the 

workability, as well as the density of the paste. However, it should be kept in mind that no large 

aggregates were used in the development of these bio mortars, the reason to that is that large 

aggregates have an effect on the distribution of the fibres, as was observed in Sayed Moqadas (2014). 

In Sayed (2012), the mixtures containing abaca fibres showed a reduced workability. The aggregate 

sizes bigger than 4 mm affected the homogeneity of the mixture, because at the positions where the 

aggregates were located, Abaca fibres could not be present. Thus, for composites with dimensions 40 

x 40 x 160 mm3 it was not appropriate to use aggregate sizes bigger than 4 mm. The inclusion of 

large aggregates was done when designing the MBBC.  

Based on these results, it was decided that the dry fibres method and the humid curing method shall 

be used in the rest of the research.  

 

5.4 Mechanical strength of the MBBM 
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Figure 49. Flexural strength development of the reference and MBBM (1 vs 7 vs 28 days) 

 

 

Figure 50. Compressive strength development of the reference and MBBM (1 vs 7 vs 28 days) 
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From these results, a clear difference can be seen between the demoulding flexural strength and the 

demoulding compressive strength of the mortars. When evaluating the overall strength development, 

the difference between demoulding strength (1-day) and 28-day strength can be analyzed. The 

compressive strength development for Re is 97.1%; for M2 it is 130.7%; for M3 it is 106.3%; for M4 

it is 122.1%; for M5 it is 222.8%; for M9 it is 204.1%.  

The reason that the Re specimen has the lowest overall strength development is because the mortar 

hardens much faster than the specimens containing fibres, resulting in a high demoulding strength. 

The strength of the mortars is directly related to its fresh properties, if good workability is obtained, 

better spread of the materials and better packing is found in the mortars, resulting in good mechanical 

properties. The hydration of the cement also plays a large role as mentioned earlier. From Figure 57, 

it can be seen that the Re (far right) has a light grey color and with increasing fibre content the grey 

gets darker, indicating that there is more moisture present in the mortars containing fibres. The high 

moisture comes from the saturated fibres. Other factors which influence the strength is the bonding of 

the fibre with cement, the water absorbed around the fibres that create air pockets and the high 

moisture after evaporation results in high porosity. The demoulding strength is usually of importance 

when concrete needs to be sufficiently strong enough after it is demolded. However, it is also 

important to evaluate the mechanical strength of the specimen after 1 day, 7 days and 28 days, to 

understand the strength development during curing. This could be an indication that the fibres or the 

additional water, for saturating the fibres, slow down the hydration, leading to less strength 

development. This can be observed from Figure 51, where Re has light grey color, indicating little to 

moisture in the specimen, whereas the specimens containing fibres are darker, with increasing fibre 

content. 

 

Figure 51. Fracture surface of mortars. From right to left: Re, M3, M5, and M9. 

 

When comparing the strength development of the MBBM with the reference mortar, the difference 

can be observed in 1-day, 7-days and 28-days, as shown in tables 28 and 29. 
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Table 28. Difference in compressive strength development per day (1day, 7days and 28 days) when 

compared to Re. 

 
1 day (%) 7 days (%) 28 days (%) 

M2 45.45 34.09 36.15 

M3 49.02 44.43 46.62 

M4 60.22 58.64 55.19 

M5 75.54 57.98 59.95 

M9 87.23 80.08 80.30 

 

From Table 29, it can be observed that the difference in strength development increases with 

increasing fibre content, as expected. However, at 7 and 28 days the difference in strength slightly 

decreases, which indicates a very slow strength development of the MBBM. The M2 specimens show 

the least amount of difference in strength development. However, a 36% decrease in strength at an 

inclusion of 2% fibre (by vol %) is still much. The decrease in strength is due to the decreased 

density of the bio mortars. A mortar with a high density indicates a dense structure, which leads to 

better mechanical properties, as explained in Kriker et al. (2008). When looking at the flexural 

strength development, the same evaluation can be seen in table 30. 

 

Table 29. Difference in flexural development per day (1day, 7days and 28 days) when compared to Re 

  1 day (%) 7 days (%) 28 days (%) 

M2 29.47 14.40 16.18 

M3 41.78 27.94 25.51 

M4 51.05 46.40 36.01 

M5 59.03 47.33 39.12 

M9 75.63 61.76 57.95 

 

From Table 29 it can be observed that the difference in strength development increases with 

increasing fibre content, as expected. However, at 7 and 28 days the difference in strength for M2 

and M3 is noticeably less, compared to the remaining mortars. The M2 specimens show the least 

amount of difference in strength development, with only 16 % difference. This indicates that the 

flexural strength of the bio mortars are affected to a lesser degree by the presence of the fibres than 

the compressive strength. When looking at the overall mechanical properties, specimen M9 performs 
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the poorest, which could mean that 9% fibre inclusion is close to the limit of still obtaining a 

functioning bio mortar. In the case of increasing fibre content, difficulties were encountered to 

maintain consistency in the mix. Since studies have considered natural fibres as similar to coarse 

aggregate, the inclusion of M. x giganteus fibres leads to an increase of coarse aggregate fraction in 

spite of the fine aggregate fraction, which could result in a high porosity in the cement matrix. For 

the decreasing trend in strength with fibre content, it can be explained that with the addition of M. x 

giganteus fibres in the matrix, the specific gravity of the composites is reduced. Because of this low 

specific gravity, and high porosity of the bio mortar, a lower compressive strength with respect to the 

reference mortar particularly is observed, when a high volume of M. x giganteus fibres was added. 

Comparable results were obtained in previous research (Zakaria et al. 2015; Shimizu and Jorillo 

1992). In Figure 52, the failure specimens of the sample after compression tests can be seen. In the 

case of reference specimen, it was observed that the crack propagates rapidly with a regular manner 

while the cracks were observed to run in multidirectional path for the MBBM. This is possible 

through stress transfer across the cracks and the fibres arrest the rapid crack propagation.  

A) B) 

Figure 52. A) Crack surface of specimen M5, B) crack surface of reference specimen. 

Regarding the flexural strength of the mortars, different factors play a role on the development of the 

strength, namely: fibre content, fibre length, moisture conditions, mixing method to obtain 

homogenous fibre distribution and matrix composition around the fibres especially (Sierra-Beltran 

2011). The matrix around the fibres is of importance, because that where the bonding with the fibres 

take place. The single crack in the mortars is due to the weak bond between the fibres and the matrix, 

which is needed to bridge the cracked surface and ensure a ductile mortar. As mentioned in Chapter 

2, the performance of a natural fibre based mortar/concrete depends on the fibre-matrix bond and 

fibre-matrix failure. Fibre pullout occurs when the fibres are continuously bridging the cracked 

surfaces as the crack width increases. However, fibre rupture occurs when the fibres break (rupture) 

as the crack grows, the fibres are then regarded as brittle. In the current research, pull out of the m. x 
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giganteus fibres was observed. The fibres are completely pulled out of the matrix, as seen in Figure 

58. It can be seen that because the fibres are relatively short, pull out of the fibres is very low, and 

insufficient transfer of energy between the fibre and matrix occurs, resulting in no improvement in 

flexural strength. Another factor that plays a role in the bonding between fibres and matrix is the 

orientation of the fibres. In the mortars, the fibres have a random distribution, which is more or less 

equally distributed in three dimensions (3D). Therefore, the orientation of the M. x giganteus fibres 

in the longitudinal direction of the composite beams reduces and when the composite beam is loaded 

under bending, strain-softening behavior takes place. In Figure 53.1B, it can be seen that the fibres 

are positioned parallel to the width of the specimens, resulting in no contribution to the crack 

bridging effect of the fibres during the flexural test.  

