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Evaluation of Organic Waste Materials as Bio-

Polymeric Admixtures in Cement Based Composite 

Mortars 

 

Abstract 

In this study, the effect of a new generation bio-polymeric admixture on the physical 

and mechanical properties of cement mortars is examined in detail. The bio-polymeric 

admixture is prepared by grinding egg shells, apricot kernel shells, hazelnut kernel 

shells, walnut kernel shells, and olive seeds in micronized sizes. The evaluation of the 

bio-polymeric admixtures, which are produced as wastes, among high production 

materials such as concrete and mortar derivative products, provides an opportunity for 

better disposal and management of these wastes. The bio-polymeric admixture 

materials have been ground to be in the range of 0/45 μm, 0/125 μm, and 125/250 μm 

within the scope of this study and are used as bio-polymeric admixture in cement 

mortars, at different rates, i.e., 0, 0.2, 0.35, 0.5, 1 and 1.5 % of total weight. The 

characteristics of hydration products were analyzed by SEM, EDS and XRD 

investigations. It has been observed that in the mortar samples produced based on 

constant W/C ratio, the 28 days compressive strength values of the mortars decreased 

due to the increase of biopolymer. However, the increase in the bio-polymeric 

admixture ratio had a declining effect on the water absorption capacity and capillarity 

values of the samples. In other words, bio-polymeric admixture improves the 

hydrophobicity property of the hardened mortar samples. Another important effect of 
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the bio-polymeric admixture contribution was also observed on the flowability 

property of the cement mortars. As the bio-polymeric admixture ratio added to the 

cement mortar increased, the flow diameter values of the mortar were also significantly 

increased. It has been determined that each component of the bio-polymeric 

admixtures in composite structure consisting of extractive, lignin, hemicellulose, and 

cellulose affects different properties of cementitious mortars. At the end of the study, 

when the physical and mechanical properties of the mortars were examined, an 

optimization study was carried out to determine the appropriate biopolymeric 

admixture type, usage rate and particle size. In addition, mathematical equations 

representing the 28-day compressive strength, 28-day flexural strength, 150-day 

compressive strength, flow diameter, initial and final setting times, and mass and 

capillary water absorption values of the mortars were produced by regression analysis. 

Keywords: Bio-polymeric admixture, cement mortar, microstructure, chemical 

admixture, waste 
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Organik Atık Malzemelerin Biyo-polimerik Katkı 

Olarak Çimento Bağlayıcılı Kompozit Harçlarda 

Değerlendirilmesi 

 

Öz 

Bu çalışmada, yeni nesil biyopolimerik katkının çimento harçlarının fiziksel ve 

mekanik özelliklerine etkisi detaylı olarak incelenmiştir. Biyopolimerik katkı, yumurta 

kabukları, kayısı çekirdekleri, fındık çekirdekleri, ceviz kabukları ve zeytin 

çekirdeklerinin mikronize boyutlarda öğütülmesiyle hazırlanmıştır. Atık olarak 

üretilen biyopolimerik katkıların beton ve harç türevi ürünler gibi üretimi yüksek 

malzemeler arasında değerlendirilmesi, bu atıkların daha iyi bertarafı ve yönetimi için 

fırsat sunmaktadır. Biyopolimerik katkı malzemeleri bu çalışma kapsamında 0/45 μm, 

0/125 μm ve 125/250 μm tane boyut dağılımlarında öğütülmüş ve çimento harçlarında 

biyopolimerik katkı olarak kullanılmıştır. Katkı kullanım oranları toplam ağırlığın %0, 

0,2, 0,35, 0,5, 1 ve 1,5'i olacak şekilde belirlenmiştir. Hidrasyon ürünlerinin özellikleri 

SEM, EDS ve XRD araştırmaları ile analiz edilmiştir. Sabit s/ç oranı esas alınarak 

üretilen harç numunelerinde, biyopolimerik katkı artışına bağlı olarak harçların 28 

günlük basınç dayanım değerlerinin düştüğü gözlemlenmiştir. Özellikle ekstraktif 

oranı yüksek biyopolimerik katkıların hidratasyon sürecinde matris yapıda hidrate 

olmamış çimento tanelerini arttırdığı tespit edilmiştir. Ancak, biyopolimerik katkı 

oranındaki artış numunelerin su emme kapasitesini ve kapilarite değerlerini düşürücü 

etki yapmıştır. Başka bir deyişle, biyo-polimerik katkı, sertleştirilmiş harç 
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numunelerinin hidrofobiklik özelliğini iyileştirmektedir. Biyopolimerik katkı 

katkısının bir diğer önemli etkisi de çimento harçlarının akışkanlık özelliği üzerinde 

gözlenmiştir. Çimento harcına eklenen biyopolimerik katkı oranı arttıkça harcın akış 

çapı değerleri de önemli ölçüde artmıştır. Ekstraktif, lignin, hemiselüloz ve selülozdan 

oluşan kompozit yapıdaki biyopolimerik katkıların herbir bileşeninin çimentolu 

harçların farklı özelliklerine etki ettiği tespit edilmiştir. Çalışmanın sonunda, harçların 

fiziksel ve mekanik özellikleri irdelendiğinde uygun biyopolimerik katkı tipi, kullanım 

oranı ve tane boyutunun tespiti için optimizasyon çalışması yapılmıştır. Ayrıca, 

harçların 28 günlük basınç dayanımı, 28 günlük eğilme dayanımı, 150 günlük basınç 

dayanımı, yayılma çapı, ilk ve son priz süreleri ve kütlece ve kapriler su emme 

değerlerini temsil eden matematiksel denklemler regresyon analizleri ile üretilmiştir. 

Anahtar Kelimeler: Biyo-polimerik katkı, çimento harcı, mikroyapı, kimyasal katkı, 

atık 
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Chapter 1 

Introduction 

The increasing environmental concern and awareness of industrial pollution have 

forced the construction and manufacturing industries to search for innovative materials 

that are reliable, sustainable and can replace conventional synthetic chemicals and 

polymers in concrete and cement-based products. Natural polymers, such as 

polysaccharides, proteins and polynucleotides have already been considered as 

potential alternatives, given their environmental friendliness and ready availability in 

polymeric form and the fact that they can be extracted from natural sources. Natural 

polymers also offer environmental advantages such as reduced dependence on non-

renewable energy/material sources, lower pollutant emissions, lower greenhouse gas 

emissions, enhanced energy recovery, and biodegradability. 

In food factories, large amounts of food waste, called by-products, are produced as a 

result of the process, and many of these are immediately destroyed (which leads to 

environmental pollution), or used to produce products with low economic value 

(animal feed, fertilizer, etc.) using lower technologies. The effective evaluation of 

waste generated during food processing is important not only for the prevention of 

environmental pollution, but also for the creation of added value and diversification of 

products. With the assumption that the number of food processing factories will 

continue to increase with the increasing population in the coming periods, it can be 

said that the amount of food waste and waste problems will increase accordingly. 

Therefore, the collection of wastes and their use in the production of new products are 

important for human health, environmental pollution, and the national economy. 

The building industry is a sector that provides the development of our country's 

economy with its great contribution to national income as well as the potential of its 
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labor force and strengthens our economy with each passing day. In addition, 

construction sector is one of the sectors that will live continuously in terms of meeting 

the needs of human beings as long as they exist. Although continuous increase of 

human population in recent years ensures that construction sector remains alive, sector 

must keep up with rapidly changing and developing technology.  

It is not possible to achieve the level of performance required in major structural 

applications with concrete mixtures produced with conventional components. Many 

studies conducted in recent years have suggested that various chemical and mineral 

additives can be used easily to solve the problem. In addition to chemical and mineral 

admixtures, which enable structural elements to perform better both in strength and 

durability, various admixtures can be used to improve the performance of cement-

based materials. In particular, the use of polymer admixtures has become widespread 

in order to improve the mechanical and physical properties of concrete whose tensile 

strength is much smaller than compressive strength. However, in view of 

environmental influences, the use of such synthetic polymers, insoluble in nature, can 

sometimes be considered as harmful. In recent years, the search for natural additives 

that can replace such chemicals and polymers and provide similar technical added 

value has come to the fore. 

In this thesis study, hazelnut, walnut, egg, olive, and apricot wastes produced in our 

country will be evaluated as alternative products to cement chemicals and polymers in 

cement-based products. These eating products are produced extensively in our country 

and the seeds and shells of these products are deposited as waste. Most of these solid 

wastes are incinerated and form carbon dioxide again. In this study, it is aimed to re-

evaluate these solid wastes with the most harmless and cheapest way. In particular, it 

is envisaged that such wastes can increase the physical and mechanical properties of 

cementitious products by at least as much as chemicals and synthetic polymers. In 

addition, the bio-polymeric materials used in the study were compared in terms of 

performance with some chemicals that are already concrete admixtures. 

In the first stage of the study, it was aimed to improve some of the properties of 

composite cement mortar by using different materials such as ground and sized corn 

cob, egg shell, walnut kernel shell, apricot kernel shell, olive pomace, mallow, 

hazelnut kernel shell, rice husk and olive seed. In the beginning of the experimental 
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work, it was tried as a preliminary study that which or which of these waste materials 

could be used in harmony with cement mortar. Among these waste bio-polymeric 

materials, it has been determined that egg shell, apricot kernel shell, hazelnut kernel 

shell, walnut kernel shell and olive seed can be used in cement mortars. 

In the second stage of the study, the characterization of olive seed, hazelnut kernel 

shell, apricot kernel shell and walnut kernel shell bio-polymeric materials to be 

evaluated in cement mortars were carried out by SEM, XRD and FT-IR analyzes. 

In the third stage, these bio-polymeric admixtures were sized at 0/45, 0/125 and 

125/250 μm grain sizes and evaluated at 0.25, 0.35, 0.50, 1, 1.5% of the total weight 

in cementitious mortars. The effects of bio-polymeric admixtures on the flowability, 

setting time, water absorption, 28-day flexural strength and 7-, 28-, and 150-day 

compressive strength of cement mortars were investigated in detail. As a result of the 

analysis, the most effective particle size was determined. Then, the physical and 

mechanical properties of cement mortars using the selected grain size bio-polymeric 

admixtures and commercially available cement chemicals were analyzed 

comparatively. It has been investigated whether bio-polymeric admixtures can be used 

instead of cement chemicals. 

In the fourth stage, the microstructure and hydration process of cement mortars, in 

which bio-polymeric materials with the most effective particle size were used as 

admixtures, were determined by SEM/EDS and XRD analyzes, respectively.  

In the fifth stage, durability properties such as sulfate attack, acid attack and freeze-

thaw were determined on the test specimens. 

In the sixth and last stage of the study, the optimization of the use of bio-polymeric 

admixtures in composite cement mortars was carried out. For the optimization study, 

Gray Relational Grade (GRG) method was used. Wolfram Mathematica 12 software 

was used for regression analysis. 

According to the thesis flow, Chapter 2 focus on the literature review of classification 

of biopolymers, biopolymer types that can be used in construction sector, and bio-

polymeric admixtures for cementitious materials. Chapter 3 deals with the materials 

and methods used in this study. Chapter 4 focus on the results achieved, their 
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interpretation and discussion. Finally, chapter 5 deals with the conclusion and 

recommendations for future research. 

1.1 Topic 

Construction sector is one of the most widely resource of material user industry. 

Therefore, more effective materials should be investigated and used in producing 

construction materials. The use of recycling materials and/or reusable materials as 

admixture is an effective way to produce sustainable construction products. One of 

these admixtures is bio-polymeric admixture. 

This experimental investigation was conducted as a PhD thesis work at İzmir Kâtip 

Çelebi University Graduate School of Natural and Applied Sciences and it has the 

subject of the examination of different types of food waste, which can be considered 

as bio-polymeric admixtures, for the use in composite cement mortars. 

1.2 Aim  

Because increasing the use of waste materials in the construction industry, it was 

foreseen that their advanced engineering properties should be examined deeply. The 

experimental work presented in this thesis aims to investigate the effect of food wastes 

on the physical and mechanical behavior, and the microstructure of the cement 

mortars. After the wastes were ground and brought to the desired grain size, a new bio-

polymeric admixture was recommended, and it is used in cement mortar combinations 

at certain ratios. The effect of the new bio-polymeric admixture on the physical and 

mechanical properties of the mortar has been investigated. With this study, an 

environmentally friendly product is developed, and waste disposal is also provided. 

1.3 Scope 

The work presented in this thesis is an investigation on the behavior of new generation 

composite mortar produced by mixing ASTM C 150 Type 1 (42.5 N/mm2) Ordinary 

Portland Cement (OPC), CEN standard sand in accordance with EN 196-1 standard, 

and bio-polymeric admixtures having various ratios. The physical, mechanical, 



5 

 

microstructural and durability properties of the produced test specimens were 

investigated experimentally. In this study, 5 different bio-polymeric materials were 

tested. These are apricot kernel shell, olive seed, hazelnut kernel shell, walnut kernel 

shell and egg shell. These bio-polymeric admixtures were investigated in terms of 3 

different particle sizes, which are 0/125 μm, 0/250 μm, and 125/250 μm. 5 different 

bio-polymeric admixture usage rates were determined in each particle size trial. In 

addition, 4 different cement chemicals (two of them were superplasticizers, one was 

set retarder, and last one was water repellent) were tested in cement mortar to compare 

biopolymeric materials with cement chemicals. In this work, a total of 110 different 

mixture combination were designed. A total of 1365 hardened test specimens were 

produced in order to carry out mechanical, physical and durability tests. 190 fresh test 

samples were investigated for fresh state properties. For microstructural investigations, 

100 samples were analyzed with XRD, and 75 samples were analyzed with SEM/EDS. 

Effect of biopolymers on new generation composite cement mortars is a new research 

area and there is very limited information about this subject existing in the literature. 

Furthermore, this investigation can be interesting from technical point of view because 

of waste recycling and can be challenging from environmental point of view because 

of using completely natural admixtures instead of those cement admixtures produced 

by chemical processes. 
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Chapter 2 

Previous Studies 

A comprehensive review of the literature on the use of biopolymers and bio-polymeric 

admixtures as admixture in cementitious products is made. In the literature, it has been 

observed that the number of studies on the use of food waste directly in cementitious 

products, as in this study, is quite limited. 

In this section, biopolymers are briefly introduced. Also, a broad classification of 

biopolymers has been made by the author. The use of biopolymers and bio-polymeric 

materials in the field of building materials and other construction areas has been 

researched and summarized in detail. 

2.1 Classification of Biopolymers 

Biopolymers are environmentally friendly materials that are produced from renewable 

natural sources and are generally biodegradable and do not contain toxic substances. 

Biopolymers are polymers that are created in nature throughout the life cycle of all 

organisms; hence they are also called natural polymers. They can be produced by 

biological systems such as plants, animals, or microorganisms, or can be chemically 

synthesized from biological starting material (sugar, starch, natural oil, or oils, etc.). 

Synthesis of biopolymers is usually carried out during complex metabolic processes 

in the chain growth polymerization reaction of activated monomers formed in the cell 

and an enzyme catalyst [1]. The main types of biopolymers are fats, carbohydrates, 

proteins, nucleic acids and bio-polyesters [2]. The most abundant biopolymers in the 

world are cellulose and alginate, respectively. Stevens [3] divides biopolymers into 

three main groups as polysaccharides, polypeptides and polynucleotides. Biopolymers 

found in nature, their monomers and functions are shown in Table 2.1. 
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Table 2.1: Biopolymers found in nature, their monomers, and functions [3] 

Biopolymer Monomer Containing 

Polysaccharides Simple sugar 

In plants and some higher organisms 

(cellulose, chitin), structural 

materials, energy storage materials 

(starch, glycogen), molecular 

identification (blood types), bacterial 

secretion 

Polypeptides Amino acid 

Biological catalysts (enzymes), 

growth factors, receptors, structural 

materials (wool, leather, silk, hair, 

connective tissue), hormones 

(insulin), toxins 

Polynucleotides Nucleotides 

Genetic information carriers (DNA, 

RNA) that are commonly identified in 

all organisms 

Many different classifications of biopolymers can be found in the literature. The 

polysaccharide, polypeptide and polynucleotides can also be subdivided. In addition 

to these main groups, there are also semi-artificial biopolymers. Such polymers should 

also be added to the classification. 

Lalit et al. [4] divided the biopolymers into three groups: polymers directly extracted 

from biomass (polysaccharides, proteins, lipids), polymers classically synthesize from 

bio derived monomers (Poly lactic acid (PLA), other polyesters), and polymers 

produced directly by microorganisms (polyhydroxy ikonates, bacterial cellulose, 

xantham, curdlan , pullulan). Mohan et al. [5] expanded the classification by dividing 

the biopolymers into four groups. They classified biopolymers according to their 

biodegradability (biodegradable, non-biodegradable), bio-base (bio based, non-

biobased), based on polymer backbone (polyesters, polysaccharides, polycarbonates, 

polyamides, vinyl polymers), based on repeating units (polysaccharides, proteins, 

nucleic acids). Similarly, Hassan et al. [6] brought a classification systematic 

especially on the biodegradability of biopolymers in their study. According to them, 

two different criteria underline the definition of a “biopolymer”: (1) the source of the 

raw materials and (2) polymer biodegradation. Ekiert et al. [7], unlike other 

researchers, proposed a fairly simple classification. They divided biopolymers into two 

classes, as natural and synthetic. Proteins such as collagen, fibrinogen and soy protein, 

and polysaccharides such as cellulose, chitin are called natural biopolymers. On the 

other hand, nondegradable materials such as PE, PP, PA, PU, PC, PVC, PMMA, PTFE 
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and degradable materials such as PGA, PLA, PDS, PLC, PHB, PPF are called synthetic 

biopolymers by them (Figure 2.1). Othman [8] also classified biopolymers under two 

groups as natural and synthetic. While carbohydrates (cellulose, starch, chitosan) and 

proteins (gelatin, gluten, alginate) form natural biopolymers, biopolymers produced 

by microbial fermentation (PHA, PHB, PHBV) and produced by chemical synthesis 

(PLA, PCL, PVA, PGA) constitute synthetic biopolymers, according to the researcher. 

Jaszkiewicz and Bledzki [9] also divided biopolymer into two main groups; (1) from 

renewable raw materials (vegetable origin, microbial, animal origin), (2) from crude 

oil (e.g. PVA). 

 

Figure 2.1: Biopolymer classification [7] 

In order to understand and classify the character of natural materials to be used in this 

experimental work, the classification of biopolymers has been made by the author 

within the scope of this thesis study. The classification of biopolymers is given in 

Figure 2.2. 
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Figure 2.2: The classification of biopolymers 

It is possible to reach different biopolymer classifications in the literature. However, 

some of them were found to be simple to reach the category of desired material, while 

others were quite complex. Therefore, a new biopolymer classification systematic is 

proposed, as can be seen in Figure 2.2. It is possible to expand to this classification, 

but in this case, it becomes quite complex and irregular. This systematic classification 

has been tried to be prepared in a simple and understandable structure as much as 

possible. When Figure 2.2 is examined, biopolymers are grouped under two main 

headings: natural biopolymers and synthetic biopolymers. 

Natural biopolymers are produced as structural components of tissues in living 

organisms. These mainly include polysaccharides and proteins. In addition, 

Biopoylmers

Natural

Polysaccharides

Bacterial
Xanthan, Dextran, 

Gellan, Levan, Curdlan, 
Polygalactosamine, 
Cellulose (bactrial)

Fungal Pullulan, Elsinan, Yeast 
glucans

Vegetable
Starch, Cellulose, Agar, 
Alginate, Carrageenan, 
Pectin, Konjac, Gums

Animal Chitin/Chitosan, 
Hyaluronic acid

Proteins

Vegitable Zein, Soy, Gluten

Animal Casein, Whey, Collagen, 
Gelatin, Silk

Polynucleotides DNA, RNA

Lipids Fatty Acids, Waxes

Polyphenols Lignin, Tannin, Humic 
Acid

Synthetic

Synthesized 
From 

Microorganisms
PHA, PHB, PHBV

Synthesized 
From Biomass

PLA

Synthesized 
From Petrolium

PCL, PVA, PGA, PBS, 
PEA
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polynucleotides, lipids, and polyphenols, also found in living organisms, are among 

the natural biopolymers.  

Polysaccharides are chemicals formed by combining multiple and separate (non-

combined) monosaccharides with the glycoside bond. Connecting glucose units 

differently results in different properties between polysaccharides. They are large 

molecule compounds that are formed when many (n) monosaccharides lose “n-1” 

water molecules. It is also called complex sugars. Polysaccharides can be found in four 

different sources: bacterial, fungal, vegetable, animal. Bacterial polysaccharides are 

usually produced by some types of bacteria by fermentation. Bacterial cellulose and 

xanthan could be cited as the most common example. Bacterial cellulose can be 

produced by some types of bacteria by fermentation, giving a very pure cellulose 

product with unique properties. The most common applications of bacterial cellulose 

are based on very large surface area and liquid absorption ability. Very low 

concentrations of bacterial cellulose can be used to create the perfect binder, thickener 

and coating agent. It also has end uses in oil and gas recovery, mining, paints, 

adhesives and cosmetics [2]. Xanthan gum, a complex copolymer produced by a 

bacterium, is one of the first commercially successful bacterial polysaccharides for 

fermentation production. Xanthan producing bacteria Xanthomonas campestris is one 

of the frost bacterial polysaccharide production systems targeted in genetic 

engineering. Industrial applications; oil recovery, viscosity control in drilling mud 

fluids, mineral ore process (biocide), paper production (modifier), agricultural area 

(plant growth stimulator), pharmaceutical field (drug release system) and cosmetics. It 

is used as a gelling agent for cheese, ice cream, pudding and other desserts in food 

applications [2]. Fungal polysaccharides are cell wall components of fungus which 

may act as antigens or as structural substrates. These polysaccharides found in various 

kinds of fungus are produced by fermentation as a biopolymer [10]. Polysaccharide 

biopolymers produced from fungi are used in coatings, cosmetics, lotions and 

shampoos [11,12]. In addition to these applications, recently, its suitability in various 

biomedical applications such as medicines, tissue engineering, wound healing, human 

health and diagnostic imaging has been investigated [13,14]. Starch and cellulose are 

the most commonly known vegetable polysaccharides. Starch is the main carbohydrate 

store for higher organisms. Starch refers to a class of materials in a wide range of 

structure and properties. Starch polymers can be extracted from corn, potatoes, rice, 
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barley, sorghum, and wheat. Corn is the main source of starch for industry and food 

purposes. Starch: It is a mixture of two glucan polymers, amylose, and amylopectin. 

This polymer is deposited in plants as water-insoluble energy storage granules with 

each granule containing two polymer mixtures. Plant breeding techniques are used to 

produce new species with varying amylose amylopectin ratio. Starch was used in 

various products due to its low cost and wide availability. The chemical modification 

of the starch polymer has caused many useful derivatives. It is used as an adhesive for 

use in the paper industry and related industries. Since starch can absorb up to 1000 

times the weight of moisture, it is used in disposable diapers, as a cure for burns, and 

as a water remover in fuel filters. Corn starch polymer is also used as thickener, 

stabilizer, and soil conditioning and even as de-icing for roads. Cellulose is the most 

abundant component of biological substances. It is the main component of plant cell 

walls. Cotton fiber is the purest among vegetable cellulose with a 90% cellulose 

content. On the other hand, wood contains about 50% cellulose. Cellulose serves as an 

important raw material for many industries. Chemically modified vegetable cellulose 

is used in quite different application areas. Cellulose derivatives are used for fibers in 

various forms, thickener solutions, and gels. For example, carboxymethylcellulose 

(CMC) is used as thickener, binder, stabilizer, and flow control agent. The major 

markets of CMC are detergents, textiles, food, toothpastes, shampoos, skin lotions, 

paper, adhesives, ceramics, and latex paints [2]. The most widely known and used of 

animal-derived polysaccharides are chitin and chitosan. Chitin, a polysaccharide; It is 

a polymer abundant in nature and has similar chemical and structural properties of 

cellulose (Figure 2.3). Earlier, it was designated "animal cellulose" because it is 

structurally similar to cellulose. Although polysaccharides are simply sugar, minor 

medications can result in significantly different chemical and physical properties. The 

only difference between cellulose and chitosan is that the hydroxy group (OH) of 

cellulose has replaced the amino (NH2) group for chitosan. Chitin contains acetylated 

amine groups. 
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Figure 2.3: Structure of chitin, chitosan and cellulose [15] 

Chitin is an important structural component of the exoskeleton of many organisms 

such as insects and shellfish. It also serves as the cell wall component of fungi and 

many plankton and other small organisms in the ocean. The chitin family of polymers 

is widely used in medicine, manufacturing, agricultural and waste treatment. It is used 

in bandage and surgical threads in chitosan wound treatment in biomedical field. 

Because chitosan creates a durable, water-absorbing, oxygen-permeable 

biocompatible film. Chitosan can be used for accelerated tissue repair and can be 

applied directly as an aqueous solution to treat burns. Due to its high oxygen 

permeability, chitosan is used as a material for contact and intraocular lenses. Chitosan 

can also be used to speed up blood clotting. Due to edible and biodegradable 

properties, chitosan has attracted notable interest in food packaging area [16]. The 

chitin compound is actually biodegradable (breaks down human blood chitin into 

simple carbohydrates, carbon dioxide and water), which makes it particularly suitable 
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for use in drug delivery systems. Chitosan carrier slowly releases the drug. This is 

particularly important in cancer chemotherapy [2]. 

Proteins are large biomolecules, or macromolecules, consisting of one or more long 

chains of amino acid residues. protein-based biopolymers can be evaluated under two 

main subtitles; these are vegetable-based and animal-based. Zein, soy and gluten are 

examples of vegetable-based protein biopolymers. This type of vegetable protein-

based biopolymers is used extensively as a coating and film material in food packages, 

and as a coating material in the paper industry due to their hydrophilic, insolubility, 

viscoelastic, etc. properties [16]. Casein, whey, collagen, gelatin, silk are examples of 

animal-based protein biopolymers. Gelatin is an animal product produced from animal 

protein. Gelatin is produced by the partial hydrolysis of collagen, which is obtained 

from animal skin, bones, and tissues. It is used to improve air quality and shorten 

recovery after exercise and sports injuries. In production, gelatin is used for the 

preparation of foods, cosmetics and medicines, too [5]. Collagen is the most common 

protein in human. It is found in muscles, skin, bones, and tendons, where it forms a 

pier to provide strength and structure. Collagen is widely used in the medicine industry 

[7,17]. 

Lipid is a macro biomolecule that is soluble in nonpolar solvents. Non-polar solvents 

are typically hydrocarbons used to dissolve other naturally occurring hydrocarbon 

lipid molecules that do not (or do not easily) dissolve in water, including fatty acids, 

waxes, sterols, fat-soluble vitamins (such as vitamins A, D, E, and K), monoglycerides, 

diglycerides, triglycerides, and phospholipids. The functions of lipids include storing 

energy, signaling, and acting as structural components of cell membranes [18,19]. 

Lipids have applications in the cosmetic and food industries as well as in 

nanotechnology [20]. In chemistry, particularly in biochemistry, a fatty acid is a 

carboxylic acid with a long aliphatic chain, which is either saturated or unsaturated. 

Most naturally occurring fatty acids have an unbranched chain of an even number of 

carbon atoms, from 4 to 28. Fatty acids are usually not found in organisms, but instead 

as three main classes of esters: triglycerides, phospholipids, and cholesteryl esters. In 

any of these forms, fatty acids are both important dietary sources of fuel for animals 

and they are important structural components for cells. Fatty acids are mainly used in 

the production of soap, both for cosmetic purposes and, in the case of metallic soaps, 
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as lubricants. Fatty acids are also converted, via their methyl esters, to fatty alcohols 

and fatty amines, which are precursors to surfactants, detergents, and lubricants [21]. 

Other applications include their use as emulsifiers, texturizing agents, wetting agents, 

anti-foam agents, or stabilizing agents. Esters of fatty acids with simpler alcohols (such 

as methyl-, ethyl-, n-propyl-, isopropyl- and butyl esters) are used as emollients in 

cosmetics and other personal care products and as synthetic lubricants. Esters of fatty 

acids with more complex alcohols, such as sorbitol, ethylene glycol, diethylene glycol, 

and polyethylene glycol are consumed in food, or used for personal care and water 

treatment, or used as synthetic lubricants or fluids for metal working. Waxes are a 

diverse class of organic compounds that are lipophilic, malleable solids near ambient 

temperatures. They include higher alkanes and lipids, typically with melting points 

above about 40 °C (104 °F), melting to give low viscosity liquids. Waxes are insoluble 

in water but soluble in organic, nonpolar solvents. Natural waxes of different types are 

produced by plants and animals and occur in petroleum. Waxes are synthesized by 

many plants and animals. Those of animal origin typically consist of wax esters 

derived from a variety of fatty acids and carboxylic alcohols. In waxes of plant origin, 

characteristic mixtures of unesterified hydrocarbons may predominate over esters [22]. 

The composition depends not only on species, but also on geographic location of the 

organism. The best-known animal wax is beeswax used in constructing the 

honeycombs of honeybees, but other insects secrete waxes. A major component of the 

beeswax is myricyl palmitate which is an ester of triacontanol and palmitic acid. Plants 

secrete waxes into and on the surface of their cuticles as a way to control evaporation, 

wettability and hydration. The epicuticular waxes of plants are mixtures of substituted 

long-chain aliphatic hydrocarbons, containing alkanes, alkyl esters, fatty acids, 

primary and secondary alcohols, diols, ketones and aldehydes [22]. From the 

commercial perspective, the most important plant wax is carnauba wax; a hard wax 

obtained from the Brazilian palm Copernicia prunifera. 

Polyphenols, known as polyhydroxyphenols, are a structural class of mainly natural, 

organic chemicals characterized by the presence of large multiples of phenol structural 

units. The number and characteristics of these phenol structures underlie the unique 

physical, chemical, and biological (metabolic, toxic, therapeutic, etc.) properties of 

particular members of the class. Examples include lignin, tannic acid and ellagitannin. 

The historically important chemical class of tannins is a subset of the polyphenols 



15 

 

[23,24]. Lignin; found in woody and herbaceous plants. Its main function is to provide 

structural support to the cell wall of the plant. It consists of lignin phenylpropane 

monomer and belongs to the polyphenol family of polymers. Together with cellulose 

and hemicellulose, lignin is one of three chemically different components that make 

up the plant tissue. Typically, woody, and herbaceous biomass contains 50% cellulose, 

25% hemicellulose and 25% lignin. Wood is a complex lignocellulosic composite. 

Lignin polymers are highly amorphous and have a three-dimensional structure 

combined with hemicellulose and play a key role in preventing rotting of 

lignocellulosic material. Lignin wood was created in large quantities by the pulping 

process and as a result is relatively inexpensive. The most common commercial form 

of lignin is lignosulfonate, a compound derived from sulfite pulping. In addition, it is 

used as a binder for powder control on roads, as a binder in molding applications and 

animal foods, and as a phenolic adhesive by replacing formaldehyde-based compounds 

in applications such as industrial packaging and tape. It is used as dispersing agent in 

pesticide powders, concrete mixture, and thinning agent in oil drilling mud. The 

development of special lignin components, such as electrical conductive polymers and 

engineering plastics, is an important area of research [2]. 

Synthetic biopolymers are synthetically derived, or modified polymers designed for 

various applications. Synthetic biopolymers can be examined under three different 

types; synthesized from microorganisms, synthesized from biomass, and synthesized 

from petroleum. The engineering of the production of new biopolymers in plants 

provides a truly bio-renewable way for their synthesis. Like all polymer industries, 

these polymers are produced in bulk and then shaped for a specific end use. Also, 

microorganisms play an important role in the production of a wide variety of 

biopolymers such as polysaccharides, polyesters, and polyamides, ranging from 

viscous solutions to plastic. The main ones from synthetic biopolymers produced 

through microorganisms; PHA is PHB and PHBV. Polyhydroxyalkanoates or PHA is 

a type polyester produced in nature by numerous microorganisms (e.g. Cupriavidus 

necator), including through bacterial fermentation of sugars or lipids [25]. Thanks to 

its biodegradability and its potential to create bioplastics with unique properties, a 

great interest exists to develop the use of PHA-based plastics. PHA fits into the green 

material production as a means to create green plastics from fossil fuel free sources. 

With its biocompatibility feature, PHAs is recommended for several medical 
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applications such as drug release systems, surgical threads, bone layers, wound care, 

and personal care products such as paper and film coatings, packaging applications 

and cosmetic containers. PHB and PHBV are polyhydroxyalkanoate-type polymers. 

They are produced for similar purposes with PHA. Plant based monomers could also 

play an important role in the production of a wide variety of biopolymers, such as PLA. 

PLA is one of the highest consumption volumes of bioplastic of the world. Besides, 

PLA is one of the most widely used plastic filament material in 3D printing works. 

The two main monomers of PLA, which are lactic acid and lactide, are typically made 

from plant starch such as from corn, cassava, sugarcane or sugar beet pulp via 

fermentation [26]. PLA is consumed in medical implants in the form of screws, 

anchors, rods, mesh, pins and plates [27]. PLA could also be used in production of 

decomposable packaging materials, either cast, injection-molded, spun, cups or bags. 

In addition, studies are also carried out on the production of PLA matrix composites 

reinforced with natural fibers, which can be considered almost environmentally 

friendly green composites [4,28]. The last group of synthetic biopolymers is those 

conventionally and chemically synthesized from petroleum-based products (e.g., PCL, 

PVA, PGA). Such materials could often be called biodegradable polymers [29]. PVA 

is a water-soluble synthetic polymer. It is produced by hydrolysis of polyvinyl acetate. 

It is generally used in papermaking, textiles industry, and a variety of coatings and 

packing in food and paper industry. PCL is also a biodegradable polymer which is 

generally evaluated for preparing scaffolds for various biomedical and tissue 

engineering applications [5,30]. 

2.2 Use of Biopolymers in Construction Industry 

Biopolymers could be used in a wide variety of industrial fields, such as biosensors, 

biocompatible medical materials, agriculture, drug release systems, packaging, 

cosmetics, food additives, textiles, high strength structural materials, wastewater 

treatment compounds to prevent corrosion and mineral growth, industrial plastics, 

absorbents, adhesives, lubricants, soil conditioners [31,32]. The use of alternative 

biopolymers that are environmentally compatible, usually biodegradable, and 

eliminate dependence on petroleum-based products, is being investigated for a wide 

range of industrial processes, rather than petroleum-based synthetic polymers. The 

construction industry continues to work on natural polymers that can be called 
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environmentally friendly with similar environmental concerns. These types of 

biodegradable polymers, obtained from natural resources, are explored extensively, 

especially in the production of concrete and its derivatives [33]. An overview of the 

important groups of biopolymers used in construction sector is given in Table 2.2. 

Table 2.2: Important groups of biopolymers used in construction sector [33] 

Biopolymer Source 
Chemically 

Modification 

Primary 

Function 

Secondary 

Function 

Major 

Applications 

Lignosulfonate 
Wood 

lignin 
Yes 

Dispersant/

Thinner 
Retarder 

Concrete, 

plasterboards, 

oil well 

construction 

Humic acid Soil Yes 
Water 

retention 
Dispersant 

Oil well 

construction 

Lignite Coal Yes 
Dispersant/

Thinner 

Water 

retention 

Oil well 

construction 

Vegetable oils Plants Yes & No 
Carrier 

Fluid 
- 

Oil well 

construction; 

concrete 

Waxes 
Plants, 

Insects 
No Coating - 

Paints & 

Coatings 

Bitumen 
Coal, 

Petroleum 
Yes & No Coating 

Water 

repellant 

Road 

construction 

Asphalt Petroleum Yes & No Coating Lubricant 

Road 

construction; 

oil well 

construction 

Casein Milk No Dispersant - 
Grouts, 

paints 

Protein extract 

Animal 

hair, hides, 

hoofs 

Yes 

Air 

entraining 

agent 

- 
Concrete, 

mortar 

Starch 
Corn, 

potato 
Yes & No Viscosifier 

Water 

retention 

Grouts, 

plasters, oil 

well 

construction 

Cellulose 
Cotton, 

wood 
Yes 

Water 

retention 
Viscosifier 

Grouts, 

plasters, oil 

well 

construction 

Guar gum Guar plant Yes & No Viscosifier 
Water 

retention 

Plaster, oil 

well 

construction 

Xanthan gum Bacterium No Viscosifier 

Anti 

settling 

agent 

Oil well 

construction, 

floor screeds, 

paints 
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Welan gum Bacterium No Viscosifier 

Anti 

settling 

agent 

Concrete, oil 

well 

construction 

Scleroglucan Fungus No Viscosifier 

Anti 

settling 

agent 

Oil well 

construction 

Succinoglycan Bacterium No Viscosifier 

Anti 

settling 

agent 

Self leveling 

compounds 

Curdlan Bacterium No Viscosifier 

Anti 

settling 

agent 

Concrete 

Rhamsan Bacterium No Viscosifier 

Anti 

settling 

agent 

Grouts 

Chitosan Chitin Yes Viscosifier 

Anti 

settling 

agent 

Oil well 

construction 

Polyaspartic 

acid 
Synthetic Yes Dispersant Retarder 

Gypsum 

retarder 

Polyester Synthetic Yes Dispersant - 
Grouts, 

plaster 

2.2.1 Use of Biopolymers/Bio-polymeric admixtures in Lime 

Mortar 

Lime mortar is simply a mixture of lime as a binder, sand as an aggregate and water. 

Since very ancient times, lime mortars have been used in buildings as one of the oldest 

building materials. Very early examples of lime mortars have been found in Turkey 

and Palestine 12,000 B.C. Later examples of lime mortars are found in ancient Greece 

and the Roman Empire. [34]. They are still used today. Due to this type of 

disadvantage, it has been tried to improve the characteristics of lime mortar by using 

various organic admixtures since ancient times. Beans, flowers, fruit pulps and 

different leaves soaked in different oils ancient India [35], milk, lard and blood in 

ancient Romans, egg white in middle age Europa, rice paste, lacquer, tung oil, 

molasses and boiled bananas in ancient China, cactus juice and latex in ancient Peru, 

bark extracts in ancient Mayans, and fruit juice, keratin, casein and egg white in 

ancient Egypt are some examples of natural admixture used in ancient lime mortars 

[36]. As can be easily noticed from these examples, it was used as a large amount of 

polysaccharide and protein additives in ancient lime mortars. Today, polysaccharides 

and proteins of similar origin are still used to improve the physical and mechanical 
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properties of lime mortar. In general, natural oils are used to give hydrophobic 

properties to the mortar [37], to bond as proteins are hydrolyzed in an alkaline medium 

[38], and polysaccharides are used as water retention and viscosity modifying [36]. 

2.2.2 Use of Biopolymers in Concrete and Cement-Based 

Products 

Biopolymers are generally used as admixtures to improve physical and mechanical 

properties of fresh and hardened cement mortar and concrete. Two biopolymer sources 

for mortar and concrete are due to the extraction of agricultural resources and 

biotechnology through microorganism fermentation and conventional synthesis. 

Extraction of natural materials or agricultural resources produce biopolymers such as 

chitin, chitosan, cellulose, starch, other polysaccharides and alginates [39]. Alginates 

are extracted polysaccharides from brown algae and used as a self-healing agent for 

the repair of concrete cracks without reducing their strength [40]. 

Polyhydroxyalkanoates are produced by microorganism fermentation. Biopolymers to 

be used in concrete works can be used in both ways, which can be powder (chitin, 

chitosan, starch, etc.) or liquid (xanthan, rubber, duar, etc.). Biopolymers used in 

cement-based products are briefly explained in the following subsections. 

2.2.2.1 Lignosulfonates 

Lignosulfonates are also known as first generation water reducers. Their function is 

dispersion of cement particles and improvement of concrete flowability. 

Superplasticizers can disperse cement particles by two main dispersing mechanisms: 

electrostatic repulsion and steric hindrance. In electrostatic repulsion, molecules of the 

admixture neutralize cement particles and cause all surfaces to carry uniform charges 

of same sign. The particles having the same charge repel each other. In steric 

hindrance, long polymer chains adsorbed on the surface of the cement particles prevent 

them to come closer to each other. Lignosulfonates can disperse cement particles by 

both steric hindrance and electrostatic repulsion [41]. They are used to increase the 

strength by reducing w/c (for same consistency), to save cement by reducing both 

cement and water contents (w/c and consistency are same), and to increase the 

consistency (strength is similar and no change in the amounts of the ingredients). 



20 

 

Lignosulfonates contain some sugar and because of this, they may act as also retarders. 

Furthermore, they increase the entrapped air content in the fresh concrete, this action 

may also cause a reduction in strength and durability of the concrete. Therefore, 

purified lignosulfonates are preferred in practice. For concrete applications, 

desugarification and sulfomethylation are the most important purification steps to 

avoid undesirable effects on concrete. Besides, lignosulfonates have relatively low 

water reducing capability (compared to second and third generation water reducers). 

They can reduce the water content between 5% and 15% [33]. 

Lignosulfonates are produced from lignin raw material via chemical processing. 

Lignin is a natural biopolymer, which occurs in wood and grass. The wood is mostly 

composed of lignin and cellulose. Therefore, these two substances must be separated 

from each other in lignosulfonate production. Lignin and cellulose are dissolved with 

hot calcium bisulfite solution. Then, the sulfite liquor produced is cleaned from sugar 

and made suitable for use as a concrete admixture. Even if sugar completely removed 

from the liquor, lignosulfonates’ retarding effect partly remains because of phenolic 

hydroxyl group that lignosulfonate ingredient [42]. Repeating chain alignment of 

lignosulfonate is given in the Figure 2.4. 

 

Figure 2.4: Repeating chain alignment of lignosulfonate [33] 

Colombo et al. [43] investigated the rheological effects of lignosulfonate on cement 

mortars by using two different types of cement. As a result of their study, both yield 

stress and viscosity of the mortars decreased. Thus, workability has increased. 

2.2.2.2 Cellulose 

Cellulose is first molecularly determined as C6H10O5 by French plant scientist 

Anselme Payen in 1838 [44] and then named in 1839 by French Academy [45], 

respectively. Cellulose generally contains 44.44% carbon, 6.17% hydrogen, and 

49.39% oxygen, and generated from repeating β-D-gluco-pyranose molecules that are 

covalently linked through acetal functions between the equatorial OH groups (Figure 
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2.5). Therefore, cellulose is an extensive, linear-chain biopolymer with a large number 

of hydroxy groups [46,47]. 

 

Figure 2.5: Molecular structure of cellulose [46] 

Cellulose ethers gain industrial significance with derivatives such as ethylcellulose, 

methylcellulose, carboxymethylcellulose, hydroxyethylcellulose and benzylcellulose. 

Cellulose ethers are commercially prepared in alkali medium (usually NaOH) by 

interaction of an appropriate alcohol with sulfate or chlorine salts. Alkali cellulose is 

formed as an intermediate product. The degree of ethering depends on the reaction 

temperature, as well as the proportional properties of cellulose, alkali, water, and other 

variables. Cellulose ether is an environmentally friendly, natural polymer of wood or 

cotton cellulose, water-soluble, with a 30-65% crystalline hydrogen bond between its 

molecules. It is a chemical product that is formed by the conversion of cellulose 

hydroxyl groups to methyl and/or hydroxypropyl groups, after the chemical process, 

also called eterification, to be converted into water-soluble nonionic cellulose ether 

[48]. There are different cellulose ether derivatives according to production processes 

and intended uses (Table 2.3). 

Table 2.3: Cellulose ethers and applications for cement-based products 

Cellulose Ether Application Field Function 

MC Concrete, mortar Water retention 

MHEC Gypsum plaster Anti-sagging properties 

MHPC Lime plaster Adhesiveness 

CMC, PAC Cement plaster Workability 

HEC Tile adhesive Pigment suspension 

MHEC Joint fillers Thickener, brushability 

MHPC Cementing Binder 

The main reason why cellulose ethers are valuable in the building materials industry 

is their superior solubility and high chemical stability and toxicological harmlessness. 

