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Annotation 

This thesis is divided into two main parts. The first part investigates the degradation (refining) of jute 

technical fibers under alkaline conditions. Various types of alkali concentrations, and treatment times 

were systematically reviewed to assess their effects on fiber strength. Results indicate that fibers 

treated with NaOH significantly reduced the tensile strength over time. Sodium hydroxide was found 

to be the most aggressive alkali according to Response Surface Methodology (RSM) analysis.   

The second part of the study evaluates the effects of fly ash (FA), Laponite (LAP), and Bentonite 

(BENT) on the mechanical properties of cement paste. Fly ash improved 3-point bending stress but 

reduced compressive strength and toughness. Conversely, laponite negatively affected all properties, 

but 1% of Laponite showed a maximum value for all the functions. while Bentonite enhanced both 

3-point bending stress and compressive strength. Statistical regression and Ordered Weighted 

Averaging (OWA) models indicated that a mixture of 5% fly ash and 1% Laponite was optimal for 

construction purposes, balancing safety and performance. The best performance in terms of 3-point 

bending, compressive strength, and toughness was observed in cement mixtures containing 5% fly 

ash and 1% Laponite, reinforced with different amounts of jute fibers. 

Keywords: Aging behavior, Jute fiber, Alkali treatment, Mechanical properties, Response Surface 

Methodology, Cement mixture, Fly ash, Laponite, Bentonite, Ordered Weighted Averaging, 

Environmental Impact Assessment. 

 

Anotace 

Tato diplomová práce je rozdělena na dvě hlavní části. První část zkoumá degradaci (zjemňování) 

technických jutových vláken v alkalických podmínkách. Různé koncentrace alkálií a doby působení 

byly systematicky přezkoumány za účelem posouzení jejich vlivu na pevnost vláken. Výsledky 

ukazují, že vlákna ošetřená NaOH výrazně snížila pevnost v tahu v průběhu času. Hydroxid sodný 

byl podle analýzy metodou “Response Surface Methodology” (RSM) nejagresivnějším alkáliem. 

Druhá část studie hodnotí účinky popílku (FA), Laponitu (LAP) a Bentonitu (BENT) na mechanické 

vlastnosti cementové pasty. Popílek zlepšil pevnost při tříbodovém ohybu, ale snížil pevnost v tlaku 

a houževnatost. Naproti tomu Laponit měl negativní vliv na všechny vlastnosti, ale 1 % Laponitu 

vykázalo maximální hodnotu u všech funkcí. Bentonit zlepšil jak pevnost při tříbodovém ohybu, tak 

pevnost v tlaku. Statistické regresní modely a modely „Ordered Weighted Averaging “(OWA) 

naznačily, že směs s 5 % popílku a 1 % Laponitu je optimální pro stavební účely, vyvažující 

bezpečnost a výkon. Nejlepší výsledky z hlediska tříbodového ohybu, pevnosti v tlaku a 

houževnatosti byly pozorovány u cementových směsí obsahujících 5 % popílku a 1 % Laponitu, 

zesílených různými množstvími jutových vláken. 

Klíčová slova: Stárnutí materiálu, Jutové vlákno, Alkalické ošetření, Mechanické vlastnosti, Metoda 

Response Surface, Cementová směs, Popílek, Laponit, Bentonit, Ordered Weighted Averaging, 

Hodnocení dopadu na životní prostředí. 
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1 Introduction 

Industrialization and growth are another important factors that have raised many concerns over 

the increasing degradation of the environment over the years across the globe. As the world 

population is increasing and with the coming up of industries, there is a need to expand 

construction facilities. In the same way, through emerging construction activities, more 

pressure is being placed on natural resources; the construction industry is among the major 

negative contributors to the environment through utilizing a large percentage of raw natural 

resources and releasing a high amount of greenhouse gases [1]. Cement concrete being the 

widely used construction material is not without a few drawbacks at least within the context of 

this research; it is a brittle material that cracks easily, possesses low tensile strength, and 

endures early failure due to freeze-thaw cycles and chemical attack. According to estimations, 

concrete production itself contributes to the contribution of global CO2 emissions that range 

from 5% to 8%. Out of these, 95% of carbon dioxide emissions are associated with the 

production of cement which is the key material used for concrete production [2]. It has been 

established that the process of manufacturing Portland cement leads to emissions almost similar 

to carbon dioxide for every individual cement produced. Furthermore, apart from being a major 

source of CO2 release in concrete production, the process also consumes a lot of raw materials, 

depleting natural resources and polluting our environment. For instance, in making Portland 

cement, it is often observed that the raw material consumption is approximately double the 

amount of cement produced [3]. Hence, pursuing the efficient use of other materials that at 

least partially or totally act as cement is extremely significant to minimize the influence of 

cementitious materials. Under this condition, there are a range of materials such as Waste and 

Clays replacing cement which should be further explored [4]. By using these waste materials 

in cement mixtures one gets to reduce the use of cement required for the construction as well 

as offer a sustainable, functional way to dispose the waste products and yet going a long way 

in preserving natural resources. The other possibility for the use of clays in concrete is that they 

can act as cement replacement material. Calcined clay or metakaolin has additional properties, 

namely the pozzolanic properties, which enable the clay to react with calcium hydroxide thus 

producing more cementitious compounds [5]. As mentioned above concrete has relatively low 

tensile strength, Earlier used materials for the reinforcement of concrete include steel; however, 

due to the advancement of fibre technology the modern construction world has more fibres 

including polypropylene, glass, carbon, basalt, jute and many more [6]. These fibres improve 

strength, durability, and toughness of constructions materials [7]. Natural fiber, which has 

1 
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always been appreciated in the textile industry, is now widely incorporated in construction, 

particularly cementitious composites [8]. Apart from enhancing the efficiency of structures, 

they help enhance the sustainability of the building industry. Developing natural and  

fibres or using natural fibre blends can reduce the carbon footprint [9]. With advancing 

technology fibers’ importance is expected to revolutionize construction and make structures to 

be stronger, more environmentally friendly, and efficient. 

Cementitious composites are highly alkaline [10] which can cause different levels of 

degradation in fibres with varying polymeric compositions. Therefore, it is essential to 

investigate the performance of various fibres when added to concrete. Some fibres are 

chemically inert, making them more stable compared to others [11]. Thus, understanding the 

durability and life-cycle performance of fibres in cementitious composites remains a significant 

technical challenge [12][13].  

1.1 Purpose and Aim of the Thesis 
The current research is intended to analyze the effect of aging with alkaline solutions, including 

different concentration levels and exposure periods of NaOH, KOH, and Ca(OH)2 solutions on 

fibre jute properties and mechanical features. It also explores the influence of Supplementary 

Cementitious Materials (SCMs) on the mechanical characteristics and durability of jute fibre 

reinforced cement paste keeping into consideration the characteristic such as compressive 

strengths, flexural strength, and toughness. Furthermore, in order to study the fundamental 

information of the morphological and composition changes occurred within the cementitious 

matrix this study will employ analysis using scanning electron microscopy (SEM) and particle 

size distribution studies. 