1) 2) 

3) 

Figure 53. Pull out and orientation of fibres in the mortars. 

In Sayed (2012) it was mentioned that the decrease in mechanical strength was the result of swelling 

and shrinkage of the fibres in the matrix. During the mixing process, the dry Abaca fibres absorb 

water from the mixture and swell. Consequently, in the later stage the absorbed water inside the 
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fibres are consumed in the hydration process of cement particles around the fibre, which creates a 

thin layer of very weak (porous) reacted paste, leading to a more porous structure in the matrix. 

Additionally, the fibres shrink and create a gap between fibre and matrix, which leads to poor 

bonding between fibre and matrix and has a negative effect on the strength of the mortar.  In the 

current research, additional water was provided during the mixture, in order to prevent that problem. 

However, the additional water leads to saturated fibres, which after 28 days are still visible in and on 

the surface of the mortar as dark spots. The M. x giganteus fibres were saturated and this could 

clearly be seen from Figure 54.  

1) 

 

 

2) 

3) 

Figure 54. Saturated fibres in the mortars. 

This phenomenon could be countered by using waterproofing treatment, which reduce the high water 

absorbing ability of the fibres, and a water proofing coating around the fibres would ensure that no 
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excess water is present at the surface of the fibres. Most interestingly, even though the fibres have a 

negative influence on the bio-mortars by decreasing its mechanical properties, they do have a slight 

crack bridging effect. The reference mortars breaks instantly upon impact, for the flexural test, as 

well as the compressive test, exhibiting a brittle behavior as expected, while MBBM showed strain-

softening behavior. The M. x giganteus fibres kept the cracked surfaces together, but due to the low 

pullout strength, the fibres were very easily pulled out of the cracked surfaces. The cracking patterns 

for the reference mortar and the bio mortars containing 3, 5 and 9% of M. x giganteus fibres (M3, M5 

and M9) are shown in Figure 55. Mortars containing 3% fibers showed a crack after the flexural 

strength test (Figure 55B) and with increasing fibre content, the crack became less pronounced 

(visible); for the mortar containing 9% fibres, almost no crack was visible even at the 28 days 

strength test (Figure 55D). This behaviour shows that increasing the fiber content, cracking bridges 

and cracking arrests are slightly effective. At the surface of the fibres, the cement particles were 

attached to the fibres, which showed that there was a fibre-matrix bond (mechanical bond). The effect 

the M. x giganteus fibres have on the mortars can then be regarded as having ductility (strain 

softening behavior), according to Sayed (2012). If longer M. x giganteus fibres were to be used, or 

better bonding of the fibres in the matrix were to be obtained, as was discussed in Chapter 2, the 

stress transfer could be increased and the toughness of the mortars supposedly improved. The 

multiple cracking process is extremely important, as it could determine the toughness of M. x 

giganteus based bio mortar (D ’almeida et al. 2010; Sayed 2012). 

 

A) B) 

C) D) 

Figure 55. A) Crack surface of specimen: A) Re; B) M3; C) M5; D) M9. 
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5.5 Evaluation of pre-treated M. x giganteus fibres in mortars 

  

5.5.1 Properties of the fresh mortars 

 

 

Figure 56. Properties of the fresh mortars. 

5.5.2 Mechanical strength of the mortars 

 

Figure 57. Compressive strength development (1, 7 and 28 days) 
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Figure 58. Flexural strength development (1, 7 and 28 days) 

 

5.5.1 Conclusion and discussion 

 

From the fibre modification results, it can be seen that, even though they have a very good effect on 

reducing the water absorption of the fibres, they have little influence on the workability of the mortar. 

The density of the fresh paste does decrease slightly (by ± 10%) when the linseed and water glass 

impregnated fibres are used. When the cement-impregnated fires are used in the matrix, the density 

actually slightly increases. This could be due to the already hardened cement covering the fibres and 

the water that got absorbed by the fibres, because not the entire surface of the fibres were coated with 

cement (not fully impregnated). When looking at the compressive strength, the treated fibres do 

perform better than the untreated fibres, especially for the cement-impregnated fibres. The 

improvement is more pronounced in the flexural strength development where the treated fibres 

showed higher flexural strength development than the untreated fibre specimen is. The reason to this 

could be due to better bonding of the fibres with cement and less swelling of the fibres due to less 

water absorbed. However when the treated fibres are used, the standard deviation also increases, 

which could indicate that if proper impregnation of the fibres and mixing of the fibres in mortars, the 

results may variate greatly. When taking the large SD of the treated fibres into account, they do not 

differ much from the untreated fibre specimens. 

3.18 3.23 3.06

5.01

4.31
4.86 5.03

6.23
5.68

6.42
6.94 7.03

0

1

2

3

4

5

6

7

8

9

10

5% untreated fibres 5% waterglass
treated fibres

5% linseed oil
treated fibres

5% cement treated

Fl
ex

u
ra

l s
tr

en
gt

h
 (

M
P

a)

specimens

1 day strength 7 day strength 28 day strength



120 

Design of a Miscanthus-based bio concrete 

 

 

5.6 Overall conclusion 

 

As aforementioned, no amount of M. x giganteus fibres was sufficient to increase the flexural or 

compressive strength of the bio mortar. Additionally, the content of the Abaca fibres could not be 

increased more than 9%, because the workability of the mixture decreases drastically, unless the 

paste is increased. As a solution additional SP was used to improve the workability, however this did 

not lead to any improvement for the 9% fibres mortars. The solution would be to increase the amount 

of fine materials in such a way that there is sufficient paste to cover all the fibres and aggregates 

(Sayed 2012). However, the current mixture already contains three kinds of fine materials (cement, 

GBFS and LP), indicating that additional fine material would not improve the workability of the 

paste. LP is considered as a filler material, which does not contribute in the chemical reaction, but it 

acts as an accelerator during the early cement hydration. The advantage of incorporation of limestone 

powder in the concrete will make the mixture denser and the toughness of composite will be reduced 

resulting in multiple cracks during the loading, according to Sayed (2012).  

In the evaluation of the mechanical properties of the MBBM, it was found that, the addition of M. x 

giganteus fibres does not contribute in the improvement of the mechanical properties of mortars. 

Moreover, with larger fibre content, the mechanical properties were found to decrease further. 

However, the density of the mortar do get substantially decreases with increasing fibre content. The 

designed reference specimen reaches a compressive strength of 67.14 Mpa and a density of 2237 

(kg/m3). With the addition of 2% fibres, the compressive strength of the bio mortars decreases by 

roughly one third of the reference specimen, reaching compressive strengths of 43 Mpa. The density 

of the 2% fibre specimen was recorder at 2102 (kg/m3), showing a decrease of only 6%.  When the 

fibre content is further decreased, the compressive strength decreases roughly by ½ and the density 

by 7% of that of the reference specimen. This indicates that bio mortars with lower densities and 

good strength development can be achieved by including M. x giganteus fibres to the matrix in small 

amounts. In most literature, lesser fibre contents, such as 0.1, 0.25 etc. are used in the matrix, to 

evaluate their performance (Zakaria et al. 2015); hence, a 2% fibre inclusion is already regarded as a 

large amount.  
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6. Design and evaluation of the M. x 

giganteus-based bio concrete  
 

Introduction 

 

In Chapter 3, all of the necessary methods, targets, requirement and recipes were discussed in detail 

and the test that were performed based on those aspects. In Chapter 5 the mortar tests are evaluated 

and the behaviour of different amounts of fibres was in a matrix was determined. In this Chapter, the 

5 basic steps shall be employed to design the MBBC. As mentioned in Chapter 5, multiple MBBC 

specimens are designed containing varying amounts of fibre and incorporated in a different manner. 