Cellulose ether can be used in all areas where thickening, gelling, emulsification, 
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stabilization processes and water retention and good workability are required. 

Cellulose ethers, with many typical properties such as thickeners, water retention aids, 

binders, dispersion aids, lubricants, colloids, or stabilizers are cement chemicals. The 

main feature of this pure and/or modified biopolymer, which has different types such 

as MC, MHPC, MHEC, MHEC, CMC, PAC and HEC on the market, is high range 

water retention. They absorb water in their environment and trap a certain amount of 

water for a certain period of time, thereby allowing the working time of the 

mortar/concrete to be adjusted. Cellulose and hemicelluloses may contain a large 

number of polar hydroxyl groups. The polar hydroxyl groups are mostly responsible 

for hydrogen bonds with polar water molecules. The water absorption and water 

retention of cellulose and hemicelluloses can be mainly interrelated with hydrogen 

bonding of water molecules to the free hydroxyl groups in cellulose and hemicelluloses 

[49]. MHPC and MHEC cellulose ethers are mostly used in cement and plaster-based 

powder mortar additive systems. It is possible to work for a longer time during the 

application with cellulose added cement-based products. They improve the 

consistency of the mortar and facilitate the carding process. If different viscosity 

values are taken into account due to the modification coming from the production 

according to the need, the shear resistance of the concrete/mortar can be increased. 

They are especially preferred due to checking the working time and tensile test results. 

Generally, low viscosity cellulose ethers are preferred in plaster mortars and joints. 

However, high viscosity cellulose ether uses could also be faced to improve adhesion 

in practice. 

The generally accepted viscosity classification in cellulose ether uses can be defined 

as follows [50–53]: 

• Viscosity values between 5 mPas and 15 mPas are very low viscosity, 

• Viscosity values between 20 mPas and 1500 mPas are low viscosity, 

• Viscosity values between 1500 mPas and 4000 mPas are medium viscosity, 

• Viscosity value between 4000 mPas and 15000 mPas are high viscosity, 

• Viscosity value between 15000 mPas and 150000 mPas are very high viscosity. 
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Among all the polysaccharides used in the construction industry, cellulose ethers are 

commonly included in mortar formulations to provide many necessary properties for 

fresh and hardened mortar in the building materials industry [54]. However, it has been 

demonstrated by researchers that cellulose ethers can cause slowing and inadequate 

hydration of cement, besides its positive effects on water retention and workability 

[55–59]. Also, the addition of cellulose ether increases the consistency of the mortar 

[48,60]. Patural et al. [61] found that MHEC, MHPC and HEC can have  water 

retention up to 98.8%, in their study to investigate the effect of cellulose ethers on 

cementitious mortars. 

2.2.2.3 Starch 

Starch is a water-insoluble, complex carbohydrate. It is used by plants to store excess 

glucose. It is used in industry for making glue, paper, and textile. It is used as a 

thickener in the food industry and to thicken liquids in cooking. It is an unpleasant and 

odorless powder obtained mostly from grains and potatoes. Chemically, it is a 

combination of two polymeric carbohydrates (polysaccharides), amylose and 

amylopectin. Amylose consists of adding glucose monomer units end-to-end with 

alpha-1,4 linkages. Unlike amylose, there is branching in the amylopectin, one side 

chain begins with an alpha-1,6 connection in one of the main 24-30 glucose monomers 

[62]. 

Amylose (Figure 2.6) is a linear molecule but forms a helix due to the tendency of the 

consecutive glucose units to be acylated. The two amylose molecules can be wound 

together to form a double helix. Since the inner surface of this spiral is hydrophobic, 

the water molecules in it can easily be replaced by more hydrophobic molecules. Due 

to the hydrogen bonds formed between the amylose coils, a dense structure with very 

little water is formed [63]. 
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Figure 2.6: Structure of amylose [63] 

In the amylopectin (Figure 2.7), after the branching points, two chains parallel to each 

other form one double helix. Amylopectin has a shape that expands as it branches from 

a center, like a bush. At the branching points, the molecule is irregular, and between 

the two branching points, the double helixes are stacked neatly, forming a crystal 

structure; therefore, these regular and irregular regions appear as growth rings in starch 

particles under a microscope [63]. 

 

Figure 2.7: Structure of amylopectin [63] 

Due to this molecular structure, amylopectin has a spiral shape that allows it to be 

stored as starch grains. Both amylopectin and amylose are polymers of glucose, and a 

typical amylose polymer is made up of 500-20,000 glucose molecules, and an 

amylopectin molecule is formed in about one million glucoses. Starch mostly consists 

of amylopectin about 75 to 80% by weight and the rest is amylose (20 to 25% by 

weight) depending on the plant origin [64]. 

In order to use in construction industry, carboxymethyl and hydroxypropyl starch are 

the most important starch derivatives among starch ethers [33]. Starch ethers are 

produced by the reaction of alkyl groups with etherifying agents [61]. The functions 

of starches in cement-based products are instant high viscosity, increasing water 

retention, reducing mortar stickiness on the trowel, ensuring surface viscosity when 

the mortar is first flattened and smoothed, enhance workability and improve the 
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application properties. Patural et al. [61] in their study, they found that as the viscosity 

coefficient (Pa.sn) of starch ether added mixtures decreased, the water retention ability 

of the mixtures increased. They conclude that water retention ability of a fresh mortar 

with starch ether increases, when viscosity decreases, unlike other polysaccharides. 

Also, starch widely used as biodegradable additives in cement mortar [65] and 

biodegradable cement [66]. Another common use of starch is to develop starch-based 

water-reducing agents and hydration heat-regulating materials [67,68]. Tan et al. [65] 

found that all corn starch and starch ethers have the effects of increasing the apparent 

viscosity, reducing the fluid loss and prolonging the setting time on alkali-actived 

cement paste. Zhang et al. [69] tried to prevent thermal crackings by controlling heat 

of hydration. In their study, they found that starch-based admixture reduced heat of 

hydration by slowing C-S-H formation. Besides, there is no loss in 28 days 

compressive strength values. 

2.2.2.4 Gums 

Gums are natural origin polysaccharides. They are capable of causing a large increase 

in a solution's viscosity, even at small concentrations. They are mostly botanical gums, 

found in the woody elements of plants or in seed coatings. The classification of natural 

gums can be made by their origin. Agar, alginic acid, sodium alginate and carrageenan 

are obtained from seaweeds; gum arabic from the sap of Acacia trees, gum ghatti from 

the sap of Anogeissus trees, gum tragacanth from the sap of Astragalus shrubs, karaya 

gum from the sap of Sterculia trees, guar gum from guar beans, locust bean gum from 

the seeds of the carob tree, beta-glucan from oat or barley bran, dammar gum, from 

the sap of Dipterocarpaceae trees, glucomannan from the konjac plant, psyllium seed 

husks from the Plantago plant and tara gum from the seeds of the tara tree are obtained 

from non-marine botanical resources. Gellan gum and xanthan gum are produced by 

bacterial fermentation [70].  

Gums are used in concrete and derivative materials as self-leveling, set retardant, water 

reducing, viscosity modifier, durability enhancer, strength enhancer, pumpability 

improver, anti-corrosion, and concrete coating material. The main gum types 

commonly used in the mix designs of concrete derivative materials are gum arabic, 

guar gum, welan gum, gellan gum and xanthan gum [33]. 
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Welan gum (Figure 2.8) is an exopolysaccharide. It is produced by fermentation of 

sugar by bacteria of the genus Alcaligenes. It is commonly used as a viscosity modifier 

in cement applications and it is very successful in stabilizing fluidity of concrete [71].  

 

Figure 2.8: Chemical structure of welan gum [71] 

Connors et al. [72] used natural gums in wall and concrete coverings materials. 

Annaamalai et al. [73] reported that welan gum and neem gum addition to concrete 

design markedly inhibited the corrosion of reinforcing steel in the concrete in NaCl 

solution. They explain why the corrosion in steel is reduced by the fact that the gums 

form a protective film, which is supported by SEM and EIS analysis. 

Guar gum (see Figure 2.9) is a galactomannan polysaccharide extracted from guar 

beans. Guar gum consists of D-mannose monomer units linked to each other by β-

(1→4) linkage, thus it forms the main chain with D-galactose branches joined by α-

(1→6) bonds [74]. It is useful for cement product applications because of water 

retention, thickening and stabilizing properties. 

 

Figure 2.9: Chemical structure of guar gum [74] 

Govin et al. [75] found in their study that guar gum derivatives improve water retention 

in cement mortars and increase the shear strength and consistency of the mortar. 
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Similar results were found in another study by researchers [76]. According to the 

results of their study, hydroxypropyl units of guar gum derivatives increase the water 

retention of mortars. Also, another result showed that guar gum can increase 

mechanical properties of concrete up to 0.4  % usage level, but decrease when used 

more [77]. 

Xanthan gum is the natural component of the cell wall of Xanthomonas species 

bacteria. Xanthan is a natural polysaccharide with high molecular weight containing 

mainly glucose, mannose and glucoronic acid in its structure. The commercial xanthan 

gum in the form of yellowish powder gives high viscosity to the solution it is added to 

even in low concentrations. Commercial xanthan gum is produced by microbial 

fermentation of Xanthomonas campestris. Bacteria produce xanthan gum by breaking 

down sugar in an aerobic fermentation medium containing simple sugar (glucose or 

fructose), a nitrogen source, and various minerals. When the fermentation is 

completed, after the bacteria are killed by heat treatment, the xanthan gum is 

precipitated using isopropanol. The xanthan scale obtained is then dried, milled and 

packaged [78]. Chemical structure of xanthan gum is given in Figure 2.10. 

 

Figure 2.10: Chemical structure of xanthan gum [79] 

Zhang et al. [80] examined the effect of fluidity modifying agents on the air gap 

structure of vibrated concrete. According to the findings obtained from the study, it 

has been revealed that xanthan gum increases the yield stress and viscosity of cement 

mortar, besides, it can stabilize trapped air retention. Increase in yield stress or the 

plastic viscosity generally related with hydrophilic groups of xanthan gum. They can 

adsorb and associate water molecules via hydrogen bond. Another reason is Van der 
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Waals attractive forces produced by adjacent xanthan chains. They can retard the free 

motion of water therein and even block water molecules if the chains are intertwined, 

thus presenting a network or gel-like structure at high concentration. Dursun [81] 

investigated the effects of different types of biopolymers on durability and mechanical 

properties of cement mortar. According to the test result, xanthan gum decreases the 

flowability of the cement mortar. 

Gum arabic is a natural gum consisting of the hardened sap of two species of the acacia 

(Sensum lato) tree, the Acacia senegal (now known as Senegalia senegal) and 

Vachellia (Acacia) seyal. It also known as gum sudani, acacia gum, arabic gum, gum 

acacia, acacia, Senegal gum and Indian gum [82]. Gum arabic is a complex mixture of 

glycoproteins and polysaccharides predominantly consisting of arabinose and 

galactose. Chemical structure of xanthan gum is given in Figure 2.11. 

 

Figure 2.11: Chemical structure of gum Arabic [83] 

Gum Arabic has a potential to utilize for application in the construction and building 

industries as a viscosity-enhancing admixture. This material also has a dispersing 

effect of cement particles by steric hindrance coupled with low viscosity and 

emulsifying characteristics [84]. It is characterized by long polymer chains called the 

functional groups of carboxyl acids (COOH). These have the ability to adsorb to 

particle surfaces by hydrogen bonding, electrostatic bonding or Van der Waals bonds 

[85]. In addition, it was found that the compressive strength increased with the addition 

of gum Arabic in the studies conducted by the researchers. It is stated that the reason 

for increase in compressive strength is the dispersing effect of gum Arabic on cement 

particles [85]. Gum Arabic also suggested as a viable ecological plasticizer as well as 

a very good viscosity modifying agent [86]. It could be used as a cheap plasticizer in 
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self-compacting concrete. Gum Arabic delays the setting time of self-compacted 

concrete and make it an ideal plasticizer for concrete in situations where delayed 

setting time is required. Elinwa et al. [87] stated that increase in compressive strength 

in gum Arabic concrete related with especially osumulite and tobermorite formation 

during cement hydration. Also, the formation of osumulite increases the density of test 

specimens. Palygorskite and Mordenite minerals formed in cement hydration of 

concrete samples containing arabic gum content showed that their test specimens were 

more porous. Furthermore, the slump values of the concrete test specimens increased 

due to the good dispersion of cement particles. Gum Arabic also recommended as a 

water reducer in concrete and cement mortar mix designs in the literature [88,89]. 

2.2.2.5 Chitin and Chitosan 

Chitin was first identified in 1811 by detecting it in the structure of the fungus. It is 

known as the most abundant natural biopolymer on earth after cellulose. These 

polymers are obtained from the exoskeletal structures of crustaceans such as crab, 

lobster and shrimp, insects and cell walls of fungi. After processing of seafood, the 

exoskeletal structures of the crustaceans, which became waste as a by-product, have 

become an important source that can obtain chitin [90]. While the insects have about 

23.5% chitin in their shells, this ratio varies between 17% and 32% in crab and shrimp, 

respectively. Chitin is mainly in the structure of poly- [β- (1,4) -2-acetamide-2-deoxy-

β-D-glucopyranose] and conteins very low rate of 2-amino-2-deoxy-β-glucopyranose 

monomers (see Figure 2.12). Chitin and chitosan polysaccharides are chemically 

similar to cellulose but differ among themselves. The cellulose contains the hydroxyl 

(-OH) group bound to the second carbon atom, while the chitin contains acetamide (-

NHCOCH3) and the chitosan contains the amine (-NH2) group (see Figure 2.3) [15]. 

 

Figure 2.12: Chemical structure of chitin [91] 

Although the kit has many variants, the most important of these is chitosan. Chitosan 

was first discovered in 1811 by Henri Bracannot. Bracannot tried to dissolve chitin 
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found in mushrooms in sulfuric acid but failed. In 1894, Hoppe-Seyler processed chitin 

at 180°C in potassium hydroxide (deacetylation) and obtained chitosan, a product with 

reduced acetyl content. In 1934, two patents were obtained from chitosan for film 

production and fiber production. The same year, Chitosan fiber production, which was 

very well-orientated by Clark and Smith, was also successfully carried out [92]. 

Chitosan production stages are as follows; deproteinization, washing, 

demineralization, deacetylation, washing, decolouration, drying and milling [91]. 

Chitosan is simply obtained by deacetylation of chitin. It consists of D-glucosamine 

linked to N-acetyl D-glucosamine by b-1,4-glycosidic bond (see Figure 2.13). 

 

Figure 2.13: Chemical structure of chitosan [91] 

In terms of applicability in building materials, the insolubility of the chitosan in 

alkaline media makes it more applicable in cement mixtures [93–95]. 

Lasheras‐Zubiate et al. [95] reported the effect of the addition of chitosan to cement 

mortar. According to the research findings, chitosan biopolymer has been detected to 

increase viscosity. Thus, it has an effect of decreasing on the fluidity of the mortar 

mixture. This effect is found related with the chitosan biopolymer dosage. Also, when 

molecular weight increases, the thickening effect increases, as caused by increased 

entanglement and cross-linking between chains in a calcium-rich system. Additionally, 

set-retarding effect of chitosan in cement mortars is revealed. Ustinova and Nikiforova 

[96] studied on effect of chitosan on cement mortar. According to their test results, 

chitosan biopolymer addition in the cement compositions effected as reduction on the 

total volume of pores and pore distribution effected positively. Compared to 

polyethylhydrosiloxane synthetic polymer, it was found that there is no decrease in 

strength values on cement mortars with chitosan addition. The optimum chitosan 

amount to be added to the mortar was found between 0.6% and 1% by cement mass in 

order to achieve the desired freeze-thaw resistance. In addition, another important 

result obtained in this study is the decrease in fungal growth in chitosan added cement 
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mortars. Another usage area of the chitin in the building materials sector is concrete 

crack maintenance and remediation [97,98]. Kaplan et al. [99] examined the effects of 

chitin biopolymer replacement with cement on cement mortar. According to their test 

results, increase of the chitin ratio has a decreasing effect on the viscosity of fresh 

cement mortar. Thus, they suggested that use of chemical additives with chitin 

biopolymer was necessary. Although usage of chitin effects the compressive strength 

negatively, this phenomenon can be decreased by again using superplasticizer 

chemical additives. They explained the decrease in compressive strength with the 

decrease in fluidity; thus, void ratio in mortar increases. 

2.2.2.6 Vegetable Oils 

Vegetable oils are extracted from plants. They are mainly lipids. They consist of 

triglyceride molecules comprising of a glycerol molecules attached to three fatty acid 

chains [100]. In chemistry and biochemistry, fatty acid is usually a long, aliphatic-

tailed carboxylic acid. Of the long carboxylic fatty acids, 4 carbons (butyric acid) and 

longer chains are counted as fatty acids. When talking about the fatty acids that make 

up natural oils (triglycerides), they can be assumed to be at least 8 carbons (such as 

caprylic acid). Most natural fatty acids have even numbered carbon atoms, because 

their biological synthesis uses acetate with two carbon atoms. In industrial production, 

fatty acids are obtained by hydrolysis of the ester bond in oils (triglycerides) and 

separation of glycerol. The unsaturation in the long fatty acid tail introduces a “kink” 

which decreases the strength of van der Waals forces between molecules. Thus, while 

stearic acid (see Figure 2.14) is a solid, oleic acid (see Figure 2.15) is a liquid at room 

temperature [101]. Some of other unsaturated fatty acids are linoleic (Figure 2.16) and 

linolenic acids (Figure 2.17) [101]. 

 

Figure 2.14: Chemical structure of stearic acid [101] 

 

Figure 2.15: Chemical structure of oleic acid [101] 
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Figure 2.16: Chemical structure of linoleic acid [100] 

 

Figure 2.17: Chemical structure of linolenic acid [100] 

In the building materials industry, fatty acids and their soaps/esters are especially used 

in the design of concrete and derivative materials thanks to their water repellent, 

energy storage auxiliary and air entraining properties. Oleates and stearates produced 

from renewable and natural source salts are hydro-repellent additives. They have 

ability of water solubility depending on the cations type, presence of unsaturated bonds 

and length of the organic chain [102]. Lagazzo et al [102] found that sodium oleate 

had an air entraining effect on cement mortar. They were also found that the water 

absorbed by the capillary effect decreased significantly compared to the control 

specimen. Albayrak et al. [103] have studied a different use of fatty acids in the 

building materials industry. They investigated the effect of fatty acids on the fineness 

of cement after grinding by adding different types of fatty acids to cement clinker. Test 

results showed that fatty acids using increased the fineness, when compared with the 

control cement. Oleic acid decreased the strength significantly, while Stearic acid 

increased it comparing with the control cement. Karaipekli and Sarı [104] stated that 

fatty acid ester/building PCM material composites have good thermal reliability and 

chemical stability even after 1000 heating and cooling cycling process. They have the 

ability to change their state with a defined temperature range (21.6–32.3 °C for melting 

and 14.5-29.5 °C for freezing) and can store and release large amounts of energy 

during phase change process. Cellat et al. [105] used fatty acids such as capric acid, 

myristic acid, lauric acid, and palmitic acid as PCMs by adding them directly to 

specific concrete mixtures. They claimed that PCMs developed in their work can be 

used for passive solar energy storage in buildings. However, some decrease in the 

compressive strength of concrete specimens was recorded. Cellat et al. [106] in another 

experimental work stated after SEM examinations on test specimens that the corrosion 

behavior of reinforcing bars was not affected by directly adding a fatty acid PCM in 

concrete. Thus, fatty acid PCM can be utilized safely for thermal energy storage in 
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reinforced concrete elements, according to them. There are other studies in the 

literature that fatty acids can be used effectively as PCMs because of their ability to 

easily change form from solid to liquid and liquid to solid [107–109]. Liu e al. [110] 

modified fly ash with oleic acid to improve hydrophobicity. They used modified fly 

ash in cement paste. According to contact angle photographs water contact angle of 

specimens increased as 39°, 65°, and 87°, respectively, with the increase of modified 

fly ash content. 

2.2.2.7 Plant Extracts 

Extracting some plants and using them in cement mortar has gained importance in 

recent years as environmental concerns and orientation towards natural materials. 

Examples of them could be given as okra extract and cactus extract. These types of 

natural materials are used in cementitious materials as low-cost and sustainable eco-

friendly viscose biopolymer. Hazarika et al. [111] was prepared biopolymers by 

extracting from 1 g vegetable using 10 mL water (1:10), 1 g vegetable using 20 mL 

water (1:20), 1:30, 1:40 and 1:50. They evaluated these materials with different 

concentrations in concrete and cement mortar. They concluded that the investigated 

bio-admixture has water retention capacity; they attributed this to the increase of the 

viscosity of the biopolymer and thus the cement mortar. In FT-IR examinations, they 

found the major polymeric constituents in the biopolymer as pectin, which is a 

vegetable polysaccharide. The biopolymer had a decreasing effect on slump value of 

concrete mixes due to the viscosity enhancing property of the bio-admixture. The bio-

admixture addition drastically lowers the setting times of cement paste due to the 

formation of more amounts of hydration products. Also, bio-admixture decreased 

setting times due to an increase on hydration rate of cement particles. FTIR 

spectroscopic investigation indicates that the addition of bio-admixture enhances 

cement hydration rate; they explained the increase on the hydration rate with the 

interactions of pectin in bio-admixture with Ca
2+

 ions of cement paste. They also 

stated that compressive strength and durability performance of the tested specimens 

were enhanced. Chandra et al. [112] tested cactus extract from Mexico in cement 

mortar. They cut cactus leaves into thin pieces and were mixed with water in the 

proportion of 1:3 by mass. After two days, solid particles were eliminated from 

solution and gel-like solution was remained. From FT-IR analysis, they found that 
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cactus extract generally containing both proteins and polysaccharides. The workability 

of the mortar mix with cactus extract was found to be better than control mixture. 

According to them, this effect is provided by the polysaccharide from the extract, 

which reduces friction and increases smoothness.  It was stated that cactus extract 

addition has an increasing effect on compressive strength of the specimens. According 

to XRD test results of their study, calcium hydroxide was consumed it has chemically 

reacted with some of the component of cactus extract and has made some calcium 

complexes. It was also observed that the water absorption values decreased 

significantly with the increase of cactus extract amount. Woldemariam et al. [113] 

made a research work to determine the suitability of plant extract (Blue Gum extract) 

as shrinkage reducing admixture for concrete. They prepare the extracts from the bark 

of blue gum tree by boiling the bark in water. They used 1kg of the bark boiled under 

pressure with four litters of water for two hours. They found that the use of plant extract 

reduced excessive loss of the moisture from the surface of the concrete by its ability 

of reducing surface tension. Also, the plant extract was effective in reducing the 

movement of water to surface by decreasing the surface tension in the capillary tube. 

They concluded that the plant extract has a capability of reducing early age cracks and 

hence, it can be used as shrinkage reducing admixture in concrete to reduce cracks. 

2.2.2.8 Others 

Poly-lactic acid is a bio-plastic material. It is preferred as a proper alternative to 

petroleum based chemical polymers such as PE, PP and PS due to its low-cost, non-

petroleum polymer production and its accessibility [114]. PLA is derived from 

agricultural renewable resources such as cornstarch and sugar cane [115]. PLA is a 

semi-crystalline bio-polyester with biodegradable, hydrolysable aliphatic properties. 

It is formed by the direct condensation reaction of its lactic acid monomer, as the 

oligomer and followed by a ring opening polymerization of the cyclic lactide dimer 

[116,117]. Chemical structure of polylactic acid is given in Figure 2.18. 
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Figure 2.18: Chemical structure of polylactic acid [118] 

Aliakbar Sayadi et al. have done a lot of experimental work in recent years on PLA's 

evaluation on lightweight and ultra-lightweight concrete as a lightweight aggregate 

[119–123]. They used expanded polylactic acid aggregate with 5 mm diameter and 35-

43.5 kg/m3 bulk density. According to their studies results, interface bond between 

cement paste and PLA aggregate is relatively low. PLA aggregates are sensitive to 

alkaline environment and reduce PH value of concrete. Moist curing is an 

inappropriate way for concrete curing with PLA aggregates. However, very low 

concrete densities can be achieved (260-290 kg/m3) with PLA aggregates. Also, PLA 

addition has a positive effect on concrete thermal conductivity values. PLA aggregate 

was found as hydrophobic aggregates by them, hence water absorption of concrete 

specimens decreased with increase of PLA aggregate content. 

Casein is a protein found in milk. It is a family of related phosphoproteins. It is 

obtained by acid precipitation from milk. It has high anionic charge density in alkaline 

environment because of de-protonation of amino acid molecules [124]. Casein 

includes amino groups, ketones, and hydrazine groups. Its chemical structure is shown 

in Figure 2.19. 

 

Figure 2.19: Chemical structure of casein [125] 
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Jagannathan and Parameswaran [124] added casein to concrete mix designs with a 

proportion of 0.25% and 0.75% weight of cement. According to test results, casein and 

fly ash gave higher strength and workability to the concrete specimens. They attribute 

the reason for this improvement in physical and mechanical properties to Chandra and 

Aavik [35] research finds that proteins bring hydrophobic properties to the concrete 

and also has a dispersion effect. Jasiczak and Zielinski [126] concluded that the 

powdered red blood cells protein industrially processed from pig’s and cow’s blood 

could be used as air entraining in cement mortars. Furthermore, there are studies on 

the usability of proteins in the literature as a foaming agent in foam concrete [127–

129].  

2.2.3 Use of Biopolymers in Other Construction Areas 

Figure 2.20 shows the biopolymer consumption according to different markets. As can 

easily be seen in the figure, 21% of the worldwide biopolymers produced in 2018 have 

been used in the construction industry. However, most of them are epoxy resins, PA 

and PUR [130]. According to the observations obtained from the literature study, 

although biopolymers are mostly used in concrete and derivative products in the 

construction industry, there are other consumption areas, such as soil stabilization 

[131], soil strengthening [132] and additive for earthen materials [133]. 

 

Figure 2.20: Biopolymer consumption according to different markets [130] 
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2.3 Literature Evaluation 

In this study, a comprehensive literature research was conducted. Majority of existing 

literature shows that some biopolymers such as lignosulfonates, cellulose ethers, 

starch, etc. have been used in the cement matrix composites for a long time. However, 

these types of biopolymers are produced with some chemical processes. this can be 

considered as a separate financial burden.  Recently, with the concern of sustainability 

and environmental protection, the use of waste or residue materials has gained an 

importance in the composite products. The literature review shows that the use of 

natural and/or bio-origin waste/residue materials rapidly increasing besides the 

traditional ones. Particularly, in the sector where concrete and its derivative cement 

products are used intensively today, the evaluation of waste materials provides a very 

effective waste control and recycling. According to the results of the literature study, 

it was observed that the majority of biopolymers evaluated in cementitious products 

were produced by chemical processes. It has been determined that some lignocellulosic 

materials are used in large sizes after pyrolysis, some are used after surface treatment, 

and sometimes extractives are used after extraction. Studies in which the shells of 

kernels of especially hard-shelled fruits are used are very limited. It has also been 

observed that these shells were pyrolyzed and then used in large sizes in studies carried 

out. Similarly, the use of olive pits in large-size cementitious products has been studied 

by some researchers. There is not enough literature information about the use of bio-

polymeric materials to be used in this thesis in fine-size, which can be an alternative 

to cement chemicals, and their effects on the physical and mechanical properties of the 

cement mortars. 

The internal components of lignocellulosic materials examined in this thesis study are 

lignin, cellulose, hemicellulose, and extractive substances. These each substance are 

generally called biopolymer and it has been observed that they are used in cementitious 

products after the etherification process. The biopolymeric name is given to the 

material form after the material is converted into powder form without removing any 

of its lignin, cellulose, hemicellulose, or extractive components from the 

lignocellulosic materials. In the literature, there is a lack of studies that contain detailed 

information about the effects of materials in this form on cement mortar. 
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Moreover, with this study, very low cost, completely natural admixtures are proposed 

as an alternative to cement chemicals. Furthermore, formulaic approaches that 

simulate the change of physical and mechanical properties of cement mortars 

according to lignin, hemicellulose, cellulose, and extractive amounts of bio-polymeric 

admixtures (which are in composite structure consisting of lignin, cellulose, 

hemicellulose and extractives) are also presented in this study. 

In this thesis, use bio-polymeric admixtures from waste materials as an alternative to 

cement chemicals in cementitious composite mortars was investigated. The effect of 

bio-polymeric admixtures on cement matrix composite mortar is a new research topic 

and there is very limited information about this subject in literature. For all these 

reasons, this thesis study is a pioneering research on the subject and will provide 

significant scientific added value to building materials technology and shed light on 

the development of innovative materials. 
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Chapter 3 

Materials and Methods 

3.1 Materials 

3.1.1 Cement 

TS EN 197-1 CEM I 42.5 R (42.5 N/mm2) Portland Cement (PC) was used as a binder 

throughout this study (Figure 3.1). Chemical composition of the cement is given in 

Table 3.1. X-ray Fluorescence (XRF) analysis was used to analyze the chemical 

content of the cement used [134]. By using the small pycnometer method, the specific 

gravity of cement was determined according to the ASTM C188 [135] standard. The 

fineness of the cement was determined by conducting the Blaine surface area test 

according to TS EN 196-6 [136] and given in Table 3.2. 

 

Figure 3.1: CEM I 42.5R Portland cement 
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Table 3.1: Chemical composition of PC 

Major component PC (%) 

SiO2 20.05 

Al2O3 5.18 

Fe2O3 3.38 

CaO 64.01 

Na2O 0.53 

K2O 0.84 

MgO 1.55 

LOI 2.01 

 

 

Table 3.2: Physical and mechanical properties of PC 

Specific gravity (g/cm3) 3.12 

Blaine specific surface area (cm2/g) 3195 

Initial setting time (min) 155 

Final setting time (min) 245 

Volume expanion (mm) 0.87 

Compressive strength (MPa)  

2 days 20.8 

7 days 33.4 

14 days 39.3 

28 days 43.4 
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3.1.2 Sand 

The CEN (The European Committee for Standardization) standard sand in accordance 

with TS EN 196-1 [137] was used in cement mortar mixtures. Standard sand was 

supplied from the market in 1350 gr packages (Figure 3.2). Sieve analysis of the 

standard sand was given in Table 3.3. 

 

 

Figure 3.2: CEN standard sand used in the mixtures of mortar specimens. 

 

 

 

Table 3.3: Particle size distribution of CEN Reference sand. 

Property Grain size (mm) 

0.08 0.16 0.50 1.00 1.60 2.00 

Cumulative Retain (%) 98.4 87.8 68.4 33.7 7.5 0 

Limit (%) [137] 99 ± 1 87 ± 5 67 ± 5 33 ± 5 7 ± 5 0 
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3.1.3 Mixing Water 

To provide the hydration of cement based composite mortars prepared in this thesis, 

tap water in İzmir Katip Çelebi University Construction Materials Laboratory was 

used. Chemical analysis of the mixing water used is given in the Table 3.4. In the 

chemical analysis of the mixed water, it was seen that the water complies with the 

mixed water qualities in TS 1247 [138] and TS EN 1008 [139]. 

 

Table 3.4: Chemical analysis of mixing water 

Parameters Unit Amount 

pH  7.32 

Chloride (Cl-) mg/L 27.21 

Sulfate (SO4) mg/L 41.91 

Sodium (Na) mg/L 28.32 

Aluminum (Al) mg/L 4.98 

Magnesium (Mg) mg/L 6.95 

Calcium (Ca) mg/L 48.49 

Zinc (Zn) mg/L - 

Copper (Cu) mg/L 1.81 

Iron (Fe) mg/L 48.15 

Lead (Pb) mg/L 0.25 

Nitrate (NO3-N) mg/L 15.90 

Free chlorine (ClO2) mg/L 0.4 

Total chlorine (ClO2) mg/L 0.51 

3.1.4 Chemical Admixtures 

In this study, in order to compare the effects of bio-polymeric admixtures on the 

physical and mechanical properties of cement mortars, water-repellent, 

superplasticizers and set retarder chemical admixtures currently used in cementitious 
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products were supplied and used separately in cement mortars and their effects on the 

physical and mechanical properties of cement mortar were examined.  

3.1.4.1 Polycarboxylate Type Superplasticizer 

The polycarboxylate type superplasticizer used in the study was commercially 

available and in powder form. This superplasticizer is polycarboxylate ether (PCE) 

powder, soluble and flowable powder, and formaldehyde free. The PCE type 

superplasticizer used in the study is presented in the Figure 3.3. The main function of 

PCE is to disperse the cement particles. Also, these admixtures reduce the surface 

tension of the water so that water can travel around the cement particles more easily 

thereby improving the consistency of the cement mortar. 

 

Figure 3.3: PCE superplasticizer 

3.1.4.2 Sulfonated Melamine-Formaldehyde Type Superplasticizer 

The dispersing agent sulfonated melamine-formaldehyde (SMF) is a powder product 

based on sulfonated melamine. The SMF type superplasticizer used in the study is 

white powder form and its general view is presented in the Figure 3.4. Although the 

efficiency level of SMF type superplasticizers is not as much as PCE's, they also 

provide a good consistency level to the cement mortar by ensuring the dispersion of 

cement particles, similar to the working system of PCEs. 
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Figure 3.4: SMF superplasticizer 

3.1.4.3 Water-Repellent Admixture 

Hydrophobicity of the cement mortar after hardening was investigated by adding a 

water-repellent chemical admixture in certain proportions to the mortar mixtures. 

Calcium stearate was used as the water-repellent agent (Figure 3.5). It is commercially 

available and in white powder form. Calcium stearate is a water-proofing admixture 

which can provide a water-repellent layer along the capillary pores. As a result, it can 

reduce permeability of cementitious products. 
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Figure 3.5: Calcium stearate water-repellent admixture 

3.1.4.4 Set Retarder 

Set retarders are chemicals that generally slow down the rate of early hydration of C3S 

and C3A. Therefore, the rate of heat liberation is reduced. In this study, tartaric acid 

was used as a setting retarder chemical. Tartaric acid is the most effective at retarding 

C3A hydration and ettringite formation [140]. The tartaric acid used in this study is in 

the form of white, fine granule, crystalline powder. It is odorless, tastes like acid and 

stable in air. Its general view is represented in the Figure 3.6. 
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Figure 3.6: Tartaric acid setting retarder admixture 

3.1.5 Bio-Polymeric Admixtures 

In this thesis, the shells of four different fruit kernels that are known to contain mostly 

extractives, lignin, hemicellulose, and cellulose are used. These lignocellulosic 

materials are olive seed, apricot kernel shell, hazelnut shell and walnut kernel shell. In 

addition, eggshell consisting of high levels of calcium carbonate, which are also known 

to contain protein, is also included as a bio-polymeric admixture due to its protein 

content in the study. These materials occur quite frequently as waste in food processing 

plants and household consumption. In addition, the proteins, extractives, lignin, and 

cellulose in the content of these waste materials are frequently used as biopolymers in 

the building materials sector. However, with one difference, these types of 

biopolymers are used in the composition of cementitious products after being 

separated from the main material and passed through some chemical processes. These 

components were actually used in certain proportions in the cement mortars, without 

separating them from each other (in a way that can be considered as a composite 

structure).  The composite structure consisting of these biopolymers is called as “bio-

polymeric admixture” in this thesis study. 

3.1.5.1 Egg Shell 

The bird egg is a fertilized gamete located on the yolk surface and surrounded by 

albumen (i.e., egg white). Egg white is surrounded by two shell membranes (inner and 
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outer membranes), and above them is the shell. The chicken eggshell consist of 95-

97% [141] calcium carbonate crystals, which are stabilized by a protein matrix [141–

143]. The crystal structure of egg shell would be too brittle to keep its form without 

the protein. The protein matrix consists of proteins, glycoproteins, and proteoglycans 

[144]. SEM image of cross-fractured chicken eggshell is shown in Figure 3.7. 

 

Figure 3.7: SEM image of cross-fractured chicken eggshell [144] 

Shell membranes (SM) consist of inner shell membrane and outer shell membrane. 

There is mammillary layer (ML) on it. There is also palisade layer (PL) on the 

mammillary, and the surface consists of cuticle (B) [144]. Lysozym and ovocalyxin-

32 protein are found in the cuticle layer of the shell. Collagens are found in the shell 

membranes layer of the shell. Some ovocleidin and ovocalyxin derivative proteins, and 

serum albumin are found in the mammillary and palisade layers [141]. 

The egg is one of the most consumed foods in the world. Depending on this, too much 

waste eggshell is generated. Therefore, the effectiveness of transforming the eggshells 

into useful products becomes an idea to explore. In the literature, eggshells have been 

used in various applications in concrete and in soil improvement applications. The 

studies in the literature on use of eggshells in construction sector are as follows: 

Gowsika et al. [145] investigated the partial replacement of cement with eggshell 

powder in concrete. They tried to replace the cement with eggshell powder as 5% and 

they use saw dust ash, fly ash and micro silica admixtures.  



48 

 

Dhanalakshmi et al. [146] investigated the mechanical properties of eggshell concrete 

with partial replacement of cement. Eggshell powder replacement with cement was 

varied up to 12.5% in their experimental research. In 2.5% and 5% eggshell use, the 

compressive, tensile, and splitting tensile strengths of the samples were lower than 

those of the control samples. However, when using 7.5% eggshell, these strength 

values were higher than control strength. In the case of using eggshell beyond this 

value, the strength values showed a decreasing tendency again. 

Karthick et al. [147] made a study on partial replacement of eggshell with sand in 

concrete. They used replacement ratios as from 10% to 50%. They observed a 

decreasing trend on flexural and splitting tensile strengths of the concrete samples, 

while eggshell amount was increasing. However, compressive strength of the concrete 

samples with 20% of eggshell replacement passed slightly the compressive strength of 

control concrete sample. Thereafter, a decrease in the compressive strength was 

observed. 

Beraldo [148] used eggshell particles on partial replacement with sand in cementitious 

composite mortar. He detected a decreasing ratio on compressive strength parameter, 

while sand/eggshell ratio was increasing.  

Sivakumar and Mahendran [149] used fly ash, rice husk ash and eggshell powder in 

concrete and they determined the strength and permeability properties of this concrete. 

Kalkan and Gündüz [150] used powdered egg shells and acrylic esters terpolymer to 

improve physical and mechanical performance of composite cement mortars. 

According to their test results, up to 0.75% ESP and 0.75% acrylic esters terpolymer 

usage ratio, densities, compressive strength, and ultrasonic pulse velocities of the 

samples increased. In the microscopic scale studies, it was determined that the porosity 

in the matrix structure decreased due to the increase in the amount of admixtures. 

According to Yerramala [151], cement replacement with 5% eggshell powder (max. 

grain size of 90 μm) has an increasing effect on mechanical properties of normal 

weight concrete. The reason for this is explained by the author as; the formation of 

calcium mono-carboaluminate hydrate phase as a result of the combination of calcium, 

which is abundant in the eggshell, and the alumina in cement. 
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Yu et al. [152] replaced cement with eggshell powder (max. grain size of 90 μm). They 

concluded that up to 15% replacement of cement with eggshell powder in concrete 

increased the compressive strength of the concrete specimens. Also, they compared air 

curing and water curing effects on eggshell concrete, and they found that water curing 

increased the compressive strength values of specimens higher than air curing. Also, 

they explained the reason of compressive strength enhancement with addition of 

eggshell as the filler effect of the eggshell and extra calcium hydroxide for the 

formation of the secondary C-S-H gel. 

In this study, three different sizes of ground eggshell (ES) were used and the 

appearance of the material in each grain size is given in Figure 3.8. 

   

Figure 3.8: 0/45 μm ES (a), 0/125 μm ES (b), 125/250 μm ES (c) 

3.1.5.2 Apricot Kernel Shell 

The majority of apricots grown in the world are Prunus armeniaca type apricots. 

Central Asia, Afghanistan, Kashmir, Iran, Turkey, and the Trans-Caucasus has been 

established with seedlings grown from seed, apricot orchards are spread over large 

areas of valuable genetic resources available in these regions. According to 2019 data 

[153] there are 17.27 million apricot trees in Turkey. 846,6 thousand tons of apricot 

fruit was produced from these trees in 2019 in Turkey. Flesh-stone ratio ranges from 

11/1 to 15/1 of apricot fruit grown in Turkey [154]. This account for approximately 

10% of the total fruit mass [155]. Apricot kernel shell consists of hemicellulose (21.76 

%), lignin (38.30 %), cellulose (34.60 %) and a small amounts of 2.80 % extractives 

[156].  

Apricot shells are commonly considered as waste and burnt as fuel in the region where 

apricot are cultivated [157]. At present, apricot shells are mainly used as raw materials 
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for soil amendment, biomass fuel and activated carbon [158]. They used for bio fuel 

and clean gas suitable for power generation [159–161]. In addition, apricot shells are 

used to develop new adsorbents such as the activated carbon to remove pollution from 

water [162–164]. Using this waste material is to make something discarded valuable. 

An alternative way to use apricot shells would be the production of new composites 

by blending it with concrete or cementitious products [165]. 

Wu et al. [158] studied the mechanical and creep performance of apricot shell added 

concrete specimens. They used grain size distribution of apricot shell between 2.75 

mm and 4.75 mm as lightweight aggregate and replaced normal aggregate with the 

lightweight aggregate. They observed that the slump values decreased with the 

increase in apricot shell due to a larger flakiness of apricot shell aggregate. The density 

values of concrete specimens also showed a decreasing trend as expected. They also 

observed that strength values of test samples decreased. They attribute the reason for 

this decrease to both low strength apricot shell aggregate and weak bond between 

apricot shell aggregate and cement matrix in interfacial transition zone. When the 

apricot shell content increased gradually, the strain of concrete containing apricot shell 

also increased. Wu et al. [166] in another study, they used the mixture of peach kernel 

and apricot kernel, they obtained similar results with Wu et al [158]. Also, Yıldız et 

al. [165] carried out an investigation about replacement of coarse aggregate with 

apricot shells in concrete. They also get similar findings with Wu et al. [158]. 

Wu et al. [167] investigated the effect of different surface treatment of apricot shell  

on performance characteristics of lightweight bio-concrete. They made five different 

surface treatments to apricot shells: with cement solution, waterproof agent, sodium 

silicate, white latex and wood oil. They stated that the purpose of the surface treatment 

process is to improve the mechanical properties and resistance to chemical attack of 

concrete by forming a film layer on the surface of aggregates, which could reduce the 

moisture transfer through porous organic aggregates and prevents the leaching of 

sugar. According to the test results, when the apricot shell aggregate was treated with 

waterproof agent, it had better surface characteristics and a good bond to the cement 

matrix interface, and no microcracks were observed between the aggregate and the 

cement matrix. Therefore, the waterproof treatment is a good method to improve the 

surface characteristics of apricot shell aggregate, according to the authors. The authors 
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concluded that waterproof and calcium silicate treatments reduced the porosity of 

concrete. Thus, they blocked the capillary pores, which reduced the uptake of water 

and therefore, reduced the magnesium sulfate attack in magnesium sulfate solution. 

Wu et al. [158] utilized carbonized peach shell, carbonized apricot shell, peach shell 

and apricot shell on physical and mechanical properties of lightweight aggregate 

concrete (LWAC). Results showed that the replacement of raw aggregates peach shell 

and apricot shell with carbonized aggregates reduced the density, water absorption and 

open porosity. Also, the mechanical properties with carbonized organic aggregate 

presence were significantly enhanced, and the carbonized apricot shell mixture 

obtained the highest mechanical strength. 

In this study, three different sizes of ground apricot kernel shell (AKS) were used and 

the appearance of the material in each grain size is given in Figure 3.9. 

