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ABSTRACT 

 

DEVELOPMENT OF NANO CHARACTERISTICS OF CLAY 

RESOURCES FOR ADOBE PRODUCTION 

 

Erdil Bölükbaşı, Meltem 

Doctor of Philosophy, Building Science in Architecture 

Supervisor: Assoc. Prof. Dr. Ayşe Duman 

Co-Supervisor: Prof. Dr. Emine N. Caner-Saltık 

 

 

January 2024, 229 pages 

 

Qualified adobe products need to be produced due to decreasing sources of proper 

raw materials and the need for affordable and sustainable construction. Within the 

scope of developing the qualified adobe products, the study covers two main aims: 

“Developing a practical Nano-clay enrichment method in the laboratory to increase 

the Nano-clay in the clay content of adobe soil” and “developing qualified adobe 

products having enriched Nano-clay content”. The proper soil samples were selected 

according to their potential for Nano-clay enrichment and adobe production. The 

clay type is a crucial parameter for Nano-clay enrichment by ultrasonic treatment. 

The soils rich in montmorillonite were more suitable for Nano-clay enrichment than 

those rich in illite, kaolinite and chlorite. Nano-clay enriched qualified adobe was 

achieved by having improved compressive and flexural strengths which are higher 

than the requirements of the regulations/codes while keeping their inherent 

breathable and capillary water absorption features. Total Nano-clay contents and 

pozzolanic characteristics of the treated adobe products were the main factors 

affecting the compressive and flexural strengths, respectively. In addition, the use of 

Nano-sized calcium oxide additive was effective in treated adobe products including 

montmorillonite as the main clay. Effective use of soil resources not appropriate for 

adobe production was provided by Nano-clay enrichment by ultrasonic treatment. In 
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addition to its contribution to the fields of innovative adobe construction industry 

and archaeology, the Nano-clay enrichment treatment in adobe soil can be practically 

applied in rural areas by teaching the local people the soil resource selection and the 

treatment process. 

 

Keywords: Adobe, Clay, Nano-clay Enrichment, Ultrasonic Treatment, Physical and 

Mechanical Properties  
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ÖZ 

 

KERPİÇ ÜRETİMİ İÇİN KİL KAYNAKLARININ NANO 

ÖZELLİKLERİNİN GELİŞTİRİLMESİ 

 

Erdil Bölükbaşı, Meltem  

Doktora, Yapı Bilimleri, Mimarlık 

Tez Yöneticisi: Doç. Dr. Ayşe Duman 

 Ortak Tez Yöneticisi: Prof. Dr. Emine N. Caner Saltık 

 

 

Ocak 2024, 229 sayfa 

 

Uygun hammadde kaynaklarının azalması, ekonomik ve sürdürülebilir yapım 

ihtiyacı nedeniyle nitelikli kerpiç ürünlerin üretilmesi gerekmektedir. Nitelikli kerpiç 

ürünlerinin geliştirilmesi kapsamında yapılan bu çalışma iki ana amacı 

kapsamaktadır: “Kerpiç toprağın kil içeriğindeki Nano kili arttırmak için 

laboratuvarda pratik bir Nano kil zenginleştirme yöntemi geliştirmek” ve 

“zenginleştirilmiş Nano kil içeriğine sahip nitelikli kerpiç malzemelerin 

geliştirilmesi”. Uygun toprak örnekleri Nano kil bakımından zenginleşme ve kerpiç 

üretimi açısından uygunluk potansiyelleri göz önüne alınarak seçilmiştir. Kil türü, 

ultrasonik işlem ile Nano kil zenginleştirme için çok önemli bir parametredir. 

Montmorillonit kilince zengin topraklar, illit, kaolinit ve klorit bakımından zengin 

olanlara göre Nano kil üretimi için daha uygun bulunmuştur. Nano kil ile 

zenginleştirilmiş nitelikli kerpiç ürünleri, Nano kil üretimi öncesi var olan nefes 

alabilirliği ve kılcal su emme özelliklerini korurken, yönetmelik/kodların 

gerekliliklerinden daha yüksek basınç ve eğilme dayanımlarına sahip olmuşlardır. 