Additionally, for the design of the M. giganteus based bio concrete, 2 types of aggregates are 

included in the mix, as can be seen from the mix series in table 30. The specimens, which are 

designed, are: 

 Mix series 1: similar to the bio mortars, different amounts of fibres are added to the mixture: 

2%; 5%; 10%; 15% and 20% (vol %). The volume increases. 

 Mix series 2: different amounts of fibres partially replace the sand in the mixture: 2%; 5%; 

7.5%; 10% and 15% (vol %). The volume is conserved. 

 Mix series 3: different amounts of fibres partially replace the aggregates in the mixture: 2%; 

5%; 7.5%; 10% and 15% (vol %). The volume is conserved. 

For simplicity, the mixture containing fibres shall be referred to as M2 for 2% fibres, M5 for 5% 

fibres, M7.5 for 7.5% fibres, M10 for 10% fibres, M15 for 15% fibres and M20 for 20% fibres. 

  

6.1 Materials and mix series 

 

The experimental investigation consists of the five basic steps, as mentioned before. The matrix was 

manufactured in a large mechanical mixer with a capacity of > 50 liters. The sand, large aggregates 

and the powders were dry mixed during 60 seconds to homogenize the mixture. Water (75 wt %) was 

added to the mixture, mixed for 120 seconds and then stopped for 60 seconds. The superplasticizer 

diluted in water (25 wt %) was slowly poured in the running mixer during 30 seconds and then the 
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mixture was mixed for one minute more. At this point, the fibers were added to the fresh matrix in 

small increments and mixed for 3 minutes. For each mixture, three sets are cast. Each set comprises 

three cubes for determining its compressive strength and durability respectively. The three cubes are 

needed to obtain an average result. In total, 208 cubes were cast in this phase (evaluation of MBBC). 

In Table 30, the proportions of materials are shown, which were used for the design of the reference 

mixture 

  

Table 30. Composition of reference mixture. 

 

Code 

 

Raw material 

density Amount Amount 

(kg/m3) (kg/m3) l/m³ 

LS Limestone 4-20mm 2740 637 232 

FG Fine granite 2-8mm      2530 310 122 

SND Sand 0 - 2 mm 2640  222 84 

SAN Sand 0 - 4 mm 2640  546 207 

MISC Miscanthus 250 - - 

LP Limestone powder 2720  160 59 

GBFO Granulated blast 

furnace Orcem 

2880  80 28 

CEM CEM I 52,5 R 3100  290 94 

WA Water 1000  159 159 

SP MasterGlenium 51 1100 2.3 2.09 

Total   2406.3 987.0 

 

The large aggregates are included in this phase. Because a large amount of materials is needed to 

perform the tests in this phase (a minimum of 30l per mixture), the volume of each mixture was 

increased until the required volume. Additionally, sufficient material is needed for the large cone 

flow test and for the casting of the cubes (each cube is 3.375 L). This mix is created using the same 

methodology as the one mentioned in paragraph 5.2.6. For the design of these concrete cubes, the 

recipe can be divided into 3 mix series, as mentioned before. For mix series 2, the 2 types of sand are 

equally replaced (50%-50%) by the fibres. The same is done for the aggregates.  The reason to these 

recipes is to evaluate and compare their performance. As with the small prisms, nine cubes are cast 

for each recipe, and their compressive strength are tested after 7, 21 and 28 days of humid curing. 

The workability, as well as the fresh density for each mixture is also determined.  
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Mix series 1 

 

Table 31. Composition of mixtures for mix series 1 

 2% 

fibres 

5% 

fibres 

10% 

fibres 

15% 

fibres 

20% 

fibres 

 Mass (g) Mass (g) Mass (g) Mass (g) Mass (g) 

Limestone 4 - 20mm 637 637 637 637 637 

Fine granite 2 - 8mm 310 310 310 310 310 

Sand 0 - 2 mm 222 222 222 222 222 

Sand 0 - 4 mm 546 546 546 546 546 

Miscanthus 2 - 4mm 5 12.5 25 37.5 50 

Water for fibers  12.5 31.25 62.5 93.75 125 

Calcitec CB 80 (LP) 160 160 160 160 160 

Orcem (GBFS) 80 80 80 80 80 

CEM I 52,5 R 290 290 290 290 290 

Water 159 159 159 159 159 

MasterGlenium51 2.3 2.3 2.3 2.3 2.3 

Total (g) 2411.3 2418.8 2431.3 2443.8 2456.3 

 

Mix series 2 

 

Table 32. Composition of mixtures for mix series 2 (Sands partially replaced by fibres) 

 2% 

fibres 

5% 

fibres 

7.5% 

fibres 

10% 

fibres 

15% 

fibres 

 Mass (g) Mass (g) Mass (g) Mass (g) Mass (g) 

Limestone 4 - 20mm 637 637 637 637 637 

Fine granite 2 - 8mm 310 310 310 310 310 

Sand 0 - 2 mm 219.36 156 123 90 24 

Sand 0 - 4 mm 519.6 480 447 414 348 

Miscanthus 2 - 4mm 5 12.5 18.75 25 37.5 

Water for fibers  12.5 31.25 31.25 62.5 93.75 

Calcitec CB 80 (LP) 160 160 160 160 160 
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Orcem (GBFS) 80 80 80 80 80 

CEM I 52,5 R 290 290 290 290 290 

Water 159 159 159 159 159 

MasterGlenium51 2.3 2.3 2.3 2.3 2.3 

Total (g) 2394.7 2318.05 2258.3 2229.8 2141.5 

 

Mix series 3 

 

Table 33. Composition of mixtures for mix series 3 (Aggregates partially replaced by fibres) 

 2% 

fibres 

5% 

fibres 

7.5% 

fibres 

10% 

fibres 

15% 

fibres 

 Mass (g) Mass (g) Mass (g) Mass (g) Mass (g) 

Limestone 4 - 20mm 634.26 568.5 534.25 500 431.5 

Fine granite 2 - 8mm 284.7 246.75 215.13 183.5 120.25 

Sand 0 - 2 mm 222 222 222 222 222 

Sand 0 - 4 mm 546 546 546 546 546 

Miscanthus 2 - 4mm 5 12.5 25 37.5 50 

Water for fibers  12.5 31.25 62.5 93.75 125 

Calcitec CB 80 (LP) 160 160 160 160 160 

Orcem (GBFS) 80 80 80 80 80 

CEM I 52,5 R 290 290 290 290 290 

Water 159 159 159 159 159 

MasterGlenium51 2.3 2.3 2.3 2.3 2.3 

Total (g) 2395.7 2318.3 2296.1 2274.0 2186.0 

 

From Tables 31, 32 and 33 it can be seen that that the amount of fibres in the mixtures is slightly 

different for mix series one. The reason to this is that during the test, it was observed at M10, a good 

workability of the paste was still obtained. At M15, the workability decreased substantially and at 

M20, the same results as with M15 was found. Hence, for mix series 2 and 3, the M20 was left out 

and M7.5 was included. The good workability at M10 in this phase could be due to the fact that large 

aggregates are included in the mix and a larger amount of materials are used, compared to the amount 

of materials used for the design of the MBBM. Additionally after the workability of each of the 

mixtures was determined, an additional 2% SP was added, mixed again and the workability is 
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evaluated again.  