   

Figure 3.9: 0/45 μm AKS (a), 0/125 μm AKS (b), 125/250 μm AKS (c) 

3.1.5.3 Hazelnut Kernel Shell 

Hazelnut tree can be grown particularly in the Black Sea Region. Hazelnut is an 

important nutrient source for human life because of its nutritional value. Hazelnut shell 

consists of 36 % cellulose, 12.66 % hemicellulose, 40.14 % lignin, 7.86 % extractives 

and 3.11 % proteins [168]. According to the average of the last ten years, the Black 

Sea Region provides about 70 % of world production with 550.000 tons/year of 

hazelnut production [169]. In Turkey, Giresun has 60.3 %, Ordu 57.8 %, Trabzon 32.1 

%, Bolu 24.3 %, Sakarya 17.6 %, Zonguldak 9.2%, Artvin 7.3 % and Samsun 6.2 % 

of total crop hazelnut production value. Table 3.5 shows the distribution of the world 

hazelnut production based on the producer countries for year 2016 [170].  
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Table 3.5: Top 5 hazelnut producer countries. 

Country Hazelnut Production (Tones) 

Turkey 420000 

Italy 120572 

United States of America 34473 

Azerbaijan 33941 

Georgia 29500 

Others 104969 

With such a large amount of production, similar large amount of waste hazelnut shells 

accumulates every year. The use of biomass, which can be considered as waste 

hazelnut shell remaining from hazelnut production, is generally burning the waste 

shells for electricity or heat energy production purposes. In developed countries such 

as Italy, Germany and USA, hazelnut shells are used in contralite products and paint 

industry. In addition, the pentosan in which furfural and furfuryl alcohol are obtained 

in petrochemicals is found in hazelnut shell in 25-30%. Briquette charcoal, activated 

charcoal and industrial charcoal are obtained from the hazelnut shell by means of 

charring method [171]. In addition, researchers from different countries have explored 

the different possibilities of using hazelnut shells in the construction sector, 

particularly in terms of building materials.  

Khushnood et al. [172] investigated the effect of pyrolyzed peanut and hazelnut shells 

on the mechanical properties and electromagnetic interference shielding of 

cementitious materials. They found that 1 wt.% addition of carbonized peanut shell or 

hazelnut shell to cement paste increased the cement matrix’s flexural strength and 

toughness. Also, 0.5 wt.% addition gave better electromagnetic radiation shielding 

effect than reported in the literature for carbon nanotubes. In the literature, there are 

also sources provided by other researchers that the pyrolyzed hazelnut shell increases 

the strength of the cement [172,173].  

Gürü et al. [174] investigated the improvement of fire and water resistance of urea-

formaldehyde-based particleboard from grained hazelnut shells.  

Demirbaş and Aslan [175] reported the experimental research findings about the use 

of ground hazelnut shells in a cement mortar. According to the research findings, they 
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concluded that hazelnut shell addition (2.0, 5.0, 7.5 and 10.0 wt.%) decreased the 

compressive and flexural strength of the cement mortar. The developing idea of 

evaluating natural materials and/or natural waste materials at the production stages 

around the world has led to the idea that vegetable wastes with different origins can be 

used in cement-based products. 

In this study, three different sizes of ground hazelnut kernel shell (HKS) were used 

and the appearance of the material in each grain size is given in Figure 3.10. 

   

Figure 3.10: 0/45 μm HKS (a), 0/125 μm HKS (b), 125/250 μm HKS (c) 

3.1.5.4 Walnut Kernel Shell 

Turkey has an important place in walnut production in the world. According to data 

from 2019 [176], there are 11.25 million walnut trees in Turkey. 225 thousand tons of 

walnut fruits are produced from these trees in 2019. The walnut fruit mainly consists 

of four parts, which are the kernel, the skin, the shell, and the green husk. Walnut shell 

comprises 67 % of the total weight of the fruit [177]. Based on this information, it 

could be emphasized that approximately 150 thousand tons of waste walnut shells 

appear every year in Turkey. Walnut shell is an annual agricultural waste, which is the 

ligno-cellulosic material forming the thin endocarp of the walnut fruit. Farmers harvest 

the kernel of fruit and burn or otherwise dispose the residues (shell, husk, stalks, etc.). 

Also, burning agricultural residues causes serious environmental problems [178]. Shell 

of the walnut kernel is formed by basically four substances, cellulose (23.9%), 

hemicellulose (22.4 %), lignin (50.3 %) and ash (3.4 %) [179]. Walnut shell is an 

abundant agricultural waste with good stability, large specific surface area, high 

mechanical strength, good chemical stability and easy regeneration [180]. Because of 

the lower quantities of hygroscopic (cellulose and hemicellulose) components and 

higher quantities of hydrophobic (lignin) components in walnut shells, polymer-based 
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composite materials containing walnut shell fillers have significant commercial 

benefits in outdoor products with high environmental resistance, such as flooring or 

fencing [49]. Also, walnut shell has been successfully used in the removal of heavy 

metals in wastewater such as cesium, copper, chromium (VI), zinc and mercury by 

adsorption [181–183]. Besides, walnut shell media can be used to remove oil from 

wastewaters due to its good adsorption capability [184]. 

Hilal et al. [185] studied walnut shell (max. size of 12.5 mm) replacement with coarse 

aggregate at different ratios (5 %, 10 %, 15 %, 20 %, 25 %, 30 %, 35 %, 40 %, 45 % 

and 50 %) by volume in lightweight self-compacting concrete. According to their test 

results, walnut shell caused to reduce slump flow diameter of self-compacting 

lightweight concrete specimens. The main reason of this reduction was attributed to 

the irregular shape and absorption ability of Walnut shells by the authors. Compressive 

strength values reduced from 57 MPa at reference mixture at 0 % to 26 MPa at mixture 

at 50 % of walnut shell. The reason in this reduction was attributes to weak bind 

between WKS particles and surrounding cement matrix. 

Cheng et al. [186] investigated replacement of normal coarse aggregate with walnut 

shell (5/10 mm) in production of lightweight wet-mix shotcrete. The more reduction 

in compressive and splitting strengths was observed and the decrease in slump and 

pressure drop by increasing the amount of walnut. However, it is also observed that 

shootability of fresh concrete with low rebound rate and larger build-up thickness were 

improved.  

Kamal et al. [187] studied walnut shell for partial replacement of fine aggregate in 

concrete. They concluded that up to 30% walnut shell could replace with fine 

aggregate in concrete that results acceptable compressive strength, lower density and 

water absorption compared to Portland cement concrete. 

In this study, three different sizes of ground walnut kernel shell (WKS) were used and 

the appearance of the material in each grain size is given in Figure 3.11. 
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Figure 3.11: 0/45 μm WKS (a), 0/125 μm WKS (b), 125/250 μm WKS (c) 

3.1.5.5 Olive Seed 

Olive (olea europea L.), a Mediterranean vegetable, has the potential to spread in 

almost all the countries surrounding the Mediterranean. Olive, which can be grown 

even in the worst soil conditions, is also called the first tree of the nature. As a fruit, 

olives first become green, then it gets a shiny black color after it matures. The olive 

fruit consists of stem, 1-3% shell (epicarp), 70-80% fruit flesh (mesocarp), 18-22% 

stone (endocarp) and 2-6% seed. The epicarp layer forming the olive shell area is 

composed of chlorophyll, carotenoid and anthocyanin that determine the olive color. 

Effective part, in other words mesocarp is an important source of food consumed by 

people in daily life. The stone part of the olive, which is the endocarp, is the woody 

and the fibrous part which also covers the inside of the core that is seed [12]. 

Olive is a very important food source for human life. According to the 2015 data, 98% 

of the olive trees, reaching 900 million in the whole world, are located in the 

Mediterranean region, where Turkey is also located [188]. According to TurkStat data, 

in 2019 [189], from a total of 182 million olive trees in Turkey, 1.52 million tons of 

olives is produced for the same year. This production was used for the production of 

415 thousand tons of table olives and 1.11 million tons for the production of olive oil 

[189]. Therefore, it can be observed that at least two different solid wastes are 

produced from olive consumption in Turkey as in the any other olive producer country. 

From the consumption of table olives, olive stone is produced as waste, and olive 

pomace is produced by the olive oil production plants as a waste material. 

Approximately 40-55% of an olive fruit is olive juice, 18-32% is fat and 14-22% is 

stone [190]. Based on this information, each year only at homes in Turkey, at least 

between 60 thousand and 95 thousand tons of waste olive stone is produced. 



56 

 

Olive pit is a lignocellulosic material which is composed by cellulose (37.5 wt.%), 

hemicelluloses (26 wt.%) and lignin (21.5 wt.%) and other components include 

moisture (8 wt.%), minerals (1 wt.%), proteins, pectins and tannins, etc. [191] 

There are number of studies in the literature about the use of olive pomace formed by 

the pelletization of waste olive, olive stone, and olive leaves remaining in olive oil 

production in various sectors and products. The use of this biomass, which can be 

described as olive stone and/or olive pomace remaining in the production of olive oil, 

is generally burned with electricity or heat energy production purposes. Researchers 

have also conducted studies on other potential uses of this waste material, such as 

activated carbon, furfural production, fillers in plastics production, abrasives, 

cosmetics, biosorbents, animal feed and resin formation [191,192]. 

There are a few studies in the literature about the use of olive wastes in construction 

sector and building materials products: 

Alkheder et al. [193] have conducted a study on the use of waste olive ash produced 

by burning of the waste from the production of olive oil in cement paste. In this study, 

waste olive ash was replaced as ratio of 3%, 6%, 9%, 12% and 15% by weight with 

cement. It was observed at the end of the study that the mortar’s initial and final setting 

times were extent, as the amount of waste olive ash in the cement paste increased. In 

addition, the increase in the amount of waste olive ash has caused the compression 

strength to decrease and the flexural  strength to decrease. 

La Rubia-Garcia et al. [194] conducted a study on the use of crushed and wet olive 

wastes from the operation of two-phase olive oil production plants as pore-forming 

agent in the production of heat-insulated bricks. In this study, olive wastes containing 

approximately 62% moisture were added directly to the brick mortar as 5%, 10%, 15%, 

20% and 25%. As a result of the research, olive oil process wastes in the wet state 

formed pores in the brick mortar and the unit weight of the mortar decreased with the 

increase in the waste rate. Furthermore, as the waste rate increased, a significant 

decrease in the thermal conductivity value of the hardened mortar was recorded. 

In their work, Barreca and Fichera [195] have used the residual and relatively low-

moisture olive wastes from the three-phase olive oil production process to improve the 

thermal insulation properties of the waste in the cementitious mortar after natural 
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methods of drying of the wastes. As a result of the study, it was concluded that the use 

of olive waste significantly reduced the thermal conductivity of the mortar. 

Cuenca et al. [196] carried out a study on the use of olive fly ash that is produced by 

burning of the waste olive pellets, as a filling material in the production of self-

compacting concrete. In their work, they compared the fly ash produced from waste 

olive pellets with conventional filler materials. According to the laboratory test results, 

the compressive strength values of olive fly ash filled concrete were determined to be 

the same or slightly higher than the compressive strength value of the reference 

sample. The self-compacting characteristics of olive fly ash filled concrete specimens 

gave similar results to the self-compacting characteristics of reference samples. 

Eisa [197] studied the effects of replacing silica fume, fly ash, olive stone ash and corn 

cob ash with cement on concrete in separate mixtures. As a result of the study, they 

have observed that the olive stone ash has greatly increased the workability of the 

concrete. Compared to the reference sample, they found a 200% increase in the slump 

values of the concrete samples containing olive stone ash. However, the olive stone 

ash has a negative effect on the compressive strength values of the concrete specimens, 

thus reducing the compressive strength values up to 75%. 

As can be observed from the literature review, there are various uses of olive stone 

ash, which is obtained by burning olive waste, in the production of cementitious 

products in the construction sector. However, the effect of the olive stone ash on 

concrete and/or mortar’s compressive strength does not reach the desired levels since 

the olive wastes has low pozzolanic value due to low silica content [197]. If the sum 

of iron oxide (Fe2O3), Silicon dioxide (SiO2) and Aluminum oxide (Al2O3) is more 

than 70% after chemical analysis according to ASTM [198], the material can be named 

as a pozzolanic material. As can easily be calculated from the Alkheder et al.’s work 

[193], the sum of iron, aluminum and silicate oxides is much less than 70 %. This also 

indicates that the pozzolanic effect of the olive waste ash is not present. 

In this study, three different sizes of ground olive seed (OS) were used and the 

appearance of the material in each grain size is given in Figure 3.12. 
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Figure 3.12: 0/45 μm WKS (a), 0/125 μm WKS (b), 125/250 μm WKS (c) 

3.2 Methods 

In the execution of the thesis, a work program consisting of six main stages was 

followed. The research content of these stages is summarized below, respectively. 

In the first stage of the study, a preliminary study was carried out. It was aimed to 

improve compressive and flexural properties of composite cement mortar by using 

different materials such as ground and sized corn cob, egg shell, walnut kernel shell, 

apricot kernel shell, olive pomace, mallow, hazelnut kernel shell, rice husk and olive 

seed. It was tried to understand which or which of these waste materials could be used 

in harmony with cement mortar. Among these waste bio-polymeric materials, it has 

been determined that egg shell, apricot kernel shell, hazelnut kernel shell, walnut 

kernel shell and olive seed can be used in cement mortars. 

In the second stage of the study, the characterization of the bio-polymeric materials 

was carried out by SEM, XRD and FT-IR analyzes. 

In the third stage, these bio-polymeric admixtures were sized at 0/45, 0/125 and 

125/250 μm grain sizes and evaluated at 0.25, 0.35, 0.50, 1, 1.5% of the total weight 

in cementitious mortars. The effects of bio-polymeric admixtures on flowability, 

setting time, water absorption, 28-day flexural strength and 7-, 28-, and 150-day 

compressive strength of cement mortars were investigated in detail. As a result of the 

analysis, the most effective particle size was determined. Also, the physical and 

mechanical properties of cement mortars using the selected grain size bio-polymeric 

admixtures and commercially available cement chemicals were analyzed 

comparatively. It has been investigated whether bio-polymeric admixtures can be used 

instead of cement chemicals. 
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In the fourth stage, the microstructure and hydration process of cement mortars, in 

which bio-polymeric materials with the most effective particle size were used as 

admixtures, were determined by SEM/EDS and XRD analyzes, respectively.  

In the fifth stage, durability properties such as sulfate attack, acid attack and freeze-

thaw were determined on the test specimens. 

In the sixth and last stage of the study, an optimization of the use of bio-polymeric 

admixtures in composite cement mortars was carried out. Grey relation analysis was 

used for the optimization. Also, multiple regression analysis was carried out for 

mathematically representation of the effects of bio-polymeric admixtures on cement 

mortar performance parameters. 

3.2.1 Preliminary Study 

In the beginning of the study a preliminary work was planned on several different bio-

polymeric admixtures. With these admixtures, the compressive and flexural strengths 

of the cement mortar were determined. In the preliminary study, bio-polymeric 

materials with more positive results were selected and the characterization of these 

materials, which was the second stage of the study, was performed. 

Before starting the thesis research studies, the preliminary study was organized to test 

the compatibility of various organic materials supplied with cement mortar. In this 

preliminary study, cement, sand, and ground bio-polymeric materials were mixed in 

certain proportions, cured in water for 28 days, and finally the compressive and 

bending strengths of these samples were determined. As a result of physical 

observations during curing periods and strength results after curing, the thesis study 

was continued with some of these bio-polymeric materials. 

In this thesis, TS EN 197-1 [199] CEM I 42.5R (42.5 N/mm2) Portland cement (PC) 

was used as the binder material. All specimens produced within the scope of this study 

were prepared using CEN standard sand in accordance with TS EN 196-1 [137] 

standard. In this doctoral thesis, it was aimed to improve some of the properties of 

composite cement mortar by using different materials such as ground and sized corn 

cob, egg shell, walnut kernel shell, apricot kernel shell, olive pomace, mallow, 

hazelnut kernel shell, rice husk and olive seed. Most of these materials are leftovers 
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from food production or household consumption. In the beginning of the experimental 

work, it was tried as a preliminary study that which or which of these waste materials 

could be used in harmony with cement mortar. Among these waste bio-polymeric 

materials, it has been determined that egg shell, apricot kernel shell, hazelnut kernel 

shell, walnut kernel shell and olive seed can be used in cement mortars. The mortars 

in which other materials were tested cracked significantly during the water curing 

phase after the prismatic specimens were produced and/or became unusable in terms 

of their 28-day compressive and flexural strength. For this reason, the studies were 

constructed based on five different bio-polymeric additives: egg shell, apricot kernel, 

hazelnut shell, walnut shell and olive kernel. 

In the preliminary study, nine different organic materials were decided to select and 

tested. These organic materials were corn cob, egg shell, walnut kernel shell, apricot 

kernel shell, olive pomace, mallow, hazelnut kernel shell, rice husk, and olive seed 

bio-polymeric admixtures. 

The cement, sand and water as introduced in Section 3.1 were used to prepare the 

specimens in the preliminary study. 

3.2.1.1 Preparation of the Bio-polymeric Admixtures 

First of all, organic materials separated from unwanted macro components. Then, all 

of them left to air dry for 2 weeks. All bio-polymeric admixtures were then grinded 

with a blade mill (Figure 3.13).  
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Figure 3.13: Blade mill 

All organic waste types are sieved through 45, 125, and 250 μm sieve by using a sieve 

shaker (Figure 3.14). All bio-polymeric admixtures were ground to 0/45 μm, 0/125 μm 

and 125/250 μm grain size distributions. 

 

Figure 3.14: Sieve shaker 

3.2.1.2 Mix Design 

In this experimental preliminary study, different mixing ratios are designed to examine 

the effect of a bio-polymeric admixtures in cement mortars. In addition, in order to 

examine the effects that may arise from the use of bio-polymeric admixtures correctly, 
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a separate mixture without bio-polymeric admixture was designed as a control mixture. 

The mixing ratios are made according to the design methodology and related standards 

specified in TS EN 196-1 [137]. All the bio-polymeric materials used in the 

preliminary study were used in 0/125 μm size.  

Mortars were prepared containing one part of cement to three parts of standard sand 

by weight. Corn cob (CC), egg shell (ES), walnut kernel shell (WKS), apricot kernel 

shell (AKS), olive pomace (OP), mallow (M), hazelnut kernel shell (HKS), rice husk 

(RH), and olive seed (OS) bio-polymeric admixtures were added to separate mix 

design with 0.5, 1.0, and 1.5 wt.% of total amount. The reference mortar has the 

required workability at w/c of 0.50. This w/c was maintained for all admixed mortars. 

3.2.1.3 Flexural Strength 

Flexural strength is a measure of cement based materials to resist failure in bending. 

The flexural strength of hardened composite mortars is determined by three point 

loading of the prism specimens. Size of prismatic specimens was 40x40x160 mm. The 

flexural strength tests were conducted according to TS EN 196-1 [137] standard For 

flexural strength, prismatic specimens were tested by a 30 kN capacity flexural 

strength test device shown in Figure 3.15. The right part of the device shown in the 

figure is used for flexural strength. The automatic test device is not sufficient alone for 

the flexural strength test. Flexural Test Apparatus is required to perform flexural test. 

The testing apparatus has two supporting rollers; there is 100 mm span between two 

supports, and a third roller, which is the loading roller, located above the test specimen 

and midway between the supporting rollers. Figure 3.16 shows the three-point flexural 

strength apparatus. After the specimens were molded, they were kept in the molds for 

24 hours, then removed from the molds and cured in water for 28 days. The curing 

water temperature was kept at 20 ± 1 ̊ C throughout the curing period. After completing 

the curing period, the specimens were removed from the water and subjected to 

flexural strength test. The load was applied uniformly 50 ± 10 N/s until the prism 

specimen broke. Flexural strength of admixed cement mortars was calculated by taking 

the average of the test results measured from 3 specimens. 
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Figure 3.15: Automatic test press for compression and flexure 
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Figure 3.16: Three point flexural testing apparatus 

As an image of the specimens used in the flexural strength test is given in Figure 3.17. 
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Figure 3.17: 40x40x160 mm prismatic specimens for flexural strength test. 

3.2.1.4 Compressive Strength 

Compressive strength is the ability of the material to resist the fracture under axial load 

impact. The compressive strength tests were conducted according to TS EN 196-1 

[137] standard. The compressive strength test was carried out by loading the molded 

side surfaces of two half-prisms with an area of 40 mm × 40 mm obtained as a result 

of the flexural strength test. The test specimens to be subjected to compressive strength 

were cured in water for 28 days. The curing water temperature was kept at 20 ± 1 ˚C 

throughout the curing period. The compressive strengths of the specimens were tested 

on the 28-days cured test specimens. 303 kN capacity compressive strength test device 

used in the study is shown in Figure 3.18. The left part of the device shown in the 

figure is used for compressive strength. Compressive strengths were tested with the 

aid of the apparatus shown in Figure 3.19. Half prisms are centered between the plates 

of the apparatus shown in the figure. The load was applied smoothly at a speed of 2400 

± 200 N/s until the prism broke. Compressive strength of admixed cement mortars was 

calculated by taking the average of the test results measured from 3 specimens. 
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Figure 3.18: Automatic test press for compression and flexure  

 

 

Figure 3.19: 40 mm x 40 mm compressive strength testing apparatus 

3.2.2 Characterization of the Bio-polymeric Admixtures 

For many centuries, in the historical construction materials, bio-based materials such 

as animal oil, vegetable fat, fish oil, egg white, linseed oil, olive oil, and blood have 

been used [200]. Bio-based materials used mostly as admixtures for mortar and plaster 
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to improve viscosity or retarding agent for gypsum [39]. For concrete workability and 

waterproofing, Brazilian builders used whale oil. The Romans used blood as an air-

entraining agent and the Portuguese added vegetable oil in the mortar [201,202]. 

Approximately 500 different bio-based admixture products have been utilized in 

modern building construction [201]. Biopolymers, which are popularly used in 

building materials such as gums, chitin, chitosan, and cellulose ether, etc. are used as 

an additive in concrete and derivative materials as a final product after certain 

production stages. The chemical content of these materials, which have turned into the 

final product, can also be known [141–143]. Similarly, for the components of the 

kernel shells, certain ranges can be given, not fixed values.  

The bio-polymeric materials evaluated in this study are not subjected to any chemical 

processes other than mechanical grinding. Also, their contents may vary as they can 

be obtained as waste in a wide variety of different regions. When the literature is 

examined, a range of 95-97 % is specified for the calcium carbonate content of the egg 

shell. For example, Corbett et al. [203] determined the cellulose content in apricot 

kernels to be 34.31%, while Uzuner and Çekelioğlu [204] determined the cellulose 

content in apricot kernels to be 24.20%. However, the cellulose ratio of apricot kernels 

was determined by other researchers as 22.4 %–39.8 % [205–207].  

For this reason, the determination of the chemical components of bio-polymeric 

materials gains importance. In addition, the amount of internal components in bio-

polymeric materials has a very important effect on the properties of the cement mortar. 

This issue will also be discussed in the following sections. 

The characterization of bio-polymeric materials was carried out by SEM, XRD and 

FT-IR analyzes. Moreover, the extractive, pectin, lignin, hemicellulose, and alpha 

cellulose ratios of lignocellulosic biopolymers used in this study were determined 

experimentally. All experimental chemical analysis studies to determine the extractive, 

lignin, hemicellulose, and alpha cellulose ratios of lignocellulosic biopolymers at this 

stage of the study were carried out using the infrastructure of the R&D laboratory of 

İzmir Katip Çelebi University, Faculty of Forestry. 
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3.2.2.1 Chemical Analysis of AKS, HKS, WKS and OS 

After the grinding and sieving processes were carried out, the classified woody 

samples were kept in the oven for 24 hours, which was previously set at 103±2°C, until 

they reached a constant weight in order to remove the moisture in it (Figure 3.20). The 

dried samples were then kept in a desiccator until they reached room temperature, then 

put in plastic bags and tightly closed so that they do not absorb moisture. 

 

Figure 3.20: Drying OS, AS, HS and WS samples 

3.2.2.1.1 Determination of Extractive Content 

In order to remove the extractive substances in the wood samples, the samples were 

extracted for 6 hours in the soxlet extraction apparatus shown in Figure 3.21 with a 

solvent containing a toluene/acetone/ethanol mixture at a ratio of 4/1/1 by volume 

[208]. 

Subsequently, hot water extraction was performed on the same setup by a similar 

procedure. The total extractive substance amount of the materials was evaluated as the 

sum of toluene/acetone/ethanol mixture extraction and hot water extraction. With hot 

water extraction, pectin, which is usually present in the lignocellulosic materials, is 

decomposed [209]. 
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Figure 3.21: Extraction process of OS, AS, HS and WS samples 

3.2.2.1.2 Determination of Lignin Content (Delignification) 

In order to determine the lignin content of the woody samples prepared within the 

scope of the study, the chloride method was applied [210]. 2.5 grams from each 

sample, which was extracted, was taken into a 250 ml flask. Then, 80 ml of distilled 

water, 1 gram of NaClO2 (Sodium Chlorite) and 0.5 ml of acetic acid were added to 

the flask and put into a water bath at 70-80 °C. 6 portions of sodium chloride and acetic 

acid were added into the flask at intervals of 1 hour and the system was occasionally 

mixed. Experiments were carried out on 3 samples for each biopolymeric material. 

The experimental setup used during the lignin content determination is shown in 

Figure 3.22. 
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Figure 3.22: Experiment setup for the delignification process. 

After the delignification process, the hot mixture was left to cool. Then, filtration with 

distilled water and acetone was applied through gooch crucible, which had been 

weighed completely dry beforehand (Figure 3.23).  

 

Figure 3.23: Filtration process of delignification 

After the delignification process, the dissolved part of the samples is evaluated as 

lignin. The remaining part after the delignification process is evaluated as 

holocellulose. Holocellulose is equal to the sum of alpha cellulose and hemicellulose. 
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After filtration, the filtrate was dried at 103 ± 2 °C for 24 hours until it reached a 

constant weight, and the percentage of lignin content was determined according to the 

formula below. 

 𝐿𝑖𝑔𝑛𝑖𝑛 (%) =  
𝑊1 − 𝑊2

𝑊1
∗ 100 (3.1) 

W1 is oven dry weight of samples before delignification process, W2 is oven dry 

weight of samples after delignification process. 

3.2.2.1.3 Determination of Hemicellulose and Alpha Cellulose Contents 

TAPPI-T203 standards [211] were applied to determine the alpha cellulose content of 

bio-polymeric samples prepared within the scope of the study. The remaining amount 

of dry samples obtained after the delignification process were used to determine alpha 

cellulose and hemicellulose contents. Experiments were carried out on 3 samples for 

each biopolymeric material. Afterwards, these samples were transferred into a 200 ml 

beaker and 10 ml of 17.5% sodium hydroxide (NaOH) was added into it and stirred 

for 5 minutes through a glass baguette (Figure 3.24). After this process, 15 ml of 

sodium hydroxide solution continued to be added to the samples in specified portions. 

After this process, 33 ml of distilled water was added to the samples and left for 1 

hour. 

 

Figure 3.24: Samples prepared for cellulose content determination. 

After 1 hour, the mixture was filtered through gooch crucible. The washing process 

was ended by pouring 100 ml of 8.3 % NaOH solution, 10 % acetic acid (CH3COOOH) 

and 250 ml of distilled water on it (Figure 3.25).  



72 

 

 
Figure 3.25: Filtration of alpha cellulose 

The filtrate after washing was kept in the oven at a temperature of 103 ± 2 °C for 24 

hours until it reached a constant weight (Figure 3.26).  

 

Figure 3.26: Drying of alpha cellulose 

After being treated with chemicals, the dissolved part of the samples is considered as 

hemicellulose. The remainder after processing is the amount of alpha cellulose. The 

weights of the samples were taken, and the percent alpha cellulose and hemicellulose 

ratios were determined according to the formulas below. In Figure 3.27, the samples 

prepared for the determination of the amount of alpha cellulose is shown. 

 𝐻𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) =  
𝑊2 − 𝑊3

𝑊2
∗ 100 (3.2) 

 𝐴𝑙𝑝ℎ𝑎 𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) =  100 − 𝐻𝑒𝑚𝑖𝑐𝑢𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (%) (3.3) 
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Figure 3.27: Alpha cellulose of AKS (a), HKS (b), WKS (c), OS (d) 

3.2.2.2 XRD Analysis of Bio-polymeric Admixtures 

The X-ray diffraction (XRD) instrument (Bruker D2 Phaser) system (Figure 3.28) with 

Ni-filtered Cu-K alpha radiation (k=1.54Å) was used to observe the microscopic 

crystal structure of bio-polymeric admixtures under the condition of a continuous scan 

angle from 5º to 90º. The step time and the increment were 0.05 and 0.024 seconds, 

respectively.  

 

Figure 3.28: The X-diffraction (XRD) instrument 

3.2.2.3 FT-IR Analysis of Bio-polymeric Admixtures 

In order to realize the chemical structure and functional groups of bio-polymeric 

admixtures, Fourier transform infrared (FT-IR) spectrum analysis was applied on 
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powder form bio-polymeric materials. The analysis was done with Thermo Scientific 

model Nicoletta IS5 (Figure 3.29) with ATR mode. The analysis was done in the 

spectral range of 500 – 4000 cm-1 with absorbance mode. 

 

Figure 3.29: Fourier transform infrared (FT-IR) device 

3.2.2.4 SEM Analysis of Bio-polymeric Admixtures 

A scanning electron microscope (Carl Zeiss 300VP, accelerating voltage: 1–30 kV, 

Magnification: up to 1,500,000x) (Figure 3.30) was used to investigate the 

microstructure of the cement composites. Mortar specimens produced within the scope 

of the thesis were dried in an oven after 28 days in water curing conditions and gold 

coated with QUORUM Q150 RES coating device, and SEM and EDS analysis were 

performed after these procedures. 
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Figure 3.30: Scanning electron microscope 

3.2.3 Effect of Bio-polymeric Admixtures on Composite 

Cement Mortars and Comparison with Some Chemical 

Admixtures 

In order to analyze the effects of bio-polymeric admixtures used in this thesis, some 

physical, mechanical and durability experimental studies were carried out on cement 

mortars. Physical tests on mortars are flowability, initial and final setting times of 

mortars, capillarity and water absorption. Mechanical tests on mortars are flexural and 

compressive strengths. Durability tests are acid attack, sulfate attack and freeze-thaw 

tests. 

In order to better evaluate the performance of cement mortars with bio-polymeric 

admixtures, bio-polymeric admixtures were used in three different grain size 

distributions. These three different grain distributions were 0/45 μm, 0/125 μm and 

125/250 μm.  

This stage constitutes the third stage of the study as stated in Chapter 1. Considering 

the physical and mechanical properties of cement mortars produced by using bio-

polymeric admixtures with different grain sizes, the most effective grain size 
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distribution was determined in line with the test results. Then, cement mortars were 

produced by using four different chemical admixtures instead of bio-polymeric 

admixtures in the same mixture design, and the same tests were repeated on these 

specimens. Thus, the effects of chemical admixtures on cement mortars and the effects 

of bio-polymeric admixtures on cement mortars could be compared and it was 

experimentally interpreted whether bio-polymeric admixtures could be used instead of 

chemical admixtures in mortars. 

3.2.3.1 Mix Design 

In initial experimental study, different mixing ratios are designed to examine the effect 

of bio-polymeric admixtures on cement mortars. In addition, in order to examine the 

effects that may arise from the use of bio-polymeric admixtures correctly, a separate 

mixture without bio-polymeric admixture was designed as a reference mixture. The 

design of the mortar combinations is given in Table 3.6, and the mixing ratios are made 

according to the design methodology and related standards specified in TS EN 196-1 

[137]. 

Table 3.6: Composite cement mortar mixture combinations with bio-polymeric 

admixtures 

Mix code 
Cement 
(wt%) 

Sand 
(wt%) 

ES 
(wt%) 

AKS 
(wt%) 

HKS 
(wt%) 

WKS 
(wt%) 

OS 
(wt%) 

w/c 

Bio-

polymeric 

Admixture 

(wt% of 

cement) 

R 25.0 75.00 - - - - - 0.5 - 

ES0.2 25.0 74.80 0.20 - - - - 0.5 0.80 

ES0.35 25.0 74.65 0.35 - - - - 0.5 1.40 

ES0.5 25.0 74.50 0.50 - - - - 0.5 2.00 

ES1.0 25.0 74.00 1.00 - - - - 0.5 4.00 

ES1.5 25.0 73.50 1.50 - - - - 0.5 6.00 

AKS0.2 25.0 74.80 - 0.20 - - - 0.5 0.80 

AKS0.35 25.0 74.65 - 0.35 - - - 0.5 1.40 

AKS0.5 25.0 74.50 - 0.50 - - - 0.5 2.00 

AKS1.0 25.0 74.00 - 1.00 - - - 0.5 4.00 

AKS1.5 25.0 73.50 - 1.50 - - - 0.5 6.00 



77 

 

Table 3.6 (Continued): Composite cement mortar mixture combinations with bio-

polymeric admixtures 

Mix code 
Cement 
(wt%) 

Sand 
(wt%) 

ES 
(wt%) 

AKS 
(wt%) 

HKS 
(wt%) 

WKS 
(wt%) 

OS 
(wt%) 

w/c 

Bio-

polymeric 

Admixture 

(wt% of 

cement) 

HKS0.2 25.0 74.80 - - 0.20 - - 0.5 0.80 

HKS0.35 25.0 74.65 - - 0.35 - - 0.5 1.40 

HKS0.5 25.0 74.50 - - 0.50 - - 0.5 2.00 

HKS1.0 25.0 74.00 - - 1.00 - - 0.5 4.00 

HKS1.5 25.0 73.50 - - 1.50 - - 0.5 6.00 

WKS0.2 25.0 74.80 - - - 0.20 - 0.5 0.80 

WKS0.35 25.0 74.65 - - - 0.35 - 0.5 1.40 

WKS0.5 25.0 74.50 - - - 0.50 - 0.5 2.00 

WKS1.0 25.0 74.00 - - - 1.00 - 0.5 4.00 

WKS1.5 25.0 73.50 - - - 1.50 - 0.5 6.00 

OS0.2 25.0 74.80 - - - - 0.20 0.5 0.80 

OS0.35 25.0 74.65 - - - - 0.35 0.5 1.40 

OS0.5 25.0 74.50 - - - - 0.50 0.5 2.00 

OS1.0 25.0 74.00 - - - - 1.00 0.5 4.00 

OS1.5 25.0 73.50 - - - - 1.50 0.5 6.00 

In the mixture design, the letters in the front indicate which type of bio-polymeric 

admixture is used in the mixture and the numbers behind it indicate what percentage 

by weight of the bio-polymeric admixture is used in the mixture. As can be easily 

noticed from Table 3.6, the cement ratio was kept constant as 25 % and the w/c ratio 

as 0.5 in all mixtures. This mixture design is also valid for mixtures with bio-polymeric 

admixtures to be used in all three particle sizes (i.e. 0/45, 0/125, 125/250 μm). In the 

following sections, numbers describing the grain size will be placed in front of the mix 

codes according to the grain size (e.g. 45AKS1.0 mixture describes the use of 1 % by 

weight of AKS bio-polymeric admixtures with 0/45 μm grain size in the mortar design, 

125250OS0.35 mixture describes the use of 0.35 wt.% of OS bio-polymeric 

admixtures with 125/250 μm grain size in the mortar design). In addition, cement 

mortars using different chemical admixtures were produced in order to compare the 



78 

 

effect of bio-polymeric admixtures on cement mortars and the effects of chemical 

admixtures on cement mortars. These chemical admixtures are calcium stearate (CS), 

polycarboxylate ether (PCE), sulfonated melamine formaldehyde (SMF) and tartaric 

acid (TA). These chemicals were chosen with the thought that they are suitable for the 

possible functions of bio-polymeric admixtures in cement mortars. Mortar mix 

combinations using chemical admixtures are given in Table 3.7. 

Table 3.7: Composite cement mortar mixture combinations with chemical 

admixtures 

Mix Code 
Cement 

(wt%) 

Sand 

(wt%) 

CS 

(wt%) 

PCE  

(wt%) 

SMF 

(wt%) 

TA 

(wt%) 
w/c 

Chemical 

(wt% of 

cement) 

R 25.0 75.00 - - - - 0.5 - 

CS0.2 25.0 74.80 0.20 - - - 0.5 0.80 

CS0.35 25.0 74.65 0.35 - - - 0.5 1.40 

CS0.5 25.0 74.50 0.50 - - - 0.5 2.00 

CS1.0 25.0 74.00 1.00 - - - 0.5 4.00 

CS1.5 25.0 73.50 1.50 - - - 0.5 6.00 

PCE0.01 25.0 74.99 - 0.01 - - 0.5 0.04 

PCE0.025 25.0 74.975 - 0.025 - - 0.5 0.10 

PCE0.05 25.0 74.95 - 0.05 - - 0.5 0.20 

PCE0.1 25.0 74.90 - 0.10 - - 0.5 0.40 

PCE0.2 25.0 74.80 - 0.20 - - 0.5 0.80 

SMF0.05 25.0 74.95 - - 0.05 - 0.5 0.20 

SMF0.1 25.0 74.90 - - 0.10 - 0.5 0.40 

SMF0.2 25.0 74.80 - - 0.20 - 0.5 0.80 

SMF0.35 25.0 74.65 - - 0.35 - 0.5 1.40 

SMF0.5 25.0 74.50 - - 0.50 - 0.5 2.00 

TA0.03 25.0 74.97 - - - 0.03 0.5 0.80 

TA0.05 25.0 74.95 - - - 0.05 0.5 1.40 

TA0.1 25.0 74.90 - - - 0.1 0.5 2.00 

TA0.2 25.0 74.80 - - - 0.2 0.5 4.00 

TA0.35 25.0 74.65 - - - 0.35 0.5 6.00 
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In this mixture design, the letters in the front indicate which type of chemical 

admixture is used in the mixture and the numbers behind it indicate what percentage 

by weight of the chemical admixture is used in the mixture. As can be easily noticed 

from Table 3.7, the cement ratio was kept constant as 25 % and the w/c ratio as 0.5 in 

all mixtures. 

3.2.3.2 Fresh and Hardened Unit Volume Mass of Mortars 

The unit volume mass of the fresh mortars was determined in accordance with the TS 

EN 1015-6 [212] standard. The measuring cylindrical container (1 liter) was filled with 

mortar overflowing from its upper surface. The full container was placed on the 

vibration table and vibrated until there was no further settling of the mortar. During 

the vibration, mortar was added on the measuring container so that the mortar level 

exceeded the upper limit of the container. Excess mortar was scraped off so that it was 

level with the upper surface of the container. The fresh unit volume mass measurement 

setup is shown in the Figure 3.31. The unit volume mass of fresh mortar is calculated 

by subtracting the mass of the empty container from the mass of the container filled 

with mortar and dividing by the volume of the measuring container. 

 

Figure 3.31: Fresh unit volume mass measurement setup 

The unit volume mass of the hardened mortars was determined in accordance with TS 

EN 1015-10 [213] standard. The determination of the unit volume mass of the 

hardened mortar was determined on 40x40x160 mm prismatic specimens. After 28-

days of curing period, the specimens were dried in an oven set at 70 ± 5 °C until they 

reached a constant mass. The hardened unit volume mass of each mortar specimen was 

found by dividing the determined dry mass by the specimen volume.  
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3.2.3.3 Flowability of Fresh Mortars 

In order to determine the workability properties of fresh mortars, flow table test was 

performed for each fresh mortar in accordance with ASTM C1437-13 [214]. Flow 

table apparatus is shown in Figure 3.32. Flow mold was placed at the center of flow 

table. A layer of mortar about 25 mm in thickness was placed in the mold and tamped 

20 times with the tamper. Then, the mold filled with mortar and temped again. The 

surface of the mortar was finished. Then the mold lifted vertically. Finally, the table 

dropped 25 times in 15 seconds. The flow diameter of each mortar was calculated by 

taking the average of four flow diameter measurement.  

 

Figure 3.32: Flow table apparatus 

3.2.3.4 Setting Times of the Mortars 

The measurement of the setting time of fresh mortars were performed using Vicat 

apparatus (Figure 3.33) according to the principles stated in TS EN 196-3 standard 

[215]. To determine the initial and final set of the cement mortars, mortar is placed to 

the conical mold of the test apparatus. After that the tip of the needle is lowered until 

it touches the surface of the mortar, then the needle is released. This process is repeated 

every 5 minutes. When needle reading gives 3-5 mm on the apparatus, it means initial 

setting starts. When needle reading gives 39.5 mm, final setting occurs. 
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Figure 3.33: Vicat apparatus for setting time 

3.2.3.5 Water Absorption of the Mortars 

The water absorption test is the simplest method that can be considered in terms of 

durability in cementitious materials [14].  

Capillary water absorption and water absorption by immersion tests were carried out 

on the specimens produced within the scope of the thesis. The prepared fresh mortars 

hardened in molds for 24 hours and then cured in water for 28 days. Then the 

specimens taken out of the water were dried in an oven until their weight stabilized. 

Then, water absorption tests were carried out on these specimens. Capillary water 

absorption tests were carried out on 3 pieces of 4x4x16 mm prismatic specimens 

(Figure 3.34). The water absorbed from the unit area depending on time (kg/m2.min0.5) 

was determined as the capillarity coefficient. In addition, capillary water absorptions 

of 5, 10, 15, 30, 60, 90, 1440 and 2880 min were measured for all specimens, and the 

capillary absorption characteristics of the samples were investigated. In another water 
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absorption experiment, the specimens were completely immersed in water and the 24-

hour water absorption rates were determined as percent. 

 

Figure 3.34: An example image of the capillary water absorption test. 

3.2.3.6 Flexural Strength of the Mortars 

The flexural strengths of cement mortars produced by using ES, AKS, HKS, WKS and 

OS bio-polymeric admixtures and CS, PCE, SMF and TA chemical admixtures were 

analyzed by the method described in Section 3.2.1.3. 

3.2.3.7 Compressive Strength of the Mortars 

The compressive strengths of cement mortars produced by using ES, AKS, HKS, WKS 

and OS bio-polymeric admixtures and CS, PCE, SMF and TA chemical admixtures 

were analyzed by the method described in Section 3.2.1.4. The compressive strengths 

of the mortar samples with bio-polymeric or chemical admixtures were determined on 

the 7th, 28th and 90th days. For the 7th and 28th day compressive strengths, the 

specimens were cured for 7 days and 28 days in water. After 28 days of water curing, 

the specimens that will be subjected to 90th day compressive strength were removed 

from the water and cured in air in a normal laboratory environment until the test day. 

3.2.4 Mineralogical Development and Microstructural Analysis 

of Mortars 

The mineralogical development of bio-polymeric admixed cement mortars was 

followed by XRD analysis. XRD analyzes were performed using the device and 
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method introduced in Section 3.2.2.2. For XRD analyses, cement pastes were prepared 

in such a way that the cement/bio-polymeric additive ratio was the same as the 

cement/bio-polymeric additive ratio of the mixtures used in the cement mortars given 

in Table 3.6. Cementitious pastes were cured in water for 28 days like cement mortars. 

XRD analyzes of cement pastes were designed on 3-, 7-, 28- and 150-days cured 

samples. At the selected hydration times, aproximately 1 cm3 cementitious paste was 

taken and crushed. Then, crushed paste stored in isopropanol to remove the water form 

the paste by solvent exchange [216,217]. 

Microstructural investigations of cement mortars were carried out by SEM and EDS 

analyses. The device and method used in the analyzes are introduced in Section 3.2.2.4. 

SEM and EDS analyzes were performed on the samples taken from the fractured 

surfaces of the 28-day cured mortars. 