2 Overview of the Current State of the Problem 

The construction Industry is one of the largest industries all-over the world and going on with 

the increase in human population and Structural development. It is worth to emphasize that this 

industry is heavily rely on natural resources with the predicted virgin aggregates production 

within the next 13 years estimated at around 60 billion tons worldwide [14]. According to the 

sources, the construction industry and building materials around the world have been projected 

to grow at the rate of 4.2 % from 2018 to 2023, attaining an estimated value of $ 10.5 trillion 

By 2023 [15]. As construction demands are increasing with time, its impact on the environment 

is alarming; it is therefore very relevant to look for materials that help reduce impacts on the 

environment.  As it stands today, most constructions are done using conventional materials that 

are not environmentally friendly to cater to the growing needs of the developing society [16]. 
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It is worth noting that construction activities in the world produce around 1 billion tonnes of 

masonry and concrete waste [17]. The major energy consumption is in the process of 

production of cement clinker, which ranges between 20 - 40% percent of the total energy in 

the cement industry [18]. Cement production is one particular industrial process through which 

a huge amount of CO2 is emitted and accounts for about 5% – 7% of global CO2 emissions 

while CO2 estimated contributes 65% of global greenhouse gases [19]. Interestingly, to create 

one tonne of cement, 0.8 tonnes of CO2 is released to the atmosphere [20]. Concrete is a 

material that does not possess the elasticity to support tensile forces, which is why it requires 

reinforcement. In this regard, conventional deformed steel bars are the ones in use. Yet of high 

importance is the fact that steel production is an energy demanding process that contributes to 

enormous carbon emissions. In 2016 there was production of 1,202 million tonnes of steel. 

According to the steel production statistics, around 2.3 tonnes of CO2 emission is released for 

every tonne of steel produced [21]. This situation shows how important it is to create and use 

materials that are satisfactorily both in terms of sustainability and expenditure. Among the 

solutions, one is the use of waste and other materials in the creation of concrete. Disposal of 

industrial by-products is becoming voluminous, expensive, and complex due to the high costs 

of treatment involved, landfill operating costs, and scarcity of available disposal sites. 

Therefore, they encourage the use of industrial by-products in construction as it serves as a 

good option [22]. The outcome of the properties of concrete is the work of waste materials 

from industries, including fly ash, which has been investigated by previous researchers 

extensively [23][24]. Using these materials as a replacement or partial replacement for cement 

in cementitious materials helps solve the waste disposal problem and reduces the energy 

demand needed for cement production, thereby decreasing carbon emissions. Investing in such 

materials is crucial for addressing both environmental sustainability and the mechanical 

properties required for construction. The following sections will discuss the overall properties 

of fly ash, laponite, and bentonite. 

Concrete, primarily composed of cement, is the most widely used material in construction 

activities. It is estimated that concrete is used at a rate of one ton per person on Earth [25]. 

However, concrete is known to be a brittle material with low tensile strain and strength 

capacities [26]. Its low toughness and susceptibility to cracking limit its applications. The 

propagation of cracks further deteriorates its mechanical properties, compromising the safety 

of structures [27][28].  Consequently, concrete can only be used in non-critical sections with 

small gravity loads [29]. For critical infrastructure development, concrete requires 

reinforcement to be effective. Typically, this is achieved by embedding deformed steel bars or 
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welded wire fabric into freshly cast concrete [30]. The following are the issues related to this 

type of reinforcement: their costs are relatively high as compared to other rebars, they are prone 

to corrosion, and are quite dense. Also, steel production has been widely known to call for large 

quantities of energy and therefore lowers the well-being of our environment. Industrialized 

production of iron and steel is one of the most energy and carbon intensive ones across the 

globe and the manufacturing processes are still coal-dependent and contribute immensely to 

the emission of CO2 [31]. The manufacturing industry across the globe is currently emitting up 

to 40 percent of the overall global emissions as estimated by the IEA, with the iron and steel 

sector manufacturing industry representing the highest emissions of over 27 percent of carbon 

emissions from manufacturing industries globally [32][33].  

Keeping in view the problems mentioned above, there is a need to apply the concept of 

reducing, reusing, and recycling in the construction industry and material fabrication [34] to 

cater to the growing environmental challenges in a more sustainable way [35]. Therefore, the 

construction industry’s interest in innovative sustainable solutions from recycling and reusing 

processes with minimum energy intake and reduced carbon emissions has been increasing day 

by day [36]. In this sense, fibers are getting their way as a promising alternative to steel 

reinforcement [37]. Cementitious materials incorporated with certain types of fibers have 

shown an improvement in many properties of the material, including toughness, energy 

absorption capacity, post-cracking residual strength, decreased shrinkage potential, and 

enhanced durability [38]. Previously, many types of short fibers, like asbestos, steel, glass, and 

polymeric, have been employed as reinforcing elements in cement-based composites. These 

fibers, besides their advantages, have shown some disadvantages, such as detrimental health 

effects associated with asbestos, high costs associated with steel and polymeric fibers, as well 

as a notable environmental footprint [39][40].  

In cementitious composites, some alkalis that are contained in the materials take on a major 

role during the process of cement hydration. During cement hydration, it releases calcium ions 

and hydroxide ions to form a paste with the name of calcium hydroxide, commonly referred to 

as Portlandite. This is due to the high of alkalinity of the cement paste that is an essential factor 

for density of the Calcium Silicates Hydrates (CSH) gel [41]. The elements such as sodium and 

potassium, can dissolve in cementitious mixtures to form NaOH and KOH [42], [43]. Some of 

these alkalis can prompt to hydrate at a faster pace, hence improving early-age strength. 

Nevertheless, the use of high concentrations of NaOH and KOH may cause some negative 

effects, like the Alkali-Silica Reaction (ASR), which is the reaction of some reactive silica in 

the aggregates with these chemical reagents. The gel formed due to ASR, when exposed to 
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moisture swells forcing more pressure internally, leading to cracks and overall weakening of 

the concrete [44]. Therefore, it is important to study the effects of alkaline environment on the 

properties of the fibres. The present thesis focuses on two important issues described earlier 

namely replacing cement with waste and clay materials and studying the behaviour of natural 

fibres in alkaline environments from the perspective of their use in cementitious materials.  

Jute is an abundant, biodegradable, and natural fiber and because of these attributes, it can be 

a worthy green option for synthetic fiber reinforcement and also offers unique advantages when 

incorporated into cementitious composites. The use of jute in conjunction with cementitious 

composites is certainly the focus of the current modernization of the construction industry in 

terms of utilizing a sustainable approach to using renewable materials in the creation of 

construction elements that possess high durability and sustainability. Furthermore, it has 

several important applications [45], [46]. Jute is an important bast fiber which is largely formed 

of cellulose and other non-cellulose fragments. The non-cellulose parts are lignin, pectin, and 

hemicellulose [47]. Because of this, jute fiber has several characteristics that make its use in 

concrete complex and require careful consideration, especially in the way the fiber reacts in an 

alkaline environment and the fact that concrete is an alkaline material [48]. Under such 

conditions, it is a common phenomenon that jute fibers tend to undergo degradation because 

of hydrolytic action on hemicellulose and lignin present in the fiber [49].  

Cellulosic fibers used in the fabrication of fiber-reinforced cementitious composites require 

little energy to process [50]. One of the uses of cellulosic fibres in the construction and building 

industry is aimed at reinforcing cementitious composites while replacing traditional reinforcing 

materials thus reducing the dependence on traditional materials to reduce carbon emissions, 

decrease waste generation, and improve the sustainability of construction materials. These 

fibres provide a promising approach to meeting environmental challenges and contributing to 

the environmentally friendly practices in the construction materials. A study conducted by 

Shireesha revealed that about 26% of plant fibres were used in the construction sector, the 

second highest after the textile industry [51]. Cementitious composites having short and long 

cellulosic fibres affect positively the flexural strength of the matrix [52]. In a study conducted 

by Onuaguluchi et al., the optimal bending strength of cellulosic fibers in a cementitious 

composite was found to be 8-10% [53]. Ramakrishna and Sundararajan revealed that the 

toughness of cement mortar reinforced with cellulosic fibers increased 3-18 times that of the 

samples without reinforcement [54]. In a recent study, jute fiber was pretreated by combining 

hot alkali solution soaking and chloroprene latex impregnation and was employed in the 

cementitious composite as a reinforcement. The results revealed that the mechanical properties 
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including flexural strength, and splitting tensile strength increased considerably whereas the 

compressive strength remained unsatisfactory [55].  