 

6.2 Properties of the fresh MBBC 

 

Mix series 1 

 

Table 34. Properties of the fresh MBBC: Mix series 1 

Mixtures Average Slump 

flow (cm) 

Average Slump flow 

(cm) (+2%SP) 

Fresh Density 

(kg/m³) 

M20 - - 2180 

M15 32 32 2223 

M10 40.3 48.5 2264 

      M5 49 58.5 2370 

M2 52 63.5 2392 

Re 55 78 2415 

 

 

Figure 59. Fresh properties of the MBBC: mix series 1 
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Table 35. Properties of the fresh MBBC: Mix series 2 

Mixtures Average Slump 

flow (cm) 

Average Slump 

flow (cm) (+2%SP) 

Fresh Density 

(kg/m³) 

M15 25 25 1994 

M10 28.5 38.5 2100 

M7.5 32.5 44 2195 

M5 41 49.5 2290 

M2 48.7 59.8 2338 

Re 55 78 2415 

 

 

 

Figure 60. Fresh properties of the MBBC: mix series 2 
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Table 36. Properties of the fresh MBBC: Mix series 3 

Mixtures Average Slump 

flow (cm) 
Average Slump 

flow (cm) (+2%SP) 
Fresh Density 

(kg/m³) 

M15 30 30 1892 

M10 30.8 38.8 1980 

M7.5 35.5 48.8 2144 

M5 45.5 55.5 2243 

M2 51.5 61.4 2298 

Re 55 78 2415 

 

 

 

Figure 61. Fresh properties of the MBBC: mix series 3 
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mix series 1, 2 and 3 respectively and when the fibre volume dosage was 20%, no flow was observed 

(see Figure 57), which is an indication of the limit where the concrete mix shall not provide any flow 

whatsoever. Most noticeably, as the fibre content increased to 2% and 5%, the slump gradually 

decreased to 52 & 49 cm for mix series 1, but for mix series 2 and 3, the slump gradually decreased 

to 48.7 & 37 and 51.5 & 40, respectively. For the slumpflow with +2% SP, the flow of each mixture 

increases roughly by 10cm ±5, but for M15 no increase in flow is observed. However, it should be 

mentioned that 2% additional SP is the limit, because at this dosage, bleeding of the matrix occurred 

for M7.5 and M10. Hence, the additional amount of SP should always be lower than 2% (mass %). 

The overall percentage of slumpflow and fresh density decrease, compared to the reference mixture, 

can be seen in tables 37, 38 and 39. 

 

Table 37. Decrease in slumpflow and fresh density of the MBBC compared to Re: mix series 1 

 Slump flow 

(%) 

(+2%SP) 

slumpflow (%) 

Fresh Density 

(%) 

M2 5.5 18.6 1 

M5 5.8 7.9 0.9 

M10 17.8 17.1 4.5 

M15 13.2 27.8 1.8 

M20 100 100 1.9 

 

 

Table 38. Decrease in slumpflow and fresh density of the MBBC compared to Re: mix series 2 

  Slump flow (%) (+2%SP) 

slumpflow (%) 

Fresh Density 

(%) 

M2 11.5 23.3 3.2 

M5 15.8 17.2 2.1 

M7.5 20.7 11.1 4.1 

M10 12.3 12.5 4.3 

M15 12.3 35.1 5.0 

 

Table 39. Decrease in slumpflow and fresh density of the MBBC compared to Re :mix series 3 

  Slump flow (%) (+2%SP) 

slumpflow (%) 

Fresh Density 

(%) 
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M2 6.4 21.3 4.8 

M5 11.7 9.6 2.4 

M7.5 22 12.1 4.4 

M10 13.2 20.5 7.6 

M15 2.6 22.7 4.4 

 

6.3 Mechanical strength of the MBBC 

 

In this part, the mechanical strength properties of MBBC is evaluated. For this part, the specimens 

are tested on their compressive strength after 7, 21 and 28 days of humid curing, as shown in Figure 

66. The loss in strength of the bio concrete is then evaluated by comparing it with the reference 

concrete.  

 

 

Figure 62. Compressive strength results of MBBC: Mix series 1 
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Figure 63. Compressive strength results of MBBC: Mix series 2 

 

 

Figure 64. Compressive strength results of MBBC: Mix series 3 
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6.3.1 Conclusion and discussion 

 

The values of the compressive strength were determined and are presented in Figures 63, 64 and 65, 

for each mix series. From these results it can be verified that the presence of M. x giganteus fibers 

has a deleterious influence on the strength level. Moreover, this influence turns out to be more 

significant for mix series 2 and 3 in comparison with mix series 1. This can be attributed to a 

decrease in the bio concrete’s density, associated with an increase in its porosity, as was similarly 

encountered in Marcos, Venicius Pereiraa Roberto et al. (2015), in which sisal fibres were used. As 

expected, for every mix series it was observed that the compressive strength of the specimens 

decreases, with increasing fibre content, but for each mix series to a different degree. When 

comparing the strength development of the MBBCs with the reference concrete, the difference can be 

observed in 7-day, 21-days and 28-days, as shown in Table 41, 41 and 43. 

 

Table 40. Difference in compressive strength development per day (1day, 7days and 28 days) when compared to 

Re: mix series 1 

 7day (%) 21days (%) 28days (%) 

M2 4 4 4 

M5 6.9 15.8 12.1 

M10 49.2 33.7 21.4 

M15 58.3 45.7 35.5 

M20 64.7 63.5 58.7 

 

 

Table 41. Difference in compressive strength development per day (1day, 7days and 28 days) when 

compared to Re: mix series 2 

 7day (%) 21days (%) 28days (%) 

M2 6.9 11.8 5.7 

M5 28.5 36.3 31.7 

M7.5 43.4 48.2 45.0 

M10 58.3 57.3 55.8 

M15 69.2 75.2 72.8 
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Table 42. Difference in compressive strength development per day (1day, 7days and 28 days) when 

compared to Re: mix series 3 

 7day (%) 21days (%) 28days (%) 

M2 4.5 8.5 3.6 

M5 25.2 31.1 27.7 

M7.5 45.5 50.4 47.7 

M10 60.4 62.6 61.1 

M15 75.1 80.6 74.9 

 

The low cost of M. x giganteus fibres, it being a renewable resource, the reduced weight of the bio 

concrete and the environmental compatibility would show the socioeconomic viability of MBBM.  

In order to evaluate the performance of the MBBC, their performance should be compared to other 

natural fibre-based concrete. It should be kept in mind that the results may not completely be 

comparable to that of literature, because the conditions may differ. Conditions such as: 

 Fibre type: length, chemical and physical properties and their dosage in the mortar. 

 Treatment: pretreatment of the fibres before inclusion in the matrix.  

 Composition of the mortars: cement, water, sand ratios.  

 Curing age and method of curing. 

 Method of testing the mechanical properties of the mortars. 