İşlem görmüş kerpiç ürünlerin toplam Nano kil içeriği ve puzolanik özellikleri, 

sırasıyla basınç ve eğilme dayanımlarını etkileyen başlıca unsurlardır. Ayrıca, Nano 

taneli kalsiyum oksit katkısının kullanılması montmorillonit kilce zengin işlem 
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görmüş kerpiç ürünlerinde etkili olduğu görülmüştür. Kerpiç üretimine uygun 

olmayan toprak kaynaklarının etkin kullanımı ultrasonik işlemle Nano kil 

zenginleştirmesi ile sağlanabilmiştir. Kerpiç toprağında Nano kil zenginleştirme 

işlemi, yenilikçi kerpiç yapım endüstrisi ve arkeoloji alanlarına sağlayabileceği 

katkının yanı sıra, toprak kaynağı seçimi ve Nano kil zenginleştirme işlemi sürecinin 

yerel halka öğretilmesi ile kırsal alanlarda pratik hayatta da uygulanabilir. 

 

Anahtar Kelimeler: Kerpiç, Kil, Nano kilce Zenginleştirme, Ultrasonik İşlem, 

Fiziksel ve Mekanik Özellikler  
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CHAPTER 1  

1 INTRODUCTION  

The construction of adobe structures dates back to Neolithic times, about 8000 BC 

(Houben et al., 1994; Minke, 2009). Those structures about 30% of buildings in the 

world are still in developing countries and also in developed countries due to their 

low carbon footprint, low cost, easy construction and their contribution to indoor 

climate conditions and indoor air quality through the low thermal conductivity 

properties (Calkins, 2008; Minke, 2009; Mishra & Usmani, 2013; Shukla et al., 

2009). Despite a significant part of the population in underdeveloped and developing 

countries living in adobe buildings and the interest in adobe structures has also 

increased in developed countries, there is little interest in adobe materials and 

construction technology in our country. While research on adobe materials and 

construction enhances knowledge accumulation, it is observed that this knowledge 

gained through research cannot be transferred to the construction sector and 

applications. The most efficient tools to strengthen that knowledge transfer and 

enable the widespread use of adobe materials and construction practices are building 

and material regulations and standards. However, regulations, standards and 

specifications for adobe construction, construction and material technologies, 

defining and testing performance criteria, and maintenance/repair are limited. In 

short, there is insufficient availability of guiding resources for defining the 

performance characteristics of adobe materials and structures, and for the production 

and application of qualified adobe materials (Houben et al., 1994; Vyncke et al., 

2018). 

The study focuses on a scientific research topic for the production of qualified adobe 

construction materials by utilizing the opportunities provided by Nanotechnology. 

The objective of the study is to evaluate and compile the scientific knowledge 
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acquired within the scope of the research in a way that can be transferred to standards 

that will contribute to the widespread production of adobe construction materials. 

Adobe structures, although providing breathable and energy-efficient building 

envelopes, have been abandoned over time and eventually disappeared due to their 

susceptibility to precipitation and earthquakes, lack of maintenance, and improper 

interventions. Continuous maintenance is one of the main criteria for the long-term 

durability of adobe structures, which can be a laborious task for building occupants. 

This factor reduces the widespread use of adobe materials, which have strong 

sustainability and environmentally friendly qualities, as a local construction material. 

Stabilization of adobe material is crucial to enhance the durability of adobe materials 

and structures, specifically improving their resistance to strength loss due to 

saturation, as well as their weak performance against wind and water erosion in harsh 

climate conditions. Numerous studies exist regarding the selection and preparation 

of raw materials, mixture preparation, stabilization, maintenance, and strengthening 

of adobe structures to increase the long-term durability of adobe (Blondet et al., 

2008; Giuffrida et al., 2021; Işık, 2011; Widder, 2017). Some studies have revealed 

that since the transition of humans to settled life, people have considered the 

stabilization of adobe, utilized conscious and qualified local raw material sources, 

and prepared different mixtures of adobe products based on their functional roles in 

the construction (Uğuryol & Kulakoglu, 2013; Uzun, 2019). Most of the current 

research on adobe technology focuses on improving the performance and mechanical 

properties of adobe materials by incorporating binding agents or additives/stabilizers 

such as lime, gypsum, various plant fibres, waste tea residues, boron waste, and 

polymer fibres into the adobe mixture (Abanto et al., 2017; Bahobail, 2012; Binici 

et al., 2005, 2007, 2009; Calatan et al., 2016; Danso et al., 2015; Işık, 2011; Pekmezci 

et al., 2012; Pekrioglu Balkis, 2017; Sharma et al., 2016; Vilane, 2010). Among those 

researches focusing on strengthening adobe materials, Nano-sized additives were 

also made a current issue. For instance, there are studies on the application of Nano-

sized lime (Ca(OH)2) solution to strengthen adobe surfaces found in archaeological 

sites and examining the effect of Nano-sized lime solution on the existing 
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composition of adobe materials (Camerini et al., 2018; Elert et al., 2022; 