Cellulosic fibers, like jute, show improved durability in alkaline environments when modified 

with alkali and polymer, forming a protective coating. This reduces fiber mineralization, 

preserving tensile strength. Therefore, applying the treated fibers in alkaline environments can 

be useful for many structural and non-structural applications in some industries such as 

buildings [56]. Cellulose activation typically involves alkali treatment, commonly with sodium 

hydroxide due to its availability and cost-effectiveness. Mercerization using NaOH causes 

cellulose fibers to swell, morphologically change, and dissolve residual hemicelluloses, albeit 

with risks of oxidative degradation. Control over activation hinges on alkali concentration and 

temperature, with diluted solutions widening micropores and higher concentrations splitting 

fibrillar aggregates. Concentrated solutions lead to increased swelling and partial cellulose 

transformation [57]. Alkaline mercerization causes morphological alterations in cellulosic 

fibers. Morphological changes in cellulose fibers are first caused by swelling and then by 

longitudinal fibers. Shrinkage produces circular structures after elliptic structures first [57]. 

Changing of morphological structure into a circular one can be useful for increasing the 

mechanical properties of some types of concrete [58].  

3 Materials and Methods 

Tables 3.1 and 3.2 describe the materials and instruments used in the study of aging behavior 

of technical jute fibers in an alkaline environment. this study and the instruments for measuring 

certain properties.  

Table 3. 1 Materials used for aging of jute fibers. 

Material Company 

NaOH Lach-Ner, Czech Republic 

KOH Lach-Ner, Czech Republic 

Ca(OH)2 Lach-Ner, Czech Republic 

Jute Fiber Saifan, S.R.O, Czech Republic 

Table 3. 2 The applied instruments during this study. 

Instrument Company Model 

Universal Tensile Testing 

Machine (UTM) 
Labor Tech LAP TEST 2.010 

Thermogravimetric Analyser 

(TGA) 
Mettler Toledo TGA/SDTA851e 

Differential Scanning 

Calorimeter (DSC) 
Mettler Toledo DSC 3+ Star Systém 

Scanning Electron Microscope 

(SEM) 
TESCAN TESCAN VEGA3 
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The steps involved in this study are illustrated in Fig. 3.1, showing the aging process of jute 

fibers in an alkaline medium in three steps: sample preparation and characterization, 

optimization using HDA-RSM, and prediction system execution.  

 

Figure 3. 1 The research roadmap of the present study including sample preparation, 

characterization, and optimization process. 

A preparatory step involved was to obtain twenty threads of jute fiber, each with measurement 

of fifty centimeters. For preparation of alkali solution, the distilled water was used. Afterward, 

a 200ml container was used to soak the jute fiber in the prepared solution. The samples were 

then stored for 7, 14, and 28 days at 23 oC temperature. The samples were kept in the treatment 

for some time and after that, the samples were washed thoroughly with distilled water and then 

air-dried. 

The stages of experimental sample preparation and data gathering in this study are shown in 

Fig. 3.2. In the experimental stages (Fig. 3.2), jute fibres along with solutions having different 

concentrations (5g/L, 15 g/L and 30 g/L) of NaOH, KOH and Ca(OH)2 were prepared as 

described earlier. Therefore, it is important to emphasize that there is room for variance in the 

tests depending on three main factors: the kind of alkali, the alkali concentration, and the 

length of exposure. Fig. 3.3 presents that after sample preparation, three characterisations 

including TGA, SEM, and DSC are first carried out on the samples to observe the behaviour 

of jute technical fibres under varying thermal conditions followed by conducting the tensile 

strength test for each sample by the LAP TEST 2.010 instrument. All experimental practices 

of this study are done based on ČSN EN ISO 2062 [59], ČSN EN ISO 5079 (Textiles - Fibres 

- Determination of strength and ductility of individual fibres at break, 2021), ČSN EN ISO 

Sample Preparation

Preparation of  samples 
treated with different 
alkalis (NaOH, KOH, 

Ca(OH)2) having different 
concentrations (5g/L, 

15g/L, 30g/L) at different 
time periods (7d, 14d, 28d)

Characterization

Weight loss

Tensile strength

DSC

TGA

Optimisation

The application of RSM

Sensitive analysis

Statistical assessment

Optimal factor finding
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11358-1 [61], ČSN EN ISO 11357-1 [62], and ISO/TS 21383:2021 [63]. 

 

Figure 3. 2 The schematic plan of sample preparations in this study 

 

Figure 3. 3 The steps of various tests and analyses on the sample in this study  

For the partial replacement of cement with Fly ash and clays and their reinforcement with jute 

technical fibers, applied materials are illustrated in Table 3.3.  

Table 3. 3 The specifications of applied materials in the study. 

Material Specification 

Cement Ordinary Portland Cement ČSN EN 197-1, Denmark 

Fly ash Fly ash for concrete as per DIN EN 450, Betoment OP Germany 
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Laponite RD SYnL-1 (Synthetic layered silicate, Hydrous Sodium Lithium 

Magnesium Silicate), Clay Minerals Society Source Clays Repository 

P.O.Box 460130, Aurora, Colorado 80046-0130 USA 

Bentonite Bentonite Clay Ekokoza s.r.o, Czech Republic 

Jute Technical Fiber Saifan, S.R.O, Czech Republic 

The instruments used in this research are listed in Table 3.4.  

Table 3. 4 The applied instruments in the study. 

Device Specification  

Measuring Scale Table Digital Accurate, Czech Republic 

Mixer KENWOOD XL TITANIUM, Great Britain  

Vibrating Table VSB-40 NS, Brio Harnice s.r.o., Czech Republic 

Universal Testing Machine Tira TEST 2300, Germany 

Charpy Hammer LAB 

TEST  

CHK 50J LABOR Tech, Czech Republic 

SEM and EDS VEGA3, TESCAN, Czech Republic 

PAMAS SSBS particle 

counting system 

PAMAS SLS-25/25, Germany 

The research roadmap of this research is depicted in Fig. 3.4.  

 

Figure 3. 4 The research roadmap of the investigation 

Due to experimental activities in the present investigation, three protocols are applied for 

sample preparation using mixer (ČSN EN 1008 (732028))[64], determination of flexural and 

Stage 1

•Sample preparation and testing performance

•Adding FA/BENT/LAP

• Preparation of jute reinforced cement mixtures 

Stage 2

•Characterisaion and microscopic evaluations

•SEM and EDS

• Particle Size Distribution of the Ingredients used in preparing Cement Mixtures

Stage 3

•Statistical regression assessment of experimental data based on 2D data

•Sensitive analysis and modeling 

Stage 4

•Toxic material analysis of the prepared samples

•Sustainability assessment and prioritizing the samples by using OWA calculations. 
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compressive strength of hardened mortars (ČSN EN 1015-11 (722400)) [65], and purpose of 

impact strength by the Charpy method (ČSN EN ISO 179-2 (640612)) [66]. For particle size 

distribution calculations, PAMAS SSBS particle counting system followed by ISO 4406 was 

utilized. The stages of sample preparation and experimental practices are shown in Figs. 3.5 

and 3.6, respectively. According to Fig. 3.5, in the first step, different samples were mixed with 

individual formulation, demonstrated as per Table 3.5.  