 

In Table 43, it can be seen that from Zakaria et al. (2015), it was concluded that with a 0.1% and 

0.25% inclusion of fibres, the compressive strength increased and at larger dosages of fibres, the 

compressive strength got lower than the controlled specimens (0% fibre). Furthermore, it was also 

concluded that with increasing fibre length, the compressive strength also decreases. Best results 

were obtained for the 10mm and 15mm yarn at a 0.1 and 0.25% fibre inclusion. As mentioned before, 

these results are not comparable strength wise but when comparing the influence of the fibres on the 

matrix, compared to that of the reference specimen (0% fibres), an evaluation can be made. For the 

specimens containing jute, the compressive strength slightly increases at 0.1% fibre inclusion and 

then dramatically drops at 0.75% fibre inclusion. The same trend can be seen when looking at its 

flexural strength development. When looking at the specimens from the current research, at 2% fibre 

inclusion, the compressive strength already drop by 30% and decreases further with increasing fibre 

content. However, at the flexural strength development, the decrease in strength is smaller when 

fibres are added to the matrix. Most noticeably, when large aggregates are used in the matrix, the 

fibres have a smaller effect on the compressive strength development of the concrete. At 2% fibre 
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inclusion, the compressive strength only decreases by 5% and at 20% fibre inclusion by 59%. In Al-

Oraimi & Seibi (1995), it was concluded that the general trend for the addition of the palm fibres to 

plain concrete tend to reduce the flexural strength similar to the compressive strength results. In 

abaca fibres 2, at 7 days compressive strength is 11 Mpa and at 28 days is 23, hence  a difference of 

12 Mpa in 21 days (0.5%). In abaca fibres 3 (no large aggregates), at 7 days compressive is 10 MPa, 

at 28 days its 15 Mpa (0.5 again). Overall, in Sayed, in all of the three aforementioned mixtures, no 

strain-hardening behavior of the composites were achieved. From these results, it can be seen that 

strength reduction of concrete specimens containing fibres is imminent, even if very low percentages 

of fibres are utilized. However, the fibre percentages used in the current study are higher, compared 

to other studies, and still lower reductions in strength were obtained, indicating that the M. x 

giganteus fibres have less influence on the strength development than other fibres. 
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Table 43. Mechanical strength comparison of Natural fibre-based concrete. 

Fibre type Fibre characteristics Fibre treatment Mix composition Curing age 

and method 

Compressive 

strength 

MPa 

Flexural 

strength 

 MPa 

Jute yarn (Zakaria et 

al. 2015) 

10-25mm with a 0, 

0.1, 0.25, 0.50 and 

0.75 % volume 

dosing 

None cement: sand: 

brick chips (by 

volume) = 1:2:4 
and water/cement 

ratio (by weight) 

of 0.60 

Water cured 

for 28 days 

(cubes and 

beams) 

At 0%: 23 

At 0.1%: 26 

At 0.25%: 24 

At 0.5%: 19 

At 0.75%: 16 

At 0%: 3.2 

At 0.1%: 3.6 

At 0.25%: 3.5 

At 0.5%: 2.9 

At 0.75%: 2.5 

M. x giganteus 

(current research) 

2-4mm with a 2, 3, 4, 

5 and 9% volume 

dosing 

Pre-wetting 

(additional water 

in mix) 

Powders: sand: 

(by volume) = 1:3 

and water/ cement 

ratio of 0.5 

Humid cured 

for 28 days 

(beams) 

At 0%: 67 

At 2%: 43 

At 3%: 36 

At 4%: 30 

At 5%: 27 

At 9%: 13 

At 0%: 9 

At 2%: 8 

At 3%: 7 

At 4%: 6 

At 5%: 6 

At 9%: 4 

M. x giganteus 

(current research) 

2-4mm with a 2, 5, 

10, 15 and 20% 

volume dosing 

Pre-wetting 

(additional water 

in mix) 

Powders: sand: 

aggregates (by 

volume) = 1:3: 4 

and water/ cement 

ratio of 0.5 

Humid cured 

for 28 days 

(cubes) 

At 0%: 76 

At 2%: 72 

At 5%: 67 

At 10%: 60 

At 15%: 50 

At 20%: 31 

None 

Palm Fibres 

(Al-Oraimi & Seibi 

30mm with a 0.05 – 

0.15% by weight of 

None Cement: fine 

aggregate: course 

Water cured 

for 28 days 

At 0%: 77 At 0%: 10.4 
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1995)  total mix dosing aggregates = 1: 

2.2: 2.8 + SP 

(cubes and 

beams) 

At 0.05%: 62.3 

At 0.1%: 65 

At 0.15%: 60.2 

At 0.05%: 9.9 

At 0.1%: 9.8 

At 0.15%: 9.4 

Abaca fibres 1 

(Sayed 2012) 

20g None cement: sand (by 

weight) = 1:1.8 
and water/cement 

ratio (by weight) 

of 0.53 

Water cured 

for 65 days 

(cubes and 

beams) 

50.5 6.3 

Abaca fibres 3 

(Sayed 2012) 

11.72 (wt %) None cement: sand: LP 

(by weight) = 

1:8.8:1 and 

water/cement ratio 

(by weight) of 1.1 

and water to 

powder ratio of 

0.55 

Specimens 

covered with 

plastic foils 

for 28 days 

(beams) 

At 0%: 23 

At 11.72%: 23 

At 0%: 4.07 

At 11.72%: 4.4 

Abaca fibres 4 

(Sayed 2012) 

11.72 (wt %) NaOH : 2.5 wt% 

NaOH : 2.5 wt% 

+ C2H4O2: 3% 

C2H4O2: 3% 

wt% 

Na2SiO3: 100% 

cement: sand: LP 

(by weight) = 

1:8.8:1 and 

water/cement ratio 

(by weight) of 1.1 

and water to 

powder ratio of 

0.55 

Specimens 

covered with 

plastic foils 

for 28 days 

(beams) 

None At 0%: 4.07 

At 11.72%: 2.53 
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6.4 Overall conclusions  

 

From the results, it can be seen that a good workability of the paste for the MBBC can still be 

obtained if: 

1. the mixing of the fibres is done properly; 

2.  if additional water for fibre saturation is included; 

3. Less than 2% additional SP is added to the mixture.  

 

If these three requirements are not taken into account, fibre clumping, concrete paste bleeding and 

reduced workability of the concrete paste shall occur. According to EN 206-1, the density of normal 

concrete is between 2000 and 2600 kg/m3 and that of lightweight concrete is between 800 and 2000 

kg/m3. In the evaluation of the MBBC, it was found that, the addition of M. x giganteus fibres does 

not contribute in the improvement of the mechanical properties of the concrete. Moreover, with 

larger fibre content, the mechanical properties were found to decrease; however, they are still in 

acceptable range. However, the density of the MBBM substantially decrease with increasing fibre 

content, making them acceptable as lightweight concrete. The designed reference specimen reaches a 

compressive strength of 76 MPa, which falls within the category of C60/75, according to EN 206-1: 

2000, and reaches a density of 2415 kg/m3, which is referred to as the density of normal-weight 

concrete. Each specimen of the designed MBBC have a density higher than 2000 kg/m3, indicating 

that most of the specimens fall under the normal-weight concrete category. However, the only 

specimens of the designed MBBC that obtain a density less then 2000kg/m3 are M15 of mix series 2 

and M10 and M15 of mix series 3, placing them under the category light-weight concrete. The 

compressive strength development of specimens of each mix series is different. With the addition of 

2% and 5% fibres, the compressive strength of the MBBC specimens of mix series 1 only decrease 

by 4 % and 12 %, respectively, compared to the reference specimen, reaching compressive strengths 

of 73 MPa and 67 MPa, respectively. This indicates that high strength bio concrete with lower 

densities can be achieved by including M. x giganteus fibres to the matrix.  