3.2.5 Durability of the Mortars 

In order to analyze the durability properties of bio-polymeric admixtures on composite 

cement mortars, sulfate effect, acid effect and freeze-thaw effect were applied to 5x5x5 

cm cubic specimens cured in water for 28 days (Figure 3.35). In each durability 

analysis, 3 specimens were tested for each batch. A total of 234 cubic specimens were 

produced for durability tests. Durability tests were completed on cement mortars 

produced using bio-polymeric admixtures with 0/125 μm grain size, which was 

determined as the most effective particle size distribution in bio-polymeric admixtures. 
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Figure 3.35: Some of test specimens for durability analysis 

The current test method for sulfate attack, ASTM C-1012 [218], suggests the use of a 

50-g/l Na2SO4 solution (5 mass%, or 33,800 ppm SO42- ). It also states that other 

sulfate solutions, such as MgSO4, and other concentrations, may be used. In order to 

analyze the effect of sulfate in test mortars, 5 % by weight magnesium sulfate 

(MgSO4) solution was prepared. The specimens, which completed the 28-day curing 

period, were kept in the prepared chemical solutions with capillary action for 30 cycles 

(Figure 3.36). Each cycle was completed by absorbing the sulphate solution by 

capillary action for 18 hours and drying in an oven at 110 ± 5°C for the following 6 

hours. Mortar specimens, which were dried again at the end of the 30th period, were 

removed from the solution and washed with clean water. The weights of the 

specimens, which were dried at 110 ± 5°C until they reached the constant weight, were 

measured with a balance with a sensitivity of 0.01 g before and after the interaction 

with solution [219]. In addition, the strengths of the specimens at the end of 30 cycles 

were compared with the strengths of the specimens that were not exposed to the sulfate 

effect. 
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Figure 3.36: Sulfate effect test with capillary action. 

Another durability feature examined within the scope of the study is the resistance of 

cement mortars to sulfuric acid. In the literature, prepared acid solutions in which the 

acid effect was examined were tested at different pH values. One of them is the severe 

acid solution and it is found in studies as pH=1 [220,221]. In this context, H2SO4 

solution with pH= 1±0.01 was capillary impregnated to the cubic specimens (Figure 

3.37). In order to observe the effect of the prepared acid solution on the cement 

mortars, the specimens were capillary treated with acid solution for 18 hours and then 

the specimens were dried in an oven at 110 ± 5°C for 6 hours. This 18-hour wetting 

and 6 hours drying was considered as 1 cycle and the specimens were subjected to 30 

wetting-drying cycles. The acid solution was renewed at the end of each cycle. After 

30 cycles were completed, the specimens were dried in an oven until they reached a 

constant weight and then subjected to compressive strength test. 
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Figure 3.37: Determination of pH value of acid solutions. 

The third and last durability feature of the cement mortars in the scope of the study is 

to determine the resistance of cement mortars against freezing-thawing. Freeze-thaw 

cycles were applied to the mortars to determine the freeze-thaw resistance of cement 

mortars containing bio-polymeric admixtures. In each cycle, the samples were frozen 

at -20 °C for 18 hours and then thawed in +20 °C water for the following 6 hours 

[222,223]. Thus, each cycle was completed in 24 hours. In total, 30 freeze-thaw cycles 

were applied to the test specimens. After 30 cycles were completed, the specimens 

were dried in an oven until they reached a constant weight and then subjected to 

compressive strength test. 

3.2.6 Optimization and Regression Analysis  

Extractive, lignin, hemicellulose, cellulose ratios of bio-polymeric admixtures, usage 

ratio of bio-polymeric admixture in the mortar and grain size distribution of bio-

polymeric admixture, which will affect the physical and mechanical properties of 

cement mortars produced within the scope of this thesis, are optimized by "gray 

relational grade" analysis. 
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Gray system theory is an alternative method for quantifying uncertainty. Basically, 

this theory is a method that is frequently used in analysis of the relationship between 

systems, model building, forecasting and decision problems [224]. Gray Relational 

Analysis is a decision-making and analysis tool that has taken its place in the literature 

under the main title of Gray Theory. The gray theory was first put forward in 1982 by 

Professor Julong Deng, a faculty member at Hua Chung University of Science and 

Technology in Thailand. Gray theory; gray relational analysis, gray modelling, gray 

forecasting and gray decision making are applied in different areas [225]. In the gray 

system theory (GST), the darkness of the colors generally expresses the degree of 

uncertainty of the information [226]. In relational analysis, black represents having no 

information and white represents having all information. A gray system has a level of 

information between black and white. This analysis can be used to represent the degree 

of correlation between two sequences so that the distance between the two factors can 

be measured concretely. Gray correlation analysis is an effective method for analyzing 

the relationship between sequences with less data and can analyze many factors that 

can overcome the disadvantages of the statistical method [227]. Gray relational grade 

(GRG), one of the sub-titles of the GST, is an effective method for decision problems 

with complex relationships between criteria. Thanks to this feature, the applications of 

GRG in multi-criteria decision making problems, integrated with other methods or 

alone, are frequently encountered in the literature [228,229].  

In a multi-response problem, the influence and relationship between different 

parameters is complex and unclear. This is called gray, which denotes weak and 

uncertain information. This proposed methodology (gray relational analysis) analyzes 

this complex uncertainty among multiple responses in given system and optimizes it 

with the help of gray relational degrees. Therefore, a multi-response optimization 

problem is reduced to a single-response optimization problem, which is called a single 

relational order [230]. 

When analyzing GRA, the data should be normalized to avoid different units and to 

reduce the variability. Normalization of data is essential because the variation of one 

data is different from other data. An appropriate value is derived from the original 

value to make the array between 0 to 1 [231]. In summary, in GRA the original data is 

converted into comparable data [230]. 



88 

 

When the “lower is better” is a characteristic of the original sequence, then the original 

sequence should be normalized as follows [232]: 

 𝑥𝑖
∗(𝑘) =  

𝑚𝑎𝑥 𝑥𝑖
0(𝑘) − 𝑥𝑖

0(𝑘)

𝑚𝑎𝑥 𝑥𝑖
0(𝑘) − 𝑚𝑖𝑛 𝑥𝑖

0(𝑘)
 (3.4) 

When the “higher is better” is a characteristic of the original sequence, then the original 

sequence should be normalized as follows [232]: 

 𝑥𝑖
∗(𝑘) =  

𝑥𝑖
0(𝑘) − 𝑚𝑖𝑛 𝑥𝑖

0(𝑘)

𝑚𝑎𝑥 𝑥𝑖
0(𝑘) − 𝑚𝑖𝑛 𝑥𝑖

0(𝑘)
 (3.5) 

However, if there is a definite target value (desired value) to be achieved, the original 

sequence will be normalized in form [232]: 

 𝑥𝑖
∗(𝑘) =  1 −

|𝑥𝑖
0(𝑘) − 𝑥0|

max 𝑥𝑖
0(𝑘) − 𝑥0

 (3.6) 

Or, the original sequence can be simply normalized by the most basic methodology, 

i.e. let the values of original sequence be divided by the first value of the sequence 

[232]: 

 𝑥𝑖
∗(𝑘) =  

𝑥𝑖
0(𝑘)

max 𝑥𝑖
0(1)

 (3.7) 

where i = 1,... , m; k = 1,... , n. m is the number of experimental data items and n is the 

number of parameters. 𝑥𝑖
0(𝑘) denotes the original sequence, 𝑥𝑖

∗(𝑘) the sequence after 

the data pre-processing, max 𝑥𝑖
0(𝑘) the largest value of 𝑥𝑖

0(𝑘), min 𝑥𝑖
0(𝑘) the smallest 

value of 𝑥𝑖
0(𝑘) and 𝑥0 is the desired value. 

After data pre-processing (normalizing) is carried out, the grey relation coefficient 

ξ𝑖(𝑘) for the kth performance characteristics in the ith experiment can be expressed as 

[233–235]: 

 ξ𝑖(𝑘) =  
𝛥𝑚𝑖𝑛 + ζ𝛥𝑚𝑎𝑥

𝛥0𝑖 + ζ𝛥𝑚𝑎𝑥
 (3.8) 
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 𝛥0𝑖 =  ‖𝑥0
∗(𝑘) − 𝑥𝑖

∗(𝑘)‖ (3.9) 

 𝛥𝑚𝑖𝑛 = 𝑚𝑖𝑛
∀𝑗∈𝑖

 𝑚𝑖𝑛
∀𝑘

 ‖𝑥0
∗(𝑘) − 𝑥𝑗

∗(𝑘)‖ (3.10) 

 𝛥𝑚𝑖𝑛 = 𝑚𝑎𝑥
∀𝑗∈𝑖

 𝑚𝑎𝑥
∀𝑘

 ‖𝑥0
∗(𝑘) − 𝑥𝑗

∗(𝑘)‖ (3.11) 

where, 𝛥0𝑖 is the deviation sequence of the reference sequence and the comparability 

sequence. 𝑥0
∗(𝑘) denotes the reference sequence and 𝑥𝑖

∗(𝑘) denotes the comparability 

sequence. ζ is distinguishing or identification coefficient: ζ ∈ [0, 1] (the value may be 

adjusted based on the actual system requirements). A value of ζ is the smaller and the 

distinguished ability is the larger. ζ = 0.5 is generally used. After the grey relational 

coefficient is derived, it is usual to take the average value of the grey relational 

coefficients as the grey relational grade [233,234]. The grey relational grade is defined 

as follows [232]: 

 γ𝑖 =
1

𝑛
∑ ξ𝑖(𝑘)

𝑛

𝑘=1

 (3.12) 

However, in a real engineering system, the importance of various factors to the system 

varies. In the real condition of unequal weight being carried by the various factors, the 

grey relational grade in Eq. 6 was extended and defined as [233,234]: 

 γ𝑖 =
1

𝑛
∑ 𝜔𝑘ξ𝑖(𝑘)

𝑛

𝑘=1

        ∑ 𝜔𝑘 = 1

𝑛

𝑘=1

  (3.13) 

where 𝜔𝑘 denotes the normalized weight of factor k. 

Regression analysis is applied for modeling and analysis in the case of different 

variables having a relationship between one dependent variable and one or more 

independent variables [236]. In this thesis, also multiple regression model types 

including linear, quadratic, trigonometric, and logarithmic were tried to be 

constructed. Regression analysis was used in this thesis to calculate the equations for 

prediction of physical and mechanical properties of cement mortars. The regression 
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formulas used in the study are given in the Table 3.8 and the regression analyzes and 

R2 values were made in Wolfram Mathematica 12 software. 

Table 3.8: Multiple regression models including linear, quadratic, trigonometric, 

logarithmic, and their rational forms 

Model Name Nomenclature Formula 

Multiple linear L 𝑌 = 𝛼0 + 𝛼1𝑥1 + 𝛼2𝑥2 + 𝛼3𝑥3 

Multiple linear 

rational 

LR 
𝑌 =

𝛼0 + 𝛼1𝑥1 + 𝛼2𝑥2 + 𝛼3𝑥3

𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3
 

Second order 

multiple nonlinear 

SON 𝑌 = 𝛼0 + 𝛼1𝑥1 + 𝛼2𝑥2 + 𝛼3𝑥3 + 𝛼4𝑥1
2

+ 𝛼5𝑥2
2 + 𝛼6𝑥3

2 + 𝛼7𝑥1𝑥2

+ 𝛼8𝑥1𝑥3 + 𝛼9𝑥2𝑥3 

Second order 

multiple nonlinear 

rational 

SONR 𝑌 = (𝛼0 + 𝛼1𝑥1 + 𝛼2𝑥2 + 𝛼3𝑥3 + 𝛼4𝑥1
2

+ 𝛼5𝑥2
2 + 𝛼6𝑥3

2 + 𝛼7𝑥1𝑥2

+ 𝛼8𝑥1𝑥3 + 𝛼9𝑥2𝑥3) / (𝛽0

+ 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3

+ 𝛽4𝑥1
2 + 𝛽5𝑥2

2 + 𝛽6𝑥3
2

+ 𝛽7𝑥1𝑥2 + 𝛽8𝑥1𝑥3

+ 𝛽9𝑥2𝑥3) 

First order 

trigonometric 

multiple nonlinear 

FOTN 𝑌 = 𝛼0 + 𝛼1𝑠𝑖𝑛𝑥1 + 𝛼2𝑠𝑖𝑛𝑥2 + 𝛼3𝑠𝑖𝑛𝑥3

+ 𝛼4𝑐𝑜𝑠𝑥1 + 𝛼5𝑐𝑜𝑠𝑥2

+ 𝛼6𝑐𝑜𝑠𝑥3 

First order 

trigonometric 

multiple nonlinear 

rational 

FOTNR 𝑌 = (𝛼0 + 𝛼1𝑠𝑖𝑛𝑥1 + 𝛼2𝑠𝑖𝑛𝑥2 + 𝛼3𝑠𝑖𝑛𝑥3

+ 𝛼4𝑐𝑜𝑠𝑥1 + 𝛼5𝑐𝑜𝑠𝑥2

+ 𝛼6𝑐𝑜𝑠𝑥3) / (𝛽0

+ 𝛽1𝑠𝑖𝑛𝑥1 + 𝛽2𝑠𝑖𝑛𝑥2

+ 𝛽3𝑠𝑖𝑛𝑥3 + 𝛽4𝑐𝑜𝑠𝑥1

+ 𝛽5𝑐𝑜𝑠𝑥2 + 𝛽6𝑐𝑜𝑠𝑥3) 

Second order 

trigonometric 

multiple nonlinear 

SOTN 𝑌 = 𝛼0 + 𝛼1𝑠𝑖𝑛𝑥1 + 𝛼2𝑠𝑖𝑛𝑥2 + 𝛼3𝑠𝑖𝑛𝑥3

+ 𝛼4𝑐𝑜𝑠𝑥1 + 𝛼5𝑐𝑜𝑠𝑥2

+ 𝛼6𝑐𝑜𝑠𝑥3 + 𝛼7𝑠𝑖𝑛2𝑥1

+ 𝛼8𝑠𝑖𝑛2𝑥2 + 𝛼9𝑠𝑖𝑛2𝑥3

+ 𝛼10𝑐𝑜𝑠2𝑥1 + 𝛼11𝑐𝑜𝑠2𝑥2

+ 𝛼12𝑐𝑜𝑠2𝑥3 

Second order 

trigonometric 

multiple nonlinear 

rational 

SOTNR 𝑌 = (𝛼0 + 𝛼1𝑠𝑖𝑛𝑥1 + 𝛼2𝑠𝑖𝑛𝑥2 + 𝛼3𝑠𝑖𝑛𝑥3

+ 𝛼4𝑐𝑜𝑠𝑥1 + 𝛼5𝑐𝑜𝑠𝑥2

+ 𝛼6𝑐𝑜𝑠𝑥3 + 𝛼7𝑠𝑖𝑛2𝑥1

+ 𝛼8𝑠𝑖𝑛2𝑥2 + 𝛼9𝑠𝑖𝑛2𝑥3

+ 𝛼10𝑐𝑜𝑠2𝑥1 + 𝛼11𝑐𝑜𝑠2𝑥2

+ 𝛼12𝑐𝑜𝑠2𝑥3) / (𝛽0

+ 𝛽1𝑠𝑖𝑛𝑥1 + 𝛽2𝑠𝑖𝑛𝑥2

+ 𝛽3𝑠𝑖𝑛𝑥3 + 𝛽4𝑐𝑜𝑠𝑥1

+ 𝛽5𝑐𝑜𝑠𝑥2 + 𝛽6𝑐𝑜𝑠𝑥3

+ 𝛽7𝑠𝑖𝑛2𝑥1 + 𝛽8𝑠𝑖𝑛2𝑥2

+ 𝛽9𝑠𝑖𝑛2𝑥3 + 𝛽10𝑐𝑜𝑠2𝑥1

+ 𝛽11𝑐𝑜𝑠2𝑥2 + 𝛽12𝑐𝑜𝑠2𝑥3) 
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Table 3.8 (Continued): Multiple regression models including linear, quadratic, 

trigonometric, logarithmic, and their rational forms 

Model Name Nomenclature Formula 

First order 

logarithmic multiple 

nonlinear 

FOLN 

𝑌 = 𝛼0 + 𝛼1𝑙𝑛𝑥1 + 𝛼2𝑙𝑛𝑥2 + 𝛼3𝑙𝑛𝑥3 

First order 

logarithmic multiple 

nonlinear rational 

FOLNR 𝑌 = (𝛼0 + 𝛼1𝑙𝑛𝑥1 + 𝛼2𝑙𝑛𝑥2 + 𝛼3𝑙𝑛𝑥3) 
/ (𝛽0 + 𝛽1𝑙𝑛𝑥1 + 𝛽2𝑙𝑛𝑥2

+ 𝛽3𝑙𝑛𝑥3) 

Second order 

logarithmic multiple 

nonlinear 

SOLN 𝑌 = 𝛼0 + 𝛼1𝑙𝑛𝑥1 + 𝛼2𝑙𝑛𝑥2 + 𝛼3𝑙𝑛𝑥3

+ 𝛼4𝑙𝑛2𝑥1 + 𝛼5𝑙𝑛2𝑥2

+ 𝛼6𝑙𝑛2𝑥3 + 𝛼7𝑙𝑛𝑥1𝑥2

+ 𝛼8𝑙𝑛𝑥1𝑥3 + 𝛼9𝑙𝑛𝑥2𝑥3 

Second order 

logarithmic multiple 

nonlinear rational 

SOLNR 𝑌 = (𝛼0 + 𝛼1𝑙𝑛𝑥1 + 𝛼2𝑙𝑛𝑥2 + 𝛼3𝑙𝑛𝑥3

+ 𝛼4𝑙𝑛2𝑥1 + 𝛼5𝑙𝑛2𝑥2

+ 𝛼6𝑙𝑛2𝑥3 + 𝛼7𝑙𝑛𝑥1𝑥2

+ 𝛼8𝑙𝑛𝑥1𝑥3 + 𝛼9𝑙𝑛𝑥2𝑥3) 
/ (𝛽0 + 𝛽1𝑙𝑛𝑥1 + 𝛽2𝑙𝑛𝑥2

+ 𝛽3𝑙𝑛𝑥3 + 𝛽4𝑙𝑛2𝑥1

+ 𝛽5𝑙𝑛2𝑥2 + 𝛽6𝑙𝑛2𝑥3

+ 𝛽7𝑙𝑛𝑥1𝑥2 + 𝛽8𝑙𝑛𝑥1𝑥3

+ 𝛽9𝑙𝑛𝑥2𝑥3) 
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Chapter 4 

Results and Discussions 

4.1 Test Results of Preliminary Study 

The compressive and flexural strength values of the preliminary tests using different 

bio-polymeric admixtures are given in Table 4.1. According to the test results given in 

Table 4.1, egg shell, apricot kernel, hazelnut shell, walnut shell and olive kernel were 

selected, and the thesis study was continued with these five bio-polymeric admixtures.  

Table 4.1: Test results of preliminary study 

Mix Compressive Strength (MPa) Flexural Strength (MPa) 

Reference 35.06 7.32 

CC0.5 25.66 3.70 

CC1.0 15.41 3.78 

CC1.5 0.64 0.52 

ES0.5 38.51 4.39 

ES1.0 29.82 4.31 

ES1.5 33.69 3.47 

WKS0.5 26.78 3.25 

WKS1.0 31.22 5.58 

WKS1.5 34.95 6.28 

AKS0.5 32.36 6.23 

AKS1.0 30.11 6.41 

AKS1.5 31.48 5.81 

OP0.5 20.80 4.45 
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Table 4.1 (Continued): Test results of preliminary study 

Mix Compressive Strength (MPa) Flexural Strength (MPa) 

OP1.0 19.05 3.16 

OP1.5 25.63 4.76 

M0.5 23.04 4.32 

M1.0 11.03 2.22 

M1.5 8.05 1.21 

HKS0.5 26.12 5.26 

HKS1.0 26.70 5.68 

HKS1.5 26.35 5.41 

RH0.5 27.93 5.85 

RH1.0 26.75 5.92 

RH1.5 28.07 5.84 

OS0.5 24.30 5.38 

OS1.0 29.15 5.42 

OS1.5 29.68 4.06 

In Table 4.1, the letters in the mixture coding represent the admixture type and the 

number next to it represents the percentage amount of that admixture in the mixture 

by weight. As can be seen from the table, it has been observed that the 28-days 

strengths of composite cement mortars produced with CC and M admixtures have 

decreased unacceptably. Therefore, these two materials were decided to not used in 

further studies. In addition, it was determined that some specimens of these mixtures 

were deformed during water curing. This is one of the reasons why the strength values 

are much lower than expected. The images of deformed specimens are given in Figure 

4.1. Similarly, the OP admixture was not evaluated in the study as it was below the 

strength expectations. RH bio-polymeric admixture, on the other hand, was not 

evaluated in further studies because it requires time and effort in the grinding phase. 

  

Figure 4.1: Deformed specimens. 

4.1.1 Evaluation of Test Results of Preliminary Study 

The 28-days compressive and flexural strength values of 4x4x16 cm prismatic mortar 

specimens prepared by using several bio-polymeric admixtures were determined in 
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preliminary study. CC, M and OP bio-polymeric admixtures were not evaluated in this 

study as they reduced the compressive and flexural strength of the mortar much more 

than expected. In particular, cement mortars with CC and M cracked during water 

curing. In future studies, these materials can be investigated in different particle sizes 

or with different surface treatments or surface coatings as bio-polymeric admixtures 

in cement mortars. Although RH admixture gave similar results with other selected 

bio-polymeric admixtures according to the preliminary study results, it was not used 

in further studies due to the need for too much effort during grinding of this material. 

In future studies, these bio-polymeric admixtures can be ground with different grinding 

processes and its effect on cementitious products can be examined. 

Within the scope of the preliminary study, it was determined that the compressive 

strength of the mortars with 0.5 % eggshell by weight gave better results than the 

compressive strength of the reference mixture. In addition, it has been observed that 

the strength properties of the mixtures, which AKS and WS admixtures are used, are 

close to the strength of the reference mixture. And finally, the strength properties of 

the mixtures with HKS and OS admixtures were found to be sufficient, and further 

studies continued with these materials. 

Beyond these reasons, it has been experienced those substances such as extractive, 

lignin, cellulose and hemicellulose, especially found in the composition of the kernel 

shells, can contribute to different properties in cement mortar. For example, it has been 

experienced that olive seed and walnut kernel shells, which have high extractive and 

lignin content, can increase the workability of the mortar, and reduce water absorption. 

It is thought that materials with high cellulose content can contribute to the strength 

values of the mortar. At this stage of the study, the selection was made by considering 

the chemical composition of the bio-polymeric materials to be used in further studies, 

in line with the information obtained from the literature about the chemical contents 

of the bio-polymeric admixtures. 
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4.2 Experimental Results of Characterization Analysis 

4.2.1 Chemical Structure of AKS, HKS, WKS and OS 

The extractive, lignin, hemicellulose, and alpha cellulose contents of lignocellulosic 

materials to be used as bio-polymeric admixtures within the scope of experimental 

studies were determined proportionally by means of the experimental methods 

described earlier. The chemical contents of these materials are given in the Table 4.2. 

Table 4.2: The chemical contents of AKS, HKS, WKS, and OS 

Bio-polymeric 

Admixture 

Extractive (%) Lignin (%) Hemicellulose 

(%) 

Alpha 

Cellulose (%) 

AKS 3.81 ± 0.11 27.07 ± 0.19 31.19 ± 0.33 37.92 ± 0.18 

HKS 4.67 ± 0.19 31.79 ± 2.32 31.73 ± 1.78 33.29 ± 0.64 

WKS 16.16 ± 0.21 41.23 ± 1.14 20.58 ± 4.24 22.03 ± 3.14 

OS 18.39 ± 0.26 32.45 ± 2.42 29.67 ± 1.68 19.48 ± 1.22 

When Table 4.2 is examined, the highest extractive content is found in olive stones 

with 18.39 %, followed by walnut shell with 16.16 %. The lowest extractive content 

was found in apricot kernel shell with 3.81 %. Considering the lignin content of bio-

polymeric materials, the highest amount of lignin is in walnut kernel shells with 41.23 

± 1.14 %, followed by olive stones with 32.45 ± 2.42 %. When the amount of extractive 

substance and the amount of lignin were evaluated together, the bio-polymeric 

materials with the highest total of these two components were determined as olive 

stone and walnut shell. On the contrary, bio-polymeric materials with the highest total 

cellulose content (holocellulose) were determined as apricot kernel shell with 69.11 % 

and hazelnut kernel shell with 65.02 %. However, lignocellulosic materials are known 

to be damaged by the alkaline environment in the cement matrix [237–239]. The 

components most damaged by the alkaline environment are known as lignin and then 

hemicellulose [239]. In this context, when Table 4.2 is examined, when it is considered 

as the sum of lignin and hemicellulose content, the highest value is found in olive stone 

with 62.12 % and then in walnut shell with 61.81 %. The material found to be the 

richest in terms of alpha cellulose content is the apricot kernel with 37.92 ± 0.18 %. 

On the other hand, the lowest amount of alpha cellulose was found in the olive seed 
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with 19.48 ± 1.22 %. In addition, pectin is also included in the values given as the 

extractive substance ratio. The contents of extractive substances are also given in Table 

4.3. 

Table 4.3: Extractive contents of AKS, HKS, WKS, and OS 

Bio-polymeric Admixture 
Extractive (%) 

Waxes, fats, proteins Pectins 

AKS 1.36 2.45 

HKS 3.47 1.20 

WKS 5.89 10.27 

OS 7.76 10.63 

4.2.2 XRD Results of Bio-polymeric Admixtures 

XRD analyzes were carried out to characterize the bio-polymeric admixtures used in 

this thesis. The results of these analyzes are shown in Figure 4.2 and Figure 4.3. 
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Figure 4.2: XRD patterns of OS, AKS, HKS and WKS. 

Figure 4.2 shows that all lignocellulosic bio-polymeric samples have peak 

characteristic for cellulose I (card No. PDF-203-0289) located on 2θ ≈ 14º, 16º, 23º 

and 35º which are ascribed to the (101), (10Ī), (002) and (040) crystallographic plane 

reflection, respectively [240–242]. The X-ray diffractograms of amorphous solids and 

lattice distortion show a wide peak, while solids with crystalline structure have sharper 

peaks indicating larger crystallites [243]. When the figure is examined, it is observed 

that the peaks at 14º, 16º and 35º are not sharp or not obvious. This is in accordance 

with high content of hemicellulose and lignin which contributes to amorphous phase 

[244]. However, according to the literature, the peak at 2θ around 22º corresponds to 

the 002 crystallographic plane of the cellulose I lattice, which is clearly observed in 

Figure 4.2, is an evidence of cellulose as a main component of all lignocellulosic bio-

polymeric materials. Lignocellulosic materials are semi-crystalline materials and the 

tensile strength and elastic modulus have an evident relationship with its crystal 

content [239]. In this context, in order to support these results, crystallinity index 

values were calculated according to Equation (4.1) and given in Table 4.4. 
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 𝐶𝑟𝐼 =  
𝐼002 − 𝐼𝑎𝑚

𝐼002
∗ 100% (4.1) 

where I002 is the maximum intensity of diffraction of the (002) lattice peak at 2θ = 

22.5◦, Iam is the intensity of diffraction contributing to the amorphous fraction, which 

is taken at a 2θ angle between 18º and 19º where the intensity is a minimum [245]. 

Table 4.4: Crystallinity Index of bio-polymeric materials 

Bio-polymeric Admixture Crystallinity Index 

AKS 32.21 % 

HKS 23.78 % 

WKS 22.21 % 

OS 21.77 % 

According to Table 4.4, the bio-polymeric material with the highest crystallinity index 

was determined as the apricot kernel shells. This result supports the experimental 

results of the chemical structures of the biopolymeric materials given in Table 4.2. The 

increased crystallinity indicates that the lower amount of phenolic polymer and 

amorphous components, and as a result, stiffness and embrittlement of natural fiber 

were increased [239]. 
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Figure 4.3: XRD pattern of ES. 

The XRD characterizations of the eggshells are shown in Figure 4.3. The figure 

showed that the eggshell bio-polymeric admixture was composed of calcium 

carbonate, which revealed all diffraction peaks are matched to the crystalline calcite 

phase corresponds to JCPDS card no. (05-0586) [246]. The highest XRD diffraction 

peaks appear at 2θ ≈ 23 º (012), 29º (104), 36º (110), 39º (113), 43º (202), 47.5º (018) 

and 48.5º (116). 

4.2.3 FT-IR Results of Bio-polymeric Admixtures 

The FT-IR spectra of bio-polymeric admixtures were used to determine the vibrational 

frequency changes in the functional groups. The results of FT-IR analyze are shown 

in Figure 4.4 and Figure 4.5. 
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Figure 4.4: FT-IR spectrums of OS, AS, HS and WS 

Figure 4.4 shows that all the bio-polymeric admixture types have similar peaks in the 

FTIR spectra but different intensities. Figure 4.4 shows broad peaks around 3408 cm-

1, which represents the OH (hydroxyl) functional groups with a minor contribution of 

NH functional group [247–250]. The broad peak observed at 3500–3100 cm-1 and 

around 1029 cm-1 in the spectra of the bio-polymeric admixture types corresponds to 

free OH in molecule and OH group forming hydrogen bonds of stretching groups of 

macro-molecular association [247,251,252]. The absorption band at 2923 cm-1 and 

2853 cm-1 is related to asymmetric and symmetric stretching vibration of C–H bonds 

(CH2 and CH3 groups) [247–250,253]. In addition, The characteristic peak located at 

1743 cm-1 and 1655 cm-1 is due to the carbonyl resulting from the hemicellulose 

structure and carboxyl C=O stretching vibrations [248,249,253,254]. Another small 

absorption peak at 1650 and 1613 cm-1 can be associated with the bending vibrations 

of H2O molecules [247–249]. The amide I band at 1646 cm−1 results from the C=O 

stretching in the amides I, II, and III [253]. The small peaks observed at 1515 and 1455 

cm−1 may be attributed to C=C stretching vibrations or asymmetric and symmetric 

stretching vibrations of ion carboxylic groups (1456 cm–1) [248,250].  
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The IR region from 1500 to 800 cm−1 is commonly referred to as the “fingerprint” 

region, which includes bands corresponding to the vibrations of the C-O, C-C, C-H, 

and C-N bonds [253,255]. This region is, on the one hand, very rich in information, 

but, on the other hand, difficult to analyze due to its complexity. This area provides 

important information about organic compounds, such as sugars, alcohols, and organic 

acids, present in the sample [253]. The bands located at about 1417 cm-1 were 

attributed to carboxylate ion (COO-) groups [250]. In addition, the absorption bands 

at 1373 cm-1 indicate the presence of the chemical functional groups, –CH3, –CH2 and 

–CH, which are characteristic for alkanes and alkyl groups, cellulose, hemicellulose, 

and lignin [247,253,254]. The peak at 1239 cm cm-1 is assigned to acetyl groups of 

lignin [251,256]. 1239 cm–1 deformation vibration of C=O and stretching formation of 

the –OH of carboxylic acids and phenols [248,249]. The peak at 1029 cm–1 

corresponds to the C–O band in the –OCH3 groups of lignin [248,257]. The additional 

peak at around 561 cm-1 can be assigned to bending modes of aromatic compounds 

[258]. 

The peak at approximately 3000–3600 cm-1 is due to O–H stretching vibrations in 

cellulose [249]. As analysizing intensity degrees of 3000–3600 cm-1 band in Figure 

4.4, it is observed that cellulose amount is higher in AS and HS than OS and WS, this 

observation also support the results given in Table 4.2. The 1745 cm−1 band 

corresponds to the stretching of the C=O ester carbonyl or carboxylic acid groups, 

which are characteristic of triglycerides and fatty acids [40]. As analysizing intensity 

degrees of around 1745 cm-1 band in Figure 4.4, it is observed that fatty acid amount 

is higher in OS and WS than HS and AS, this observation also support the results given 

in Table 4.2 (according to obviously higher amount of extractives of OS and WS). The 

peak at a wavelength of about 1600 cm−1 is known C = O asymmetric stretching 

resulting from aldehyde, ketone, and carboxylic acid groups. [254,259]. A shoulder 

peak observed at 1720–1740 cm-1 as the characteristic absorption peak of 

hemicellulose [260]. As analysizing intensity degrees of 1740 cm-1 band in Figure 4.4, 

it is observed that hemicellulose amount is higher in OS, this observation also support 

the results given in Table 4.2. Lignin was identified based on the benzene spectrum 

C=C at 1650 cm-1 [261]. As analysizing intensity degrees of 1650 cm-1 band in Figure 

4.4, it is observed that lignin amount is higher in OS and WS than AS and HS, this 

observation also support the results given in Table 4.2. 
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Figure 4.5: FT-IR spectrums of ES 

FTIR analysis was applied to characterize the powdered eggshell bio-polymeric 

admixture sample. The analysis results were shown in Figure 4.5. The IR spectra 

demonstrated broad transmission bands at around 712, 872 cm−1 and 1394 cm−1, which 

are attributed to absorption of CaCO3 molecule. CaCO3 was dominantly found as a 

main content in eggshell powder [262–265]. Also, the medium broadband at 2514 cm−1 

indicates the presence of HCO3 for an eggshell [266]. The absorption that occurred 

around 1795 and 2975 cm−1 correspond to C=O from carbonate ion (CO3−2) [265]. 

Furthermore, the stretching vibration of the CO3
2- group was eventually observed at 

1051-1090 cm−1 [262,267], revealing that the natural base composition of eggshell 

absorbent was carbonate (CO3
2− ). Additionally, the bending band at 3384 cm−1 and 

2514 cm−1 related to the presence of alcohol hydroxyl group (-OH) group and acidic 

hydrogen group (-OH) stretching, respectively [262,268–271]. Also, 3384 cm-1 can 

be associated with the H2O molecules [272]. There was an evidence of a peak at about 

712 cm−1 attributed to the Ca-O bond [262,263]. The bands at 2926 cm−1 represent C-

H vibration, indicating the existence of the organic layers, built from amino acids, in 
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the eggshells [271]. Bands at 1795 and 1645 cm-1 correspond to C=O and carbonyl 

group stretching (amide), respectively [271,273]. 

4.2.4 SEM Image Results of Bio-polymeric Admixtures 

SEM images of the bio-polymeric admixtures are shown in Figure 4.6-Figure 4.10 at 

500x magnification. 

 

Figure 4.6: SEM micrograph of ES 
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Figure 4.7: SEM micrograph of AKS 

 

Figure 4.8: SEM micrograph of HKS 
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Figure 4.9: SEM micrograph of WKS 

 

Figure 4.10: SEM micrograph of OS 
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It was observed from the SEM images, the bio-polymeric admixtures were 

characterized by the presence of irregular particles that tend to form larger 

agglomerates. When the SEM images of the bio-polymeric admixtures are examined, 

it is observed that the grains are in angular and rough structure. Considering this 

particle structure alone, it can be thought that it will reduce the workability properties 

of cement mortars in the first place. However, as will be discussed in more detail in 

the following sections, these materials can serve as good fillers in cement mortar. And 

even the extractive and lignin in lignocellulosic admixtures can be an improving factor 

on the workability. 

The physical appearances of all the bio-polymeric admixtures used were quite different 

from each other (Figure 4.6-Figure 4.10). The microstructure of hazelnut kernel shell 

consisted of amorphous flakes, while the apricot kernel shells had lumpy granular 

structures and olive seed consisted of woody fibrous structure. According to Figure 

4.6 and Figure 4.9, it seems that when the egg shell and walnut kernel shell are grinded, 

they become very fine grains almost to nano size. Also, As previously given in Table 

4.2, the lignin amount is much higher in WKS compared to other lignocellulosic 

materials, while the holocellulose amount is relatively lower. Considering these 

conditions, it has been observed that lignocellulosic materials with low holocellulose 

content and high lignin content gain a more brittle and finer grain size structure when 

ground.  

In addition, microstructure of the bio-polymeric admixtures used in this study and the 

same or similar materials used for different purposes in the literature were compared 

between Figure 4.11-Figure 4.15. 

  

Figure 4.11: SEM micrographs of (a) limestone powder [274], (b) ES at 5000x 

magnification 
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Figure 4.12: SEM micrographs of (A) apricot shell [275], (B) AKS at 5000x 

magnification 

 

  

Figure 4.13: SEM micrographs of (A) hazelnut shell [276], (B) HKS at 5000x 

magnification 

  

Figure 4.14: SEM micrographs of (A) lignin [277], (B) WKS at 5000x magnification 
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Figure 4.15: SEM micrographs of (A) hazelnut shell [278], (B) HKS at 5000x 

magnification 

Figure 4.11 revealed that since the eggshell contains a very large proportion of calcium 

carbonate, it has almost the same grain shape and properties as powdered limestone. 

In Figure 4.12, it was determined that the ground apricot kernel shell used in this study 

and the ground apricot kernel shell used in the other studies in literature had similar 

grain shapes. A similar phenomenon also applies to the ground hazelnut kernel shell 

in Figure 4.13. Similar to the harmony of the grain properties of the egg shell due to 

the content affinity with the limestone, it can be easily observed from Figure 4.14 that 

the grain shape and properties of the ground walnut shells coincide with raw lignin due 

to the high lignin content of the ground walnut shells. Also, the layered and cracked 

surface of the ground olive seed is in agreement with other examples in the literature 

Figure 4.15. 

4.2.5 Evaluation of the Characterization of Bio-polymeric 

Admixtures 

The detailed characterization study of ES, AKS, HKS, WKS, and OS bio-polymeric 

admixtures to be used in this thesis study was carried out with XRD, FT-IR and SEM 

analyzes. In addition, the amount of extractive, lignin, hemicellulose, and cellulose as 

chemical components of bio-polymeric additives in lignocellulosic structure were 

determined as percentages.  

Many factors such as the way the lignocellulosic wastes are collected, the growing 

type of the mother plant and the growing shade play an important role in the chemical 

composition of the material. Therefore, the chemical content of each lignocellulosic 

additive was found to be different by the researchers. Therefore, the chemical structure 
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of bio-polymeric admixtures in four different lignocellulosic structures used in this 

study was experimentally determined. In waste lignocellulosic type biopolymeric 

additives, the highest extractive, lignin, hemicellulose and cellulose contents were 

determined in OS (18.39 ± 0.26 %), WKS (41.23 ± 1.14 %), HKS (31.73 ± 1.78 %), 

and AKS (37.92 ± 0.18 %), respectively. The lowest extractive, lignin, hemicellulose 

and cellulose contents were determined in AKS (3.81 ± 0.11 %), AKS (27.07 ± 0.19 

%), WKS (20.58 ± 4.24 %), and OS (19.48 ± 1.22 %), respectively.  

In XRD analysis, lignin, hemicellulose, and cellulose were determined, which supports 

the experimentally found chemical contents of lignocellulosic admixtures. 

Lignocellulosic admixtures were found as semicrystalline materials and the highest 

crystallinity index was found as 32.21 % with AKS, which had the highest alpha 

cellulose content. It was determined that the ES biopolymeric additive also consisted 

of a high amount of CaCO3, as a result of XRD analysis. FT-IR analyzes of 

biopolymeric additives also support the amount of substances found in the 

experimental content determination and XRD analysis results. OH groups, which are 

the main groups that provide water retention in cellulosic materials, were clearly seen 

in FT-IR analyzes. In addition, the high amount of lignin in the walnut kernel shell and 

fatty acids in the olive seed were also detected. 

As can be observed, the bio-polymeric admixtures evaluated in this study are 

composite materials consisting of a combination of more than one substance. For this 

reason, each component can impart different properties to the mortar. Fatty acids in 

the composition of the extractives can add water repellency to the cement mortar. It is 

known that lignin is an important substance used for cement dispersion. Cellulos are 

used as water-retaining materials in cement mortars. In addition, calcium carbonate, 

which is found in high amounts in egg shells, is tried as a filling material in many 

studies. For this reason, it is important to understand the internal structure of bio-

polymeric admixtures in order to predict what kind of benefit they can provide to the 

cement mortar. 
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4.3 Effect of Bio-polymeric Admixtures on Composite 

Cement Mortars and Comparison with Some 

Chemical Admixtures 

4.3.1 Fresh and Hardened Unit Weight of Mortars 

Fresh and hardened unit weights of composite cement mortars are given in Table 4.5- 

Table 4.8. 

Table 4.5: Composite cement mortar mixture combinations with 0/45 μm grain size 

bio-polymeric admixtures 

Mix code Fresh Unit Weight (kg/m3) Hardened Unit Weight (kg/m3) 

R 2270 2204 

ES0.2 2257 2231 

ES0.35 2154 2116 

ES0.5 2157 2130 

ES1.0 2143 2124 

ES1.5 2139 2109 

AKS0.2 2232 2151 

AKS0.35 2114 2095 

AKS0.5 2073 2141 

AKS1.0 2199 2105 

AKS1.5 2118 2093 

HKS0.2 2125 2079 

HKS0.35 2111 2074 

HKS0.5 2177 2111 

HKS1.0 2095 2077 

HKS1.5 2118 2076 

WKS0.2 2069 2044 

WKS0.35 2064 2011 

WKS0.5 2041 2021 



111 

 

Table 4.5 (Continued): Composite cement mortar mixture combinations with 

0/45 μm grain size bio-polymeric admixtures 

Mix code Fresh Unit Weight (kg/m3) Hardened Unit Weight (kg/m3) 

WKS1.0 2127 2074 

WKS1.5 2158 2085 

OS0.2 2015 1904 

OS0.35 2014 1954 

OS0.5 2021 1959 

OS1.0 2078 2003 

OS1.5 2133 2064 

 

Table 4.6: Composite cement mortar mixture combinations with 0/125 μm grain size 

bio-polymeric admixtures 

Mix code Fresh Unit Weight (kg/m3) Hardened Unit Weight (kg/m3) 

R 2270 2204 

ES0.2 2260 2246 

ES0.35 2274 2236 

ES0.5 2267 2247 

ES1.0 2262 2193 

ES1.5 2195 2181 

AKS0.2 2264 2209 

AKS0.35 2248 2194 

AKS0.5 2227 2162 

AKS1.0 2194 2167 

AKS1.5 2183 2162 

HKS0.2 2271 2199 

HKS0.35 2198 2100 

HKS0.5 2198 2105 

HKS1.0 2170 2115 

HKS1.5 2160 2111 

WKS0.2 2148 2078 
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Table 4.6 (Continued): Composite cement mortar mixture combinations with 

0/125 μm grain size bio-polymeric admixtures 

Mix code Fresh Unit Weight (kg/m3) Hardened Unit Weight (kg/m3) 

WKS0.35 2191 2101 

WKS0.5 2141 2114 

WKS1.0 2200 2135 

WKS1.5 2258 2201 

OS0.2 2077 1991 

OS0.35 2052 2023 

OS0.5 2088 2040 

OS1.0 2183 2105 

OS1.5 2183 2165 

 

Table 4.7: Composite cement mortar mixture combinations with 125/250 μm grain 

size bio-polymeric admixtures 

Mix code Fresh Unit Weight (kg/m3) Hardened Unit Weight (kg/m3) 

R 2270 2204 

ES0.2 2244 2168 

ES0.35 2237 2092 

ES0.5 2243 2156 

ES1.0 2194 2134 

ES1.5 2156 2017 

AKS0.2 2291 2127 

AKS0.35 2167 2122 

AKS0.5 2277 2175 

AKS1.0 2134 2195 

AKS1.5 2285 2197 

HKS0.2 2245 2188 

HKS0.35 2136 2190 

HKS0.5 2117 2187 

HKS1.0 2182 2148 

HKS1.5 2170 2068 



113 

 

Table 4.7 (Continued): Composite cement mortar mixture combinations with 

125/250 μm grain size bio-polymeric admixtures 

Mix code Fresh Unit Weight (kg/m3) Hardened Unit Weight (kg/m3) 

WKS0.2 2248 2156 

WKS0.35 2105 2168 

WKS0.5 2236 2163 

WKS1.0 2095 2079 

WKS1.5 2093 2043 

OS0.2 2168 2103 

OS0.35 2088 2014 

OS0.5 2077 1972 

OS1.0 2059 2001 

OS1.5 2052 2021 

 

Table 4.8: Composite cement mortar mixture combinations with chemical 

admixtures 

Mix code Fresh Unit Weight (kg/m3) Hardened Unit Weight (kg/m3) 

R 2270 2204 

CS0.2 2282 2251 

CS0.35 2278 2238 

CS0.5 2281 2247 

CS1.0 2256 2223 

CS1.5 2239 2204 

PCE0.01 2296 2243 

PCE0.025 2279 2198 

PCE0.05 2196 2102 

PCE0.1 2213 2178 

PCE0.2 2391 2309 

SMF0.05 2284 2238 

SMF0.1 2268 2224 

SMF0.2 2263 2214 

SMF0.35 2381 2307 
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Table 4.8 (Continued): Composite cement mortar mixture combinations with 

chemical admixtures 

Mix code Fresh Unit Weight (kg/m3) Hardened Unit Weight (kg/m3) 

SMF0.5 2377 2288 

TA0.03 2282 2205 

TA0.05 2177 2166 

TA0.1 2285 2178 

TA0.2 2179 2166 

TA0.35 2248 2230 

As the unit volume mass results were examined, there was a slight decrease in the unit 

volume mass of the mortars when all other bio-polymeric materials were used as 

admixtures in the mortars, except for ES. In particular, as the grain size of the bio-

polymeric admixtures increases, the decrease in the unit volume mass values of the 

mortars becomes more evident. The chemical composition of lignocellulosic materials 

includes fatty acids, lignin and cellulose. It has been determined in studies conducted 

by researchers that fatty acids have some air-entraining properties in cement-binding 

products [102]. In addition, it has been determined by researchers that lignin and 

cellulose additives have some air-entraining effect in cementitious products 

[277,279,280]. Results similar to the literature were also obtained in this thesis study 

and the unit volume mass values of the mortars in which bio-polymeric admixtures 

used were determined to be lower than the unit volume mass value of the reference 

mortar. This indicates that there is more void left in the mortar during the molding of 

the fresh mortars. Thus, bio-polymeric admixtures entrain some air in cementitious 

mortars. In the use of eggshell, the opposite effect is observed, and eggshell powder 

can fill the voids with its good filling feature [152]. Thus, no significant decrease was 

recorded in the unit volume mass values of the mortars produced with this admixture. 