 

Figure 3. 5 The process of sample preparation in this research.  

 

Figure 3. 6 The experimental performance assessment stages of cement paste in the investigation.   

It should be noted that in all the samples in Table 3.5, the Water to Binder Ratio (WBR) was 

equal to 0.4. The prepared samples were cast in simple rectangular and cube shapes 
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(30mm*30mm for cubes and 140mm*30mm*10mm for rectangular-shaped samples) 

following the shaking of the samples for uniform distribution and compaction. The samples 

were then cured for 28 days under standard conditions.  

Based on Fig. 3.6, the applied materials were characterized by both SEM and EDS tests. 

Likewise, the cured samples were utilized for three mechanical tests, including 3-point 

bending, toughness, and compression tests in the lab.  

Table 3. 5 Samples with different fillers in the present study. 

Sample name Fly Ash (FA) Laponite (LAP) Bentonite (BENT) 

Sample 1 (S1) 5% 0 0 

Sample 2 (S2) 10% 0 0 

Sample 3 (S3) 20% 0 0 

Sample 4 (S4) 0 1% 0 

Sample 5 (S5) 0 3% 0 

Sample 6 (S6) 0 5% 0 

Sample 7 (S7) 0 0 1% 

Sample 8 (S8) 0 0 3% 

Sample 9 (S9) 0 0 5% 

In the following, the obtained results of experimental practices are modelled with linear 

regression models. Regression analysis was conducted using Excel software. First, the data 

were categorized, and a curve fitting was done between different percentages of fillers and 

cement paste functions separately. After quantifying the Environmental Impacts (EIs), the nine 

prepared samples (Table 3.5) were evaluated concerning sustainability criteria, including 

economic and EI performance criteria [67].  

In the next step, cement mixtures having fly ash and laponite as partial replacements of cement 

and reinforced with jute fibers (approximately 12 mm in length) were realized. Cement was 

replaced by 5% fly ash and 1% laponite in each sample. Jute fiber was added to the cement 

mixture in fractions of 0.2wt.%, 0.5wt.%, 0.7wt.% and 1wt.%. The prepared samples were 

tested for 3-point bending stress, compressive strength, and toughness properties. Table 3.6 

represents the samples with different percentages of the jute fibers. Particle size distribution of 

cement, fly ash, laponite, and bentonite, a fixed amount of each material (in our case, 0.299 g) 

was mixed in 100 ml of isopropyl alcohol. The mixture was mixed well and was put in PAMAS 

particle counting system. Stirring in the system was adjusted accordingly and three readings 

for each sample were taken.  
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Table 3. 6 Samples with different percentages of jute fiber in the present study. 

Sample name Fly Ash (FA) Laponite (LAP) Jute Fiber  

Sample 1 (S1) 5% 1% 0.2% 

Sample 2 (S2) 5% 1% 0.5% 

Sample 3 (S3) 5% 1% 0.7% 

Sample 4 (S4) 5% 1% 1% 

4 Results and Discussion 

The weight loss of jute fibers treated with various concentrations of NaOH, KOH, and Ca(OH)₂ 

over different time durations is illustrated in Fig. 4.1. It is evident from Fig. 4.1a that weight 

loss increases with both concentration and duration. The highest weight loss is observed at a 

30g/L concentration over 28 days, reaching up to 19.17%. Even after 7 days, NaOH causes 

significant weight loss, with 13.13% at a 30g/L concentration. The pattern for KOH, as shown 

in Fig. 4.1b, is slightly different, with no consistent trend, but weight loss percentages are 

relatively similar across different concentrations, especially for longer durations. In contrast, 

Ca(OH)₂ shows the lowest weight loss percentages across all conditions compared to NaOH 

and KOH, as indicated in Fig. 4.1c. During the alkali treatment of the fibres, hydrogen bonding 

in the network structure is disrupted leading to increased surface roughness and removing 

lignin, hemicellulose, and other impurities [68].  

 
(a) 

 
(b) 

 
(c) 

Figure 4. 1 The Weight loss (%) of different alkali treated jute fibres by (a)NaOH, (b) KOH and (c) 

Ca(OH)2. 
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Fig. 4.2 presents the results of SEM characterisations of jute fibres based on different alkali 

solutions with different concentrations. According to Fig. 4.2, all SEM images are reported in 

250 X.   

 

(a) NaOH_5g/L_7d 

 

(b) NaOH_30g/L_28d 

 

(c) Ca(OH)2_5g/L_7d 

 

(d) Ca(OH)2_30g/L_7d 

 

(e) KOH_5g/L_7d 

Figure 4. 2 The SEM outputs of different alkali-treated jute fibres (a,b) NaOH (c,d) Ca(OH)2 (e) 

KOH. 

The outcomes of OFAT experiments indicate that the tensile strength of jute fibers varies with 

NaOH concentration and exposure duration. At 7 days, the tensile strength peaks at 15g/L 

(79.66 MPa) and decreases at higher concentrations. At 14 days, the highest strength is 

observed at 30g/L (181.27 MPa), but at 28 days, 15g/L again shows the highest tensile strength 

(225.05 MPa). Longer exposure to moderate NaOH concentration (15g/L) generally benefits 

tensile strength, while very high concentrations (30g/L) may cause damage over time. The 5g/L 

concentration shows a steady increase in tensile strength with prolonged exposure. Further 

investigation is needed to understand the decrease in strength from 7 to 14 days at 15g/L. 
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The OFAT experiments for KOH-treated jute fibers reveal varying tensile strength trends based 

on concentration and duration. At 7 days, the highest tensile strength is observed at 30g/L 

(82.67 MPa). At 14 days, the optimal tensile strength is found at 15g/L (237.58 MPa), followed 

by 5g/L (194.81 MPa), and a significant decrease at 30g/L (103.7 MPa). By 28 days, tensile 

strengths across all concentrations are closer, suggesting a more uniform response over time. 

The 5g/L concentration shows an increase in tensile strength from 69.38 MPa (7 days) to 

194.81 MPa (14 days), then a slight decrease to 130.7 MPa (28 days), indicating a possible 

enhancement plateau. The 15g/L concentration follows a similar trend, peaking at 237.58 MPa 

(14 days) and then decreasing to 131.5 MPa (28 days). The 30g/L concentration shows 

variability, with tensile strength increasing from 82.67 MPa (7 days) to 163.06 MPa (28 days). 

The OFAT experiments for Ca(OH)₂-treated jute fibers show varying tensile strengths based 

on concentration and treatment duration. At 7 days, the highest tensile strength is at 15g/L (67.4 

MPa). At 14 days, the tensile strength peaks at 30g/L (111.28 MPa), higher than at 5g/L (74.38 

MPa) and 15g/L (62.73 MPa). By 28 days, the 15g/L concentration shows the highest tensile 

strength (95.92 MPa). For 5g/L, there is a steady increase from 51.48 MPa (7 days) to 74.38 

MPa (14 days), then a slight decrease to 67.75 MPa (28 days), indicating a plateau effect. The 

15g/L concentration shows a nonlinear response: an initial increase to 62.73 MPa (14 days) 

followed by a rise to 95.92 MPa (28 days). The 30g/L concentration fluctuates: decreasing 

from 41.41 MPa (7 days) to 111.28 MPa (14 days), then dropping to 86.72 MPa (28 days), 

suggesting variable outcomes with prolonged high-concentration exposure. 