Overall, in can be concluded that, even though the M. x giganteus fibres decrease the compressive 

strength and workability of the bio-concrete, the values are still within in acceptable range. From the 

compressive strength results of the MBBC, it can be seen that the compressive strength values falls 

between the C16/20 and C55/67 strength class. Indicating that high strength of the bio-concrete is 

still obtained with the inclusion of M. x giganteus fibres.  
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7. Durability of the designed M. x 

giganteus-based bio concrete  
 

Introduction 

 

In Chapter 3, all of the necessary methods, targets, requirement and recipes were discussed in detail 

and the test that were performed based on those aspects. In Chapter 7, the focus is on the water 

permeability of the designed Miscanthus-based concrete cubes. After the cubes were left in the 

apparatus for 3 days after 28 days curing (see Figure 66A), they were split in half in order to 

determine the depth of water penetration (PD) (see Figure 66B).  

 

A) B) 

Figure 65. A) Specimens in apparatus; B) vertical splitting of the specimens after 3days (after water 

penetration test). 

 

7.1 Water penetration test 

In Figures 67, 68 and 69, the permeability of the bio concrete for each mix series was measured and 

the results are translated into figures.  

 

Mix series 1 
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Figure 66. Water penetration depth for the MBBC (mix series 1) 

 

Mix series 2 

 

 

Figure 67. Water penetration depth for the MBBC (mix series 2) 

 

Mix series 3 
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Figure 68. Water penetration depth  for the MBBC (mix series 3) 

 

The lowest permeability among the MBBC specimens is specimen M2 of mix series 1, reaching a PD 

equal to that of the reference concrete (0.9 mm). Specimen M15 of mix series 2, which was marked 

at a PD 131 mm, obtained the highest PD.  It can be clearly shown that permeability of the bio 

concrete is significantly affected increasing fibre content and most effect can be seen when fibre 

content ≥ 10% is used as shown in Figure 68. The increase in PD, compared to that of the reference 

specimen, is shown in Table 44.  

   

Figure 69. Penetration depth results of concrete specimens after splitting them in half. 

 

7.1.1 Conclusion and discussion 
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Table 44. Difference PD for each specimen, compared to the reference. 

Difference in PD Mix series 1 Mix series 2 Mix series 3 

 % % % 

Reference 0.0 0.00 0.00 

2% fibres 0.0 1.5 1.1 

5% fibres 3.0 4.7 3.7 

7.5% fibres - 19.9 10.5 

10% fibres 21.0 78.1 42.6 

15% fibres 40.9 145.7 143.1 

20% fibres 137.8 - - 

 

From the results, it can be seen that the Re, M2 and M5 specimens of all three mix series falls below 

5mm.  From M7.5 onward, the depth of penetration gradually gets higher and even penetrates as deep 

as 80% to 85% for the M15 specimens. The high depth penetration is due to its porous internal 

structure created by the high fibre content in the MBBC. The low water penetration for specimens 

M2, M5 and M10, indicates a low and disconnected pore structure of the composite system, in which 

the presence of the fibres have significant influence. At 15% and 20% fibre inclusion, the fibres do 

have a large effect on the pore structure, hence the high water penetration. The high water 

penetration is also due to the porous surface of the specimens M15 M20. 

 

7.2 Capillary water absorption 

 

The performance of concrete subjected to many aggressive environments is a function, largely, of the 

penetrability of the pore system of the matrix. In unsaturated concrete, the rate of ingress of water or 

other liquids is largely controlled by absorption due to capillary rise. This section covers the results 

obtained from testing for capillary water absorption. The capillary water absorption of the MBBC 

was determined according to EN 480-5:2005. For each mixture, at least two specimens were tested, 

in order to get an average value. The test setup can be seen in Figure 71.  The blocks were spaced in 

such a way that, even with removal of a cube, the sides would not touch. The tank was slowly filled 

with water until the water level was constant at 3±1 mm above the lower faces of the cubes. After a 

period, the cubes were removed one by one, wiped with a damp cloth and weighed. The test was 
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performed on the concrete specimens at an age of 28 days. As described in Chapter 3, the mass of 

each block was determined at various time intervals. The capillary water absorption (g/cm2) at each 

time interval was then calculated. The water absorption of each block was plotted against time (h) on 

a linear scale and as well as a natural logarithmic scale in order to better compare the rate of 

absorption of the different mixes. Using natural logarithmic trend lines, the average slope (rate of 

absorption) of each block was determined.  

 

Figure 70. One out of 3 Containers for accommodating the specimens for the capillary water absorption test. 

 

Mix series 1 

 

Figure 71. Capillary water absorption of MBBC (mix series 1): specimens M2, M5, M10, M15 and M20. 
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Figure 72. Capillary water absorption of MBBC (mix series 2): specimens M2, M5, M10 and M15. 

Mix series 3 

 

Figure 73. Capillary water absorption of MBBC (mix series 3): specimen M2, M5, M10 and M15 

 

Figures 72, 73 and 74 show the water absorption over time of the different specimens (per mix 

series) on a linear scale. In each case, as the fibre content increases, more water is retained in the 
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pore system and thus the rate of water absorption increases. This may be attributed to the effect of the 

fibres on the connectivity of the pore network and the size of the internal pores. 

The water absorption result of M15 of mix series 2 is clearly the highest, reaching a water absorption 

value above 0.35 g/cm2. The results show a very high initial absorption (within the first 3-4 hours) 

for most specimens. Thereafter, the rate of absorption still increases over time but to a lesser extent. 

Most noticeable are the trends of the curves of each mix series. There is a common trend between all 

the curves of where the slope after 28days is not flat, indicating that the specimen is still capable of 

absorbing small amounts of water. However, the slope of the curve gradually becomes less inclined 

over time, in dictating that less and less water is absorbed. Similarly, this was also observed in 

Castro. J. et al (2011), where the same capillary water absorption test was performed on concrete 

specimens and after 90 days, an increasing water absorption trend was still observed. For mix series 

1 this curve has a less increasing curve, especially for specimen M2, compared to those of mix series 

2 and 3. The results of mix series 2 and 3 are quite similar, but the values for mix series 2 are slightly 

lower, indicating that mix series 3 has a slightly better pore structure than mix series 2, enabling less 

water to be absorbed. Mix series 2 has higher absorption values for all specimens, compared the 

other two mix series. This could be due to the fact that there are more fibres and aggregates present, 

since most of the sand was partially replaced with fibres. Furthermore, it can be seen that for mix 

series 2 and 3, the rate of water absorption for specimens containing 15% fibres is almost twice as 

high as that of the other specimens. Whereas, for mix series 1 specimens, the water absorption for 

specimens containing 15 and 10 % fibres is quite close and that of 20% is clearly much higher. The 

average absorption after 3h is depicted in Figure 75, due to the fact that the initial water absorption of 

each specimens roughly takes place within the first 3 hours. The values are also indicative of the 

initial rate of absorption. There does not seem to be a strong correlation between initial absorption 

and fibre content. With the SD taken into account, the water absorption rate of each specimen is quite 

close. 
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Figure 74. Average water absorption of specimens after 3h (28-day age) for each mix series. 