4.3.2 Flowability of Mortars 

While preparing the cement mortar samples, the flow diameter values of the samples 

prepared in the flow table were determined depending on the bio-polymeric admixture 

particle size and usage rate. The flow diameter values of the test samples are given in 

Table 4.9. Flow diameters of fresh mortars depending on the bio-polymeric admixture 



115 

 

particle size and using rates in the mortar are shown in between Figure 4.16 and Figure 

4.20. 

Table 4.9: Flow diameter values of test specimens 

 Flow Diameters (mm) 

Mix Code 0/45 μm 0/125 μm 125/250 μm 

R 120.36 120.36 120.36 

ES0.2 125.25 131.13 123.25 

ES0.35 128.75 130.15 123.75 

ES0.5 129.00 132.90 117.50 

ES1.0 128.13 134.80 113.00 

ES1.5 125.13 128.00 111.50 

AKS0.2 130.00 143.29 116.00 

AKS0.35 130.75 142.08 114.25 

AKS0.5 131.75 140.81 114.00 

AKS1.0 119.75 139.86 112.00 

AKS1.5 114.00 121.10 110.00 

HKS0.2 123.63 122.63 118.50 

HKS0.35 132.00 122.79 116.50 

HKS0.5 123.88 123.50 114.25 

HKS1.0 117.25 121.83 111.50 

HKS1.5 109.50 118.11 110.00 

WKS0.2 138.13 163.80 118.00 

WKS0.35 138.75 155.25 117.00 

WKS0.5 139.63 152.94 112.50 

WKS1.0 117.75 135.16 109.50 

WKS1.5 104.00 127.85 105.00 

OS0.2 137.50 149.17 135.50 

OS0.35 147.00 157.76 136.00 

OS0.5 141.50 159.06 141.50 

OS1.0 131.00 146.61 144.00 

OS1.5 112.75 126.51 129.25 
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Figure 4.16: Flow diameters of ES admixed cement mortars 

 

 
Figure 4.17: Flow diameters of AKS admixed cement mortars 
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Figure 4.18: Flow diameters of HKS admixed cement mortars 

 

Figure 4.19: Flow diameters of WKS admixed cement mortars 
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Figure 4.20: Flow diameters of OS admixed cement mortars 
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is lignin (28.15% - 49.18 % by weight). The lignin, which is bound with cellulose and 

hemicellulose, can be released after the celluloses dissolved in alkaline environment 
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determined by some researchers that some fatty acids, especially fatty acids in olive 

seeds (i.e. oleic and linoleic acid), have a dispersing effect on cement particles by 

electrostatic repulsion and steric effect [103,284]. 

Flow diameter of reference sample was 120.36 mm. When ES additive was used, the 

maximum improvement in flowability was determined as 12 % (125ES1.0). The flow 

diameter value of the 125AKS0.2 mixture improved by 19.05% compared to the flow 

diameter of the reference sample. Flow diameter value of the 45HKS0.35 mixture 

improved by 9.67 % compared to the flow diameter of the reference sample. The two 

admixtures that contributed the most to the cement mortar in terms of flowability were 

WKS with high lignin ratio and OS with high extractive ratio. When the grain size of 

these two admixtures is 0/125 μm like the others, the increase in flow diameters is 

greater. Compared to the reference mixture, 125WKS0.2 and 125OS0.5 improved the 

flow diameters by 36.09 % and 32.19 %, respectively. The general trend observed in 

the flowability of the mortars is an increase with the use of 0.2, 0.35 and 0.5 % bio-

polymeric admixtures usage, and a decrease in the flow diameter of the mortars with 

the use of 1% and 1.5% bio-polymeric admixture. The general reason for this decrease 

is that the bio-polymeric admixtures grains are agglomerated. 

When the graphs shown above are examined, when 125/250 μm particle size 

distribution is used, the flowability improving feature of bio-polymeric admixtures in 

mortars decreases. The reason for this is that the grain structure of the bio-polymeric 

admixtures is closer to the fiber structure in this grain size distribution. 

The interaction of flow diameter values with the components that make up the 

chemical structure of the bio-polymeric admixtures are shown in Figure 4.21 - Figure 

4.23. 
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Figure 4.21: Relationship between chemical contents of 0/45 μm bio-polymeric 

admixture and flow diameter 

 

Figure 4.22: Relationship between chemical contents of 0/125 μm bio-polymeric 

admixture and flow diameter 
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Figure 4.23: Relationship between chemical contents of 125/250 μm bio-polymeric 

admixture and flow diameter 

According to Figure 4.21, Figure 4.22 and Figure 4.23, it was determined that the 

extractive and lignin content of bio-polymeric admixtures increased the flowability of 

the cement mortar. In addition, it was determined that bio-polymeric admixtures with 

higher extractive and lignin ratios had a greater plasticizing effect.  

The sum of the extractive and lignin content is 57.39 % in the walnut shell, 50.84 % 

in the olive seed, 34.98 % in the hazelnut shell and 30.89 % in the apricot shell, 
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micron particle size admixtures is lower than 0/125 μm particle size admixtures. 

Similarly, low diameters of the mortars with bio-polymeric admixtures with a grain 

size of 125/250 microns are lower than the flow diameters of the mortars with bio-

polymeric admixtures with a grain size of 0/125 μm. The reason for this is that when 

the bio-polymeric admixtures are ground in coarser sizes, the grain shapes turn into a 

more fibrous structure. Such fibrous grains increase the consistency of the mortar. 

Since the amount of water was kept constant, the consistency of the mortar was higher. 

Therefore, flow diameter was determined to be lower. 

When the flow diameters of the eggshell added products were examined, it was 

determined that the flow diameters changed the very little compared to the control 

specimen (Figure 4.16). 

Since it was determined that the bio-polymeric admixtures used in this thesis improved 

the flowability of the cement mortar, cement mortars were produced with two different 

superplasticizer admixture and their flowability was tested in order to compare this 

property of bio-polymeric admixtures. Test results are presented in Figure 4.24. 

 

Figure 4.24: Flow diameters of PCE and SMF admixed cement mortars 
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understood from the coding of the figures, these chemicals were not used in cement 

mortars at such high rates as bio-polymeric admixtures, since the plasticizing feature 

of superplasticizers is very strong. When looking at the highest improving rates, the 

use of 0.2 wt.% of PCE in the mortar increased the flow diameter by 91.92 % compared 

to the reference mix. Similarly, the use of 0.5 wt.% of SMF increased the flow diameter 

by 77.89% compared to the reference mixture.  

On the other hand, it can be concluded that instead of 0.03 wt.% polycarboxylate based 

superplasticizer or 0.20 wt.% melamine sulphonate based superplasticizer, 0.2 wt.% 

walnut shell powder or 0.50 wt.% ground olive seed can be used in mortars for which 

the flowability value is desired to improve. Thus, it has been determined that bio-

polymeric admixtures can be used instead of superplasticizers by taking advantage of 

the fluidization feature of bio-polymeric admixtures up to a certain flow diameter 

value. 

4.3.3 Setting Time of Mortars 

The initial and final setting values of the test specimens are given in the Table 4.10. 

The setting time values of mortars depending on the bio-polymeric admixture particle 

size and the rate of use in the mortar are shown in between Figure 4.25 to Figure 4.29 

below. 

Table 4.10: Initial and final setting times of test specimens 

 Setting Times (min) 

Mix Code 
0/45 μm 0/125 μm 125/250 μm 

Initial Final Initial Final Initial Final 

R 90 235 90 235 90 235 

ES0.2 105 155 95 245 110 230 

ES0.35 105 160 105 230 95 225 

ES0.5 110 160 110 230 95 180 

ES1.0 115 160 105 255 60 160 

ES1.5 105 175 110 245 65 150 

AKS0.2 70 140 165 295 115 190 

AKS0.35 165 215 190 320 125 170 
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Table 4.10 (Continued): Initial and final setting times of test specimens 

Mix Code 

Setting Times (min) 

0/45 μm 0/125 μm 125/250 μm 

Initial Final Initial Final Initial Final 

AKS0.5 145 245 220 365 140 210 

AKS1.0 95 265 220 415 95 215 

AKS1.5 45 200 50 280 65 215 

HKS0.2 100 175 160 220 90 205 

HKS0.35 105 180 185 240 95 200 

HKS0.5 125 205 170 295 90 180 

HKS1.0 95 180 110 310 85 170 

HKS1.5 50 155 100 300 45 140 

WKS0.2 205 315 250 400 100 235 

WKS0.35 220 325 260 525 95 235 

WKS0.5 260 405 315 585 60 250 

WKS1.0 95 345 85 395 40 155 

WKS1.5 75 165 70 230 15 100 

OS0.2 100 275 220 300 165 250 

OS0.35 215 315 295 390 185 285 

OS0.5 200 345 320 435 205 300 

OS1.0 115 340 275 570 265 370 

OS1.5 90 300 135 475 95 325 
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Figure 4.25: Initial setting times of ES admixed cement mortars 

 

Figure 4.26: Initial setting times of AKS admixed cement mortars 
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Figure 4.27: Initial setting times of HKS admixed cement mortars 

 

Figure 4.28: Initial setting times of WKS admixed cement mortars 
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Figure 4.29: Initial setting times of OS admixed cement mortars 
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delayed the initial setting times by 250.00 % and 255.55 %, respectively. The general 

trend observed in the initial setting time of the mortars is an increase with the use of 

0.2, 0.35 and 0.5 % bio-polymeric admixtures, and a decrease in the initial setting 

times of the mortars with the use of 1% and 1.5% bio-polymeric admixture. The 

general reason for this is the increase in the water requirement with the increase in the 

bio-polymeric admixture ratio and the fact that no water is added to the mortar due to 

the constant w/c ratio within the scope of the study, and the consistency of the fresh 

mortar is close to dry. In addition, the initial setting times of the mortars using bio-

polymeric additives in the range of 0/45 μm, which can be considered as fine size, and 

the range of 125/250 μm, which can be considered as coarse size, were determined to 

be lower than the initial setting times of the mortars using bio-polymeric additives in 

the range of 0/125 μm. The reason for this is due to the loss of consistency of the 

mortar with the use of very fine or very coarse size bio-polymeric admixtures. 

The interaction of initial setting times with the components that make up the chemical 

structure of the bio-polymeric admixtures are shown in Figure 4.30, Figure 4.31 and 

Figure 4.32. 

 

Figure 4.30: Relationship between chemical contents of 0/45 μm bio-polymeric 

admixture and initial setting time 
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Figure 4.31: Relationship between chemical contents of 0/125 μm bio-polymeric 

admixture and initial setting time 

 

Figure 4.32: Relationship between chemical contents of 125/250 μm bio-polymeric 

admixture and initial setting time 
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According to Figure 4.30, Figure 4.31 and Figure 4.32, it was determined that the 

extractive and lignin content of bio-polymeric admixtures delayed the initial setting 

time of the cement mortar. In addition, it was determined that bio-polymeric admixture 

with higher extractive and lignin ratios had a greater set retarding effect. The sum of 

the extractive and lignin content is 57.39 % in the walnut shell, 50.84 % in the olive 

seed, 34.98 % in the hazelnut shell and 30.89 % in the apricot shell, respectively. 

Considering this information, when above figures between Figure 4.26 and Figure 4.29 

are examined, the materials that delay the initial set the most were WS and OS 

admixtures for all three dimensional fractions (0/45, 0/125 and 125/250 μm). When all 

the mixtures are taken into consideration, the grain size with the most retarding effect 

among all grain sizes was 0/125 μm. 

When 0/45 μm particle size is used as bio-polymeric materials, water requirement 

increases because more bio-polymeric admixture particles enter the mortar compared 

to 0/125 μm particle distribution. Since the amount of water in the mixtures is kept 

constant, the increasing water demand cannot be met, and the setting retardation 

feature of 0/45 μm particle size admixtures is lower than 0/125 μm particle size 

admixtures. In addition, very fine materials can agglomerate around the cement 

particles and slow down the hydration by cutting off the water content of the cement 

[285]. Similar to 0/45 μm particle size admixtures, the initial setting times of the 

mortars with bio-polymeric admixtures with a grain size of 125/250 μm are lower than 

the initial setting times of the mortars with bio-polymeric admixtures with a grain size 

of 0/125 μm. The reason for this is that when the bio-polymeric admixtures are ground 

in coarser sizes, the grain shapes turn into a more fibrous structure. Such fibrous grains 

increase the water requirement of the mortar. Since the amount of water was kept 

constant, the consistency of the mortar was higher. Therefore, the initial setting time 

was determined to be lower. When the initial setting times of the eggshell admixed 

mixtures were examined, it was determined that the initial setting delayed very little 

compared to the control specimen (Figure 4.25). 

Since it was determined that the bio-polymeric admixtures used in this thesis have the 

ability to delay the initial setting times of the cement mortars, cement mortars were 

produced with a setting retarder admixture and their initial setting times were tested in 

order to compare this property of bio-polymeric admixtures. Test results are presented 

in Figure 4.33. 
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Figure 4.33: Initial setting times of TA admixed cement mortars 

When Figure 4.33 is examined, tartaric acid, known and used as a set retarder, delayed 

the initial setting of fresh mortars for 235 minutes. When the figures are examined, it 
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Figure 4.34: Final setting times of ES admixed cement mortars 

 

 

Figure 4.35: Final setting times of AKS admixed cement mortars 
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Figure 4.36: Final setting times of HKS admixed cement mortars 

 

Figure 4.37: Final setting times of WKS admixed cement mortars 
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Figure 4.38: Final setting times of OS admixed cement mortars  
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for this is that the 0/125 μm grain distribution in bio-polymeric admixtures has filling 

effect on the mortars at the optimum level and thus reduces the water demand. 

The interaction of initial setting times with the components that make up the chemical 

structure of the bio-polymeric admixtures are shown in Figure 4.39, Figure 4.40 and 

Figure 4.41. 

 

Figure 4.39: Relationship between chemical contents of 0/45 μm bio-polymeric 

admixture and final setting time 
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Figure 4.40: Relationship between chemical contents of 0/125 μm bio-polymeric 

admixture and final setting time 

 

Figure 4.41: Relationship between chemical contents of 125/250 μm bio-polymeric 

admixture and final setting time 
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According to Figure 4.39, Figure 4.40 and Figure 4.41, it was determined that the 

extractive and lignin content of bio-polymeric admixtures delayed the final setting 

time of the cement mortar. In addition, it was determined that bio-polymeric admixture 

with higher extractive and lignin ratios had a greater set retarding effect. The sum of 

the extractive and lignin content is 57.39 % in the walnut shell, 50.84 % in the olive 

seed, 34.98 % in the hazelnut shell and 30.89 % in the apricot shell, respectively. 

Considering this information, when above figures between Figure 4.35 and Figure 4.38 

are examined, the materials that delay the initial set the most were WS and OS 

admixtures for all three dimensional fractions (0/45, 0/125 and 125/250 μm). When all 

the mixtures are taken into consideration, the grain size with the most retarding effect 

among all grain sizes was 0/125 μm. It has been determined that the final setting time 

of the mortars and the initial setting times exhibit similar trends. 

When 0/45 μm particle size is used as bio-polymeric materials, water requirement 

increases because more bio-polymeric admixture particles enter the mortar compared 

to 0/125 μm particle distribution. Since the amount of water in the mixtures is kept 

constant, the increasing water demand cannot be met, and the setting retardation 

feature of 0/45 μm particle size admixtures is lower than 0/125 μm particle size 

admixtures. In addition, very fine materials can agglomerate around the cement 

particles and slow down the hydration by cutting off the water content of the cement 

[285]. Similar to 0/45 μm particle size admixtures, the final setting times of the mortars 

with bio-polymeric admixtures with a grain size of 125/250 μm are lower than the final 

setting times of the mortars with bio-polymeric admixtures with a grain size of 0/125 

μm. The reason for this was thought to be due to the fact that the grain shapes turn into 

a more fibrous structure when the biopolymeric additives are ground in larger sizes. 

Such fibrous grains increase the water requirement of the mortar. Since the amount of 

water was kept constant, the consistency of the mortar was higher. Therefore, the initial 

setting time was determined to be lower.   

Since it was determined that the bio-polymeric admixtures used in this thesis have the 

ability to delay the initial and final setting times of the cement mortars, cement mortars 

were produced with a setting retarder admixture and their final setting times were 

tested in order to compare this property of bio-polymeric admixtures. Test results are 

presented in Figure 4.42. 
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Figure 4.42: Final setting times of TA admixed cement mortars 
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comparing to the reference mixture, 125WKS0.5 and 125OS1.0 delayed the initial 

setting times by 148.94 % and 142.55 %, respectively. 

It can be concluded that instead of up to 0.10 wt.% tartaric acid, up to 0.50 wt.% 0/125 

μm sized walnut shell powder or up to 1.0 wt.% ground olive seed can be used in 

mortars for desired final set delaying. Thus, it has been determined that bio-polymeric 

admixtures can be used instead of setting retarders by taking advantage of the slowing 

hydration feature of bio-polymeric admixtures up to a certain ratio. 

4.3.4 Water Absorption of Mortars 

The capillary water absorption and mass water absorption values of the test specimens 

are given in Table 4.11. The capillary water absorption values of mortars depending 

on the bio-polymeric admixture particle size and the rate of use in the mortar are shown 

in between Figure 4.43 to Figure 4.47 below. 

Table 4.11: Water absorption values of test specimens 

 Water Absorption 

Mix Code 

0/45 μm 0/125 μm 125/250 μm 

Capillary 

(g/cm2.min0.5) 

Mass 

(%) 

Capillary 

(g/cm2.min0.5) 

Mass 

(%) 

Capillary 

(g/cm2.min0.5) 

Mass 

(%) 

R 0.60 6.84 0.60 6.84 0.60 6.84 

ES0.2 0.64 6.34 0.72 6.61 0.33 6.4 

ES0.35 0.67 5.16 0.82 6.56 0.43 7.08 

ES0.5 0.79 5.48 0.90 6.43 0.51 7.68 

ES1.0 0.70 5.82 0.81 6.20 0.49 7.02 

ES1.5 0.68 6.84 0.86 6.20 0.50 6.58 

AKS0.2 0.61 4.32 0.41 6.59 0.38 7.34 

AKS0.35 0.62 4.22 0.33 6.22 0.41 6.34 

AKS0.5 0.62 4.18 0.32 6.06 0.42 5.44 

AKS1.0 0.63 3.86 0.30 5.94 0.45 5.04 

AKS1.5 0.83 3.44 0.31 5.93 0.46 4.6 

HKS0.2 1.00 6.46 0.29 5.55 0.27 6.44 

HKS0.35 0.79 5.32 0.23 4.99 0.34 6.00 
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Table 4.11 (Continued): Water absorption values of test specimens 

Mix Code 

Water Absorption 

0/45 μm 0/125 μm 125/250 μm 

Capillary 

(g/cm2.min0.5) 

Mass 

(%) 

Capillary 

(g/cm2.min0.5) 

Mass 

(%) 

Capillary 

(g/cm2.min0.5) 

Mass 

(%) 

HKS0.5 0.75 4.6 0.16 4.81 0.35 5.88 

HKS1.0 0.61 3.26 0.15 3.66 0.38 4.52 

HKS1.5 0.55 3.2 0.17 3.61 0.40 3.70 

WKS0.2 0.50 3.82 0.48 6.23 0.44 6.80 

WKS0.35 0.54 3.32 0.36 5.99 0.49 5.86 

WKS0.5 0.60 2.88 0.27 6.03 0.53 5.78 

WKS1.0 0.62 2.32 0.30 6.00 0.63 5.88 

WKS1.5 0.65 2.12 0.33 5.98 0.67 6.28 

OS0.2 0.54 3.14 0.21 4.81 0.55 6.12 

OS0.35 0.52 2.92 0.13 4.65 0.56 4.52 

OS0.5 0.49 2.44 0.10 4.55 0.57 3.62 

OS1.0 0.44 2.38 0.10 3.3 0.57 3.32 

OS1.5 0.34 2.18 0.15 2.29 0.55 2.80 
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Figure 4.43: Capillary water absorption of ES admixed cement mortars 

 

 

Figure 4.44: Capillary water absorption of AKS admixed cement mortars 
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Figure 4.45: Capillary water absorption of HKS admixed cement mortars  

 

Figure 4.46: Capillary water absorption of WKS cement mortars 
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Figure 4.47: Capillary water absorption of OS admixed cement mortars 
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0/125 μm. Capillary water absorption of mortars with this grain size can be reduced 

up to 83.33%. 

The interaction of capillary water absorption values with the components that make up 

the chemical structure of the bio-polymeric admixtures are shown in Figure 4.48, 

Figure 4.49 and Figure 4.50. 

 

Figure 4.48: Relationship between chemical contents of 0/45 μm bio-polymeric 

admixture and capillary water absorption 
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Figure 4.49: Relationship between chemical contents of 0/125 μm bio-polymeric 

admixture and capillary water absorption 

 

Figure 4.50: Relationship between chemical contents of 125/250 μm bio-polymeric 

admixture and capillary water absorption 
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According to Figure 4.48, Figure 4.49 and Figure 4.50, it was determined that the 

extractive and lignin content of bio-polymeric admixtures considerably improve water 

stability of the cement mortars. It is known that the fatty acids in the extractives are 

used as a water repellant in cement products [286,287]. In addition, lignin can reduce 

the water absorption characteristic of cement-bound materials thanks to its 

hydrophobic structure [288]. Similarly, it was determined that bio-polymeric 

admixture with higher extractive and lignin ratios had a greater water repellent effect. 

The sum of the extractive and lignin content is 57.39 % in the walnut shell, 50.84 % 

in the olive seed, 34.98 % in the hazelnut shell and 30.89 % in the apricot shell, 

respectively. Considering this information, when above figures between Figure 4.48 

and Figure 4.50 are examined, the admixtures that have water repellent effect most 

were WS and OS admixtures for 0/45 μm and 0/125 μm grain size distributions. On 

the other hand, the grain sizes of lignocellulosic materials after grinding change the 

percentage of chemicals that make up the material. Queirós et al. [289] in their study 

on walnut, almond, and pine nut shells, it was determined that the extractive content 

of lignocellulosic materials increased slightly with the decrease in grain size, while the 

lignin ratios decreased slightly. Analyzing Figure 4.50, In this study, when admixtures 

with 125/250 μm grain size distribution, which can be considered as coarse size, are 

used, the opposite situation appears to be the case with the capillary water absorption 

results of mortars using other size admixtures in this study. On the other hand, when 

coarse particle size admixtures were used, lignin of AKS and HKS additives was 

released more, and extractives of WKS and OS additives remained less. Thus, AKS 

and HKS have become more effective in capillary water absorption in large sizes. 

Withal, when all the mixtures are taken into consideration, the grain size with the most 

water repellent effect among all grain sizes was 0/125 μm. Especially thanks to the 

fatty acids, triacylglycerols and high amount of lignin found in the olive seed, the water 

absorption values of 125OS series were further determined as the lowest capillary 

water absorbed series. 

Since it was determined that the bio-polymeric admixtures used in this thesis have the 

ability to reduce capillary water absorption of cement mortars, cement mortars were 

produced with a water repellent admixture and its capillary water absorption was tested 

in order to compare this property of bio-polymeric admixtures. Test results are 

presented in Figure 4.51. 
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Figure 4.51: Capillary water absorption of CS admixed cement mortars 
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capillary water absorption decreased by 75% in 125HKS1.0 mixture and 83.33 % in 

125OS0.5 and 125OS1.0 mixtures. For this reason, in order to reduce the capillary 

water absorption values, instead of using up to 1% calcium stearate, 0.5% HKS and 

1.0% OS additives can be used in mortars in 0/125 micron grain distribution, 

respectively. 

In addition, the mass water absorption of all mortars was also measured. The water 

absorption values measured by immersion are given in between Figure 4.52 and Figure 

4.56. 

 

Figure 4.52: Mass water absorption of ES admixed cement mortars 
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Figure 4.53: Mass water absorption of AKS admixed cement mortars 

 

Figure 4.54: Mass water absorption of HKS admixed cement mortars 
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Figure 4.55: Mass water absorption of WKS admixed cement mortars 

 

Figure 4.56: Mass water absorption of OS admixed cement mortars 

When the graphs between Figure 4.52 and Figure 4.56 were examined, it was 

determined that the grain size of the used bio-polymeric admixture made a difference 

between the mass water absorption and capillary water absorption characteristics of 

cement mortars. Capillary water absorption values in the majority of cement mortars 

0

1

2

3

4

5

6

7

8

0 0.2 0.35 0.5 1 1.5

W
at

er
 a

b
so

rp
ti

o
n
 (

w
t.

%
)

Bio-polymeric admixture usage level (%)

45WKS 125WKS 125250WKS

0

1

2

3

4

5

6

7

8

0 0.2 0.35 0.5 1 1.5

W
at

er
 a

b
so

rp
ti

o
n
 (

w
t.

%
)

Bio-polymeric admixture usage level (%)

45OS 125OS 125250OS



151 

 

were determined at the lowest level in the use of 0/125 μm admixtures. However, the 

lowest values of water absorption by mass (least absorbent) were observed in cement 

mortars where admixtures with 0/45 μm particle distribution were used. The reason 

for this is that when lignocellulosic materials are grounded in smaller grain sizes, the 

amount of extractive substance is released more. This feature is more evident in mass 

water absorption tests rather than capillary water absorption values. As expected, the 

water absorption values by mass of cement mortars with olive seed admixtures with 

higher extractive content were found to be the lowest for all the grain size fractions. In 

addition, the water absorption values by mass of the mortar specimens in which the 

WS admixture with 0/45 μm particle size distribution was used were determined to be 

quite low. 

In particular, when fine size (0/45 μm) ES admixture is used, a reduction of up to 24.56 

% in the water absorption characteristics of cement mortars has been determined. 

However, as the ES grain size increased, the water absorption properties of the mortars 

increased. Similar results were obtained in studies using eggshell powder and it was 

stated by researchers that very fine grained eggshell reduces the water absorption 

property of mortars [246,293]. One of the main reasons for the decrease in water 

absorption with ES admixture is filling the pores with ES and another is the reaction 

of ES with C3S, thus reducing the pores. The water absorption value of the reference 

mixture was determined as 6.84 %. The lowest water absorption values in AKS, HKS, 

WKS and OS mixtures were exhibited in the 0/45 μm grain size distribution and were 

determined as 3.44, 3.20, 2.12, and 2.18%, respectively. It has been noted that as the 

usage rate of lignocellulose bio-polymeric admixtures increases, the water absorption 

values of the mortar decrease. The reason for this decrease is that more extractive is 

released in bio-polymeric additives used in lower sizes and these extractives add more 

hydrophobic properties to the mortar. 

In addition, the interaction of mass water absorption values with the components that 

make up the chemical structure of the bio-polymeric admixtures are shown in Figure 

4.57, Figure 4.58 and Figure 4.59. 
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Figure 4.57: Relationship between chemical contents of 0/45 μm bio-polymeric 

admixture and mass water absorption 

 

Figure 4.58: Relationship between chemical contents of 0/125 μm bio-polymeric 

admixture and mass water absorption 
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Figure 4.59: Relationship between chemical contents of 125/250 μm bio-polymeric 

admixture and mass water absorption 
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Figure 4.60: Capillary water absorption of CS admixed cement mortars 
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bio-polymeric admixture particle size and the rate of use in the mortar are presented in 

between Figure 4.61 and Figure 4.65 below. 

Table 4.12: Compressive strength values of test specimens 

 Compressive Strength (MPa) 

Mix Code 

0/45 μm 0/125 μm 125/250 μm 

7-

days 

28-

days 

150-

days 

7-

days 

28-

days 

150-

days 

7-

days 

28-

days 

150-

days 

R 23.71 35.06 46.05 23.71 35.06 46.05 23.71 35.06 46.05 

ES0.2 24.45 36.42 47.87 27.19 38.84 51.50 23.86 35.35 41.11 

ES0.35 21.88 32.65 42.92 26.06 38.63 50.50 23.31 34.38 40.31 

ES0.5 21.81 32.54 41.66 26.96 38.51 49.32 22.19 34.19 39.67 

ES1.0 21.66 32.48 40.02 20.87 35.82 49.11 19.78 29.66 39.96 

ES1.5 19.49 29.24 37.33 23.58 33.69 40.22 16.46 24.84 36.46 

AKS0.2 22.74 34.09 44.95 24.49 34.99 47.89 23.28 35.55 46.47 

AKS0.35 21.91 32.55 41.15 20.46 33.23 44.60 24.20 35.85 47.52 

AKS0.5 21.45 32.48 40.52 22.40 32.36 40.50 24.11 35.99 47.53 

AKS1.0 21.63 32.42 37.60 21.00 32.11 36.90 25.44 37.98 47.49 

AKS1.5 19.35 29.11 37.54 21.70 31.48 35.01 25.49 38.72 48.78 

HKS0.2 20.45 30.90 47.19 24.50 35.14 46.90 24.75 36.66 47.00 

HKS0.35 21.60 31.38 45.13 18.20 26.93 38.25 24.45 36.63 46.59 

HKS0.5 21.74 32.48 44.39 18.00 26.12 35.80 24.30 35.86 44.24 

HKS1.0 21.39 31.82 41.06 18.69 26.70 35.90 23.83 34.90 40.18 

HKS1.5 20.71 30.99 40.58 18.40 26.35 35.60 18.75 27.72 32.42 

WKS0.2 19.98 29.90 37.52 19.13 27.33 34.23 23.73 34.88 44.34 

WKS0.35 18.19 27.07 35.12 17.56 25.09 33.33 23.39 35.72 40.61 

WKS0.5 19.28 28.63 34.45 18.75 26.78 35.10 23.38 35.56 39.90 

WKS1.0 19.67 29.54 37.69 21.85 31.22 39.54 20.72 30.25 35.74 

WKS1.5 20.34 30.50 40.40 24.47 34.95 41.59 17.82 25.79 30.82 

OS0.2 13.20 19.44 22.68 13.30 19.01 29.00 19.35 29.15 33.23 

OS0.35 14.77 22.04 29.63 16.10 23.22 33.00 15.48 23.10 31.44 

OS0.5 15.71 22.64 29.89 16.80 24.30 36.50 13.22 19.73 25.08 

OS1.0 17.56 26.34 38.57 20.41 29.15 39.67 14.25 21.67 24.42 

OS1.5 19.66 29.34 40.59 20.78 29.68 51.00 15.30 22.44 29.82 
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Figure 4.61: 28-days compressive strength of ES admixed cement mortars 

 

Figure 4.62: 28-days compressive strength of AKS admixed cement mortars 

 

0

5

10

15

20

25

30

35

40

45

0 0.2 0.35 0.5 1 1.5

2
8
-d

ay
s 

co
m

p
re

ss
iv

e 
st

re
n

g
th

 (
M

P
a)

Bio-polymeric admixture usage level (%)

45ES 125ES 125250ES

0

5

10

15

20

25

30

35

40

45

0 0.2 0.35 0.5 1 1.5

2
8
-d

ay
s 

co
m

p
re

ss
iv

e 
st

re
n

g
th

 (
M

P
a)

Bio-polymeric admixture usage level (%)

45AKS 125AKS 125250AKS



157 

 

 

Figure 4.63: 28-days compressive strength of HKS admixed cement mortars 

 

Figure 4.64: 28-days compressive strength of WKS admixed cement mortars 
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Figure 4.65: 28-days compressive strength of OS admixed cement mortars 
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calcium silicate hydroxides [295]. It has been determined that the compressive strength 

decreases after the optimum ES utilization rate is exceeded for each grain size. The 

pattern agreed with past research on eggshell added cement mortars, and the 

relationship between percentage eggshell replacement and compressive strength can 

be said to be curvilinear [293]. 

When figures between Figure 4.62 and Figure 4.65 are examined, almost all hardened 

mortars samples with 125/250 μm grain size bio-polymeric admixtures exhibited a 

higher compressive strength than mortars produced with 0/45 and 0/125 μm bio-

polymeric admixture mortars. The physical structure of lignocellulosic bio-polymeric 

admixtures used as coarse size (125/250 μm) in this study have the appearance of 

microfibers. For this reason, they have the potential to distribute the load by adopting 

the fiber feature in the mortar composition. Therefore, it has been determined that the 

compressive strength of the mortars in which these microfibers are used has improved 

up to a certain usage rate. Similar results were obtained in other studies using cellulose 

microfibers [296,297]. In this thesis study, especially with the use of 125/250 μm size 

AKS, 28-day compressive strength values of the mortars were improved by 1.40, 2.26, 

2.64, 8.32, and 10.43 % at 0.2, 0.35, 0.5, 1.0, and 1.5% usage rates, respectively. 

Again, with the use of 125/250 μm size HKS, the 28-day compressive strength values 

of the mortars were improved by 4.57, 4.47 and 2.28 % at 0.2, 0.35 and 0.5% usage 

rates, respectively. In addition, with the use of 0.35 wt.% and 0.5 wt.% WKS, the 

compressive strength of the mortar increased by 1.87 % and 1.44 % compared to the 

reference mortar. This enhancement of compressive strength may be attributed to the 

higher fiber/matrix bond and to the fiber crack bridging efficiency [297,298]. 

Generally, it has been observed that the compressive strength decreases with the use 

of microfiber above 1.0 wt.%. This can be attributed to an increase in fiber contiguity 

and to difficulty in achieving good homogenization of the fresh mortar [297]. 

Considering the 28-day compressive strengths, it was determined that the OS 

admixture could not show the expected effect on this property. This is thought to be 

due to the high extractive content of OS, which slows down cement hydration 

considerably. In addition, since it adds hydrophobic properties to the mortar thanks to 

the fatty acids in it, hydration cannot develop sufficiently since enough water cannot 

be taken into the mortar during water curing. 
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Within the scope of this thesis, the amount of cellulose in the structure of bio-

polymeric admixtures and accordingly the crystallinity index of the bio-polymeric 

admixtures was determined as the main parameters affecting the compressive strength 

of cement mortars. For this reason, the 28-days compressive strengths of the mortars 

and the cellulose amounts and crystallinity indexes of the bio-polymeric admixtures 

used in the cement mortar are shown in Figure 4.66, Figure 4.67 and Figure 4.68 

comparatively. 

 

Figure 4.66: Relationship between chemical contents of 0/45 μm bio-polymeric 

admixture and 28-days compressive strength 
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Figure 4.67: Relationship between chemical contents of 0/125 μm bio-polymeric 

admixture and 28-days compressive strength 

 

Figure 4.68: Relationship between chemical contents of 125/250 μm bio-polymeric 

admixture and 28-days compressive strength 
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According to Figure 4.66, Figure 4.67 and Figure 4.68, it was determined that the 

cellulose amount and crystallinity index of bio-polymeric admixtures considerably 

effect 28-days compressive strength of the cement mortars. It is known that cellulose 

fibers can improve mechanical behavior of cementitious material at μm scale and as 

well as nm, mm, and cm scale [299]. However, performance of cellulose fibers on 

cement mortars depends on several conditions such as the mixture formula, curing 

conditions and the fiber itself (fiber morphology, fiber amount, fiber length, fiber 

aspect ratio, etc.) [299–301]. In this thesis study, the particle size of the lignocellulosic 

bio-polymeric admixtures and the chemical content of the admixture are very effective 

on the compressive strength of the mortar. As mentioned before, 125/250 μm grain 

size distribution exhibited a more fibrous character, which was an improvement factor 

in the 28-day compressive strengths. On the other hand, when the effect of grain sizes 

on compressive strength is examined separately, the compressive strength of cement 

mortars with AKS admixture with high cellulose content and accordingly high 

crystallinity index has always been determined to be higher, and it is valid for all three 

grain size distributions. As it can be easily noticed when the graphs above are 

examined, the 28-day compressive strength of the OS admixed (which has the lowest 

cellulose content and the lowest crystallinity index) cement mortars was determined 

to be the lowest. 

In addition, it is known that there is a direct proportionality between the unit volume 

mass of cementitious materials and the compressive strength. It is frequently 

determined by researchers that biopolymers, natural additives, fillers and fibers entrain 

some air in cementitious materials and increase the pore ratio in the matrix structure 

[102,126,194,296,297,302,303].  In this thesis, it has been determined that another 

factor affecting the compressive strength values of cement mortars is the unit volume 

mass values that decrease with the use of bio-polymeric admixtures. Therefore, the 

unit volume mass change of the mortars versus the compressive strength for each grain 

size distribution is graphically represented in Figure 4.69, Figure 4.70 and Figure 4.71.  
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Figure 4.69: Relation between unit volume mass and 28-days compressive strength 

of mortars (0/45 μm) 

 

Figure 4.70: Relation between unit volume mass and 28-days compressive strength 

of mortars (0/125 μm) 
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Figure 4.71: Relation between unit volume mass and 28-days compressive strength 

of mortars (125/250 μm) 
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for AKS admixture in 125/250 μm grain size is 1.5 wt.%, it can be evaluated as 0.5 

wt.% for HKS and WKS admixtures. 

In this thesis, 150-days compressive strengths were tested to determine the long-term 

strength of cement mortars. The changes in the 150-days compressive strength of 

cement mortars depending on the bio-polymeric admixture usage rate and admixture 

grain size are represented in Figure 4.72 - Figure 4.76 comparatively. 

 

Figure 4.72: 150-days compressive strength of ES admixed cement mortars 
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reason for this is stated as the progression of hydration [294,304]. The main reason for 

the increase in strength is that the high amount of calcium in the egg shell positively 

affects the development of hydration [305]. This component of egg shell reacts with 

the alumina phase in the cement to form carboaluminates and slows down the 

conversion of ettringites to sulfoaluminates. In addition, the egg shell contributes to 

the strength by increasing the C-S-H density [306]. However, the use of large size 

significantly reduces the reactivity of the eggshell. 

 

Figure 4.73: 150-days compressive strength of AKS admixed cement mortars 

According to Figure 4.73, The 150-day compressive strength of the mortars using AKS 

admixture, in parallel with their 28-day compressive strength, reached higher 

compressive strength values than the reference mixture in the use of 125/250 μm grain 

size admixtures. Compared to the reference mortar, the use of 0.2, 0.35, 0.5, 1.0 and 

1.5 wt.% 125/250 μm AKS admixture improved the compressive strength by 0.91, 

3.19, 3.21, 3.12 and 5.92 %, respectively. In this study, it was stated that as the grain 

size of the admixture gets coarser, the grain structure gets closer to the fiber property. 

This fiber property improved both 28-day and 150-day compressive strengths. Other 

researchers have also determined that the long-term compressive strengths of mortars 

using natural fibers show values close to the reference sample [307]. 
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Figure 4.74: 150-days compressive strength of HKS admixed cement mortars 

As can be observed from Figure 4.74, when the HKS admixture, which has a similar 

grain shape and similar chemical content to the AKS admixture, was used in low 

amounts, the 150-day compressive strength of the produced cement mortars was found 

to be close to the compressive strength of the reference mortar. When using 0.2 wt.% 

HKS additive for all three grain sizes, they improved the strength by an average of 

2.12 % compared to the 150-day compressive strength of the reference sample. Similar 

results for the use of hazelnut shells have been found in previous studies by researchers 

[308]. Kalkan and Gündüz [308] revealed that 0/125 and 0/250 grain size waste 

hazelnut shells strengthened the matrix structure of cement mortars, when up to 0.35 

wt.% utilization rate. 
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Figure 4.75: 150-days compressive strength of WKS admixed cement mortars 

 

Figure 4.76: 150-days compressive strength of OS admixed cement mortars 

Examination of Figure 4.75 and Figure 4.76 shows that the 150-days compressive 

strength values of WKS and OS admixed cement mortars yield a very different result 

than the compressive values of other mortars with other admixtures (ES, AKS, HKS). 
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In 45ES series, 150-day compressive strengths started to decrease with the use of 

admixtures more than 0.2 wt.%, which is the optimum usage rate in 45ES series. 

Similarly, the compressive strength of the 125ES series increased up to 1.0 wt.%, 

which is the optimum usage rate, and the compressive strength decreased in further 

use. A similar trend was observed for AKS and HKS admixtures, with strength 

increased up to 0.2 wt.%, the optimum ratio of 125AKS, and decreased 150-day 

compressive strength with further use. The optimum ratio was determined as 1.5 wt.% 

in the 125250AKS series, and the compressive strength increased until this ratio. While 

the optimum ratio was determined as 0.35 wt.% for 125250HKS series in cement 

mortars using HKS bio-polymeric admixtures, this ratio was determined as 0.2 wt.% 

in 45HKS and 125HKS series. As stated, the 150-day compressive strength of these 

three (ES, AKS, HKS) bio-polymeric admixtures increases compared to the reference 

mortar up to a certain admixture usage level, then the 150-day compressive strength 

values decrease if admixtures usage ratio above this optimum level are used. When 

Figure 4.75 and Figure 4.76 is examined, the 150-days compressive strength values of 

especially 45WKS, 125WKS, 45OS and 125OS have decreased sharply with the use 

of WKS and OS admixture, and the strengths have started to be regained with the 

increase in the use of bio-polymeric admixtures. With the addition of WKS or OS 

admixture to the cement mortar, the compressive strength decreases, and the strength 

increases again as the amount of admixture increases. This phenomenon is explained 

as, because WKS and OS provide superior hydrophobic properties to hardened mortar 

with high extractive substance content, hardened mortars cannot absorb enough water 

and hydration cannot develop during water curing. On the other hand, the high amount 

of pectin contained in the high extractive substance plays an important role in the 

hydration of cement in long-term ages and increases the compressive strength [111]. 

As the bio-polymeric admixture ratio increases, the pectin content included in the 

mortar increases, and this has been determined as a feature that improves hydration, 

which does not develop due to the hydrophobic feature in water curing phase. Pectin 

contained in the bio-polymeric admixtures react with calcium ions in alkaline 

environment and form a very stable “egg box” structure responsible of the decrease of 

Ca2+ concentration in lime-saturated solutions [209,309]. Also, pectin can trap calcium 

and thus acts as a growth inhibitor for CSH hydrates, which is the major hydration 

product of Portland cement [309]. In summary, the consumption of Ca2+ ions by the 

pectin in cement mortar enhanced the hydration of cement particles [111,310]. 
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According to the results obtained in this thesis study, using low amounts of WKS and 

OS admixtures with high extractive content worsens the compressive strength due to 

the inability to absorb the water needed during water curing, providing high pectin 

addition to the mortar composition by using high rates of WKS and OS resolved the 

strength loss by promoting hydration by pectin Ca2+ interaction. 