 

(a) 

 

(b) 

 

(c) 
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Figure 4. 3 The tensile strength of jute fibres treated with different alkalis, concentrations, and 

time periods (a) NaOH (b) KOH (c) Ca(OH)2. 

Jute fibres demonstrate varied tensile strengths based on alkali type, concentration, and 

treatment duration. While NaOH-treated fibres emphasise the necessity of balancing 

concentration and time to maximise tensile strength, the KOH series showcases distinct 

behavioural patterns. The Ca(OH)₂ treatments further underscore these differences, with the 

peak tensile strength achieved at a 30g/L concentration over 14 days. These variances across 

alkali types underline the pivotal role of alkali selection in treatment outcomes. Some recent 

studies indicating different treatments of various cellulosic fibres with alkalis include [69]–

[78]. 

Fig. 4.4 presents the DSC curves of all the samples.  

 

Figure 4. 4 The DSC analysis outputs of different jute samples. 

Before 100 oC, there is one single peak of all the samples. By combining with the following 

analysis of TGA, it is caused by moisture evaporation [79]. In the temperature range from 300 

oC to 400 oC, DSC curves of all the samples experience a fluctuation. By combining with the 

following analysis of TGA, the fluctuation is caused by thermal decomposition. The DSC data 

suggests that the alkali treatment indeed affects the thermal behavior of jute fibres [80], with 

Ca(OH)₂ treatment showing the most distinct differences. It has almost little or no effect on the 

jute fiber.  

The Thermogravimetric Analysis (TGA) diagram shows the weight loss of jute fibers treated 

in different alkaline environments as a function of temperature. Fig. 4.5 has three curves 

representing jute treated with NaOH, KOH, and Ca(OH)2. All three curves exhibit a similar 

trend, showing a gradual weight loss up to around 300°C followed by a steep decline. This 

indicates that the jute fiber undergoes thermal degradation in multiple stages. The initial weight 

loss is likely due to the evaporation of moisture and other volatile compounds from the 
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beginning. The major weight loss between 300°C and 400°C represents the decomposition of 

cellulose, the main component of jute fiber. The final weight loss after 400°C corresponds to 

the breakdown of lignin and hemicellulose, which are the other major components of the fiber 

[79] as lignin decomposes at larger temperatures [81]. The range for Tg is from 220 oC till 350 

oC.  The TGA data suggests that the different alkaline treatments significantly impact the 

thermal stability of jute fibers. For instance, Ca(OH)2 treatment imparts the highest thermal 

stability, followed by KOH and NaOH. This could be due to the different chemical interactions 

between the alkaline agents and the jute fiber components. The treatment with NaOH weakens 

the fiber structure more than the other two, resulting in a lower thermal degradation temperature 

and faster decomposition. 

 

Figure 4. 5 The TGA results of different jute samples. 

The RSM analysis data are presented in Table 4.2. As indicated in the table, we evaluated the 

impact of three parameters: alkali type, alkali concentration, and time, on the tensile strength 

as the response variable in our model. 

Table 4. 1 The data used in the RSM modelling. 

Alkali type Alkali concentration (g/L) Time (day) Tensile Strength (MPa) 

NaOH 5 7 41.62 

NaOH 15 7 79.66 

NaOH 30 7 60.77 

KOH 5 7 69.38 

KOH 15 7 49.05 

KOH 30 7 82.67 

Ca(OH)2 5 7 51.48 

Ca(OH)2 15 7 67.4 

Ca(OH)2 30 7 41.41 

NaOH 5 14 84.2 

NaOH 15 14 58.68 
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Alkali type Alkali concentration (g/L) Time (day) Tensile Strength (MPa) 

NaOH 30 14 181.27 

KOH 5 14 194.81 

KOH 15 14 237.58 

KOH 30 14 103.7 

Ca(OH)2 5 14 74.38 

Ca(OH)2 15 14 62.73 

Ca(OH)2 30 14 111.28 

NaOH 5 28 140.34 

NaOH 15 28 225.05 

NaOH 30 28 84.73 

KOH 5 28 130.7 

KOH 15 28 131.5 

KOH 30 28 163.06 

Ca(OH)2 5 28 67.75 

Ca(OH)2 15 28 95.92 

Ca(OH)2 30 28 86.72 

  

Different combinations of alkali type (Ai), alkali concentration (Ci), and time (ti) are used in 

each of these tests. Different test results are a result of these changing parameters. We will 

investigate the connections between the alkali type, concentration, time, and the observed 

responses using RSM. The mathematical expression of the model is demonstrated in Equation 

2. 

Yi = f (Ai, Ci, ti)        Eq. (4.1) 

Yi representing the outcome of the ith response. This function f will be a mathematical 

expression that captures the behaviour of the system under study. In the course of conducting 

regression analysis on the experimental data, we derived a mathematical model as depicted in 

Equation 4.2. As indicated in Table 5, it becomes evident that the quadratic model outperforms 

the others due to its minimal standard deviation and maximal R-squared value.  

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ = 221.65 ∗ 𝐴𝑙𝑘𝑎𝑙𝑖𝑇𝑦𝑝𝑒 + 4.18 ∗ 𝐴𝑙𝑘𝑎𝑙𝑖𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 + 21.14 ∗

𝑇𝑖𝑚𝑒 − 0.047 ∗ 𝐴𝑙𝑘𝑎𝑙𝑖𝑇𝑦𝑝𝑒 ∗ 𝐴𝑙𝑘𝑎𝑙𝑖𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 − 1.42 ∗ 𝐴𝑙𝑘𝑎𝑙𝑖𝑇𝑦𝑝𝑒 ∗ 𝑇𝑖𝑚𝑒 −

0.029685 ∗ 𝐴𝑙𝑘𝑎𝑙𝑖𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 𝑇𝑖𝑚𝑒 − 39.41 ∗ 𝐴𝑙𝑘𝑎𝑙𝑖𝑇𝑦𝑝𝑒2 − 0.09 ∗

𝐴𝑙𝑘𝑎𝑙𝑖𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛2 − 0.42 ∗ 𝑇𝑖𝑚𝑒2  Eq. (4.2) 

Table 4. 2 The results of statistical indicators in different regression models. 

Source Std. Dev. R2 Adjusted R2 

Linear 50.88 0.24 0.1412 

2FI 53.19 0.28 0.1864 

Quadratic 46.15 0.54 0.4802 

Cubic 55.78 0.6 0.548 
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Based on the insights gleaned from Table 4.3, it becomes apparent that the Time of sample 

curing, with the highest F-value of 8.65, emerges as the most pivotal feature in our analysis. 

As we delve further into our investigations, we find that Alkali type assumes the mantle of 

being the most influential factor in our experimental endeavours. This hierarchical order of 

significance among the variables underscores the importance of these factors in shaping our 

outcomes. 