Michalopoulou et al., 2020). Those studies have shown the positive effects of 

applying Nano-sized lime solution on the pozzolanic and mechanical properties, 

water as well as the control of swelling and shrinkage behaviour of adobe. However, 

there is limited research in the literature regarding the use of Nano-sized additives to 

improve the performance properties of adobe materials. That study is designed to fill 

this gap in the literature; comprehensive scientific analyses were planned to 

investigate the influence of Nano-sized lime additives, especially Nano-clay content 

on the performance of adobe. The research aims to generate scientific data that will 

contribute to the development, application, and innovation fields of the construction 

sector and construction material production technologies. 

After evaluating the literature data on adobe material technology and discussing its 

weaknesses in widespread use in the construction sector, the scope of the study was 

determined by raising the following research questions: 

⎯ Can Nano-clay be produced from adobe soil with a practical method? 

⎯ How does the increase in Nano-clay content in adobe soil affect the 

performance properties of the produced adobe material? 

⎯ Can the plasticity and swelling behaviour of adobe soil with increased Nano-

clay content be controlled with Nano-CaO additives? 

⎯ As a result, can local clay/adobe soil resources be transformed into efficient 

qualified raw material sources for the production of qualified adobe by 

increasing the Nano-clay content and also adding Nano-CaO? 

The research results are expected to contribute to the development of current adobe 

material and construction technologies, as well as the conservation of adobe cultural 

assets and archaeological sites. 
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1.1 Argument 

Regarding the potential of adobe structures in terms of having low embodied energy, 

affordable and providing healthy and high-quality indoor comfort conditions, they 

have been seen as an alternative housing type to sustainable architecture, especially 

in rural areas in recent years (Papayianni & Pachta, 2017; Vyncke et al., 2018). 

Adobe building envelopes also can improve indoor air quality due to their 

performance of balancing the humidity inside and high breathability (Minke, 2009; 

Schroeder, 2015; Yüncü et al., 2014). The COVID-19 pandemic has demonstrated 

the cruciality of providing healthy indoor air conditions and highlighting the need to 

achieve these conditions through sustainable and energy-efficient building materials, 

construction technologies, and principles of building physics rather than solely 

mechanical ventilation methods (Monge-Barrio et al., 2022; Park et al., 2021). The 

limited existence of adobe technology, which can meet these requirements as a 

sustainable construction system, in the contemporary construction industry, despite 

its development since the Neolithic period worldwide and in Anatolia, is a subject 

that needs to be discussed. 

In the context of adobe technology, non-expansive clays such as kaolin play a 

prominent role in producing qualified adobe material. However, the local clay/adobe 

soil resources in Anatolia contain multiple clay types together. For instance, illite, 

montmorillonite, chlorite, and/or the other clay types may co-exist with or without 

kaolinite. The use of  Nano-clay additives in adobe products can be provided by 

either producing the Nano-sized clay particles or extracting them from natural clay 

sources. Both production approaches are laborious operations. In this regard, 

practical solutions need to be developed to increase the amount of Nano-clay in 

adobe soil, rather than producing or extracting Nano-sized clay, which is a labour-

intensive process. Considering those requirements, the Nano-clay content 

enrichment that can be done by a practical method can be a promising attempt to 

achieve qualified adobe construction material. That provides the local clay/adobe 

soil resources to be used more efficiently and an affordable, local and qualified adobe 
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construction material can be produced from adobe/clay soil with enriched Nano-clay 

content, which contributes to the widespread construction and technological 

development of the adobe. 

1.2 Aims and Objectives 

The main aims of the study are: 

⎯ Developing a practical method to enrich the amount of Nano-clay in adobe 

soil resources, rather than adding a specifically produced Nano-clay as an 

additive; 

⎯ Developing qualified adobe materials having enriched Nano-clay content to 

improve local adobe construction material technology. 

The objectives of the study directed towards those aims are as follows: 

⎯ Identification of local adobe soil/clay resources in terms of compositional and 

raw materials properties, and field soil tests; 

⎯ Determination of Nano-clay content in natural adobe soil/clay resources; 

⎯ Development of a practical method for Nano-clay enrichment in adobe soil,  

⎯ Consistency limits performance assessment of Nano-clay-riched adobe soil 

samples; 

⎯ Preparation of Nano-clay riched adobe products with/without Nano-CaO and 

slaked lime (Ca (OH)2 additives;  

⎯ Performance assessment of Nano-clay riched adobe products in terms of 

basic physical and mechanical properties including vapour transmission and 

capillary water absorption features. 