On the other hand, the chemical content of the biopolymeric additives and the changes 

in the 150-day compressive strength under the effect of grain size are graphically 

represented in Figure 4.77, Figure 4.78 and Figure 4.79. 

 

Figure 4.77: Relationship between chemical contents of 0/45 μm bio-polymeric 

admixture and 150-days compressive strength 
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Figure 4.78: Relationship between chemical contents of 0/125 μm bio-polymeric 

admixture and 150-days compressive strength 

 

Figure 4.79: Relationship between chemical contents of 125/250 μm bio-polymeric 

admixture and 150-days compressive strength 
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When Figure 4.77, Figure 4.78 and Figure 4.79 are examined, it is concluded that 

although WKS and OS bio-polymeric admixtures have an improving effect on the 

compressive strength of pectin mortar at high usage rates, in general, the compressive 

strength of the mortars in which WKS and HKS admixtures with high cellulose ratio 

and crystallinity are used show higher performance. Especially from the point of waste 

evaluation, 125/250 μm AKS can be used easily in cementitious products without 

causing compressive strength loss. 

It has been experienced by researchers that chemicals used to improve some properties 

of concrete and cementitious products can reduce the compressive strength of concrete 

or mortars [311–314]. To investigate the significance of the loss of compressive 

strength due to the use of bio-polymeric admixtures, the 28-days compressive strength 

of cement mortars with chemical admixtures (PCE, SMF, CS and TA) were used were 

also tested. The 28-day compressive strengths of chemical admixed mortars are given 

in the Table 4.13. In addition, the effect of the chemicals on the compressive strength 

is shown graphically in Figure 4.80. 

Table 4.13: Compressive strength property of cement mortars with the use of 

chemical admixtures 

Mix code Compressive Strength (MPa) 

R 35.06 

CS0.2 30.76 

CS0.35 28.91 

CS0.5 27.28 

CS1.0 26.35 

CS1.5 23.12 

PCE0.01 32.47 

PCE0.025 32.18 

PCE0.05 32.90 

PCE0.1 32.62 

PCE0.2 33.00 

SMF0.05 34.20 

SMF0.1 34.25 
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Table 4.13 (Continued): Compressive strength property of cement mortars with the 

use of chemical admixtures 

Mix code Compressive Strength (MPa) 

SMF0.2 35.00 

SMF0.35 34.68 

SMF0.5 35.10 

TA0.03 33.44 

TA0.05 31.61 

TA0.1 29.26 

TA0.2 25.37 

TA0.35 21.82 

 

 

Figure 4.80: Compressive strength change of chemical admixed cement mortars 

In this study, the proportions of chemicals added to the cement mortar were determined 

by considering the maximum usage rate suggested by the manufacturers producing the 

chemicals. As can be seen from Figure 4.80, the use of chemical additives in cement 

mortars produced with a constant water-cement ratio did not improve the compressive 

strength for any mortar series. On the contrary, the compressive strengths of most test 

mortars were adversely affected by the use of chemical admixtures. CS admixture can 

reduce the compressive strength of cement mortar up to 34.06 %. In addition, it has 
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been observed that the TA admixture can reduce the compressive strength up to 37.76 

%. Since a constant water/cement ratio (0.50) was used in this study, water reducing 

admixtures worsened the compressive strength of cement mortars, apart from being an 

improving factor. PCE can reduce 28-day compressive strength by up to 8.21 % and 

SMF by up to 2.45 %. 

4.3.6 Flexural Strength of Mortars 

The 28-days flexural strength values of the test specimens are given in the Table 4.14. 

The 28-days flexural strength values of mortars depending on the bio-polymeric 

admixture particle size and the rate of use in the mortar are presented in between Figure 

4.81 and Figure 4.85 below. 

Table 4.14: Flexural strength values of test specimens 

 Flexural Strength (MPa) 

Mix Code 0/45 μm 0/125 μm 125/250 μm 

R 7.32 7.32 7.32 

ES0.2 7.37 7.50 6.77 

ES0.35 7.36 7.54 6.52 

ES0.5 7.14 7.39 6.48 

ES1.0 7.11 7.31 6.45 

ES1.5 6.73 6.47 6.41 

AKS0.2 5.58 6.85 7.33 

AKS0.35 5.29 6.55 7.35 

AKS0.5 4.81 6.53 7.39 

AKS1.0 4.68 6.41 7.47 

AKS1.5 4.74 5.81 7.56 

HKS0.2 6.73 6.27 7.44 

HKS0.35 6.69 6.15 7.41 

HKS0.5 6.70 5.76 7.33 

HKS1.0 6.32 5.68 6.74 

HKS1.5 6.02 5.41 5.78 
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Table 4.14 (Continued): Flexural strength values of test specimens 

Mix Code 
Flexural Strength (MPa) 

0/45 μm 0/125 μm 125/250 μm 

WKS0.2 4.11 3.55 6.97 

WKS0.35 4.40 3.50 6.79 

WKS0.5 4.78 3.25 5.88 

WKS1.0 4.79 5.58 5.26 

WKS1.5 4.82 6.28 4.31 

OS0.2 4.65 2.61 6.50 

OS0.35 4.18 3.07 6.01 

OS0.5 4.04 5.38 5.70 

OS1.0 4.45 5.42 5.50 

OS1.5 4.52 5.46 5.70 

 

 

Figure 4.81: Flexural strength of ES admixed cement mortars 

Figure 4.81 shows the flexural strength of egg shell admixed cement mortar obtained 

from flexural test. The optimum value of the 0/45 μm eggshell as bio-polymeric 
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reference mortar was 7.32 MPa, the flexural strength increased to 7.36 when 0/45 μm 

ES was used at 0.35% by weight (45ES0.35). This grain size and utilization ratio 

increased the flexural strength by 0.55%. When the grain size is used as 0/125 μm, the 

highest strength increased to 7.54 MPa in the 125ES series. When 0.35 wt.% and 0/125 

μm size ES used, it was able to increase the flexural strength by 3.01% compared to 

the reference mortar. However, the flexural strength of the mortars started to decrease 

in the use of ES above 0.35 wt.% for mortars using both grain sizes. Therefore, the 

optimum utilization rate for these two grain sizes is 0.35 wt.%. On the other hand, the 

use of 125/250 μm grain size ES reduced the flexural strength of the mortar in all from 

the lowest evaluation rate to the highest evaluation rate. It has been stated by the 

researchers that the flexural strengths of cementitious materials are increased up to a 

certain extent with the use of the egg shell as a replacement with cement or the use of 

the egg shell as a filling material [146,315,316]. Similarly, in this thesis study, when 

eggshell was used as a biopolymeric additive, the optimum rate for the improvement 

of flexural strength was found to be 0.35%. 

 

Figure 4.82: Flexural strength of AKS admixed cement mortars 
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Figure 4.83: Flexural strength of HKS admixed cement mortars 

 

Figure 4.84: Flexural strength of WKS admixed cement mortars 
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Figure 4.85: Flexural strength of OS admixed cement mortars 
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scope of the study affected the flexural strength more positively than the bio-polymeric 

admixture used in 0/45 μm size and 0/125 μm size. In particular, with the use of AKS 

and HKS additives in 125/250 μm grain size, an increase was observed in the flexural 

strength of cement mortars, as well as the compressive strength. As can be seen from 

Figure 4.82, the use of AKS at 0.2, 0.35, 0.5, 1.0 and 1.5 wt.% and 125/250 μm grain 

size increased the flexural strength of the cement mortar by 0.17, 0.47, 0.96, 2.07 and 

3.25 %, respectively, compared to the reference mortar. According to Figure 4.83, 

Similarly to AKS admixture, when the 125/250 μm grain size HKS admixture was 

used at 0.2, 0.35 and 0.5 wt.% ratios, it improved the flexural strength of the cement 

mortar by 1.65, 1.25 and 0.16 %, respectively. On the contrary, as can be observed 

from Figure 4.84 and Figure 4.85, WKS and OS additives with smaller cellulose 

content and crystallinity index contributed negatively to the flexural strength of the 

mortar. Similar results were also found for 28-day compressive strength values. 

Within the scope of this thesis, the amount of cellulose in the structure of bio-

polymeric admixtures and accordingly the crystallinity index of the bio-polymeric 

admixtures was determined as the main parameters affecting the flexural strength of 

cement mortars. For this reason, the 28-days flexural strengths of the mortars and the 
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cellulose amounts and crystallinity indexes of the bio-polymeric admixtures used in 

the cement mortar are shown in Figure 4.86, Figure 4.87 and Figure 4.88 

comparatively. 

 

Figure 4.86: Relationship between chemical contents of 0/45 μm bio-polymeric 

admixture and flexural strength 
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Figure 4.87: Relationship between chemical contents of 0/125 μm bio-polymeric 

admixture and flexural strength 

 

Figure 4.88: Relationship between chemical contents of 125/250 μm bio-polymeric 

admixture and flexural strength 
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When Figure 4.86, Figure 4.87 and Figure 4.88 are examined, it is concluded that 

although WKS and OS bio-polymeric admixtures have an improving effect on the 

flexural strength of pectin mortar at high usage rates, in general, the flexural strength 

of the mortars in which WKS and HKS admixtures with high cellulose ratio and 

crystallinity are used show higher performance. Especially from the point of waste 

evaluation, 125/250 μm AKS can be used easily in cementitious products without 

causing flexural strength loss. 

4.3.7 Evaluation 

It has been determined that bio-polymeric admixtures have significant effects on fresh 

and hardened mortar properties in cement mortars.  

It has been observed that all five types of bio-polymeric admixtures can have a filling 

effect in mortars. It has been determined that the ES admixtures can slightly improve 

the fluidity of the mortar, thanks to the filling effect. The other 4 types of 

lignocellulosic bio-polymeric additives were able to improve the fluidity of the cement 

mortar thanks to both the filling effect and the lignin and extractives in their 

composition. In particular, WKS and OS admixtures were the two bio-polymeric 

admixtures that had the most positive effect on fluidity, thanks to their total extractive 

and lignin ratio. These two admixtures increased the flow diameter of the mortar by 

36.09 % in 125WKS0.2 test mixture and by 32.15 % in 125OS0.5 mixture, 

respectively, compared to the reference mortar. When examined in terms of 

flowability, it was determined that the most effective particle size was 0/125 μm and 

the most effective admixture type was OS. On the other hand, it can be concluded that 

instead of 0.03 wt.% polycarboxylate based superplasticizer or 0.20 wt.% melamine 

sulphonate based superplasticizer, 0.2 wt.% walnut shell powder or 0.50 wt.% ground 

olive seed can be used in mortars for which the flowability value is desired to improve. 

In addition, PCE and SMF admixtures were used in cement mortars and the results 

were evaluated comparatively in order to better examine the potential of bio-polymeric 

admixtures to improve the fluidity property. It can be concluded that instead of 0.03 

wt.% polycarboxylate based superplasticizer or 0.20 wt.% melamine sulphonate based 

superplasticizer, 0.2 wt.% walnut shell powder or 0.50 wt.% ground olive seed can be 

used in mortars for which the flowability value is desired to improve. 
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Considering the setting times of the cement mortars, although a balanced effect of the 

ES admixtures on the cement mortar could not be determined, it delayed the first set 

very slightly, and accelerated the final set when used in 0/45 μm and 125/250 μm sizes. 

The delay in the initial setting of the mortar is explained by the decreased water 

requirement due to the improved consistency, and accelerated final setting is explained 

by the positive effect of the on the hydration of the cement by the ES admixture. 

Lignocellulosic bio-polymeric admixtures, on the other hand, largely delayed the 

initial and final setting values of cement mortars due to the lignin and extractives 

contained in it. The highest setting retarding effect was determined in WKS and OS 

admixtures, which have high extractive and lignin content. The most effective grain 

size in retarding the setting was determined as 0/125 μm grain size distribution. In 

order to compare the set retarding properties of bio-polymeric admixtures, a separate 

batch of cement mortar mixture series was prepared using tartaric acid set retarder 

admixture. As a result, it has been observed that bio-polymeric admixtures can delay 

setting times as much as chemical admixtures. It can be concluded that instead of up 

to 0.10 wt.% TA, up to 0.50 wt.% 0/125 μm sized WKS or up to 1.0 wt.% ground OS 

can be used in mortars for desired final set delaying. Thus, it has been determined that 

bio-polymeric admixtures can be used instead of setting retarders by taking advantage 

of the slowing hydration feature of bio-polymeric admixtures up to a certain ratio. 

It was observed that the capillary water absorption and mass water absorption values 

of the test mortars decreased especially with the use of bio-polymeric admixtures with 

a high extractive ratio. The fatty acids in the extractive materials contain stearic acids 

and fatty acids that can be used as the main raw material in cement water repellency 

chemicals. When stearates are used in cement-binding materials, they form wax-like 

components on the pore surfaces, giving the body a protective feature against water. 

For this reason, it was determined that OS admixture with especially high extractive 

content was a good water repellent agent in this study. In order to compare the water 

repellency of the bio-polymeric admixture, separate test specimens were prepared 

using calcium stearate. The water-repellent properties of bio-polymeric admixture 

mortars and CS added mortars were found to be close to each other. Depending on the 

usage rate of the CS chemical admixture, up to 68.27 % reduction in mass water 

absorption was detected. Especially as a result of decreasing the capillary water 

absorption value, the use of 0/45 μm grain size WKS and OS, 0/125 grain size HKS 
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and OS, and 125/250 μm grain size bio-polymeric admixtures have been shown to 

provide similar hydrophobicity to hardened cement mortars with the use of calcium 

stearate. For this reason, in order to reduce the mass water absorption values, instead 

of using up to 1.5 % calcium stearate, 1.5% WKS and 1.5 % OS admixtures can be 

used in mortars in 0/45 μm grain size distribution. Also, 1.5% OS with 125/250 μm 

grain size can be used instead of 1.0 % CS to achieve similar water absorption by mass. 

When the mechanical properties of the test mortars were examined, it was determined 

that the ES admixture could improve the mechanical properties of the mortar by 

improving the hydration of the cement up to a certain usage rate in finer particle sizes. 

In the use of lignocellulosic bio-polymeric admixtures, the main parameter affecting 

the mechanical properties of the mortar is cellulose, which is one of the components 

that make up the bio-polymeric material. It has been found that AKS admixture with 

the highest cellulose content can improve the 28- and 150-day compressive strength 

and 28-day flexural strength of the cement mortar when used at 125/250 μm grain size. 

Furthermore, if the pectin ratio is high in the bio-polymeric admixture, it has been 

observed that the mechanical properties can improve depending on the admixture 

usage rate. However, it is observed that the mechanical properties can be reduced with 

the use of bio-polymeric admixture, except for the specific usage rate and particle size. 

On the other hand, there was also a decrease in the mechanical properties of the test 

samples in which chemical admixtures were used. Considering this situation, no 

obstacle has been identified for the use of bio-polymeric admixtures in cement mortar.  

The main purpose of this type of chemical admixtures is to improve the physical 

properties of concrete and cementitious products rather than their mechanical 

properties. Similarly, the bio-polymeric admixtures used in this study were determined 

to improve the physical properties of the mortars rather than the mechanical properties. 

For example, it has been determined that calcium stearate, which is used to gain water 

repellency in cement mortars, can reduce the compressive strength of cement mortar 

up to 34.06 %. Similarly, OS bio-polymeric admixture used to improve water 

repellency can reduce the compressive strength of the mortar up to 45 %. However, it 

has been observed that both chemical and bio-polymeric admixtures provide similar 

water repellency performance in mortars when used in certain proportions.  
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In this thesis, it is suggested that bio-polymeric admixtures that can provide similar 

properties can be used instead of products used as chemical admixtures in cementitious 

materials. The rates at which bio-polymeric additives evaluated in this study can be 

used instead of chemical additives are given in between Table 4.15 and  

Table 4.19. 

Table 4.15: Comparison of superplasticizers and bio-polymeric admixtures on 

flowability 

Bio-polymeric Admixture Effect on Flowability Equivalent Chemical 

Admixture 

ES (0/45 μm) 
Increase up to 7.18 % 

(0.5 wt.%) 

0.0041 wt.% PCE 

0.045 wt.% SMF 

ES (0/125 μm) 
Increase up to 12 % 

(1.0 wt.%) 

0.0073 wt.% PCE 

0.066 wt.% SMF 

ES (125/250 μm) - - 

AKS (0/45 μm) 
Increase up to 9.46 % 

(0.5 wt.%) 

0.0056 wt.% PCE 

0.055 wt.% SMF 

AKS (0/125 μm) 
Increase up to 19.05 % 

(0.2 wt.%) 

0.0122 wt.% PCE 

0.0982 wt.% SMF 

AKS (125/250 μm) - - 

HKS (0/45 μm) 
Increase up to 9.67 % 

(0.35 wt.%) 

0.0057 wt.% PCE 

0.0559 wt.% SMF 

HKS (0/125 μm) 
Increase up to 2.61 % 

(0.5 wt.%) 

0.0011 wt.% PCE 

0.0254 wt.% SMF 

HKS (125/250 μm) - - 

WKS (0/45 μm) 
Increase up to 16.01 % 

(0.5 wt.%) 

0.0101 wt.% PCE 

0.0844 wt.% SMF 

WKS (0/125 m) 

Increase up to 36.09 % 

(0.2 wt.%) 

 

0.0249 wt.% PCE 

0.183 wt.% SMF 

WKS (125/250 μm) - - 

OS (0/45 μm) 
Increase up to 22.13 % 

(0.35 wt.%) 

0.0144 wt.% PCE 

0.113 wt.% SMF 

OS (0/125 μm) 

Increase up to 32.15 % 

(0.5 wt.%) 

 

0.0219 wt.% PCE 

0.1625 wt.% SMF 

OS (125/250 μm) Increase up to 19.64 % 0.0127 wt.% PCE 
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(1.0 wt.%) 0.1012 wt.% SMF 

 

Table 4.16: Comparison of set retarder and bio-polymeric admixtures on initial 

setting time 

Bio-polymeric Admixture Effect on Initial Setting 

Time 

Equivalent Chemical 

Admixture 

ES (0/45 μm) 
Increase up to 27.78 % 

(1.0 wt.%) 
0.0025 wt.% TA 

ES (0/125 μm) 
Increase up to 22.22 % 

(1.5 wt.%) 
0.0006 wt.% TA 

ES (125/250 μm) - - 

AKS (0/45 μm) 
Increase up to 88.33 % 

(0.35 wt.%) 
0.0229 wt.% TA 

AKS (0/125 μm) 
Increase up to 144.44 % 

(1.0 wt.%) 
0.0479 wt.% TA 

AKS (125/250 μm) 
Increase up to 55.56 % 

(0.5 wt.%) 
0.0124 wt.% TA 

HKS (0/45 μm) 
Increase up to 38.39 % 

(0.5 wt.%) 
0.0064 wt.% TA 

HKS (0/125 μm) 
Increase up to 105.56 % 

(0.35 wt.%) 
0.0316 wt.% TA 

HKS (125/250 μm) - - 

WKS (0/45 μm) 
Increase up to 188.89 % 

(0.5 wt.%) 
0.0685 wt.% TA 

WKS (0/125 m) 

Increase up to 250 % 

(0.5 wt.%) 

 

0.1022 wt.% TA 

WKS (125/250 μm) - - 

OS (0/45 μm) 
Increase up to 138.89 % 

(0.35 wt.%) 
0.0455 wt.% TA 

OS (0/125 μm) 

Increase up to 255.56 % 

(0.5 wt.%) 

 

0.1058 wt.% TA 

OS (125/250 μm) 
Increase up to 194.44 % 

(1.0 wt.%) 

0.0713 wt.% TA 
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Table 4.17: Comparison of set retarder and bio-polymeric admixtures on final setting 

time 

Bio-polymeric Admixture Effect on Final Setting 

Time 

Equivalent Chemical 

Admixture 

ES (0/45 μm) - - 

ES (0/125 μm) - - 

ES (125/250 μm) - - 

AKS (0/45 μm) - - 

AKS (0/125 μm) 
Increase up to 76.6 % 

(1.0 wt.%) 
0.0276 wt.% TA 

AKS (125/250 μm) - - 

HKS (0/45 μm) - - 

HKS (0/125 μm) 
Increase up to 31.91 % 

(1.0 wt.%) 
0.0037 wt.% TA 

HKS (125/250 μm) - - 

WKS (0/45 μm) 
Increase up to 72.34 % 

(0.5 wt.%) 
0.0252 wt.% TA 

WKS (0/125 m) 
Increase up to 148.94 % 

(0.5 wt.%) 
0.0746 wt.% TA 

WKS (125/250 μm) - - 

OS (0/45 μm) 
Increase up to 46.81 % 

(0. 5 wt.%) 
0.0113 wt.% TA 

OS (0/125 μm) 
Increase up to 142.55 % 

(1.0 wt.%) 
0.0699 wt.% TA 

OS (125/250 μm) 
Increase up to 57.45 % 

(1.0 wt.%) 

0.017 wt.% TA 

 

 

Table 4.18: Comparison of water repellent agent and bio-polymeric admixtures on 

capillary water absorption 

Bio-polymeric Admixture Effect on Capillary Water 

Absorption 

Equivalent Chemical 

Admixture 

ES (0/45 μm) - - 

ES (0/125 μm) - - 

ES (125/250 μm) 
Decrease up to 45 % 

(0.2 wt.%) 
0.1435 wt.% CS 

AKS (0/45 μm) - - 

AKS (0/125 μm) 
Decrease up to 50.0 % 

(1.0 wt.%) 
0.1666 wt.% CS 
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Table 4.18 (Continued): Comparison of water repellent agent and bio-polymeric 

admixtures on capillary water absorption 

Bio-polymeric Admixture Effect on Capillary Water 

Absorption 

Equivalent Chemical 

Admixture 

AKS (125/250 μm) 
Decrease up to 36.67 % 

(0.2 wt.%) 
0.1085 wt.% CS  

HKS (0/45 μm) - - 

HKS (0/125 μm) 
Decrease up to 75 % 

(1.0 wt.%) 
0.3192 wt.% CS 

HKS (125/250 μm) 
Decrease up to 75 % 

(0.2 wt.%) 
0.1914 wt.% CS 

WKS (0/45 μm) 
Decrease up to 16.67 % 

(0.2 wt.%) 
0.0359 wt.% CS 

WKS (0/125 m) 
Decrease up to 55 % 

(0.5 wt.%) 
0.1914 wt.% CS 

WKS (125/250 μm) 
Decrease up to 26.67 % 

(0.2 wt.%) 
0.0705 wt.% CS 

OS (0/45 μm) 
Decrease up to 76.47 % 

(1. 5 wt.%) 
0.1363 wt.% CS 

OS (0/125 μm) 
Decrease up to 83.33 % 

(1.0 wt.%) 
0.4022 wt.% CS 

OS (125/250 μm) - 
- 

 

 

Table 4.19: Comparison of water repellent agent and bio-polymeric admixtures on 

mass water absorption 

Bio-polymeric Admixture Effect on Mass Water 

Absorption 

Equivalent Chemical 

Admixture 

ES (0/45 μm) 
Decrease up to 24.56 % 

(0.35 wt.%) 
0.2616 wt.% CS 

ES (0/125 μm) 
Decrease up to 9.36 % 

(1.0 wt.%) 
0.1064 wt.% CS 

ES (125/250 μm) 
Decrease up to 6.43 % 

(0.2 wt.%) 
0.0803 wt.% CS 

AKS (0/45 μm) 
Decrease up to 49.71 % 

(1.5 wt.%) 
0.6784 wt.% CS 

AKS (0/125 μm) 
Decrease up to 13.30 % 

(1.5 wt.%) 
0.1431 wt.% CS  
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Table 4.19 (Continued): Comparison of water repellent agent and bio-polymeric 

admixtures on mass water absorption 

Bio-polymeric Admixture Effect on Mass Water 

Absorption 

Equivalent Chemical 

Admixture 

AKS (125/250 μm) 
Decrease up to 32.75 % 

(1.5 wt.%) 
0.3653 wt.% CS  

HKS (0/45 μm) 
Decrease up to 53.22 % 

(1.5 wt.%) 
0.7785 wt.% CS 

HKS (0/125 μm) 
Decrease up to 47.22 % 

(1.0 wt.%) 
0.6183 wt.% CS 

HKS (125/250 μm) 
Decrease up to 45.91 % 

(1.5 wt.%) 
0.5894 wt.% CS 

WKS (0/45 μm) 
Decrease up to 69.01 % 

(1.5 wt.%) 
1.9385 wt.% CS 

WKS (0/125 m) 
Decrease up to 12.57 % 

(1.5 wt.%) 
0.1361 wt.% CS 

WKS (125/250 μm) 
Decrease up to 15.50 % 

(0.5 wt.%) 
0.1645 wt.% CS 

OS (0/45 μm) 
Decrease up to 68.13 % 

(1. 5 wt.%) 
1.5131 wt.% CS 

OS (0/125 μm) 
Decrease up to 66.52 % 

(1.5 wt.%) 
1.4372 wt.% CS 

OS (125/250 μm) 
Decrease up to 59.06 % 

(1.5 wt.%) 
1.0131 wt.% CS 

As a result of these studies, it was concluded that the most appropriate grain size was 

0/125 μm for utilization of bio-polymeric admixtures in cement mortar. For this 

reason, XRD, SEM and durability analyzes of bio-polymeric admixture added cement 

mortars were performed on samples using 0/125 μm grain size bio-polymeric 

admixtures. 

4.4 Microstructural Analysis and Mineralogical 

Development of Mortars 

When the physical and mechanical properties of cement mortars with bio-polymeric 

admixtures were examined, it was determined that the optimum grain size for bio-

polymeric admixtures affecting the mortar performance was 0/125 μm. For this reason, 
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SEM and EDS analyzes were performed to analyze the microstructure on 28-day test 

specimens of cement mortars using 0/125 μm size admixtures. 

SEM analysis was carried out in order to investigate the microstructure and the 

hydration products formed in the mortar specimens. 28 days water cured specimens 

were used in the analysis. SEM analyses were carried out on fracture surfaces of the 

cement mortars. Scanning electron microscope analyses of reference cement mortar 

specimen is shown in Figure 4.89. 

 

Figure 4.89: SEM micrograph of reference mortar. 

Standard graded siliceous sand was used for all mixture combinations. When Figure 

4.89 is examined, the microstructure of the reference specimen shows the formation 

of nearly amorphous and microcrystalline particles of calcium silicate hydrate phases 

as the dominant hydration products and plates like calcium hydroxide formation, 

needle like ettringite formation and also many of voids and micro-cracks, which low 

compact in the structure and reduces the mechanical strength of the cement mortar 

specimen. 

Microstructure images of cement mortars with ES admixtures are shown in Figure 4.90 

to Figure 4.94. 
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Figure 4.90: SEM micrograph of 0.2 wt.% ES admixed cement mortar 

 

Figure 4.91: SEM micrograph of 0.35 wt.% ES admixed cement mortar 
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Figure 4.92: SEM micrograph of 0.5 wt.% ES admixed cement mortar 

 

Figure 4.93: SEM micrograph of 1.0 wt.% ES admixed cement mortar 
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Figure 4.94: SEM micrograph of 1.5 wt.% ES admixed cement mortar 

Above figures shows the SEM micrographs of tested cement mortars those produced 

with eggshell powder type bio-polymeric admixture. When examining Figure 4.90, 

Figure 4.91 and Figure 4.92 as in the egg shell added cement mortars, the low amount 

of eggshell admixture (up to 0.5 wt.%) created a denser and more compact structure in 

the matrix structure of the mortars. In this way, the compressive strength value of the 

mortar using this amount of admixtures has increased. However, it can be observed 

from Figure 4.93 and Figure 4.94, as the eggshell admixture ratio increased, the matrix 

structures of the mortars became looser and more pores. Thus, as the ES usage rate 

increased, the compressive strength of the mortars decreased. In addition, the denser 

matrix caused by the addition of almost nano size calcium carbonate could not provide 

available space for the formation of hydration products [317]. 

Microstructure images of cement mortars with AKS admixtures are shown in Figure 

4.95 to Figure 4.99. 
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Figure 4.95: SEM micrograph of 0.2 wt.% AKS admixed cement mortar 

 

Figure 4.96: SEM micrograph of 0.35 wt.% AKS admixed cement mortar 
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Figure 4.97: SEM micrograph of 0.5 wt.% AKS admixed cement mortar 

 

Figure 4.98: SEM micrograph of 1.0 wt.% AKS admixed cement mortar 

 

WKS 
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Figure 4.99: SEM micrograph of 1.5 wt.% AKS admixed cement mortar 

Figure 4.95 shows that addition of apricot kernel shell powder as a bio-polymeric 

admixture makes the matrix structure more dense and compact. The reason why the 

compressive strength of the specimens using 0.2 wt.% AKS is higher than the 

compressive strength of the control specimen can be explained by this situation. 

However, it is observed from the above figures that there is a change in the amounts 

of hydration products with the increase in AKS usage rate. It is observed that cement 

mortars using more AKS have more CH (Figure 4.97) and ettringite (Figure 4.99) in 

their matrix structure. Although the formation of the CH mineral in the matrix structure 

indicates that hydration is progressing, these hydration products, which have lower 

strength compared to the CSH structure, are estimated to decrease the compressive 

strength of the mortar at high AS usage rates. The increase in the amount of portlandite 

formed in the matrix structure of the hardened mortars relative to the CSH structure 

causes a decrease in the compressive strength [318,319]. It has also been stated by 

other researchers that ettringite can form around cellulosic materials [320–322]. It is 

recommended to use pozzolanic additives to reduce the formation of this mineral 

[323]. Although the ITZ between the bio-polymeric additive particles and the cement 

matrix seems dense, it has been determined that the reason for the loss of compressive 
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strength of the mortar to some extent is due to air entrainment of the bio-polymeric 

additives into the mortar. 

Microstructure images of cement mortars with AKS admixtures are shown in Figure 

4.95 to Figure 4.104. 

 

Figure 4.100: SEM micrograph of 0.2 wt.% HKS admixed cement mortar 



197 

 

 

Figure 4.101: SEM micrograph of 0.35 wt.% HKS admixed cement mortar 

 

Figure 4.102: SEM micrograph of 0.5 wt.% HKS admixed cement mortar 
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Figure 4.103: SEM micrograph of 1.0 wt.% HKS admixed cement mortar 

 

Figure 4.104: SEM micrograph of 1.5 wt.% HKS admixed cement mortar 

Figure 4.100 to Figure 4.104 show the SEM micrographs of tested cement mortars 

those produced with hazelnut kernel shell powder type bio-polymeric admixture. 
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When examining above figures, as in the apricot kernel added cement mortars, the low 

amount of hazelnut kernel shell admixture (0.2 wt.%) created a denser and more 

compact structure in the matrix structure of the mortars. In this way, the compressive 

strength value of the mortar using this amount of additives has increased. However, it 

can be observed from Figure 4.101 to Figure 4.104, as the hazelnut kernel shell 

admixture ratio increased, the matrix structures of the mortars became looser and more 

porous. Thus, as the HS usage rate increased, the compressive strength of the mortars 

decreased. 

Microstructure images of cement mortars with AKS admixtures are shown in Figure 

4.95 to Figure 4.109. 

 

Figure 4.105: SEM micrograph of 0.2 wt.% WKS admixed cement mortar 
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Figure 4.106: SEM micrograph of 0.35 wt.% WKS admixed cement mortar 

 

Figure 4.107: SEM micrograph of 0.5 wt.% WKS admixed cement mortar 

 

WKS 
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Figure 4.108: SEM micrograph of 1.0 wt.% WKS admixed cement mortar 

 

Figure 4.109: SEM micrograph of 1.5 wt.% WKS admixed cement mortar 

According to Figure 4.105 and Figure 4.106, microstructures of cement mortars with 

WKS admixtures show a more porous and loose structure at low admixture utilization 
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rates in parallel with their 28-day compressive strength. It is observed from the Figure 

4.107, Figure 4.108 and Figure 4.109 that there is a change in the observed amounts 

of hydration products with the increase in WKS usage rate. It is observed that cement 

mortars using more WKS have more CH and ettringite in their matrix structure, when 

it is used relatively low amounts. These hydration products, which have lower strength 

compared to the CSH structure, are estimated to decrease the compressive strength of 

the mortar at high AS usage rates. On the other hand, as a result of pectin bonding with 

calcium at higher usage rates, the formation of CH and ettringite decreased and the 

microstructure became denser. 

Microstructure images of cement mortars with OS admixtures are shown in Figure 

4.95 to Figure 4.114. 

 

Figure 4.110: SEM micrograph of 0.2 wt.% OS admixed cement mortar 

c 
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Figure 4.111: SEM micrograph of 0.35 wt.% OS admixed cement mortar 

 

Figure 4.112: SEM micrograph of 0.5 wt.% OS admixed cement mortar 
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Figure 4.113: SEM micrograph of 1.0 wt.% OS admixed cement mortar 

 

Figure 4.114: SEM micrograph of 1.5 wt.% OS admixed cement mortar 

Figure 4.110 to Figure 4.114 demonstrates the cement mortars those produced with 

0.2, 0.35, 0.5, 1.0 and 1.5 wt.% of 0/125 μm graded olive seed powder bio-polymeric 

OS 
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admixture, respectively. According to the figures, tested cement mortar specimens’ 

matrix structure consists of calcium silicate hydrate phases as the dominant hydration 

products and plates like calcium hydroxide formation, needle like ettringite formation 

and also many of voids. When the 28-day compressive strength values of the olive 

seed admixed mortars were examined, it was determined that the compressive strength 

values of OS mortars below the compressive strength control sample (Figure 4.65). 

Although the hydration products are similar when SEM images are examined, the 

decrease in compressive strength can be explained by the fact that ITZ gained a looser 

structure in OS admixed mortars. 

  

Figure 4.115: Shell fibers of OS (a) and AKS (b). 

Figure 4.115 shows the fibers found in the shells of OS and AKS. The CH can be 

formed between the fibers during cement hydration and cause these fibers to 

mineralization. In this case, the fibers of the shells deteriorate, resulting in micro-voids 

between the fibers and loss of strength. To prevent this situation, it is recommended to 

use pozzolans together with lignocellulosic materials [239]. Therewithal, it is observed 

that the lignocellulosic materials used in this study can make a strong bond with the 

cement matrix. 

Energy dispersive spectroscopy (EDS) instrument was used to evaluate the elemental 

analysis of tested cement mortars’ matrix structures. EDS analysis results are 

represented in Table 4.20. 

 

 

 

a b 
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Table 4.20: EDS analysis of tested cement mortars. 

Mortar Si 

(Atomic %) 

Ca 

(Atomic %) 

O 

(Atomic %) 

Si/Ca 

Reference 8.93 22.50 71.54 0.40 

125ES0.2 7.02 15.12 70.21 0.46 

125ES0.35 6.37 14.76 64.15 0.43 

125ES0.5 6.47 15.75 66.25 0.41 

125ES1.0 6.00 14.29 72.39 0.42 

125ES1.5 5.34 17.22 74.28 0.31 

125AKS0.2 10.06 23.08 65.31 0.44 

125AKS0.35 8.68 22.74 62.60 0.38 

125AKS0.5 7.80 20.02 69.29 0.39 

125AKS1.0 6.77 18.76 68.86 0.36 

125AKS1.5 9.12 28.47 60.05 0.32 

125HKS0.2 9.10 19.38 67.91 0.47 

125HKS0.35 7.67 21.21 68.19 0.36 

125HKS0.5 6.02 15.83 72.05 0.38 

125HKS1.0 8.74 21.90 62.65 0.40 

125HKS1.5 7.72 20.54 64.47 0.38 

125WKS0.2 5.23 26.96 65.10 0.19 

125WKS0.35 4.39 18.84 61.88 0.23 

125WKS0.5 6.28 15.61 73.35 0.40 

125WKS1.0 8.98 21.37 67.14 0.42 

125WKS1.5 6.95 15.93 70.62 0.43 

125OS0.2 9.15 10.19 71.69 0.90 

125OS0.35 12.58 14.37 69.47 0.88 

125OS0.5 9.25 29.52 60.75 0.31 

125OS1.0 8.38 23.94 65.80 0.35 

125OS1.5 6.98 19.29 66.97 0.36 

When Table 4.20 is examined, the main elemental components of the matrix structure 

of the cement mortar samples were determined as Si and Ca. These two elements are 

also the main components of the CSH structure.  

One very important characteristic of C–S–H is its variable composition, which is 

caused by defects and guest ions in its crystal structure. Several mechanisms have been 
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described to allow variation of Ca/Si, although doubts still remain at Ca/Si over 1.50 

[324]. It is known that the Ca/Si ratio of the C–S–H varies due to missing bridging 

silica tetrahedra [325], charge compensation of terminal oxygen atoms by calcium 

rather than protons and by the likely presence of calcium in the interlayer [326,327]. 

The possible range of compositions is known for synthetic preparations. Solubility 

data in the CaO-SiO2-H2O system reports a Ca/Si in C–S–H which can vary from ≈ 

0.67 up to ≈ 2.00 depending on the ionic activity of Si and Ca, generally with 

precipitation of portlandite occurring due to supersaturation of Ca with respect to the 

solid phase [326,328–331]. Pure C–S–H by most synthesis routes only exists for Ca/Si 

= 1.50 or less, with most attempts to form C–S–H with higher Ca/Si causing the co-

precipitation of portlandite [64, 66, 67-69]. 

It was shown [217,332] that the composition of C–S–H measured in SEM-EDS – when 

represented as a scatter plot (e.g. Si/Ca– Al/Ca) – could be estimated by choosing the 

value with the least intermixing of C–S–H with CH or other phases rich in calcium 

[216]. Therefore, the EDS analysis was taken from a similar matrix structure for all 

cement mortar samples (Figure 4.116). 

  

Figure 4.116: An example for EDS analysis (125OS0.5 specimen). 

Furthermore, the relationship between the compressive strength of cement mortars 

containing bio-polymeric admixtures and the Si/Ca ratio is shown in the Figure 4.117 

to Figure 4.121. 
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Figure 4.117: Relationship between Compressive strength and Si/Ca ratio of ES 

added cement mortars. 

 

Figure 4.118: Relationship between compressive strength and Si/Ca ratio of AKS 

added cement mortars. 
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Figure 4.119: Relationship between compressive strength and Si/Ca ratio of HKS 

added cement mortars. 

 

Figure 4.120: Relationship between compressive strength and Si/Ca ratio of WKS 

added cement mortars 
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Figure 4.121: Relationship between compressive strength and Si/Ca ratio of OS 

added cement mortars. 

As can be easily observed from Figure 4.117 to Figure 4.121, it has been determined 

that there is a direct proportionality between the compressive strength and the Si/Ca 

ratio. The compressive strength of the control mixture was determined as 35.06 MPa 

and the Si/Ca ratio was 0.40. In the test specimens, when the compressive strength of 

test specimens exceeds the compressive strength of the control mixture, the Si/Ca ratio 

of test specimens was higher than the Si/Ca ratio of the control mixture. In this 

relationship, only 125OS0.2 and 125OS0.35 coded samples deviated in the 

compressive strength and Si/Ca relationship (Figure 4.121). While the compressive 

strength of these samples decreased, a too much increase in Si/Ca ratio was observed. 

The reason that may be unhydrated cement particles on the matrix structure [239]. In 

this thesis study, it was determined that the cement matrix structure of the mortars with 

a Si/Ca ratio below 0.25 and above 0.80 had a relatively high number of unhydrated 

cement grains. For this reason, it can be concluded that the hydration of mortars with 

Si/Ca ratios below or above these limit values has not progressed as desired. 

Furthermore, 28-day XRD analyzes of bio-polymeric admixture used cement pastes 

were performed to follow the hydration phases of the test mortars (between Figure 
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4.122 and Figure 4.126). Also, microstructural development of test pastes is 

represented in Appendix A as 3-, 7-, 28-, and 150-days XRD analysis.  

 

Figure 4.122: X-Ray Diffraction of 0.2 wt.% bio-polymeric admixture used cements 

pastes hydrated at 28-day 
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Figure 4.123: X-Ray Diffraction of 0.35 wt.% bio-polymeric admixture used cements 

pastes hydrated at 28-day 

 

Figure 4.124: X-Ray Diffraction of 0.5 wt.% bio-polymeric admixture used cements 

pastes hydrated at 28-day 
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Figure 4.125: X-Ray Diffraction of 1.0 wt.% bio-polymeric admixture used cements 

pastes hydrated at 28-day 

 

Figure 4.126: X-Ray Diffraction of 1.5 wt.% bio-polymeric admixture used cements 

pastes hydrated at 28-day 

According to figures between Figure 4.122 and Figure 4.126, XRD phases of CEM I 

42.5 R cement as reference paste showed expected hydration products, including 

calcium hydroxide (portlandite), ettringite, weakly crystalline C-S-H and unreacted 
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clinker phases (calcium silicates). The presence of calcium carbonate was attributed to 

the partial carbonation of the portlandite, especially with ES addition. It has been an 

established fact that finely ground calcium carbonate represents to a certain extent an 

active component during the hydration of Portland cement and the formation of 

calcium monocarboaluminate has been confirmed many times [333]. The 

monocarboaluminate phase almost disappeared, especially in high usage rates of WKS 

and OS admixtures with high extractive ratios. According to the XRD results, it can 

be said that a slight decrease in the intensity of ettringite peaks was observed with the 

use of bio-polymeric admixtures. Although, a considerable amount of Ca(OH)2 is 

observed in all cases, in the use of low amount of OS admixture, a decrease in the 

intensity of Ca(OH)2 peaks was detected. This is an indication that the hydration of 

these mixtures has not progressed sufficiently and as a result the compressive strength 

remains relatively low. On the other hand, the calcium-silicate hydration products did 

not present clear diffraction peaks, due to their semi-amorphous nature [334]. Besides, 

there is an overlapping of the peaks of the hydrated and anhydrous compounds. 

However, the peaks characterizing anhydrous calcium silicates are better expressed in 

the patterns of test pastes. Although the peak intensities of unhydrated cement particles 

are relatively higher at early ages, the peak intensity of unhydrated cement particles 

decreases in advancing ages with the use of bio-polymeric admixtures (see Appendix 

A). The reason why unhydrated cement grains are relatively dense at early ages can be 

explained by the fact that bio-polymeric admixtures both slow down the progress of 

hydration by reducing the water absorption of the mortar when water curing, and that 

very fine grained bio-polymeric admixtures cut the contact of the cement particle with 

the mixing water by being barrier by accumulation around the cement particles. 

However, it has been determined that the peak intensity of unhydrated cement grains 

may decrease with later ages. This can be explained by the fact that bio-polymeric 

admixtures provide the moisture required for hydration in later ages thanks to their 

superior water-retention ability, and the development of hydration products with pectin 

in its content. An increase in the intensity of calcite peaks was detected with the use 

of ES admixture. In addition, it has been observed that the quartz peak is almost 

disappeared in the XRD patterns of cement pastes in which HKS and WKS admixtures 

are used. 
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4.5 Durability of Cement Mortars 

In this section, visual and mechanic changes cement mortar specimens, which are 

exposed to the effects of different chemical components and freezing and thawing, 

prepared without admixtures and with the addition of bio-polymeric admixtures in 

different proportions, are analyzed. 

4.5.1 Resistance to Sulfate Effect 

In order to determine the resistance of cement mortars to sulfate, cement mortars were 

subjected to 30 wetting-drying cycles in 5 wt.% magnesium sulfate solution as 

capillary absorption. In the interactions of MgSO4 solution, it was observed that salt 

crystals, defined as MgSO4 effloresce, were formed in large amounts on the specimen 

surfaces as well as crystallized MgCO3 shell (Figure 4.127). This is particularly 

evident in reference mortar specimens. Figure 4.128 shows efflorescence on the 

sample surface at the 10th, 20th, and 30th wetting-dry cycles of the reference 

specimen. Figure 4.129 to Figure 4.133 shows the development of efflorescence on 

the surface of bio-polymeric admixed cement mortars. 