Table 4. 3 The outputs of ANOVA assessment in this study 

Source Sum of Squares Mean Square F-Value p-value 

Model 42917.42 4768.60 2.24 0.0729 

A-Alk. type 5827.50 5827.50 2.74 0.1165 

B-Alk Conc. 154.27 154.27 0.072 0.7911 

C-Time 18421.18 18421.18 8.65 0.0091 

AB 4.21 4.21 1.979E-003 0.9650 

AC 2772.40 2772.40 1.30 0.2697 

BC 191.42 191.42 0.090 0.7680 

A2 9322.30 9322.30 4.38 0.0518 

B2 1207.60 1207.60 0.57 0.4618 

C2 9835.74 9835.74 4.62 0.0463 

Residual 36210.37 2130.02   

Cor Total 79127.79    

Analysing Fig. 4.6a, it becomes evident that the variations in slope for alkali type are more 

pronounced when compared to those of alkali concentration. This observation highlights the 

greater significance of alkali type in contrast to alkali concentration in our study. Moreover, 

examining Figs. 4.6b-c, we discern that the time of sample curing exhibits more pronounced 

slope changes than both alkali type and concentration. This finding underscores the heightened 

importance of time of sample curing, as reflected in the magnitude of its slope variations, in 

shaping our research outcomes. Taking Fig. 4.6 into account, it becomes evident that the 

extremum points, indicative of absolute maximums, can be qualitatively identified. For precise 

values, however, the equation presented must be solved using classical methods. Similarly, in 

Fig. 12-c, the residual values derived from the variance between actual and predicted values 

are observable. This suggests that the model's accuracy regarding alkali type versus time and 

alkali type versus its concentration is notably higher due to the insignificant residual values. 
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(a) (b) 

 

(c) 

Figure 4. 6 The sensitive analysis of the effective features as per tensile strength (a-c). 

 

Figure 4. 7 The data distribution of experimental practice in the present research. 

Based on the observations from Fig. 4.7, it is evident that the distribution of the results data in 

our experimental practices conforms to a normal distribution and closely adheres to the 

Gaussian model. This adherence to a Gaussian distribution is an important characteristic, 

signifying the robustness and reliability of our experimental data, which can facilitate more 

robust statistical analyses and inferences. The normal plot of residuals reveals a linear pattern, 

indicative of a well-fitted model.  

As illustrated in Table 4.4, our model has identified optimal conditions for the fiber curing 

process. This analysis reveals distinct characteristics for three different types of alkalis, namely 

NaOH (type 1), Ca(OH)2 (type 3), and KOH (type 2). These findings provide critical 

information for selecting the most suitable alkali and its associated concentration, thereby 

influencing the curing time of the fibres. When using NaOH (type 1) as the preferred alkali, it 

is recommended to employ a concentration of approximately 23 g/L. Under these conditions, 

the fibres reach their desired state within a remarkably short curing time of just 7 days. This 

suggests that NaOH (type 1) is an ideal choice for those seeking a rapid preparation technique. 

Conversely, for KOH (type 2), the optimal concentration is lower, around 8 g/L, but it results 
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in a longer curing time of 28 days. This implies that KOH (type 2) might be preferred in 

situations where an extended curing process is acceptable or beneficial. For those interested in 

using Ca(OH)2 (type 3), our model suggests applying an alkali concentration of approximately 

21 g/L, which is lower than that of NaOH. This offers the advantage of lower alkali 

concentration while still achieving effective curing. Furthermore, to provide a visual 

representation of the first optimal condition (type: NaOH, Concentration: 8 g/L, and Time: 7 

days), we have included a surface visualisation in Fig. 4.6. 

Table 4. 4 The results of optimisation in this research. 

Alk. type Alk Conc. (g/L) Time (d) 

NaOH 22.7 7.1 

KOH 8.3 27.3 

Ca(OH)2 21.3 9.4 

Analysing the data presented in Fig. 4.8, it becomes evident that when it comes to enhancing 

the tensile strength of jute-based fibres, the choice of alkali treatment plays a crucial role. 

According to Fig. 4.8, the use of NaOH results in the highest tensile strength among the three 

alkali types considered. Moving on to alkali Type 2, potassium hydroxide (KOH), we observe 

a similar trend in Fig. 4.8. The tensile strength of jute-based fibres treated with KOH is also 

notably higher than that of Type 3 (Ca(OH)2) treatment. In contrast, the data for alkali Type 3, 

calcium hydroxide (Ca(OH)2), show the lowest tensile strength improvement among the three 

alkali types. These findings from Fig. 4.8 have significant implications for industries that rely 

on jute-based materials. Manufacturers and researchers can use this information to select the 

most appropriate alkali treatment method for their specific applications.  

 
(a) 

 
(b) 

 
(c) 

Figure 4. 8 The graphical result of the optimum condition in (a) alkali type: NaOH, (b) alkali 

type: KOH, and (c) alkali type: Ca(OH)2. 
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For achieving the task of partial replacement of cement by inorganic additives, different 

percentages of FA (5%, 10%, 20%), LAP (1%, 3%, 5%) and BENT (1%, 3%, 5%) were used 

to prepare the cement based mixtures. Later, new cement mixtures with partial replacement of 

cement by fly ash (5%) and Laponite (1%) reinforced with jute fibers (0.2%, 0.5%, 0.7%, 1%) 

were realized. Fig. 4.9 shows the results of EDS and SEM characterisations based on different 

raw materials and prepared samples. As can be seen, all SEM images are reported in 5kx.   

Cement 

powder 

 

(a) 

Fly ash 

 

(b) 

Laponite 

 

(c) 

Bentonite 

 

(d) 
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FA 5% 

 

(e) 

FA 10% 

 

(f) 

FA 20% 

 

(g) 

LAP 1% 

 

(h) 

LAP 3% 

 

(i) 
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LAP 5% 

 

(j) 

BENT 1% 

 

(k) 

BENT 3% 

 

(l) 

BENT 5% 

 

(m) 

Figure 4. 9 The results of characterisation study for the three cement paste additives with 

different rates (a-m). 

Fig. 4.10 summarises the results of the OFAT experiments. By comparing Figs. 4.9 and 4.10, 

it can be seen that adding higher percentage of fly ash in the mixture of cement paste would 

increase the percentage of C, O, Al, and Si elements and therefore increase, the 3-point bending 

value. However, increasing the mentioned elements would considerably reduce, the amounts 

of toughness and compressive strengths. Comparing Figs. 4.9 and 4.10 can justify the reason 

for increasing in the percentages of C, O, Al, and Si elements when adding more fly ash in the 

mixture of cement paste. These reasons can be attributed to several factors. Firstly, the presence 
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of fly ash in cement paste introduces additional reactive components into the mixture. Fly ash 

is a byproduct of coal combustion and contains a significant amount of silica (SiO2) and 

alumina (Al2O3) [82]. These components react with the alkaline compounds in cement, such as 

calcium hydroxide, during the hydration process, forming additional calcium silicate hydrate 

(C-S-H) gel. The formation of C-S-H gel contributes to the overall strength and durability of 

the cementitious material [83]. Moreover, the increase in these elements can be linked to the 

pozzolanic reaction, which is a key mechanism associated with the incorporation of fly ash in 

cement paste. This reaction produces additional hydration products, including calcium silicate 

hydrate and calcium aluminate hydrate (C-A-H) gels. These gels fill in the pore spaces within 

the cement paste, resulting in a denser microstructure and improved mechanical properties [84]. 

Additionally, the increase in the carbon and oxygen percentages can be attributed to the carbon 

content present in fly ash. The presence of carbon can influence the microstructure of the 

cement paste, affecting its mechanical properties [85]. However, while the addition of fly ash 

and the subsequent increase in the mentioned elements can enhance certain properties, it is 

worth noting that there are trade-offs in terms of toughness and compressive strengths. The 

incorporation of fly ash generally results in a decrease in toughness and compressive strengths. 