1.3 Disposition 

The thesis comprises seven chapters, including an introduction, literature review, 

materials and methods, results, discussion, conclusion and appendices. In the 
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introduction chapter, brief information on adobe constructions, Nano-clay 

technology and deficiencies in the literature on those subjects was given. The 

argument part defines the assertion of the study, importance and contribution of the 

qualified adobe production by increasing the Nano-clay amount. The aims and 

objectives of the study were itemised. The flow and the content of the thesis were 

indicated in the disposition part. 

In the second chapter, a literature review of the articles, thesis and book chapters was 

presented by the subjects on adobe, stabilization of adobe, clay, Nano-clay and Nano-

clay production. In addition, literature data of studies on raw material characteristics, 

mechanical hydric and hygric performances of adobe soil and adobe samples were 

collected together with required performance levels by standards. 

Materials and Methods starts with the description of the collected soil samples and 

the background data for the selection data for the soil resources. The analyses 

conducted on the samples: field soil tests, raw material characteristics tests (pH 

value, organic calcite and salt contents, pozzolanic activity, particle size distribution, 

simulation, stereo microscope analyses) mineralogical and elemental composition 

tests (XRD and XRF analyses), the process of Nano-clay production treatment by 

ultrasonic bath and laboratory mixer, preparation of the treated adobe samples, the 

basic physical, water vapour permeability, mechanical and capillary water absorption 

tests. 

In the fourth chapter, the results of the study were given in consecutive stages, the 

proper soil samples were selected among the adobe soil/clay soils after each stage. 

Firstly, the raw materials and compositional properties of the collected soil/clay 

samples were determined then the amount of natural Nano-clay adobe/clay was 

assessed in terms of their sufficiency to be used as the adobe sample and Nano-clay 

production. Then the Nano-clay production process and the optimum times were 

determined and the enrichment in the amount of Nano-clay and morphological 

change on clay particles were proved. Later on, the treated soil samples having the 

increased Nano-clay contents were evaluated if they were proper for the adobe 
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material or not by the consistency limit tests. Lastly, the basic physical, water vapour 

permeability, mechanical and capillary water absorption characteristics of the adobe 

samples were determined. 

In the discussion part, the performance of the collected soil/clay samples was 

assessed in terms of their sufficiency to be used as the adobe sample and for the 

Nano-clay production. The factors affecting Nano-clay production were uncovered. 

In the last part, the performance of the treated adobe samples and treated adobe 

samples including Nano-CaO or CaOH2 were assessed compared to untreated ones 

in terms of their basic physical, water vapour permeability, mechanical and capillary 

water absorption properties regarding required levels by standards and related 

literature data. 

In the conclusion part, the summary of the study, recommendations, and further 

studies were mentioned. 
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CHAPTER 2  

2 LITERATURE REVIEW 

This chapter includes a comprehensive literature review of the related subjects and 

studies, which constructs the background information for the thesis. 

Firstly, adobe and clay materials were introduced. The history and use of the adobe 

in Anatolia and the production and construction methods of the adobe together with 

the stabilization of the adobe material were summarized. Since the clay content 

significantly affects the adobe material, the clay and its performances were 

mentioned. The mineralogical structures types of clay, and clay particle associations 

depending on the electrostatic interactions were presented together with cation 

exchange capacity performances of different types of clay and methylene blue tests 

identifying the cation exchange capacity of clays. 

Nanotechnology has been a developing issue and is excessively used in construction 

materials; therefore, the literature started with a definition of the Nano-clay and then 

included aims of its use and studies on the use of the Nano-clay as soil stabilization. 

The data on the production methods of the Nano-clay were compiled to figure out 

the most efficient one for the development of a practical Nano-clay preparation.  

Particle size distribution including the sub-micron is the significant raw material 

characteristic affecting the e adobe soil performance. The different methods and 

scales of the particle size distribution analyses were summarized. 