 

Figure 4.127: MgSO4 bloom in reference cement mortar samples 

    

Figure 4.128: Salts formed on the surface of the reference mortar specimens after 

wetting-drying cycle, 0 cycle (a), 10 cycle (b), 20 cycle (c), 30 cycle (d) 

 



216 

 

 

Figure 4.129: Salts formed on the surface of the 125ES mortar specimens after 

wetting-drying cycle 
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Figure 4.130: Salts formed on the surface of the 125AKS mortar specimens after 

wetting-drying cycle 
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Figure 4.131: Salts formed on the surface of the 125HKS mortar specimens after 

wetting-drying cycle 
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Figure 4.132: Salts formed on the surface of the 125WKS mortar specimens after 

wetting-drying cycle 
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Figure 4.133: Salts formed on the surface of the 125WKS mortar specimens after 

wetting-drying cycle 

Table 4.21 shows the compressive strength of composite cement mortars before and 

after magnesium sulfate effect by capillary action with 30 wet-dry cycle. The change 

in compressive strengths relative to the initial compressive strength of each test mortar 

is graphically shown in Figure 4.134. 
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Table 4.21: Compressive strength of mortar specimens after sulfate effect 

Mortar 
Compressive Strength (MPa) 

0 wet-dry cycle 30 wet-dry cycle 

Reference 40.62 43.04 

125ES0.2 48.77 50.88 

125ES0.35 43.34 45.44 

125ES0.5 43.63 46.13 

125ES1.0 43.36 46.01 

125ES1.5 42.28 45.72 

125AKS0.2 38.25 40.87 

125AKS0.35 34.85 41.08 

125AKS0.5 34.55 39.33 

125AKS1.0 33.12 34.51 

125AKS1.5 34.31 33.65 

125HKS0.2 43.57 46.22 

125HKS0.35 37.70 40.91 

125HKS0.5 34.85 37.38 

125HKS1.0 37.00 35.09 

125HKS1.5 37.14 33.37 

125WKS0.2 35.12 38.52 

125WKS0.35 31.20 34.37 

125WKS0.5 32.40 35.84 

125WKS1.0 29.26 33.17 

125WKS1.5 37.73 41.30 

125OS0.2 24.17 27.16 

125OS0.35 27.84 28.27 

125OS0.5 28.97 30.81 

125OS1.0 28.18 31.90 

125OS1.5 30.63 34.38 
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Figure 4.134: Rate of change in compressive strength relative to compressive 

strength before sulfate exposure 

When Figure 4.134 is examined, it is observed that the reference mortar gained 5.95 

% strength in 30 drying-wetting cycles. Similarly, it was determined that the mortar 

specimens with AKS admixtures gained strength up to 17.88 %. It has been observed 

that in HKS admixed mortars gain strength with low bio-polymeric admixtures, but 

their strength can decrease by 10.17 %, in 1 wt.% and 1.5 wt.% admixture usage levels. 

It has been determined that cement mortars with WKS and OS admixtures can gain 

strength up to 13 %. Due to the sulphate effect in cement mortars, it is expected that 

chemical reaction with hydration products of cement and sulphate will lead to 

deterioration in the mortars and a decrease in strength [335–337]. However, the 

degrading effect of sulfate on cementitious products can be more clearly demonstrated 

in longer test times. On the other hand, in this study, a 30-day test period was sufficient 

for the mortar specimens with high HKS admixtures to lose strength. In addition, the 

strength gain of the mortars using ES admixtures remained at a relatively lower level 

compared to the mortars using other admixtures. This shows that the strength gaining 

process of ES admixed mortars has ended, and when they are exposed to sulfate for a 

longer time, the strength loss phase will begin. According to Yu et al. [338], when 

cement mortars are exposed to the effect of sulfate, an increase in their strength can be 
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observed at 90 to 150 days of sulfate exposure. In strength gain stage, the primary 

reaction products, gypsum and ettringite, fill the pores and compact the microstructure, 

causing an increase in compressive strength. In strength loss stage, they overcame the 

pore limitation and the expanding tension sprouted. When the tensile strength 

exceeded the tensile strength of the mortar, microcracking developed and deteriorated 

the strength. Also, washing and consuming hydration products further weakened the 

cohesion [338]. In this thesis study, it has been determined that sulfate may deteriorate 

the mortar structures with ES and HKS admixtures with shorter interaction, while 

mortars using AKS, WKS and OS admixtures need to be exposed to sulfate for a longer 

period of time to deteriorate the structure. In this context, it can be said that AKS and 

WKS and OS admixtures increase the resistance to sulfate. 

4.5.2 Resistance to Acid Effect 

Another subject of study within the scope of this thesis is the analysis of the acid 

resistance characteristics of cement mortar specimens with bio-polymeric admixtures. 

Sulfuric acid solution was used in the analysis of the resistance of the mortars against 

acids. Such acids have a dissolving and disintegrating effect on CaCO3-based building 

components. Compressive strength changes of mortar specimens used in the 

interaction analysis with acid solution in H2SO4 solution with pH=1 was 

experimentally investigated, and the results are given in Table 4.22. The change in 

compressive strengths relative to the initial compressive strength of each test mortar is 

graphically shown in Figure 4.135. 

Table 4.22: Compressive strength of mortar specimens after acid effect 

Mortar 
Compressive Strength (MPa) 

0 wet-dry cycle 30 wet-dry cycle 

Reference 40.62 41.37 

125ES0.2 48.77 43.59 

125ES0.35 43.34 40.52 

125ES0.5 43.63 41.30 

125ES1.0 43.36 41.79 

125ES1.5 42.28 40.60 

125AKS0.2 38.25 39.62 
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Table 4.22 (Continued): Compressive strength of mortar specimens after acid 

effect 

Mortar 
Compressive Strength (MPa) 

0 wet-dry cycle 30 wet-dry cycle 

125AKS0.35 34.85 39.73 

125AKS0.5 34.55 36.63 

125AKS1.0 33.12 32.28 

125AKS1.5 34.31 33.23 

125HKS0.2 43.57 44.05 

125HKS0.35 37.70 38.54 

125HKS0.5 34.85 35.85 

125HKS1.0 37.00 38.87 

125HKS1.5 37.14 38.82 

125WKS0.2 35.12 35.92 

125WKS0.35 31.20 33.53 

125WKS0.5 32.40 35.40 

125WKS1.0 29.26 33.09 

125WKS1.5 37.73 42.41 

125OS0.2 24.17 24.71 

125OS0.35 27.84 28.18 

125OS0.5 28.97 29.67 

125OS1.0 28.18 29.31 

125OS1.5 30.63 33.08 
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Figure 4.135: Rate of change in compressive strength relative to compressive 

strength before acid exposure 

By reacting with calcium carbonate, sulfuric acid enables calcium carbonate to turn 

into gypsum and crystallize by taking two moles of water. It is also known that calcium 

hydroxide is the weakest component under the influence of acid [339]. According to 

Figure 4.135, the mixtures that had the most negative effect in the mortar specimens 

were cement mortars using ES admixtures. Since calcium hydroxide Ca(OH)2 is the 

most vulnerable element to acid attack, eggshell concrete suffers higher damage as 

eggshell powder increases the amount of said element in mortars [340]. Cement 

mortars with ES admixtures suffered a compressive strength loss of up to 10.62 % in 

30 drying-wetting cycles with the effect of sulfuric acid. Similarly, it has been 

determined that the compressive strength of the cement mortars using AKS admixtures 

can decrease up to 3.14 % due to the acid effect as the admixture ratio increases. At 

the end of 30 cycles, the compressive strength of the mortars using HKS admixture 

increased by a maximum of 5.05 %. Similar to the specimens subjected to sulphate 

solution cycle, the compressive strengths of cement mortars with WKS and OS 

admixtures exposed to acid cycle increased by 13.10 % and up to 8 %. The 

compressive strength gain during the early capillary absorption period in pH=1 sulfuric 

acid solution could be attributed to a number of factors, which include continued 
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hydration of cement and formation of gypsum [341]. According to Chang et al. [341], 

cement-based test specimens generally require 56 days of acid interactions to lose their 

compressive strength. Even in their study, all test specimens had to be exposed to acid 

interaction for 168 days in order to record a decrease in compressive strength for all. 

The increase in compressive strength of the samples during the first period of acid 

solution interactions is probably due to the continued hydration of the cement and an 

early formation of gypsum and ettringite that will fill the pores of the mortar. However, 

further formation of gypsum and ettringite results in the dissolution of the cement paste 

in the acid solution, resulting in expansion leading to softening of the cement matrix 

followed by a decrease in the compressive strength of specimens. In this test study, 

mortars with HKS, WKS and OS admixtures could not pass to the second stage during 

the test period of 30 cycles. However, it was determined that AKS and ES admixed 

mortars lost their compressive strength in 30 cycles. Therefore, considering the 

exposure time to acid solution, it can be said that HKS, WKS and OS admixtures can 

make cement mortar comparatively more durable under the influence of acid solution. 

It is also known that water-repellent chemicals and fatty acids are used in mortars to 

reduce the effect of sulfate and acid attack [342]. In this thesis study, it was determined 

that especially the mortars with lower water absorption values performed better under 

the effect of acid and sulfate. 

4.5.3 Resistance to Freeze-Thaw 

Repeated freeze-thaw cycles can be detrimental to a porous and brittle material such 

as concrete. Under this type of influence, concrete can deteriorate rapidly by losing its 

strength and/or crumbling. From Figure 4.136 through Figure 4.141, visual changes 

on the surfaces of cement mortars exposed to 30 freeze-thaw cycles are presented. In 

Table 4.23, the initial compressive strengths and compressive strengths after 30 cycles 

of cement mortar specimens subjected to 30 freeze-thaw cycles are given. The change 

in compressive strengths relative to the initial compressive strength of each test mortar 

is graphically shown in Figure 4.146. 
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Figure 4.136: Reference specimens’ appearance before and after freeze-thaw cycles 

 

Figure 4.137: 125ES specimens’ appearance before and after freeze-thaw cycles 
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Figure 4.138: 125AKS specimens’ appearance before and after freeze-thaw cycles 
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Figure 4.139: 125HKS specimens’ appearance before and after freeze-thaw cycles 
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Figure 4.140: 125WKS specimens’ appearance before and after freeze-thaw cycles 
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Figure 4.141: 125OS specimens’ appearance before and after freeze-thaw cycles 

The appearance of the tested specimens before and after completing 30 cycles of 

freeze-thaw action is shown between Figure 4.136 and Figure 4.141. Surface scaling 

and concrete pop-outs are the two signs of deterioration that are not clearly observed 

in any tested specimens. However, distinctive color changes were observed on the 

surface of many specimens. As the number of freeze-thaw cycles increases, surface 

scaling can be expected in these regions. However, cracks were detected on the 

surfaces of the reference mortars after 30 freeze-thaw cycles (Figure 4.142). 
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Figure 4.142: Freeze-thaw cracking on the surface of reference mortar 

In addition, after 30 freeze-thaw, cracks were observed on the surfaces of the mortars 

using ES admixture and are shown in the Figure 4.143, Figure 4.144 and Figure 4.145. 

 

Figure 4.143: Freeze-thaw cracking on the surface of 125ES02 mortar 
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Figure 4.144: Freeze-thaw cracking on the surface of 125ES0.5 mortar 

 

Figure 4.145: Freeze-thaw cracking on the surface of 125ES1.5 mortar 
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Table 4.23: Compressive strength of mortar specimens after freeze-thaw effect 

Mortar 
Compressive Strength (MPa) 

0 freeze-thaw cycle 30 freeze-thaw cycle 

Reference 40.62 30.26 

125ES0.2 48.77 42.53 

125ES0.35 43.34 38.08 

125ES0.5 43.63 40.44 

125ES1.0 43.36 42.34 

125ES1.5 42.28 42.11 

125AKS0.2 38.25 39.48 

125AKS0.35 34.85 37.76 

125AKS0.5 34.55 38.81 

125AKS1.0 33.12 34.31 

125AKS1.5 34.31 35.02 

125HKS0.2 43.57 43.02 

125HKS0.35 37.70 42.15 

125HKS0.5 34.85 39.43 

125HKS1.0 37.00 40.85 

125HKS1.5 37.14 40.17 

125WKS0.2 35.12 36.35 

125WKS0.35 31.20 32.58 

125WKS0.5 32.40 33.95 

125WKS1.0 29.26 33.15 

125WKS1.5 37.73 38.93 

125OS0.2 24.17 25.87 

125OS0.35 27.84 32.25 

125OS0.5 28.97 31.81 

125OS1.0 28.18 30.85 

125OS1.5 30.63 31.63 
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Figure 4.146: Rate of change in compressive strength relative to compressive 

strength before freeze-thaw cycles 

According to Figure 4.146, the reference mortar lost 25.51 % of its initial compressive 

strength after 30 freeze-thaw cycles. The compressive strength of cement mortars with 

ES admixture, which have a relatively low porosity and a relatively high water 

absorption rate, also decreased up to 12.79 % at the end of 30 cycles. Water expands 

by 9% of its volume when frozen. When water begins to freeze in a capillary space, 

this expansion must be tolerated in the cement mortar. The magnitude of the hydraulic 

pressure created by the expansion of water when it freezes depends on the permeability 

of the cement paste, the degree of saturation, the distance to the nearest unfilled space 

and the freezing rate. If the hydraulic pressure exceeds the tensile strength of the 

cement paste at any point, it will cause local cracking. In repeated freezing and thawing 

cycles in a wet environment, during the thaw phase of the cycle, water enters the cracks 

and freezes again. A gradual deterioration occurs in each freeze-thaw cycle. Thus, the 

strength of the specimen decreases with the freeze-thaw cycle. In this way, it has been 

observed that the hydraulic pressure caused by the freezing expansion of water in the 

reference mortars decreases the strength of the mortar due to micro cracks in the mortar 

in the following cycles Figure 4.142.  
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In cement mortars in which AKS, HKS, WKS and OS admixtures are used, an average 

of 5.91, 8.45, 5.84 and 9.09 % strength increases were recorded after 30 freeze-thaw 

cycles, respectively.  Wang  et al. [343] noted that compressive strength of the graphite 

tailings cement mortar could increase in 25 freeze-thaw cycles. Liu et al. [344] stated 

that polycarboxylate cement mortars can gain strength after 25 freeze-thaw cycles. The 

decrease in strength of the mortars was recorded at freeze-thaw cycles higher than 25 

cycles.  The reason may be that the original pores inside the specimen were compacted 

by frost heave force in the early stage of freeze-thaw cycle, so that the strength 

increased [344]. Also, strength gain can be attributed to the interior of the mortar 

sample was still coagulating as the curing time was only 28 d, and the cement mortar 

was still in the healing phase. However, when compared with the reference specimens, 

while the reference samples lose strength, the strength of the bio-polymeric admixed 

specimens increased. This indicates that the lignocellulosic bio-polymeric admixtures 

have a significant positive effect on the freeze-thaw durability of the mortar. In 

addition, transforming the cement mortar into a more hydrophobic structure ensures 

that the mortar gains a more durable form in terms of freezing-thawing [345]. In this 

study, it was determined that the water absorption values of the mortars decreased with 

the use of lignocellulosic bio-polymeric admixtures. It has been observed that the 

compressive strength of the mortars, which absorb less water in the freeze-thaw cycle, 

is better after 30 cycles. 

4.5.4 Evaluation of Durability of Cement Mortars 

In this thesis, durability analyzes consisting of sulfate effect, acid effect and freeze-

thaw effect on cement mortars using bio-polymeric additives were performed. In the 

durability evaluation of all three groups, it was determined that WKS and OS 

admixtures could add positive properties to the cement mortar. Due to the high 

extractive substance content of these admixtures, the hydrophobic feature added to the 

mortar improves its durability by reducing the absorption of harmful solutions to the 

mortar. Similarly, with these admixtures, the hydraulic pressure that may occur in 

freeze-thaw cycles decreases, as the mortar absorbs less water. A graphical 



237 

 

representation of the effect of each bio-polymeric admixture on each durability 

property is shown between Figure 4.147 and Figure 4.151. 

 

Figure 4.147: Compressive strength changes of cement mortars with ES admixture 

under different deteriorating effects 

When Figure 4.147 is examined, it is observed that the compressive strength of cement 

mortars with 0 % admixture (reference mortar) after 30 freeze-thaw cycles is the 

lowest in ES added mortars. The compressive strengths of ES added mortars were 

below the reference strengths in 30 freeze-thaw, and 30 wetting-drying cycles under 

the influence of acid. This shows that ES admixture reduces the durability of the mortar 

against acid attack and freeze-thaw effect.  
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Figure 4.148: Compressive strength changes of cement mortars with AKS admixture 

under different deteriorating effects 

When analyzing Figure 4.148, it can be concluded that the use of 1.5 wt.% AKS 

indicates that the mortar reduces its resistance to sulfate and acid attack. In addition, 

the use of 1 wt.% AKS negatively affects the resistance of the mortar against acid 

attack. The durability of cement mortars improved in 30 wetting-drying cycles under 

the effect of sulphate and acid, with relatively lower use of admixtures other than those 

mentioned above. Moreover, it has been found that all proportions of AKS admixture 

cement mortars improve freeze-thaw durability for 30 cycles. Therefore, AKS 

admixture can be evaluated in the composition of cement mortars, especially to 

increase the freeze-thaw resistance. 
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Figure 4.149: Compressive strength changes of cement mortars with HKS admixture 

under different deteriorating effects 

Analyzing Figure 4.149, with the use of 1.0 wt.% and 1.5 w.t% of the HKS admixture, 

with 30 wetting-drying cycles under the effect of magnesium sulfate, the compressive 

strengths are lower than the compressive strength of the reference mortar. This means 

that the resistance of the reference mortar against sulphate is better than that of the 

cement mortar with high HKS usage. In addition, the use of a low amount of 0.2% 

reduced the compressive strength under freeze-thaw effect compared to the original 

compressive strength of the reference mortar. The compressive strength of any of the 

mortar series produced using HKS admixture remained below the original 

compressive strengths under the effect of acid solution. For this reason, it can be said 

that the HKS admixture provides the mortar resistance to sulfuric acid. 
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Figure 4.150: Compressive strength changes of cement mortars with WKS admixture 

under different deteriorating effects 

According to the Figure 4.150, WKS admixture added superior durability to cement 

mortars in all three durability tests for 30 cycles for each. WKS admixed mortars 

gained strength after all three durability tests. For this reason, considering the number 

of 30 cycles, it can be said that the WKS admixture adds positive value to the mortar 

in all three effects. 
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Figure 4.151: Compressive strength changes of cement mortars with OS admixture 

under different deteriorating effects 

According to the Figure 4.151, OS admixture added superior durability to cement 

mortars in all three durability tests for 30 cycles for each. OS admixed mortars gained 

strength after all three durability tests. For this reason, considering the number of 30 

cycles, it can be said that the OS admixture adds positive value to the mortar in all 

three effects. 

It has been determined that ES admixture can improve the cement mortar against 

sulfate, AKS admixture against freezing-thawing, HKS admixture against acid, WKS 

and OS admixtures against all three, considering the number of 30 cycles under the 

effect of sulfate attack, acid attack and freeze-thaw. 

On the other hand, 30 cycles were applied to the test specimens for all three durability 

analyses. In this number of cycles, higher compressive strengths than the original 

strength of many specimens were determined, that is, the specimens gained strength. 

However, it is recommended to extend the duration of the durability tests of bio-

polymeric mortars and to test more wetting-drying or freeze-thawing cycles in order 

to determine in which number of cycles the test specimens begin to lose strength. 
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4.6 Optimization and Regression Analysis of Test 

Results 

4.6.1 Grey Relational Grade 

Flowability, setting times, water absorption, compressive strength and flexural 

strength parameter optimization was performed via grey relational grade, which is an 

analysis of a multiple performance characteristics. Optimization analyzes were 

analyzed in four sections. First, it identifies the best mix design for all of the results 

obtained as a result of the study. Second, it determines the best mix design in the fresh 

mortar properties. Third, it determines the best mix design for the hardened mortar 

properties (strength). Fourth and lastly, it specifies the most suitable mixture design 

according to the water absorptions known as the simplest durability test. Table 4.24 

presents the parameters and their levels utilized in the experimental study, with three 

levels of grain size of bio-polymeric admixtures, five levels of bio-polymeric 

admixture type and six levels of usage rate of the bio-polymeric admixtures. 

Experimental test sequence is shown in the first stage of the optimization study, a 

multi-response optimization analysis was performed for eight different responses. 

Experimental test results are shown in Table 4.26. 

 

 

Table 4.24: Test factors and levels 

Factors Symbol 
Level 

1 

Level 

2 

Level 

3 

Level 

4 

Level 

5 

Level 

6 

Grain size (μm) G 0/45 0/125 125/250    

Type T ES AKS HKS WKS OS  

Usage rate 

(wt.%) 

U 0 0.2 0.35 0.5 1.0 1.5 
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Table 4.25: Experimental design 

Experiment no G T U 

1 0/45 ES 0.00 

2 0/45 ES 0.20 

3 0/45 ES 0.35 

4 0/45 ES 0.50 

5 0/45 ES 1.00 

6 0/45 ES 1.50 

7 0/45 AKS 0.00 

8 0/45 AKS 0.20 

9 0/45 AKS 0.35 

10 0/45 AKS 0.50 

11 0/45 AKS 1.00 

12 0/45 AKS 1.50 

13 0/45 HKS 0.00 

14 0/45 HKS 0.20 

15 0/45 HKS 0.35 

16 0/45 HKS 0.50 

17 0/45 HKS 1.00 

18 0/45 HKS 1.50 

19 0/45 WKS 0.00 

20 0/45 WKS 0.20 

21 0/45 WKS 0.35 

22 0/45 WKS 0.50 

23 0/45 WKS 1.00 

24 0/45 WKS 1.50 

25 0/45 OS 0.00 

26 0/45 OS 0.20 

27 0/45 OS 0.35 

28 0/45 OS 0.50 

29 0/45 OS 1.00 

30 0/45 OS 1.50 

31 0/125 ES 0.00 

32 0/125 ES 0.20 

33 0/125 ES 0.35 
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Table 4.25 (Continued): Experimental design 

Experiment no G T U 

34 0/125 ES 0.50 

35 0/125 ES 1.00 

36 0/125 ES 1.50 

37 0/125 AKS 0.00 

38 0/125 AKS 0.20 

39 0/125 AKS 0.35 

40 0/125 AKS 0.50 

41 0/125 AKS 1.00 

42 0/125 AKS 1.50 

43 0/125 HKS 0.00 

44 0/125 HKS 0.20 

45 0/125 HKS 0.35 

46 0/125 HKS 0.50 

47 0/125 HKS 1.00 

48 0/125 HKS 1.50 

49 0/125 WKS 0.00 

50 0/125 WKS 0.20 

51 0/125 WKS 0.35 

52 0/125 WKS 0.50 

53 0/125 WKS 1.00 

54 0/125 WKS 1.50 

55 0/125 OS 0.00 

56 0/125 OS 0.20 

57 0/125 OS 0.35 

58 0/125 OS 0.50 

59 0/125 OS 1.00 

60 0/125 OS 1.50 

61 125/250 ES 0.00 

62 125/250 ES 0.20 

63 125/250 ES 0.35 

64 125/250 ES 0.50 

65 125/250 ES 1.00 

66 125/250 ES 1.50 
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Table 4.25 (Continued): Experimental design 

Experiment no Experiment no Experiment no Experiment no 

67 125/250 AKS 0.00 

68 125/250 AKS 0.20 

69 125/250 AKS 0.35 

70 125/250 AKS 0.50 

71 125/250 AKS 1.00 

72 125/250 AKS 1.50 

73 125/250 HKS 0.00 

74 125/250 HKS 0.20 

75 125/250 HKS 0.35 

76 125/250 HKS 0.50 

77 125/250 HKS 1.00 

78 125/250 HKS 1.50 

79 125/250 WKS 0.00 

80 125/250 WKS 0.20 

81 125/250 WKS 0.35 

82 125/250 WKS 0.50 

83 125/250 WKS 1.00 

84 125/250 WKS 1.50 

85 125/250 OS 0.00 

86 125/250 OS 0.20 

87 125/250 OS 0.35 

88 125/250 OS 0.50 

89 125/250 OS 1.00 

90 125/250 OS 1.50 

In the first stage of the optimization study, a multi-response optimization analysis was 

performed for eight different responses. Experimental test results are shown in Table 

4.26. 
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Table 4.26: Experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs. 

(%) 

1 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

2 36.42 47.87 7.37 125.25 105.00 155.00 0.64 6.34 

3 32.65 42.92 7.36 128.75 105.00 160.00 0.67 5.16 

4 32.54 41.66 7.14 129.00 110.00 160.00 0.79 5.48 

5 32.48 40.02 7.11 128.13 115.00 160.00 0.70 5.82 

6 29.24 37.33 6.73 125.13 105.00 175.00 0.68 6.84 

7 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

8 34.09 44.95 5.58 130.00 70.00 140.00 0.61 4.32 

9 32.55 41.15 5.29 130.75 165.00 215.00 0.62 4.22 

10 32.48 40.52 4.81 131.75 145.00 245.00 0.62 4.18 

11 32.42 37.60 4.68 119.75 95.00 265.00 0.63 3.86 

12 29.11 37.54 4.74 114.00 45.00 200.00 0.83 3.44 

13 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

14 30.90 47.19 6.73 123.63 100.00 175.00 1.00 6.46 

15 31.38 45.13 6.69 132.00 105.00 180.00 0.79 5.32 

16 32.48 44.39 6.70 123.88 125.00 205.00 0.75 4.60 

17 31.82 41.06 6.32 117.25 95.00 180.00 0.61 3.26 

18 30.99 40.58 6.02 109.50 50.00 155.00 0.55 3.20 

19 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

20 29.90 37.52 4.11 138.13 205.00 315.00 0.50 3.82 

21 27.07 35.12 4.40 138.75 220.00 325.00 0.54 3.32 

22 28.63 34.45 4.78 139.63 260.00 405.00 0.60 2.88 

23 29.54 37.69 4.79 117.75 95.00 345.00 0.62 2.32 

24 30.50 40.40 4.82 104.00 75.00 165.00 0.65 2.12 

25 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

26 19.44 22.68 4.65 137.50 100.00 275.00 0.54 3.14 

27 22.04 29.63 4.18 147.00 215.00 315.00 0.52 2.92 

28 22.64 29.89 4.04 141.50 200.00 345.00 0.49 2.44 

29 26.34 38.57 4.45 131.00 115.00 340.00 0.44 2.38 

30 29.34 40.59 4.52 112.75 90.00 300.00 0.34 2.18 

31 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 
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Table 4.26 (Continued): Experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs. 

(%) 

32 38.84 51.50 7.50 131.13 95.00 245.00 0.72 6.61 

33 38.63 50.50 7.54 130.15 105.00 230.00 0.82 6.56 

34 38.51 49.32 7.39 132.90 110.00 230.00 0.90 6.43 

35 35.82 49.11 7.31 134.80 105.00 255.00 0.81 6.20 

36 33.69 40.22 6.47 128.00 110.00 245.00 0.86 6.20 

37 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

38 34.99 47.89 6.85 143.29 165.00 295.00 0.41 6.59 

39 33.23 44.60 6.55 142.08 190.00 320.00 0.33 6.22 

40 32.36 40.50 6.53 140.81 220.00 365.00 0.32 6.06 

41 32.11 36.90 6.41 139.86 220.00 415.00 0.30 5.94 

42 31.48 35.01 5.81 121.10 50.00 280.00 0.31 5.93 

43 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

44 35.14 46.90 6.27 122.63 160.00 220.00 0.29 5.55 

45 26.93 38.25 6.15 122.79 185.00 240.00 0.23 4.99 

46 26.12 35.80 5.76 123.50 170.00 295.00 0.16 4.81 

47 26.70 35.90 5.68 121.83 110.00 310.00 0.15 3.66 

48 26.35 35.60 5.41 118.11 100.00 300.00 0.17 3.61 

49 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

50 27.33 34.23 3.55 163.80 250.00 400.00 0.48 6.23 

51 25.09 33.33 3.50 155.25 260.00 525.00 0.36 5.99 

52 26.78 35.10 3.25 152.94 315.00 585.00 0.27 6.03 

53 31.22 39.54 5.58 135.16 85.00 395.00 0.30 6.00 

54 34.95 41.59 6.28 127.85 70.00 230.00 0.33 5.98 

55 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

56 19.01 29.00 2.61 149.17 220.00 300.00 0.21 4.81 

57 23.22 33.00 3.07 157.76 295.00 390.00 0.13 4.65 

58 24.30 36.50 5.38 159.06 320.00 435.00 0.10 4.55 

59 29.15 39.67 5.42 146.61 275.00 570.00 0.10 3.30 

60 29.68 51.00 5.46 126.51 135.00 475.00 0.15 2.29 

61 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

62 35.35 41.11 6.77 123.25 110.00 230.00 0.33 6.40 
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Table 4.26 (Continued): Experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs. 

(%) 

63 34.38 40.31 6.52 123.75 95.00 225.00 0.43 7.08 

64 34.19 39.67 6.48 117.50 95.00 180.00 0.51 7.68 

65 29.66 39.96 6.45 113.00 60.00 160.00 0.49 7.02 

66 24.84 36.46 6.41 111.50 65.00 150.00 0.50 6.58 

67 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

68 35.55 46.47 7.33 116.00 115.00 190.00 0.38 7.34 

69 35.85 47.52 7.35 114.25 125.00 170.00 0.41 6.34 

70 35.99 47.53 7.39 114.00 140.00 210.00 0.42 5.44 

71 37.98 47.49 7.47 112.00 95.00 215.00 0.45 5.04 

72 38.72 48.78 7.56 110.00 65.00 215.00 0.46 4.60 

73 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

74 36.66 47.00 7.44 118.50 90.00 205.00 0.27 6.44 

75 36.63 46.59 7.41 116.50 95.00 200.00 0.34 6.00 

76 35.86 44.24 7.33 114.25 90.00 180.00 0.35 5.88 

77 34.90 40.18 6.74 111.50 85.00 170.00 0.38 4.52 

78 27.72 32.42 5.78 110.00 45.00 140.00 0.40 3.70 

79 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

80 34.88 44.34 6.97 118.00 100.00 235.00 0.44 6.80 

81 35.72 40.61 6.79 117.00 95.00 235.00 0.49 5.86 

82 35.56 39.90 5.88 112.50 60.00 250.00 0.53 5.78 

83 30.25 35.74 5.26 109.50 40.00 155.00 0.63 5.88 

84 25.79 30.82 4.31 105.00 15.00 100.00 0.67 6.28 

85 35.06 46.05 7.32 120.36 90.00 235.00 0.60 6.84 

86 29.15 33.23 6.50 135.50 165.00 250.00 0.55 6.12 

87 23.10 31.44 6.01 136.00 185.00 285.00 0.56 4.52 

88 19.73 25.08 5.70 141.50 205.00 300.00 0.57 3.62 

89 21.67 24.42 5.50 144.00 265.00 370.00 0.57 3.32 

90 22.44 29.82 5.70 129.25 95.00 325.00 0.55 2.80 

The normalized experimental test results are given in Table 4.30. While creating this 

table, 28-day compressive strength, 150-day compressive strength, 28-day flexural 

strength, flowability value, initial and final setting times were maximized according to 
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Equation (3.5). In the table, capillary water absorption and water absorption by mass 

are minimized using Equation (3.4). As examples, the calculation of the maximized 

and minimized values for 28-day compressive strength and mass water absorption of 

experiment 1 are (35.06-19.01)/(38.84/19.01)=0.81 and (7.68-6.84)/(7.68-2.12)=0.15.  

Table 4.27: Comparability sequence of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs. 

(%) 

1 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

2 0.88 0.87 0.96 0.36 0.30 0.11 0.40 0.24 

3 0.69 0.70 0.96 0.41 0.30 0.12 0.37 0.45 

4 0.68 0.66 0.92 0.42 0.31 0.12 0.23 0.40 

5 0.68 0.60 0.91 0.40 0.33 0.12 0.33 0.33 

6 0.52 0.51 0.83 0.35 0.30 0.15 0.36 0.15 

7 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

8 0.76 0.77 0.60 0.43 0.18 0.08 0.43 0.60 

9 0.68 0.64 0.54 0.45 0.49 0.24 0.42 0.62 

10 0.68 0.62 0.44 0.46 0.43 0.30 0.42 0.63 

11 0.68 0.52 0.42 0.26 0.26 0.34 0.41 0.69 

12 0.51 0.52 0.43 0.17 0.10 0.21 0.19 0.76 

13 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

14 0.60 0.85 0.83 0.33 0.28 0.15 0.00 0.22 

15 0.62 0.78 0.82 0.47 0.30 0.16 0.23 0.42 

16 0.68 0.75 0.83 0.33 0.36 0.22 0.28 0.55 

17 0.65 0.64 0.75 0.22 0.26 0.16 0.43 0.79 

18 0.60 0.62 0.69 0.09 0.11 0.11 0.50 0.81 

19 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

20 0.55 0.51 0.30 0.57 0.62 0.44 0.56 0.69 

21 0.41 0.43 0.36 0.58 0.67 0.46 0.51 0.78 

22 0.49 0.41 0.44 0.60 0.80 0.63 0.44 0.86 

23 0.53 0.52 0.44 0.23 0.26 0.51 0.42 0.96 

24 0.58 0.61 0.45 0.00 0.20 0.13 0.39 1.00 

25 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

26 0.02 0.00 0.41 0.56 0.28 0.36 0.51 0.82 
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Table 4.27 (Continued): Comparability sequence of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs. 

(%) 

27 0.15 0.24 0.32 0.72 0.66 0.44 0.53 0.86 

28 0.18 0.25 0.29 0.63 0.61 0.51 0.57 0.94 

29 0.37 0.55 0.37 0.45 0.33 0.49 0.62 0.95 

30 0.52 0.62 0.39 0.15 0.25 0.41 0.73 0.99 

31 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

32 1.00 1.00 0.99 0.45 0.26 0.30 0.31 0.19 

33 0.99 0.97 1.00 0.44 0.30 0.27 0.20 0.20 

34 0.98 0.92 0.97 0.48 0.31 0.27 0.11 0.22 

35 0.85 0.92 0.95 0.52 0.30 0.32 0.21 0.27 

36 0.74 0.61 0.78 0.40 0.31 0.30 0.16 0.27 

37 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

38 0.81 0.87 0.86 0.66 0.49 0.40 0.66 0.20 

39 0.72 0.76 0.80 0.64 0.57 0.45 0.74 0.26 

40 0.67 0.62 0.79 0.62 0.67 0.55 0.76 0.29 

41 0.66 0.49 0.77 0.60 0.67 0.65 0.78 0.31 

42 0.63 0.43 0.65 0.29 0.11 0.37 0.77 0.31 

43 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

44 0.81 0.84 0.74 0.31 0.48 0.25 0.79 0.38 

45 0.40 0.54 0.72 0.31 0.56 0.29 0.86 0.48 

46 0.36 0.46 0.64 0.33 0.51 0.40 0.93 0.52 

47 0.39 0.46 0.62 0.30 0.31 0.43 0.94 0.72 

48 0.37 0.45 0.57 0.24 0.28 0.41 0.92 0.73 

49 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

50 0.42 0.40 0.19 1.00 0.77 0.62 0.58 0.26 

51 0.31 0.37 0.18 0.86 0.80 0.88 0.71 0.30 

52 0.39 0.43 0.13 0.82 0.98 1.00 0.81 0.30 

53 0.62 0.59 0.60 0.52 0.23 0.61 0.78 0.30 

54 0.80 0.66 0.74 0.40 0.18 0.27 0.74 0.31 

55 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

56 0.00 0.22 0.00 0.76 0.67 0.41 0.88 0.52 

57 0.21 0.36 0.09 0.90 0.92 0.60 0.97 0.54 
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Table 4.27 (Continued): Comparability sequence of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs.(%) 

58 0.27 0.48 0.56 0.92 1.00 0.69 1.00 0.56 

59 0.51 0.59 0.57 0.71 0.85 0.97 1.00 0.79 

60 0.54 0.98 0.58 0.38 0.39 0.77 0.94 0.97 

61 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

62 0.82 0.64 0.84 0.32 0.31 0.27 0.74 0.23 

63 0.78 0.61 0.79 0.33 0.26 0.26 0.63 0.11 

64 0.77 0.59 0.78 0.23 0.26 0.16 0.54 0.00 

65 0.54 0.60 0.78 0.15 0.15 0.12 0.57 0.12 

66 0.29 0.48 0.77 0.13 0.16 0.10 0.56 0.20 

67 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

68 0.83 0.83 0.95 0.20 0.33 0.19 0.69 0.06 

69 0.85 0.86 0.96 0.17 0.36 0.14 0.66 0.24 

70 0.86 0.86 0.97 0.17 0.41 0.23 0.64 0.40 

71 0.96 0.86 0.98 0.13 0.26 0.24 0.61 0.47 

72 0.99 0.91 1.00 0.10 0.16 0.24 0.60 0.55 

73 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

74 0.89 0.84 0.98 0.24 0.25 0.22 0.81 0.22 

75 0.89 0.83 0.97 0.21 0.26 0.21 0.73 0.30 

76 0.85 0.75 0.95 0.17 0.25 0.16 0.72 0.32 

77 0.80 0.61 0.83 0.13 0.23 0.14 0.69 0.57 

78 0.44 0.34 0.64 0.10 0.10 0.08 0.67 0.72 

79 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

80 0.80 0.75 0.88 0.23 0.28 0.28 0.62 0.16 

81 0.84 0.62 0.84 0.22 0.26 0.28 0.57 0.33 

82 0.83 0.60 0.66 0.14 0.15 0.31 0.52 0.34 

83 0.57 0.45 0.54 0.09 0.08 0.11 0.41 0.32 

84 0.34 0.28 0.34 0.02 0.00 0.00 0.37 0.25 

85 0.81 0.81 0.95 0.27 0.25 0.28 0.44 0.15 

86 0.51 0.37 0.79 0.53 0.49 0.31 0.50 0.28 

87 0.21 0.30 0.69 0.54 0.56 0.38 0.49 0.57 

88 0.04 0.08 0.62 0.63 0.62 0.41 0.48 0.73 

89 0.13 0.06 0.58 0.67 0.82 0.56 0.48 0.78 

90 0.17 0.25 0.62 0.42 0.26 0.46 0.50 0.88 
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The deviation sequence of experimental test results is given in Table 4.28. Deviation 

sequence is obtained by subtracting comparability sequence values from 1 in absolute 

value. As examples, the calculation of the deviation sequence values for 28-day 

compressive strength and mass water absorption of experiment 1 are |1-0.81|=0.19 and 

|1-0.15|=0.85.  

Table 4.28: Deviation sequence of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs. 

(%) 

1 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

2 0.12 0.13 0.04 0.64 0.70 0.89 0.60 0.76 

3 0.31 0.30 0.04 0.59 0.70 0.88 0.63 0.55 

4 0.32 0.34 0.08 0.58 0.69 0.88 0.77 0.60 

5 0.32 0.40 0.09 0.60 0.67 0.88 0.67 0.67 

6 0.48 0.49 0.17 0.65 0.70 0.85 0.64 0.85 

7 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

8 0.24 0.23 0.40 0.57 0.82 0.92 0.57 0.40 

9 0.32 0.36 0.46 0.55 0.51 0.76 0.58 0.38 

10 0.32 0.38 0.56 0.54 0.57 0.70 0.58 0.37 

11 0.32 0.48 0.58 0.74 0.74 0.66 0.59 0.31 

12 0.49 0.48 0.57 0.83 0.90 0.79 0.81 0.24 

13 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

14 0.40 0.15 0.17 0.67 0.72 0.85 1.00 0.78 

15 0.38 0.22 0.18 0.53 0.70 0.84 0.77 0.58 

16 0.32 0.25 0.17 0.67 0.64 0.78 0.72 0.45 

17 0.35 0.36 0.25 0.78 0.74 0.84 0.57 0.21 

18 0.40 0.38 0.31 0.91 0.89 0.89 0.50 0.19 

19 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

20 0.45 0.49 0.70 0.43 0.38 0.56 0.44 0.31 

21 0.59 0.57 0.64 0.42 0.33 0.54 0.49 0.22 

22 0.51 0.59 0.56 0.40 0.20 0.37 0.56 0.14 

23 0.47 0.48 0.56 0.77 0.74 0.49 0.58 0.04 

24 0.42 0.39 0.55 1.00 0.80 0.87 0.61 0.00 

25 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 
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Table 4.28 (Continued): Deviation sequence of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs.(%) 

26 0.98 1.00 0.59 0.44 0.72 0.64 0.49 0.18 

27 0.85 0.76 0.68 0.28 0.34 0.56 0.47 0.14 

28 0.82 0.75 0.71 0.37 0.39 0.49 0.43 0.06 

29 0.63 0.45 0.63 0.55 0.67 0.51 0.38 0.05 

30 0.48 0.38 0.61 0.85 0.75 0.59 0.27 0.01 

31 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

32 0.00 0.00 0.01 0.55 0.74 0.70 0.69 0.81 

33 0.01 0.03 0.00 0.56 0.70 0.73 0.80 0.80 

34 0.02 0.08 0.03 0.52 0.69 0.73 0.89 0.78 

35 0.15 0.08 0.05 0.48 0.70 0.68 0.79 0.73 

36 0.26 0.39 0.22 0.60 0.69 0.70 0.84 0.73 

37 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

38 0.19 0.13 0.14 0.34 0.51 0.60 0.34 0.80 

39 0.28 0.24 0.20 0.36 0.43 0.55 0.26 0.74 

40 0.33 0.38 0.21 0.38 0.33 0.45 0.24 0.71 

41 0.34 0.51 0.23 0.40 0.33 0.35 0.22 0.69 

42 0.37 0.57 0.35 0.71 0.89 0.63 0.23 0.69 

43 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

44 0.19 0.16 0.26 0.69 0.52 0.75 0.21 0.62 

45 0.60 0.46 0.28 0.69 0.44 0.71 0.14 0.52 

46 0.64 0.54 0.36 0.67 0.49 0.60 0.07 0.48 

47 0.61 0.54 0.38 0.70 0.69 0.57 0.06 0.28 

48 0.63 0.55 0.43 0.76 0.72 0.59 0.08 0.27 

49 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

50 0.58 0.60 0.81 0.00 0.23 0.38 0.42 0.74 

51 0.69 0.63 0.82 0.14 0.20 0.12 0.29 0.70 

52 0.61 0.57 0.87 0.18 0.02 0.00 0.19 0.70 

53 0.38 0.41 0.40 0.48 0.77 0.39 0.22 0.70 

54 0.20 0.34 0.26 0.60 0.82 0.73 0.26 0.69 

55 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

56 1.00 0.78 1.00 0.24 0.33 0.59 0.12 0.48 

57 0.79 0.64 0.91 0.10 0.08 0.40 0.03 0.46 
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Table 4.28 (Continued): Deviation sequence of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs.(%) 

58 0.73 0.52 0.44 0.08 0.00 0.31 0.00 0.44 

59 0.49 0.41 0.43 0.29 0.15 0.03 0.00 0.21 

60 0.46 0.02 0.42 0.62 0.61 0.23 0.06 0.03 

61 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

62 0.18 0.36 0.16 0.68 0.69 0.73 0.26 0.77 

63 0.22 0.39 0.21 0.67 0.74 0.74 0.37 0.89 

64 0.23 0.41 0.22 0.77 0.74 0.84 0.46 1.00 

65 0.46 0.40 0.22 0.85 0.85 0.88 0.43 0.88 

66 0.71 0.52 0.23 0.87 0.84 0.90 0.44 0.80 

67 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

68 0.17 0.17 0.05 0.80 0.67 0.81 0.31 0.94 

69 0.15 0.14 0.04 0.83 0.64 0.86 0.34 0.76 

70 0.14 0.14 0.03 0.83 0.59 0.77 0.36 0.60 

71 0.04 0.14 0.02 0.87 0.74 0.76 0.39 0.53 

72 0.01 0.09 0.00 0.90 0.84 0.76 0.40 0.45 

73 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

74 0.11 0.16 0.02 0.76 0.75 0.78 0.19 0.78 

75 0.11 0.17 0.03 0.79 0.74 0.79 0.27 0.70 

76 0.15 0.25 0.05 0.83 0.75 0.84 0.28 0.68 

77 0.20 0.39 0.17 0.87 0.77 0.86 0.31 0.43 

78 0.56 0.66 0.36 0.90 0.90 0.92 0.33 0.28 

79 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

80 0.20 0.25 0.12 0.77 0.72 0.72 0.38 0.84 

81 0.16 0.38 0.16 0.78 0.74 0.72 0.43 0.67 

82 0.17 0.40 0.34 0.86 0.85 0.69 0.48 0.66 

83 0.43 0.55 0.46 0.91 0.92 0.89 0.59 0.68 

84 0.66 0.72 0.66 0.98 1.00 1.00 0.63 0.75 

85 0.19 0.19 0.05 0.73 0.75 0.72 0.56 0.85 

86 0.49 0.63 0.21 0.47 0.51 0.69 0.50 0.72 

87 0.79 0.70 0.31 0.46 0.44 0.62 0.51 0.43 

88 0.96 0.92 0.38 0.37 0.38 0.59 0.52 0.27 

89 0.87 0.94 0.42 0.33 0.18 0.44 0.52 0.22 

90 0.83 0.75 0.38 0.58 0.74 0.54 0.50 0.12 



255 

 

 

Grey relation coefficient of experimental test results is shown in Table 4.29. Grey 

relation coefficient is calculated by Equation (3.8) with the ‘‘ζ” weight factor 

determined by the Analytical Hierarchy Method in this equation taken to be 0.10, 0.10, 

0.10, 0.15, 0.15, 0.15, 0.15 and 0.10 for 28-day compressive strength, 150-day 

compressive strength, 28-day flexural strength, flowability value, initial setting time, 

final setting times, capillary water absorption and water absorption, respectively. As 

examples, the calculation of the grey relation coefficient values for 28-day 

compressive strength and mass water absorption of experiment 1 are 

(0+0.10)/(0.19+0.10)=0.34 and (0+0.10)/(0.85+0.10)=0.11.  