This can be attributed to the dilution effect caused by the addition of fly ash, which leads to a 

reduction in the overall cement content and a decrease in the inter-particle bonding within the 

cementitious matrix. Consequently, the material becomes more brittle and less resistant to 

applied forces. By increasing LAP in the structure of cement paste mixture, all functions (3-

point bending, compressive, and toughness strengths) would reduce. However, with evaluation 

of BENT (main elements: C, O, Al, Si, Cu) the 3-point bending and compressive strengths are 

increased and reversely, the capacity of toughness is decreased. Thus, the Cu and Al have 

positive influences on 3-point bending. While just Cu has direct relationship on compressive 

strength. The presence of LAP can impact the hydration process of cement, which is essential 

for the development of strength in the paste [86]. The water associated with LAP, along with 

the water required for cement hydration, influences the availability of water molecules for the 

chemical reactions. Excess water from LAP can dilute the cementitious system, affecting the 

formation of stable calcium silicate hydrate (C-S-H) gel, which is responsible for the strength 

and durability of the cement paste. This dilution effect can lead to reduced 3-point bending 

strength, compressive strength, and toughness. In the case of BENT, its chemical composition 

primarily comprises elements such as Si, Al, O, C, and Cu. These elements can interact with 

the cementitious system and influence its properties differently. The presence of Cu in BENT 

can have a positive effect on the mechanical properties of the cement paste. Copper ions can 
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act as a catalyst in the hydration reactions, promoting the formation of a denser and stronger 

cementitious structure [87]. This can lead to an increase in 3-point bending strength and 

compressive strength. On the other hand, Al in BENT can also influence the cement paste, 

particularly the 3-point bending strength. Aluminum ions can react with the silicate compounds 

in the cement, leading to the formation of additional hydration products. These products can 

contribute to improved bonding and enhance the material's resistance to bending stresses. Also, 

by comparing the SEM images, it can be concluded that with increasing FA, LAP, and BENT, 

the porosity of cement paste is reduced. While there are different behavior in all functions. 

Therefore, it can be concluded that the strength outputs are independent in comparison of 

sample porosities.  

According to Fig. 4.9, fly ash is a fine powder that is primarily composed of spherical particles. 

The chemical composition of fly ash can vary depending on the composition of the coal burned, 

but it generally consists of silicon dioxide (SiO2), aluminum oxide (Al2O3), iron oxide (Fe2O3), 

calcium oxide (CaO), and small amounts of other elements. The morphology of fly ash particles 

is typically irregular, with varying sizes ranging from a few micrometres to several tens of 

micrometres. The particles are often hollow and porous, giving them a light and powdery 

texture. The surface of fly ash particles can be rough and angular. Laponite is a synthetic clay-

like material that belongs to the class of layered silicates. Its structure consists of a two-

dimensional sheet of silica and magnesium ions, with water molecules located between the 

sheets. Laponite particles are disc-shaped. These particles can stack together to form aggregates 

or gel-like structures in water or other polar solvents. Bentonite is a type of clay formed from 

the weathering of volcanic ash. The structure of bentonite consists of individual clay platelets 

stacked on top of each other. These platelets have a layered structure, with each layer being 

composed of two silica tetrahedral sheets sandwiching an alumina octahedral sheet. The layers 

are held together by weak van der Waals forces, allowing them to slide and swell in the 

presence of water. They have a flake-like or needle-like morphology, with a high surface area 

due to the presence of numerous platelets. The interlayer spaces between the clay platelets can 

accommodate water molecules and other ions, giving bentonite its unique swelling and 

adsorption properties. 

The results of this study (Fig. 4.10) show that with increasing fly ash content, the compressive 

strength of the cement paste decreases. It is well known that fly ash is a pozzolanic material 

that reacts with calcium hydroxide during hydration of cement to form additional cementitious 

compounds [88]. However, excessive amount of fly ash in the cementitious composites cannot 

fully participate in the pozzolanic reaction thus resulting in a reduction of hydration products 
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in cement-based composites. This can result in the reduction of the compressive strength [89].  

It is important to note that higher compressive strengths are possible with fly ash content in 

cementitious composites when fly ash will be mechanically activated, the outcomes of different 

studies such as [90]–[92]. Also, the declared research items conform to the present 

investigation outputs and explanation. 

FA% 

   

(a) 

LAP% 

 

(b) 

BENT% 

 

(c) 

Figure 4. 10 The results of the three evaluation functions (bending stress, toughness, 

compressive strength) for the three cement paste additives; (a) FA%, (b) LAP%, and (c) 

BENT% function performances. 

Results with LAP as a partial replacement in this study depict that the compressive strength of 

cement pastes decreased with increasing content of the LAP. The possible reasons for this is 

that LAP clay being very fine disk like particles belonging to the Smectite group of 

phyllosilicates [93], [94] possess pozzolanic reactivity and can increase the C-S-H during 

cement hydration process. Moreover, it can fill the voids thus improving packing of the 

cementitious system thus increasing the compressive strength of the cement paste [95]. 

However, with increasing LAP content causes agglomeration and also affects the water demand 
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and workability of the cement which can negatively affect the hydration procedure. Previous 

studies [96], [97]  reported similar results for compressive strength with different clays. 

Compressive strength of the cement paste having bentonite as a partial replacement of cement 

in this research work showed that the higher value for compressive strength was achieved with 

5% replacement of cement by BENT. This behavior of BENT in cement pastes may be due to 

the improved particle packing within the cement paste matrix. Furthermore, it can be due to 

the better binding and cohesion properties with increased hydration and cementitious products.   

The outcomes of this study reveal that with increasing FA and BENT content, the 3-point 

bending property of the cement paste also improved. This can be attributed to the better 

interfacial bonding between the FA/BENT particles and cement paste thus resulting in 

improved flexural strength [98]. Whereas in case of LAP, 3-point bending decreased with 

increasing content. The reduction in strength with increasing content of LAP can be because 

of dilution effect of the LAP particles which lead to poor participation in interfacial bonding.  

Cement paste with FA/LAP/BENT in this study showed a decreasing trend with increasing 

content of fillers. In case of FA, this behavior may be because of the increasing brittleness and 

reduced ductility of the cement paste, while the decreasing trend of the cement pastes having 

LAP may be attributed to the ineffective role of LAP with higher percentages in cement paste 

leading to poor toughness properties. Cementitious composites with partial replacement of 

cement by BENT firstly showed a decrease with 3% but at 5% it showed some improvement. 

Cement paste with 3% showed a reduction in toughness by 20.8% compared to cement paste 

with 1% BENT, while cement paste with 5% BENT showed an improvement of 13.5% 

compared to cement paste with 3% BENT. This behavior may be due to the formation of cracks 

and their propagation due to the internal stresses within the cement pastes.  

The results of regression statistical analysis for curve fitting of LAP, FA, and BENT against 3-

point bending strength, compressive strength, and toughness are summarised in Fig 4.11. The 

results show that in adding different percentages of FA in the mixture of cement paste, 

toughness and 3-point bending strengths have acceptable (R2> 82%) Coefficient of 

determination. Likewise, the FA % addition had direct effects onto 3-point bending and had 

reverse impact on both others. Fig 4.11 depicts that the Coefficient of determination of all 

functions based on LAP is acceptable (more than 84%). However, the slope of all functions (3-

point bending, compressive, and toughness strengths) are minus in the provided equations and 

it shows reverse relationship between adding LAP in mixture of cement paste. The response of 

both 3-point bending and compressive strengths for the case of BENT is acceptable (R2> 84%) 
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as they had direct relationship with the additive. The reaction of BENT % and cement paste 

mixture vs toughness was strange, and the linear equation could not describe it.  

Figure 4. 11 The results of regression statistical analysis for curve fitting of the present research 

(a-c). 