At 2 and 5% fibre content, each mix series shows a small difference in water absorption of roughly 

12%. With increasing fibre content, the water absorption gradually increases for each mix series by 

roughly 29% at 10% fibre and 57% at 15% fibre.  With increasing fibre content, the standard 

deviation also increases; based on the standard deviations, the water absorption for each mix series is 

almost equal.  Most noticeable, at 20% fibre content for mix series 1, the water absorption is almost 

equal to the 15% fibre content.  

As to be expected, the average absorption increases over time for all mixes. Also, at a fibre content of 

2%. These results are quite similar to the water absorption results discussed in (Coetzee 2013), where 

0%, 0.5% and 1% sisal fibres were added to concrete. The values found in this research are much 

lower than the values found in Coetzee (2013) and it was concluded the addition of Sisal fibres 

decreased the density and increased the porosity, which in turn led to a higher absorption and rate of 

absorption.  

 

7.2.1 Conclusion and discussion 

 

As the processes of deterioration in concrete are mediated largely by water, it would be useful to find 

a way of measuring a simple material property, which can reliably reflect the ability of a material to 

absorb and transmit water by capillarity. Consequently, by knowing the ability of a material to absorb 

and transmit water, measures can be taken to minimize the sorptivity is in order to reduce the ingress 
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of chloride or sulphate into concrete. Sorptivity is the transport of liquids in porous solids due to 

surface tension acting in capillaries and is a function of the viscosity, density, surface tension of the 

liquid, and also the pore structure of the material. The performance of concrete subjected to many 

aggressive environments, is largely a function of the penetrability of the pore system. In unsaturated 

concrete, the rate of ingress of water or other liquids is largely controlled by absorption due to 

capillary rise. Hence, the water sorptivity of concrete, especially concrete containing natural fibres, 

which have an affinity for water, is an important factor. From these results, it can clearly be see that 

each mix series has different results, especially when the fibre content is increased to 10% (M10), 

15% (M15) and 20% (M20). The addition of fibres, in increasing amount, to concrete led to an 

increase in capillary water absorption. This shows that the addition of M. x giganteus fibres does 

significantly alter the pore system of the MBBC.  

According to literature, there are three defined stages for the evaluation of the capillary water 

absorption result (Silva et al. 2010). The first stage is the initial stage where the rate of absorption is 

linear in time. The second stage is the transitional stage, which deviates kinetics and ends at the 

beginning of the terminal stage. The last stage is the terminal a terminal stage at which further 

absorption is much slower or do not take place. Obtained results from current research is not 

comparable with that of Silva et al. (2010), due to the fact that only the height of the water absorbed 

in the concrete was observed in cm. When looking at the terminal stage of each specimen, it can be 

seen that the rate of absorption decreases over time, but a slightly inclined slope is still observed, 

indicating that each specimens shall still absorb water past the 28 days. When looking at the density 

of each specimen, a relationship can be seen between the water absorption and the density. An 

increase of fibres in the matrix, leads to a decrease in density and an increase in porosity, as well as 

water absorption of the bio concrete.  

According to (Fiore et al. 2014), the water absorption of a concrete surface largely depends on the 

following factors: 

1) concrete mixture proportions;  

2) the presence of chemical admixtures and supplementary cementitious materials;  

3) the entrained air content;  

4) the composition and physical characteristics of the cementitious component and of the 

aggregates; 

5) the entrained air content; 

6) the type and duration of curing and the degree of hydration or age; 

7) the surface (cracks);  

8) Placement method including consolidation and finishing; 

9) Moisture condition of the concrete at the time of testing. 
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The most probable factors playing a crucial role in the capillary water absorption of the MBBC are 

factors 1, 3, 4, 6, 7 and 8. Based on these factors, the following can be said for the specimens of mix 

series 1: 

 Concrete mixture proportions: the proportions of mix series 1 are similar to the reference 

mixture, except that fibres have been added to the mixture, increasing its volume and 

slightly decreasing its density.  

 The composition and physical characteristics of the M. x giganteus fibres: From previous 

test, it was shown that the fibres have a highly porous internal structure and a high water 

absorbing ability. These fibre characteristics play a large role in increasing fibre content, 

where even though it is still the reference mixture with fibres, the large amount of fibres 

dramatically influence the properties of the MBBC, as was also observed in the mechanical 

strength tests.  

 The type and duration of curing: curing of the MBBC specimens was performed according 

to DIN EN 480-5. The duration was kept at 28 days, as was done in Coetzee et al. (2013), 

however in some literature, the curing age is kept at 60 or 90 days (Silva et al. 2010). The 

curing condition was is a major issue that affects the variation of the sorptivity test results 

and consequently the reproducibility of tests, as mentioned in Elawady et al. (2008).  

 The casting of the concrete is fresh state also plays a role on the surface of the hardened 

product. Even though a vibrating table was used to sufficiently compact the fresh past in the 

mould, the high amount of fibres still led to a porous surface, as shown in Figure 74. Due to 

these surfaces, capillary transport into the gaps and flaws at the surface of the specimens can 

easily take place. 

As mentioned before, the porous structure of concrete is intimately related with its permeability. A 

low water/cement ratio results in concrete structures, which are less permeable because they are 

characterized by having small pores, which are not interconnected. In the designed bio concrete, 

.micro-cracks in the matrix could occur, due to the swelling of fibres and the water on the surface of 

the fibres, which after evaporation leaves voids inside the concrete element creating capillaries, 

which are directly related to the concrete porosity and permeability. (Anandjiwala et al. 2007). 

Lastly, this method is intended to determine the susceptibility of an unsaturated concrete to the 

penetration of water. In general, the rate of absorption of concrete at the surface differs from the rate 

of absorption of a sample taken from the interior. The exterior surface is often subjected to less than 

intended curing and is exposed to the most potentially adverse conditions. A different method, as 
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described in ASTM C 1585, is by drilling a core and cutting it transversely at selected depths of the 

concrete specimen, the absorption can then be evaluated at different distances from the exposed 

surface.  

  

Figure 75. Surface of the MBBC when 15% and 20% fibres are added. 

 

From these results, the following main observations can be made: 

 Samples containing equal or more than 10% fibres tend to absorb more water than the 

samples containing a smaller amount of fibres. This may be explained by the high porosity 

of the fibres. However, this higher absorption is not an indicator by itself about the overall 

quality of the concrete.  

 Specimens of mix series 2 have higher water absorption values, due to the higher porosity of 

the paste. By reducing the amount of sand of the matrix, the packing of the matrix is altered.  

 The specimens of mix series 1 absorb less water, compared to the other two mix series, as 

expected, due to its higher density. Even at 20% fibre inclusion, the water absorption results 

are almost equal to the 15% fibre inclusion of mix series 2 and 3. 

 The same trend as with specimens of mix series 1 and 2 can be seen for the specimens of 

mix series 3. With increasing fibre content, the water absorption also increases; however to 

a lesser degree than the specimens of mix series 2. This is due to the higher densities o the 

specimens. By replacing the large aggregates with fibres, smaller aggregates are present in 

the matrix, ensuring a better packing than then that of mix series 2, and leading to a less 

porous pore structure of the matrix. 