Table 4.29: Grey relation coefficient of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs.(%) 

1 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

2 0.45 0.44 0.72 0.19 0.18 0.14 0.20 0.12 

3 0.24 0.25 0.71 0.20 0.18 0.15 0.19 0.15 

4 0.24 0.23 0.54 0.20 0.18 0.15 0.16 0.14 

5 0.24 0.20 0.52 0.20 0.18 0.15 0.18 0.13 

6 0.17 0.17 0.37 0.19 0.18 0.15 0.19 0.11 

7 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

8 0.29 0.31 0.20 0.21 0.15 0.14 0.21 0.20 

9 0.24 0.22 0.18 0.21 0.23 0.16 0.21 0.21 

10 0.24 0.21 0.15 0.22 0.21 0.18 0.21 0.21 

11 0.24 0.17 0.15 0.17 0.17 0.19 0.20 0.24 

12 0.17 0.17 0.15 0.15 0.14 0.16 0.16 0.30 

13 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

14 0.20 0.40 0.37 0.18 0.17 0.15 0.13 0.11 

15 0.21 0.31 0.36 0.22 0.18 0.15 0.16 0.15 

16 0.24 0.29 0.37 0.18 0.19 0.16 0.17 0.18 

17 0.22 0.22 0.29 0.16 0.17 0.15 0.21 0.33 

18 0.20 0.21 0.24 0.14 0.14 0.14 0.23 0.34 

19 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

20 0.18 0.17 0.13 0.26 0.28 0.21 0.25 0.25 
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Table 4.29 (Continued): Grey relation coefficient of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs.(%) 

21 0.14 0.15 0.14 0.26 0.31 0.22 0.23 0.32 

22 0.16 0.14 0.15 0.27 0.43 0.29 0.21 0.42 

23 0.18 0.17 0.15 0.16 0.17 0.23 0.21 0.74 

24 0.19 0.21 0.15 0.13 0.16 0.15 0.20 1.00 

25 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

26 0.09 0.09 0.15 0.25 0.17 0.19 0.23 0.35 

27 0.11 0.12 0.13 0.35 0.30 0.21 0.24 0.41 

28 0.11 0.12 0.12 0.29 0.28 0.23 0.26 0.63 

29 0.14 0.18 0.14 0.21 0.18 0.23 0.28 0.68 

30 0.17 0.21 0.14 0.15 0.17 0.20 0.36 0.90 

31 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

32 1.00 1.00 0.89 0.22 0.17 0.18 0.18 0.11 

33 0.90 0.74 0.96 0.21 0.18 0.17 0.16 0.11 

34 0.86 0.57 0.74 0.22 0.18 0.17 0.14 0.11 

35 0.40 0.55 0.66 0.24 0.18 0.18 0.16 0.12 

36 0.28 0.20 0.31 0.20 0.18 0.18 0.15 0.12 

37 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

38 0.34 0.44 0.41 0.30 0.23 0.20 0.30 0.11 

39 0.26 0.29 0.33 0.29 0.26 0.22 0.37 0.12 

40 0.23 0.21 0.32 0.28 0.31 0.25 0.38 0.12 

41 0.23 0.16 0.30 0.27 0.31 0.30 0.40 0.13 

42 0.21 0.15 0.22 0.17 0.14 0.19 0.39 0.13 

43 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

44 0.35 0.39 0.28 0.18 0.22 0.17 0.42 0.14 

45 0.14 0.18 0.26 0.18 0.25 0.17 0.51 0.16 

46 0.13 0.16 0.22 0.18 0.23 0.20 0.69 0.17 

47 0.14 0.16 0.21 0.18 0.18 0.21 0.73 0.27 

48 0.14 0.15 0.19 0.16 0.17 0.20 0.66 0.27 

49 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

50 0.15 0.14 0.11 1.00 0.40 0.28 0.26 0.12 

51 0.13 0.14 0.11 0.51 0.43 0.55 0.34 0.13 

52 0.14 0.15 0.10 0.45 0.90 1.00 0.44 0.12 
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Table 4.29 (Continued): Grey relation coefficient of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs.(%) 

53 0.21 0.19 0.20 0.24 0.16 0.28 0.40 0.13 

54 0.34 0.23 0.28 0.20 0.15 0.17 0.37 0.13 

55 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

56 0.09 0.11 0.09 0.38 0.31 0.20 0.55 0.17 

57 0.11 0.13 0.10 0.60 0.65 0.27 0.82 0.18 

58 0.12 0.16 0.19 0.65 1.00 0.33 1.00 0.19 

59 0.17 0.20 0.19 0.34 0.50 0.83 1.00 0.32 

60 0.18 0.85 0.19 0.19 0.20 0.40 0.73 0.77 

61 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

62 0.36 0.22 0.39 0.18 0.18 0.17 0.37 0.11 

63 0.31 0.20 0.32 0.18 0.17 0.17 0.29 0.10 

64 0.30 0.20 0.31 0.16 0.17 0.15 0.25 0.09 

65 0.18 0.20 0.31 0.15 0.15 0.15 0.26 0.10 

66 0.12 0.16 0.30 0.15 0.15 0.14 0.25 0.11 

67 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

68 0.38 0.36 0.68 0.16 0.18 0.16 0.33 0.10 

69 0.40 0.42 0.70 0.15 0.19 0.15 0.30 0.12 

70 0.41 0.42 0.74 0.15 0.20 0.16 0.30 0.14 

71 0.70 0.42 0.85 0.15 0.17 0.16 0.28 0.16 

72 0.94 0.51 1.00 0.14 0.15 0.16 0.27 0.18 

73 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

74 0.48 0.39 0.80 0.17 0.17 0.16 0.44 0.11 

75 0.47 0.37 0.77 0.16 0.17 0.16 0.36 0.13 

76 0.40 0.28 0.68 0.15 0.17 0.15 0.35 0.13 

77 0.33 0.20 0.38 0.15 0.16 0.15 0.33 0.19 

78 0.15 0.13 0.22 0.14 0.14 0.14 0.31 0.26 

79 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

80 0.33 0.29 0.46 0.16 0.17 0.17 0.28 0.11 

81 0.39 0.21 0.39 0.16 0.17 0.17 0.26 0.13 

82 0.38 0.20 0.23 0.15 0.15 0.18 0.24 0.13 

83 0.19 0.15 0.18 0.14 0.14 0.14 0.20 0.13 

84 0.13 0.12 0.13 0.13 0.13 0.13 0.19 0.12 
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Table 4.29 (Continued): Grey relation coefficient of experimental test results 

Exp. 

No 

28d 

CS 

(MPa) 

150d 

CS 

(MPa) 

28d 

FS 

(MPa) 

Flow 

(mm) 

Initial 

Set 

(min) 

Final 

Set 

(min) 

Capillary 

water abs. 

(g/cm2.min0.5) 

Mass 

Water 

Abs.(%) 

85 0.34 0.35 0.67 0.17 0.17 0.17 0.21 0.11 

86 0.17 0.14 0.32 0.24 0.23 0.18 0.23 0.12 

87 0.11 0.13 0.24 0.24 0.25 0.20 0.23 0.19 

88 0.09 0.10 0.21 0.29 0.28 0.20 0.22 0.27 

89 0.10 0.10 0.19 0.31 0.45 0.25 0.22 0.32 

90 0.11 0.12 0.21 0.21 0.17 0.22 0.23 0.45 

 

The gray relational grade and ranking for each experiment are given in Table 4.30. 

Also, illustrates the relationship between GRG and experimental numbers. Gray 

relational grade value is calculated by taking the average of the gray relation 

coefficient values of the relevant experimental series. As examples, the calculation of 

the grey relation grade of experiment 1 is 

(0.34+0.67+0.17+0.17+0.17+0.35+0.21+0.11)/8=0.274. Graphical representation of 

gray relations grades for the multiperformance is given in Figure 4.152. 

Table 4.30: Gray relational grades and rankings for 8 different responses 

Exp. No Grey Relational Grade (GRG) Rank 

1 0.274 23 

2 0.305 16 

3 0.260 44 

4 0.230 60 

5 0.226 62 

6 0.190 84 

7 0.274 23 

8 0.215 70 

9 0.207 73 

10 0.202 79 

11 0.190 83 

12 0.175 87 

13 0.274 23 

14 0.215 69 
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Table 4.30 (Continued): Gray relational grades and rankings for 8 different 

responses 

Exp. No Grey Relational Grade (GRG) Rank 

15 0.218 66 

16 0.223 63 

17 0.218 67 

18 0.207 74 

19 0.274 23 

20 0.217 68 

21 0.222 64 

22 0.261 43 

23 0.251 48 

24 0.273 38 

25 0.274 23 

26 0.192 82 

27 0.233 57 

28 0.255 47 

29 0.256 46 

30 0.288 22 

31 0.274 23 

32 0.468 1 

33 0.429 5 

34 0.375 8 

35 0.310 14 

36 0.203 78 

37 0.274 23 

38 0.293 18 

39 0.268 39 

40 0.264 41 

41 0.264 42 

42 0.201 80 

43 0.274 23 

44 0.267 40 

45 0.232 59 

46 0.248 49 

47 0.258 45 



260 

 

Table 4.30 (Continued): Gray relational grades and rankings for 8 different 

responses 

Exp. No Grey Relational Grade (GRG) Rank 

48 0.243 53 

49 0.274 23 

50 0.307 15 

51 0.291 20 

52 0.414 7 

53 0.226 61 

54 0.233 58 

55 0.274 23 

56 0.239 54 

57 0.358 10 

58 0.454 2 

59 0.444 3 

60 0.438 4 

61 0.274 23 

62 0.247 50 

63 0.218 65 

64 0.204 76 

65 0.186 86 

66 0.174 88 

67 0.274 23 

68 0.293 19 

69 0.304 17 

70 0.317 13 

71 0.360 9 

72 0.422 6 

73 0.274 23 

74 0.340 11 

75 0.323 12 

76 0.290 21 

77 0.236 55 

78 0.187 85 

79 0.274 23 

80 0.247 51 
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Table 4.30 (Continued): Gray relational grades and rankings for 8 different 

responses 

Exp. No Grey Relational Grade (GRG) Rank 

81 0.235 56 

82 0.206 75 

83 0.160 89 

84 0.136 90 

85 0.274 23 

86 0.203 77 

87 0.198 81 

88 0.209 72 

89 0.244 52 

90 0.214 71 

 

 

Figure 4.152: Gray relations grades for the multiperformance 

The GRG and ranking for each experiment are given in Table 4.30. Furthermore, 

Figure 4.152 shows the gray relational degree graph for maximum 28-day compressive 

strength, 150-day compressive strength, 28-day flexural strength, flow diameter, initial 

and final setting times, and for minimum capillary water absorption and mass water 
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absorption. Gray relational grades that are higher signify that the corresponding 

experimental results are closer to ideal normalized values, i.e. that better multiple 

performance characteristics are indicated by higher gray relational grades [236,346]. 

Experiment 32 had the best multiple performance characteristics among all the 

experiments due to the fact that it had the highest gray relational grades. Thus, the 

optimal factor setting condition was G2T1U2 (Table 4.24, Table 4.25 and Figure 

4.152). The second best experiment was determined as exp. no 58 (G2T5U4). The 

third best experiment was determined as exp. no 59 (G2T5U5). As a result of the 

evaluation of all the test results together with the condition of maximizing 6 responses 

and minimizing 2 responses, it was determined that the best mix could be with the use 

of 0.2 wt.% of 0/125 μm size ES. The other two best mixes are obtained by using 0.5 

wt.% and 1.0 wt.% of 0/125 μm OS. 

Furthermore, gray relational grade values for each level were calculated and 

represented in Table 4.31 

Table 4.31: Average grey relational grade by level wise  

Factors 
Level 

1 

Level 

2 

Level 

3 

Level 

4 

Level 

5 

Level 

6 

Max-Min Rank 

G 0.237 0.303a 0.251    0.066 1 

T 0.269 0.266 0.251 0.250 0.280a  0.030 3 

U 0.274 0.270 0.266 0.277a 0.255 0.239 0.038 2 

a Optimum level 

Table 4.31 shows the average grey relational grade of each level. This could be 

calculated by taking average of each response from each level group in all levels. It is 

observed that higher level of GRG has very close and strong correlation with optimal 

value of inputs. The higher maximum-minimum value in Table 4.31 explicates the 

most important determining factor among the response. According to the table, G2, 

which is 0/125 μm grain size, is the optimum grain size. T5, which is OS type bio-

polymeric admixture, is the optimum type of the bio-polymeric admixtures. Also, U4, 

which is 1 wt.% usage level, is the optimum usage level in this thesis. Moreover, 

according to the ranking in Table 4.31, the most important factor when evaluating the 

8 different responses together as one, is grain size. The other two factors have lower 

influencing factor on maximizing 28-day compressive strength, 150-day compressive 
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strength, 28-day flexural strength, flow diameter, initial and final setting times, and 

minimizing capillary water absorption and mass water absorption. 

Secondly, the results of fresh mortar properties of test mortars were optimized by 

following similar GRG application steps. Flow diameter value, initial setting time and 

final setting time of the mortars were taken into account as fresh mortar properties. 

While optimizing, the results of these features were tried to be maximized. The ‘‘ζ” 

weight factor was taken to be 0.34, 0.33 and 0.33 for flow diameter, initial setting time 

and final setting time, respectively. The gray relational grade and ranking for each 

experiment are given in Table 4.32. Graphical representation of gray relations grades 

for the multiperformance is given in Figure 4.153. Also, gray relational grade values 

for each level were calculated and represented in Table 4.33. 

Table 4.32: Gray relational grades and rankings for fresh properties 

Exp. No Grey Relational Grade (GRG) Rank 

1 0.312 52 

2 0.312 67 

3 0.320 44 

4 0.322 42 

5 0.322 43 

6 0.315 50 

7 0.312 52 

8 0.309 70 

9 0.359 26 

10 0.358 28 

11 0.319 46 

12 0.284 83 

13 0.312 52 

14 0.310 69 

15 0.331 38 

16 0.325 40 

17 0.299 77 

18 0.272 87 

19 0.312 52 

20 0.427 18 
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Table 4.32 (Continued): Gray relational grades and rankings for fresh properties 

Exp. No Grey Relational Grade (GRG) Rank 

21 0.444 14 

22 0.518 8 

23 0.338 34 

24 0.274 86 

25 0.312 52 

26 0.363 25 

27 0.470 11 

28 0.444 13 

29 0.369 23 

30 0.316 48 

31 0.312 52 

32 0.338 35 

33 0.335 37 

34 0.344 31 

35 0.353 30 

36 0.335 36 

37 0.312 52 

38 0.416 19 

39 0.432 17 

40 0.464 12 

41 0.482 9 

42 0.313 51 

43 0.312 52 

44 0.341 32 

45 0.358 27 

46 0.364 24 

47 0.339 33 

48 0.327 39 

49 0.312 52 

50 0.685 5 

51 0.686 4 

52 0.868 1 

53 0.391 21 
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Table 4.32 (Continued): Gray relational grades and rankings for fresh properties 

Exp. No Grey Relational Grade (GRG) Rank 

54 0.320 45 

55 0.312 52 

56 0.481 10 

57 0.674 6 

58 0.776 2 

59 0.716 3 

60 0.433 16 

61 0.312 52 

62 0.323 41 

63 0.318 47 

64 0.299 76 

65 0.279 84 

66 0.277 85 

67 0.312 52 

68 0.305 72 

69 0.303 74 

70 0.316 49 

71 0.298 78 

72 0.286 81 

73 0.312 52 

74 0.304 73 

75 0.301 75 

76 0.293 80 

77 0.286 82 

78 0.269 89 

79 0.312 52 

80 0.312 68 

81 0.309 71 

82 0.295 79 

83 0.269 88 

84 0.251 90 

85 0.312 52 

86 0.378 22 
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Table 4.32 (Continued): Gray relational grades and rankings for fresh properties 

Exp. No Grey Relational Grade (GRG) Rank 

87 0.399 20 

88 0.434 15 

89 0.527 7 

90 0.354 29 

 

 

Figure 4.153: Gray relations grades for the multiperformance of fresh properties 

 

Table 4.33: Average grey relational grade by level wise for fresh properties 

Factors 
Level 

1 

Level 

2 

Level 

3 

Level 

4 

Level 

5 

Level 

6 

Max-Min Rank 

G 0.343 0.438a 0.318    0.119 3 

T 0.318 0.343 0.314 0.407 0.448a  0.134 1 

U 0.312 0.374 0.403 0.428a 0.372 0.308 0.120 2 

a Optimum level 

According to Table 4.32 and Figure 4.153, experiment 52 is the optimum design in 

using bio-polymeric admixtures for cement mortars. Optimum mix for bio-polymeric 

admixture properties is G2T4U4, which is 0/125 μm WKS with 0.5 wt.% usage level. 
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G2T4U4 mixture is the best solution for maximizing flow diameter, initial setting time 

and final setting time all together. Also, G2T5U4 and G2T5U5 can be considered as 

the other two options as maximizing flow diameter, initial setting time and final setting 

time. When the optimization is evaluated in terms of layer from  

Table 4.33, optimum level for grain size is level 2 (0/125 μm), level 5 for bio-

polymeric admixture type (OS), and level 4 for utilization level of bio-polymeric 

admixture (0.50 wt.%). It has been discussed in the previous sections that the effective 

parameter in increasing the fluidity of the mortars and prolonging the setting times 

depends on the amount of lignin and extractive substances in the structure of bio-

polymeric admixtures. In the optimization phase, it is seen that bio-polymeric 

admixtures with higher lignin and extractive substances have a greater effect on the 

optimum use in improving the fresh properties of mortars. The most important factor 

affecting the fresh mortar properties was the bio-polymeric admixture type. 

Thirdly, the results of hardened mortar properties (strength values) of test mortars were 

optimized by following similar GRG application steps. 28- and 150-day compressive 

strengths and 28-day flexural strength of the mortars were taken into account as 

hardened mortar properties. While optimizing, the results of these features were tried 

to be maximized. The ‘‘ζ” weight factor was taken to be 0.34, 0.33 and 0.33 for 28-

day compressive strength, 150-day compressive strength and 28-day flexural strength, 

respectively. The gray relational grade and ranking for each experiment are given in 

Table 4.34. Graphical representation of gray relations grades for the multiperformance 

is given in Figure 4.154. Also, gray relational grade values for each level were 

calculated and represented in Table 4.35.  

Table 4.34: Gray relational grades and rankings for hardened properties 

Exp. No Grey Relational Grade (GRG) Rank 

1 0.716 13 

2 0.785 8 

3 0.646 30 

4 0.601 37 

5 0.584 39 

6 0.492 52 

7 0.716 13 
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Table 4.34 (Continued): Gray relational grades and rankings for hardened 

properties 

Exp. No Grey Relational Grade (GRG) Rank 

8 0.544 46 

9 0.472 55 

10 0.450 58 

11 0.427 64 

12 0.394 71 

13 0.716 13 

14 0.603 36 

15 0.575 42 

16 0.581 41 

17 0.512 50 

18 0.481 54 

19 0.716 13 

20 0.385 73 

21 0.357 78 

22 0.375 76 

23 0.400 69 

24 0.427 63 

25 0.716 13 

26 0.289 89 

27 0.305 87 

28 0.305 86 

29 0.373 77 

30 0.410 66 

31 0.716 13 

32 0.988 1 

33 0.954 2 

34 0.891 4 

35 0.786 7 

36 0.541 47 

37 0.716 13 

38 0.686 29 

39 0.581 40 

40 0.529 49 
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Table 4.34 (Continued): Gray relational grades and rankings for hardened 

properties 

Exp. No Grey Relational Grade (GRG) Rank 

41 0.494 51 

42 0.442 59 

43 0.716 13 

44 0.626 32 

45 0.439 60 

46 0.400 68 

47 0.400 67 

48 0.386 72 

49 0.716 13 

50 0.338 80 

51 0.320 85 

52 0.333 81 

53 0.455 56 

54 0.562 43 

55 0.716 13 

56 0.266 90 

57 0.303 88 

58 0.378 75 

59 0.430 62 

60 0.604 34 

61 0.716 13 

62 0.604 35 

63 0.557 44 

64 0.546 45 

65 0.490 53 

66 0.433 61 

67 0.716 13 

68 0.734 12 

69 0.761 11 

70 0.771 10 

71 0.846 5 

72 0.920 3 

73 0.716 13 
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Table 4.34 (Continued): Gray relational grades and rankings for hardened 

properties 

Exp. No Grey Relational Grade (GRG) Rank 

74 0.789 6 

75 0.776 9 

76 0.712 28 

77 0.585 38 

78 0.396 70 

79 0.716 13 

80 0.645 31 

81 0.610 33 

82 0.539 48 

83 0.410 65 

84 0.330 83 

85 0.716 13 

86 0.453 57 

87 0.378 74 

88 0.331 82 

89 0.328 84 

90 0.355 79 
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Figure 4.154: Gray relations grades for the multiperformance of hardened properties 

 

Table 4.35: Average grey relational grade by level wise for hardened properties 

Factors 
Level 

1 

Level 

2 

Level 

3 

Level 

4 

Level 

5 

Level 

6 

Max-Min Rank 

G 0.512 0.557 0.596a    0.084 3 

T 0.669a 0.662 0.578 0.480 0.425  0.244 1 

U 0.716a 0.582 0.536 0.516 0.501 0.478 0.238 2 

a Optimum level 

According to Table 4.34 and Figure 4.154, experiment 32 is the optimum design in 

using bio-polymeric admixtures for cement mortars, when evaluated on a mixture 

basis. Optimum mix for bio-polymeric admixture properties is G2T1U2, which is 

0/125 μm ES with 0.2 wt.% usage level. G2T1U2 mixture is the best solution for 

maximizing 28- and 150-day compressive strengths and 28-day flexural strength all 

together in a multiple performance basis. Also, G2T1U3 and G3T2U6 can be 

considered as the other two options as maximizing 28- and 150-day compressive 

strengths and 28-day flexural strength. When the optimization is evaluated in terms of 

layer performance from Table 4.35, optimum level for grain size is level 3 (125/250 
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μm), level 1 for bio-polymeric admixture type (ES), and level 1 for utilization level of 

bio-polymeric admixture (0.00 wt.%). In an optimization study where only the strength 

results are maximized, it is stated by the optimization results that it is more optimal 

not to use bio-polymeric admixture, since the use of other bio-polymeric admixtures, 

except for the use of eggshell, generally reduces the compressive and flexural strength 

of cement mortar. It has been discussed in the previous sections that the effective 

parameter in increasing the strength of the mortars depends on fiber-like structure of 

bio-polymeric admixtures. In the optimization phase, it is seen that lignocellulosic bio-

polymeric admixtures with higher cellulose and fiber-like shape have a greater effect 

on the optimum use in improving the hardened properties of mortars.  In addition, with 

the contribution of ES to hydration and thus its positive effect on strength, it is included 

in the best mixture in the optimization study. Also, the most important factor affecting 

the hardened mortar properties was again bio-polymeric admixture type. 

Fourth and lastly, the optimization specifies the most suitable mixture design 

according to the water absorptions known as the simplest durability test. Capillary 

water absorption and mass water absorption of the mortars were taken into account as 

durability properties. While optimizing, the results of these features were tried to be 

minimized. The ‘‘ζ” weight factor was taken to be 0.60 and 0.40 and for capillary 

water absorption and mass water absorption, respectively. The gray relational grade 

and ranking for each experiment are given in Table 4.36. Graphical representation of 

gray relations grades for the multiperformance is given in Figure 4.155. Also, gray 

relational grade values for each level were calculated and represented in Table 4.37.  

Table 4.36: Gray relational grades and rankings for durability properties 

Exp. No Grey Relational Grade (GRG) Rank 

1 0.420 67 

2 0.423 66 

3 0.454 58 

4 0.419 82 

5 0.425 64 

6 0.401 84 

7 0.420 67 

8 0.508 48 
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Table 4.36 (Continued): Gray relational grades and rankings for durability 

properties 

Exp. No Grey Relational Grade (GRG) Rank 

9 0.512 46 

10 0.514 45 

11 0.533 36 

12 0.526 40 

13 0.420 67 

14 0.357 90 

15 0.425 65 

16 0.463 57 

17 0.588 23 

18 0.609 20 

19 0.420 67 

20 0.571 24 

21 0.600 21 

22 0.632 16 

23 0.713 10 

24 0.748 6 

25 0.420 67 

26 0.618 18 

27 0.649 14 

28 0.727 9 

29 0.754 4 

30 0.833 2 

31 0.420 67 

32 0.398 85 

33 0.381 88 

34 0.372 89 

35 0.392 86 

36 0.384 87 

37 0.420 67 

38 0.484 50 

39 0.526 39 

40 0.536 34 

41 0.549 30 
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Table 4.36 (Continued): Gray relational grades and rankings for durability 

properties 

Exp. No Grey Relational Grade (GRG) Rank 

42 0.544 32 

43 0.420 67 

44 0.567 26 

45 0.621 17 

46 0.676 12 

47 0.753 5 

48 0.742 7 

49 0.420 67 

50 0.469 53 

51 0.520 42 

52 0.562 28 

53 0.547 31 

54 0.533 35 

55 0.420 67 

56 0.642 15 

57 0.708 11 

58 0.739 8 

59 0.827 3 

60 0.922 1 

61 0.420 67 

62 0.522 41 

63 0.465 56 

64 0.427 63 

65 0.446 61 

66 0.454 59 

67 0.420 67 

68 0.479 51 

69 0.490 49 

70 0.515 44 

71 0.520 43 

72 0.536 33 

73 0.420 67 

74 0.550 29 
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Table 4.36 (Continued): Gray relational grades and rankings for durability 

properties 

Exp. No Grey Relational Grade (GRG) Rank 

75 0.528 37 

76 0.528 38 

77 0.570 25 

78 0.614 19 

79 0.420 67 

80 0.468 54 

81 0.477 52 

82 0.467 55 

83 0.438 62 

84 0.417 83 

85 0.420 67 

86 0.451 60 

87 0.510 47 

88 0.566 27 

89 0.592 22 

90 0.656 13 
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Figure 4.155: Gray relations grades for the multiperformance of durability properties 

Table 4.37: Average grey relational grade by level wise for durability properties 

Factors 
Level 

1 

Level 

2 

Level 

3 

Level 

4 

Level 

5 

Level 

6 

Max-Min Rank 

G 0.537a 0.550 0.493    0.057 3 

T 0.423 0.502 0.547 0.523 0.636a  0.213 1 

U 0.420 0.500 0.525 0.543 0.576 0.595a 0.175 2 

a Optimum level 

According to Table 4.36 and Figure 4.155, experiment 60 is the optimum design in 

using bio-polymeric admixtures for cement mortars, when evaluated on a mixture 

basis. Optimum mix for bio-polymeric admixture properties is G2T5U6, which is 

0/125 μm OS with 1.5 wt.% usage level. G2T5U6 mixture is the best solution for 

minimizing capillary water absorption and mass water absorption all together in a 

multiple performance basis. Also, G1T5U6 and G2T5U5 can be considered as second 

and third options as minimizing capillary water absorption and mass water absorption. 

When the optimization is evaluated in terms of layer performance from Table 4.37, 

optimum level for grain size is level 1 (0/45 μm), level 5 for bio-polymeric admixture 

type (OS), and level 6 for utilization level of bio-polymeric admixture (1.5 wt.%). It 
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has been discussed in the previous sections that the effective parameter in water 

repellent property of the mortars depends on extractive content of bio-polymeric 

admixtures. In the optimization phase, it is seen that lignocellulosic bio-polymeric 

admixtures with higher extractive content have a greater effect on the optimum use in 

improving the water repellency properties of mortars. In addition, with the contribution 

of OS to hydrophobicity, it is included in the best mixture in the optimization study. 

Also, the most important factor affecting the durability properties was again bio-

polymeric admixture type. 

4.6.2 Regression Analysis 

All regression analyzes were performed using Wolfram Mathematica 12 software. The 

independent variables used in the regression analyzes are the extractive, lignin, 

hemicellulose and cellulose in the chemical structure of the lignocellulosic bio-

polymeric admixtures, and the percent amount of use of bio-polymeric admixtures and 

the size of the bio-polymeric admixtures, a total of six independent variables. 

Regression analysis is applied for modeling and analysis in the case of different 

variables having a relationship between one dependent variable and more than one 

independent variables [236]. Regression analysis was used in this thesis study to 

calculate the equations for prediction of 28-days compressive strength, 28-days 

flexural strength, 150-days compressive strength, flowability, initial and final setting 

times, and capillary and mass water absorption values. Equation predictions were 

formulated as described in Table 3.8. Table 4.38 and Table 4.39 shows the R-square 

values of predicted multiple regression equations for the output parameters. The R2 

values found via the second order multiple nonlinear rational (SONR) model equations 

were 90 %, 90 %, 91 %, 89 %, 93 %, 93 %, 89 %, and 97 % for 28-days compressive 

strength, 28-days flexural strength, 150-days compressive strength, flow diameter, 

initial setting time, final setting time, capillary water absorption, and mass water 

absorption, respectively. In addition, it is observed that the R-square and adjusted R-

square values in the SONR model are quite close to each other. This shows that the 

terms in the SONR model have a high level of significance in the development of the 

model. 
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As can be seen in Appendix B, in regression analyzes established between only one 

independent variable and one dependent variable, it is observed that the regression 

formulas are parabolic curves of the third order. For this reason, R-square values of 

first order linear, trigonometric, and logarithmic regression models were found to be 

low. The most appropriate regression model was determined as SONR. SONR 

regression formulas developed for eight different dependent variables are shown in 

between Table 4.40 and Table 4.43. 

Table 4.38: R-squares of regression models for 28-days compressive and flexural 

strength, 150-days compressive strength and flow diameter 

Model 

28-days 

Compressive 

Strength 

28-days 

Flexural 

Strength 

150-days 

Compressive 

Strength 

Flow Diameter 

R2 R2 

(adj.) 

R2 R2 

(adj.) 

R2 R2 

(adj.) 

R2 R2 

(adj.) 

L 0.46 0.41 0.46 0.41 0.32 0.25 0.34 0.28 

LR 0.58 0.54 0.63 0.60 0.47 0.42 0.43 0.38 

SON 0.58 0.54 0.59 0.55 0.55 0.51 0.71 0.68 

SONR 0.90 0.89 0.90 0.89 0.91 0.90 0.89 0.88 

FOTN 0.53 0.48 0.55 0.50 0.41 0.35 0.65 0.62 

FOTNR 0.48 0.47 0.48 0.44 0.48 0.43 0.72 0.70 

SOTN 0.58 0.54 0.62 0.58 0.44 0.38 0.69 0.66 

SOTNR 0.71 0.69 0.80 0.78 0.65 0.62 0.82 0.81 

FOLN 0.56 0.51 0.59 0.55 0.43 0.38 0.25 0.19 

FOLNR 0.70 0.68 0.68 0.65 0.57 0.53 0.61 0.57 

SOLN 0.58 0.54 0.64 0.60 0.43 0.38 0.65 0.62 

SOLNR 0.77 0.74 0.85 0.84 0.66 0.62 0.88 0.86 
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Table 4.39: R-squares of regression models for initial and final setting times, and 

capillary and mass water absorption values 

Model 

Initial Setting 

Time 

Final Setting 

Time 

Capillary Water 

Absorption 

Mass Water 

Absorption 

R2 R2 

(adj.) 

R2 R2 

(adj.) 

R2 R2 

(adj.) 

R2 R2 

(adj.) 

L 0.22 0.14 0.26 0.19 0.10 0.02 0.62 0.58 

LR 0.34 0.28 0.41 0.36 0.41 0.35 0.74 0.71 

SON 0.71 0.68 0.75 0.73 0.74 0.72 0.83 0.81 

SONR 0.93 0.92 0.93 0.92 0.89 0.88 0.97 0.97 

FOTN 0.61 0.58 0.62 0.58 0.58 0.54 0.75 0.73 

FOTNR 0.66 0.63 0.69 0.66 0.50 0.46 0.63 0.60 

SOTN 0.66 0.63 0.62 0.58 0.60 0.56 0.77 0.74 

SOTNR 0.77 0.75 0.80 0.78 0.77 0.74 0.85 0.83 

FOLN 0.19 0.12 0.25 0.18 0.25 0.18 0.64 0.60 

FOLNR 0.42 0.36 0.32 0.25 0.19 0.12 0.61 0.58 

SOLN 0.52 0.47 0.54 0.50 0.59 0.56 0.76 0.74 

SOLNR 0.79 0.77 0.79 0.78 0.87 0.85 0.89 0.88 

 

A very good correlation was found between the predicted values and the experimental 

results for each dependent variable. Graphical representations of experimental values 

versus predicted values for each response are also shown in Appendix A.  
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Table 4.40: Regression equations for 28-days compressive strength and mass water 

absorption 
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Table 4.41: Regression equations for 28-days flexural strength and 150-days 
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Table 4.42: Regression equations for capillary water absorption and final setting time 
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Table 4.43: Regression equations for initial setting time and flow diameter 
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Where x1 is maximum grain size of bio-polymeric admixture (μm), x2 is usage rate of 

bio-polymeric admixture (%), x3 is extractive content of any bio-polymeric admixture 

(%), x4 is lignin content of any bio-polymeric admixture (%), x5 is hemicellulose 

content of any bio-polymeric admixture (%) and x6 is alpha cellulose content of any 

bio-polymeric admixture (%). Also, graphical representation of fitted values versus 

experimental values given in Appendix C. 
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Chapter 5 

Conclusions 

In this thesis, experimental studies were carried out on the evaluation of five different 

naturally occurring bio-polymeric admixtures in cementitious composite mortars. The 

results of the examination and analysis are interpreted, and the results are summarized 

below: 

1. A comprehensive classification of biopolymers has been made. The 

components in the chemical structure of the bio-polymeric admixtures used in 

this study are cellulose, hemicellulose, lignin, fatty acids and proteins, which 

are in the class of natural biopolymers. 

2. According to the results of the comprehensive literature review, egg shell, 

apricot kernel shell, hazelnut kernel shell, walnut kernel shell and olive seed 

used in this study were either carbonized and investigated in large sizes or as 

lightweight aggregates in their natural state in literature studies. The use of 

these materials in very fine grain sizes and low amounts for 

chemical/polymeric admixtures has been considered as a missing area in the 

literature. 

3. In the beginning of the study a preliminary work was planned on several 

different bio-polymeric admixtures. With these admixtures, the compressive 

and flexural strengths of the cement mortar were determined. It was aimed to 

improve mechanical properties of composite cement mortars by using different 

bio-polymeric admixtures such as ground and sized corn cob, egg shell, walnut 

kernel shell, apricot kernel shell, olive pomace, mallow, hazelnut kernel shell, 

rice husk and olive seed. Most of these materials are leftovers from food 

production or household consumption. Cement mortars produced with corn cob 

powder and mallow powder were deformed during water curing, and their 28-
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days compressive and flexural strength were found as unacceptable. Similarly, 

olive pomace admixture and rice husk powder were not evaluated in the study 

as it was below the strength expectations, and because it requires a lot of time 

and effort during the grinding phase. In the later stages of the study, egg shell, 

apricot kernel shell, hazelnut kernel shell, walnut kernel shell and olive seed 

were used. 

On the other hand, rice husk powder, olive pomace powder, mallow powder 

and corn cob powder can be tested in cement mortars under different curing 

conditions after different grinding processes. 

4. In the second phase of the study, characterization of five different bio-

polymeric admixtures selected as a result of the preliminary study evaluations 

was made by chemical, XRD, FT-IR and SEM analyzes. It has been determined 

that the main components of lignocellulosic bio-polymeric admixtures are 

extractive, lignin, hemicellulose and cellulose. Extractive, lignin, 

hemicellulose and cellulose contents of AKS admixture are 3.81%, 27.07%, 

31.19% and 37.92%, respectively. Extractive, lignin, hemicellulose and 

cellulose contents of HKS admixture are 4.67%, 31.79%, 31.73% and 33.29%, 

respectively. Extractive, lignin, hemicellulose and cellulose contents of WKS 

admixture are 16.16%, 41.23%, 20.58% and 22.03%, respectively. Extractive, 

lignin, hemicellulose and cellulose contents of AKS admixture are 18.39%, 

32.45%, 29.67% and 19.48%, respectively. Fatty acids, lignin, hemicellulose 

and cellulose contents were determined in XRD and FT-IR examinations of 

these materials. High calcium carbonate content of the eggshell bio-polymeric 

admixture was determined during the characterization phase. It was observed 

from the SEM images, the bio-polymeric admixtures were characterized by the 

presence of irregular particles that tend to form larger agglomerates. When the 

SEM images of the bio-polymeric admixtures are examined, it is observed that 

the grains are in angular and rough structure. 

5. In the third stage of the study, five different bio-polymeric admixtures were 

used in different proportions to improve some physical and mechanical 

properties of cementitious composite mortars. In addition, the effects of bio-

polymeric admixtures on mortars were compared with the effects of cement 

chemicals on mortars. 
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As the unit volume mass results were examined, there was a slight decrease in 

the unit volume mass of the mortars when all other bio-polymeric materials 

were used as admixtures in the mortars, except for ES. It has been determined 

that fatty acids, lignin and cellulose additives have some air-entraining effect 

in cementitious mortars[277,279,280]. In the use of eggshell, the opposite 

effect is observed, and eggshell powder can fill the voids with its good filling 

feature. It was determined that the extractive and lignin content of bio-

polymeric admixtures increased the flowability of the cement mortar. In 

addition, it was determined that bio-polymeric admixtures with higher 

extractive and lignin ratios had a greater plasticizing effect. Also, it was 

determined that the extractive and lignin content of bio-polymeric admixtures 

delayed the initial setting time of the cement mortar. In addition, it was 

determined that bio-polymeric admixture with higher extractive and lignin 

ratios had a greater set retarding effect. 

It was determined that bio-polymeric admixture with higher extractive and 

lignin ratios had a greater water repellent effect. 

It was determined that the cellulose amount and crystallinity index of bio-

polymeric admixtures considerably effect 28-days compressive and flexural 

strength and 150-days compressive strength of the cement mortars. It has been 

observed that as the grain size of the biopolymeric additive increases, the 

mechanical properties can also improve due to the increase in fiber properties. 

Alos, high amount of pectin contained in the high extractive substance plays 

an important role in the hydration of cement in long-term ages and increases 

the compressive strength. 

It has been determined that the bio-polymeric additives evaluated in this study 

can be used instead of cement chemicals at certain rates. They can be used in 

certain proportions instead of polycarboxylates and melamine sulfanates with 

their plasticizing properties, instead of tartaric acid with their setting retarding 

properties, instead of calcium stearate with their water-repellent properties. 

In addition, according to the study findings, it was determined that the most 

effective particle size in bio-polymeric admixtures was 0/125 μm. 



288 

 

6. In the fourth phase of the study, XRD analyzes were carried out to examine the 

microstructure development of cement pastes on the 3rd, 7th, 28th and 150th 

days of the cement pastes with bio-polymeric admixtures. In addition, the 

matrix structure of the 28-day mortar samples was examined by SEM/EDS 

analyses. It has been determined that there is a direct proportionality between 

the compressive strength and the Si/Ca ratio. Cement matrix structure of the 

mortars with a Si/Ca ratio below 0.25 and above 0.80 had a relatively high 

number of unhydrated cement grains. The density of unhydrated cement phases 

at early ages was determined. This density continues in later ages due to the 

use of lignocellulosic bio-polymeric admixtures. However, looking at the long-

term results, unhydrated cement grains decrease especially in materials with 

high pectin content. 

7. In the fifth stage of the study, durability properties of mortars such as sulphate 

effect, acid effect and freeze-thaw effect were investigated. It has been 

determined that sulfate may deteriorate the mortar structures with ES and HKS 

admixtures with shorter interaction, while mortars using AKS, WKS and OS 

admixtures need to be exposed to sulfate for a longer period of time to 

deteriorate the structure. AKS and ES admixed mortars lost their compressive 

strength in 30 cycles under acid solution. Therefore, considering the exposure 

time to acid solution, it can be said that HKS, WKS and OS admixtures can 

make cement mortar comparatively more durable under the influence of acid 

solution. In addition, lignocellulosic bio-polymeric admixtures have a 

significant positive effect on the freeze-thaw durability of the mortar. 

8. In the last stage of the study, the use of bio-polymeric admixtures in 

cementitious composite mortars was optimized. In addition, a regression 

formula was produced for each study output. According to the optimization 

analysis, it was determined that the best mix could be with the use of 0.2 wt.% 

of 0/125 μm size ES. The second and third best mixes are obtained by using 

0.5 wt.% and 1.0 wt.% of 0/125 μm OS. In the production phase of the 

regression formula, the second order nonlinear rational expression was 

determined as the best option. R-square values of the regression formulas 

produced with this model were determined as high values between 0.89 and 

0.97. 
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Appendix B.22: 28-day flexural strength versus 0/45 μm bio-polymeric admixture 

usage 

 
Appendix B.23: 28-day flexural strength versus 0/125 μm bio-polymeric admixture 

usage 



358 

 

 
Appendix B.24: 28-day flexural strength versus 125/250 μm bio-polymeric 

admixture usage 

 
Appendix B.25: Flow diameters versus 0/45 μm bio-polymeric admixture usage 



359 

 

 

 
Appendix B.26: Flow diameters versus 0/125 μm bio-polymeric admixture usage 

 
Appendix B.27: Flow diameters versus 125/250 μm bio-polymeric admixture usage 



360 

 

 
Appendix B.28: Initial setting times versus 0/45 μm bio-polymeric admixture usage 

 
Appendix B.29: Initial setting times versus 0/125 μm bio-polymeric admixture usage 

 



361 

 

 
Appendix B.30: Initial setting times versus 125/250 μm bio-polymeric admixture 

usage 

 
Appendix B.31: Final setting times versus 0/45 μm bio-polymeric admixture usage 



362 

 

 
Appendix B.32: Final setting times versus 0/125 μm bio-polymeric admixture usage 
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