The outcomes of the EIA for nine samples are presented (Fig. 4.12). The diagram illustrates 

that the presence of Al element in the FA and higher percentages of the additive used in the 

study result in the highest level of toxicity. Similarly, in the subsequent phase, varying 

percentages of BENT, due to the presence of Mg and Al elements, exhibit the most toxicity 

and EIs. Finally, based on its chemical structure, the least hazardous additive is associated with 

the LAP. 
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Figure 4. 12 The outputs of EIA assessment of prepared samples in this research.    

The results of the OWA ranking model are demonstrated in Fig. 4.13. According to the scheme 

(Fig. 4.13 a and b), it can be concluded that based on SA indicators, from very pessimistic and 

neutral points of view (idea of managers), the samples S1 and S4 should be selected for the 

construction preparation process. In both the options, the least levels of FA (5%) and LAP (1%) 

are used as an additive in the structure of cement paste. Besides, in a very optimistic selection 

perspective, S3 (with 20% FA, weight=0.125), S5 (with 3% LAP, weight=0.129), and S8 (with 

3% BENT, weight=0.126) are selected. Therefore, in an optimistic condition, all the materials 

can be applied based on the viewpoint of managers and decision-makers.  
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(b) 

Figure 4. 13 The outcomes of OWA computations according to (a) sample rankings as per 

different performance/ cost/EIA and (b) final OWA weights. 

The analysis of cement particle distribution reveals a grain size of 15.18 μm and a mean volume 

of 38.00 μm. The histogram describing cement particle distribution suggests that a significant 

portion of particles falls within the 1-10 µm range. The overall shape of the cement particles 

histogram appears to be right-skewed, with a majority of particles concentrated in the smaller 

size ranges and a tail extending towards larger sizes. The analysis of fly ash particle distribution 

reveals a grain size of 22.38 μm and a mean volume of 65.38 μm. The histogram describing fly 

ash particle distribution submits that a majority of the particles are smaller in size with the 

number of particles decreasing as the size increases. The analysis of laponite particle 

distribution reveals a grain size of 25.34 μm and a mean volume of 68.92 μm. The histogram 

describing laponite particle sizes shows a positively skewed distribution. The analysis of 

bentonite particle distribution reveals a grain size of 23.25 μm and a mean volume of 49.62 

μm. The histogram of the bentonite appears to be positively skewed. The average grain sizes 

of the materials are given in Table 4.5. 

Table 4. 5 Average grain sizes of the powder materials 

Particle Size Distribution  

# Material Average Grain Size, μm 

1 Cement 15.18 

2 Fly ash 22.38 

3 Laponite 25.34 

4 Bentonite 23.25 

0

0,2

0,4

0,6
S1

S2

S3

S4

S5S6

S7

S8

S9

Very Optimistic Optimistic

Fairly Optimistic Neutral

Fairly Pessimistic Pessimistic

Very Pessimistic
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Particle size distribution data Table 4.5 gives us quantitative data regarding these materials.  

Particle size distribution data is useful in understanding the materials’ behavior in cementitious 

composites using aggregation tendencies, and overall behavior. Particle size reduction 

increases surface area, which improves mechanical properties. whereas a decrease in surface 

area caused by a large particle size could lower the mechanical properties. Therefore, it is 

recommended to consider the particle sizes of the ingredients of the cementitious composites 

in future work. 

The results of the 3-point bending stress for cement mixtures reinforced with varying weight 

percentages of jute fiber are shown in Fig. 4.14a. The bending stress increases with higher jute 

fiber content. At 0.2% jute fiber, the bending stress is 3.07 MPa. With 0.5% jute fiber, the stress 

increases by 8.2% to 3.32 MPa. At 0.7% jute fiber, the bending stress further increases to 3.77 

MPa, representing a 13.6% increase from the 0.5% content and a 22.9% increase from the 0.2% 

content. The increase in bending stress was previously reported by Shoukry et al. (2013) in a 

research work where different natural fibers reinforced in cement pastes showed improvement 

in bending stress up to a 2% fibers content [99]. Similar results were also observed for coated 

sisal fiber reinforced concrete samples [100]. However, with a further increase in jute fiber 

content to 1%, we observe a decreasing trend in bending stress with a value of 2.2 MPa showing 

a 41.6% decrease in bending stress compared to the 0.7% jute fiber content. It can be seen that 

the optimal value of the jute fiber content against 3-point bending stress was observed at 0.7% 

fiber content. The decrease in bending stress beyond 0.7% is likely due to several issues such 

as fiber agglomeration or poor bonding with the cement matrix resulting in a poor composite 

matrix. Similar explanations have been reported previously such as [101][102]. The 

compressive strength of cement mixtures reinforced with jute fiber shows an optimal value at 

0.5% fiber content, reaching 28.17 MPa. Increasing the fiber content beyond 0.5% results in a 

decrease in compressive strength: 0.7% fiber content drops it to 23.29 MPa, and 1% fiber 

content maintains a similar value of 23.31 MPa. Therefore, the highest compressive strength is 

achieved at 0.5% jute fiber content. Similar trends have been observed in previous studies. 

Chakraborty et al. (2013) reported an improvement in compressive strength in 1% jute fiber-

reinforced cement mortar [103]. In another study, compressive strength of kenaf-reinforced 

cementitious composites showed improved compressive strength values for 0.5, 1, 1.5, and 2% 

fiber content and the maximum strength improvement was 96% for 1.5% fiber content [104].  

Cement mixtures with 5% fly ash and 1% laponite, reinforced with various percentages of jute 

fiber, show a clear trend of increasing toughness with higher fiber content. At 0.2% jute fiber, 

the toughness is 2.3935 J/cm². This increases to 2.8325 J/cm² at 0.5% fiber (18.4% increase), 

3.0360 J/cm² at 0.7% fiber (7.2% increase from 0.5%), and 3.5114 J/cm² at 1% fiber (15.7% 
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increase from 0.7%). Overall, there is a 46.7% increase in toughness from 0.2% to 1% fiber 

content. These results indicate that adding more jute fiber enhances the toughness of the cement 

mixture by improving its energy absorption and post-cracking behavior [101]. The 

incorporation of short jute fibers into the cement mortar has shown significant improvements 

in the toughness property of the composites [105]. Overall, the data indicates that jute fiber 

reinforcement significantly enhances the toughness of the cement mixtures, with the most 

substantial improvements observed at higher fiber contents. 

 

(a) 

 

(b) 

 

(c) 

Figure 4. 14 The results of the jute-reinforced cement mixtures having different fiber contents; 

(a) 3-point bending stress, (b) Compressive strength, and (c) Toughness. 

5.  Conclusions  

This study optimized jute-based materials through various alkali treatments, examining the 

effects on tensile strength. The best results were observed with 15 g/L NaOH at 28 days (225.05 

MPa), 15 g/L KOH at 14 days (237.58 MPa), and 30 g/L Ca(OH)₂ at 14 days (111.28 MPa). 

Prolonged high alkali exposure reduced tensile strength. NaOH and curing time were most 

influential on tensile strength. Cement was partially replaced with additives (FA, LAP, BENT) 

to improve mechanical properties. FA improved 3-point bending stress but reduced 

compressive strength and toughness. LAP negatively affected all properties, while BENT 

improved bending stress and compressive strength. Cement mixtures containing 5% FA, 1% 

LAP, and short jute fibers, with optimal fiber content at 0.7% for 3-point bending, 0.5% for 

compressive strength, and 1% for toughness. 
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