 The amount of water absorbed by all specimens is relatively small, even for the M15 

specimens, which were expected to have more due to their high content of fibres and low 

density (more porous) 
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8. Conclusions and recommendations 
 

Overview 

 

This research was focused on the use of short natural fibres, more specifically M. x giganteus, in high 

strength bio mortar and bio concrete. The research was directed at theoretically, experimentally 

quantify, and compare the performance to reference (plain) mortar and concrete. The specific 

objectives were to: 

 Conduct a literature review of published studies that relate to natural fiber additions in 

cementitious matrices (compatibility issues, advantages, disadvantages, etc.); 

 Evaluate the compatibility of the Miscanthus fibres with cement, by focusing on the effect 

the fibres have on the hydration process of cement and the bonding of the fibres in a 

cementitious matrix; 

 Analyze the advantages and disadvantages of using the selected natural fibers, in varying 

amounts, in mortar and concrete; 

  Design a bio mortar and bio concrete mix series enhanced through the addition of M. x 

giganteus short fibres (2-4 mm in size); 

 Compressive and flexural tests were performed on the mortar/concrete specimens, in order 

to evaluate the strength development on days 1, 7, 21 and 28 days respectively.  

 Quantify the change in density, workability, compressive and flexural strength and 

durability in the various MBBC specimens. 

 Analyze the difference in performance of the varying fiber amounts in the mortar and 

concrete specimens.  

 

Summary of Main Findings 

 

From the preceding chapters it was evident that the reference samples performed best, both in 

workability, strength and durability and an increasing addition of fibres gradually decreased the 
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workability, density, strength and durability of the bio concrete. The best overall performing bio 

mortar was the bio mortar containing 2% fibres, which exhibits a compression strength of 42.9 MPa 

and flexural strength of 7.82 MPa at 28 days. The worst overall performing bio mortar was the bio 

mortar containing 9% fibres, which exhibits a compression strength of 13.23 MPa and flexural 

strength of 3.92 MPa at 28days. 

In the current research, the use of chopped M x giganteus fibres in concrete was evaluated, by 

performing numerous laboratory tests, according to relevant standards. It shows that different 

amounts of M. x giganteus fibres influence the workability, fresh density, compression resistant, 

flexural behaviour, permeability and sound absorbing properties of the MBBC/mortar. As a result of 

the research, it was found that the use of M. x giganteus short fibres in the concrete decreases the 

workability and density of the fresh concrete. Evidence of decreased workability was shown through 

the workability test obtained in standard slump test for mortars, as well as concrete. High percentage 

volume dosage above 15% showed that the concrete has completely lost its workability and a large 

drop on compressive strength.  Furthermore, the results also show that for mix series 1, the flow and 

compressive strength noticeably dropped at M10, but for mix series 2 and 3 they gradually decreased 

with increasing fibre content. The decrease in workability is due to the high water absorbing ability 

of the fibres and their rough surface. The high water absorption was countered with numerous fibre 

treatments, from which the waterglass and linseed oil treatment performed best, decreasing the water 

absorption by 52 and 44 % respectively. However, the workability of the mortars was not improved 

due to the sticky coated surface of the fibres. For the cement-impregnated fibres specimens, the 

flexural and compressive strength decreased only slightly, differing by only 5% form the reference 

specimen. The flexural strength of the MBBM also decreases with increasing fibre content, but to a 

lesser degree than the compressive strength. Indicating that the flexural strength of the bio mortars 

are influenced to a lesser extent by the fibres.  The M. x giganteus fibres also influence the durability 

of the bio concrete, its permeability to be more specific. From the water-penetration test results, it 

was observed that for specimens M2, M5 and M10, the water penetration is still within acceptable 

range (< 10 mm). The penetration depth gradually increases with increasing fibre content, where at 

M15 the water has penetrated 98% of the bio concrete. From the capillary water absorption test it 

was also concluded that  

 The specimens of mix series 1 absorb less water, compared to the other two mix series, as 

expected, due to it higher density. 

 The specimens from mix series 2 absorb more water than that of mix series 2, due to its 

lower density. 

 The amount of water absorbed by all specimens is relatively small, even for the M15 
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specimens, which were expected to have more due to their high content of fibres and low 

density (more porous) 

 

Conclusions 

 

From the results of this study, it can be concluded that even though the addition of M. x giganteus 

fibres in mortar/concrete, significantly decreased the density, workability, strength and the durability 

of the designed MBBC and MBBM, the values are still within acceptable range. From the 

calorimetric tests, performed with fibres and cement, it was concluded that the M. x giganteus fibres 

are not aggressive and do not possess chemical components (and sugars) which influences the 

hydration process of cement largely; hence, the M .x giganteus are labeled as moderate compatible, 

based on the amount of heat released per specimen. From the results, it can be seen that a good 

workability of the paste for the MBBC can still be obtained if: 

1. the mixing of the fibres is done properly; 

2.  if additional water for fibre saturation is included; 

3. Less than 2% additional SP is added to the mixture.  

 

If these three requirements are not taken into account, fibre clumping, concrete paste bleeding and 

reduced workability of the concrete paste shall occur. Each specimen of the designed MBBC have a 

density higher than 2000 kg/m3, indicating that most of the specimens fall under the normal-weight 

concrete category. However, the only specimens of the designed MBBC that obtain a density less 

then 2000kg/m3 are M15 of mix series 2 and M10 and M15 of mix series 3, placing them under the 

category light-weight concrete. The compressive strength development of specimens of each mix 

series is different. With the addition of 2% and 5% fibres, the compressive strength of the MBBC 

specimens of mix series 1 only decrease by 4 % and 12 %, respectively, compared to the reference 

specimen, reaching compressive strengths of 73 MPa and 67 MPa, respectively. From the 

compressive strength results of the MBBC, it can be seen that the compressive strength values falls 

between the C16/20 and C55/67 strength class. Indicating that high strength of the bio-concrete is 

still obtained with the inclusion of M. x giganteus fibres.  

Due to the fact that the durability of natural fibres in an alkaline fibre is still a highly focused and 

limited area, further work is needed to validate the durability of M. x giganteus fibres in a alkaline 

environment through various test methods. There are factors that can be attributed to the performance 

of the fibers types in the mortar/ concrete. The durability of the MBBC was tested based on its 
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permeability and t capillary water absorbing capability. From the results it was concluded that the 

values within acceptable range, if fibre inclusion is kept equal or below 10% (vol %).  

Overall, in can be concluded that, even though the M. x giganteus fibres do not contribute in 

increasing the performance of the bio-concrete, the Miscanthus fibres, do not have large deleterious 

effects on the properties of the designed MBBC, indicating that the fibre’s influence is minimal and 

the values (workability, density, strength and durability) are still within in acceptable range.  

 

Recommendations 

 

1) Long-term durability testing of the MBBC by accelerated ageing tests, such as wetting and 

drying cycles, immersing the bio concrete in an acid solution, which imitates an aggressive 

environment, accelerated carbonation etc.  

2) Research has shown that several approaches exists to improve the durability of natural fibre–

based concretes, for example: accelerated carbonation.  Research has shown that the utilization 

of accelerated carbonation is an effective procedure to mitigate the degradation suffered by the 

cellulose fibers in the less aggressive medium, effecting the mechanical and physical 

characteristics of the bio mortar/ concrete (Santos et al. 2015). 

3) A more accurate determination of the particle size distribution of the M. x giganteus fibres, 

through image analysis. The morphology of pores of isolated single fibers can be examined by 

the electronic microscopy.  

4) A thermogravimetric test can be used to characterize the decomposition and thermal stability 

of the MBBM/concrete.  

5) The retention water capacity and degree of fibre swelling can be evaluated in detail as was 

done in (Bouasker et al. 2014). 

6) Further evaluation of the durability tests on the M. x giganteus bio concrete, such as freeze 

thaw resistance, shrinkage etc. 
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