In the last part, the test methods for the evaluation of the adobe soil and adobe brick 

performance in terms of consistency limits, linear shrinkage ratio, water vapour 

permeability mechanical properties capillary water absorption together with 

performance data of previous studies, and some recommended levels defined by the 

regulations and standards were included. 
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2.1 Adobe  

In Anatolia, the first adobe structure was constructed of wattle-and-daub method in 

Çayönü, South-Eastern region (ca. 7000 BC) (Bektaş, 2018). The other ancient adobe 

structures are as follows (Schroeder, 2015): 

⎯ 9000-year-old Çatalhöyük dwellings having adobe masonry exterior walls 

and timber posts positioned inside the dwellings to support the roof structure; 

⎯ the adobe dwellings in Hacılar-Burdur (5700-5600 BC),  

⎯ the adobe houses in the form of “Megaron”  found in the archaeological sites 

of Beycesultan, Denizli (4000-3000BC), Troia and Kültepe (2450-2200 BC); 

⎯ “Beehive houses of Harran” in Şanlıurfa constructed as adobe masonry 

structures with a high conical adobe roof (ca. 2000 BC). 

Adobe masonry houses were constructed extensively in the architecture of the Hittite 

period (2000-1000 BC) and the Urartu period (900-600 BC) (Bektaş, 2018). A 

growing interest was observed in adobe material and structures particularly in 

Western Europe and the USA for temporary housing after the Second World War. 

On the other hand, in that period, the studies on adobe in Turkey were restricted in 

number due to the common construction of reinforced concrete and brick masonry 

structures in Turkey (Kafescioglu, 2017). In the 1950s, negative perception of adobe 

structures was created by government policies, although Anatolia is the “home” of 

adobe, the number of them has decreased seriously (Kafescioglu, 2017).  

Nowadays, the total number of traditional adobe masonry buildings and timber-

framed with adobe infill structures in still use is about 615070 (State Institute of 

Statistics Prime Ministry Republic of Turkey, 2001). The distribution of percentages 

of adobe structures’ presence in geographic regions in Turkey is given in Figure 2.1. 
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Figure 2.1 The data showing the percentages of adobe constructions in each 

geographic region (State Institute of Statistics Prime Ministry Republic of Turkey, 

2001). 

 

According to the data given by the State Institute of Statistics Prime Ministry 

Republic of Turkey (2001), a map showing the number of traditional adobe structures 

in each city and their distribution in Turkey was produced (State Institute of Statistics 

Prime Ministry Republic of Turkey, 2001). The common use of adobe constructions 

is observed to exist in the regions of especially Central Anatolia, Aegean and South 

Marmara, and in the cities of Ankara, Afyon, Eskişehir, Çorum, Denizli, İzmir, 

Konya Malatya, Manisa and Tokat. Among many clay types, the limited-expansive 

or non-expansive clay types, which are the illite and kaolinite clay deposits, are the 

clays preferred as binders for adobe material and adobe structures. According to 

“Mindat. Org”, an open database of minerals, the illite and kaolinite clay resources 

are mostly found in İzmir, Eskişehir and Manisa (Ralph, 2023), where the number of 

traditional adobe houses is high in amount (State Institute of Statistics Prime 

Ministry Republic of Turkey, 2001). 

The clay used as the raw material of adobe is supplied from clay-rich soil resources 

and alluvial or lacustrine deposits (lake deposits). Most adobe resources, either clay 

or adobe soil resources, are located on Neogene lacustrine sedimentary basins (Alkaç 

& Koral, 2022; de Ridder, 1965; Kadir & Karakas, 2002; Varol et al., 2002; Yeniyol, 

2012), corresponding to the regions where traditional adobe houses have been 
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commonly constructed in Turkey (State Institute of Statistics Prime Ministry 

Republic of Turkey, 2001). 

 

The adobe soil/clay resources belonging to prehistoric times are close to the 

archaeological settlements, such as Çatalhöyük (Konya), Ortaköy-Şapinuwa 

(Çorum), Boğazköy-Hattuşa (Çorum) and Sardes (Manisa) (Kıvrak, 2007; Koçu & 

Korkmaz, 2007; Özkan et al., 2010). In short, the settlements where traditional adobe 

constructions are concentrated have been positioned close to the adobe/clay 

resources of the region.  
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The traditional adobe used to be prepared with about 7-10 kg straw (1% by w.t) and 

500 kg water per 1 m3 of soil including 30-40 % clay by w.t, according to TS 

2514:1977 inactive standard now (TS, 1977). The straw used in adobe should not be 

rotten and should be a maximum of 10-12 cm in length. Besides straw, animal hair, 

dung, gypsum, lime, wood ash and plant fibres were also used in traditional adobe 

mixture (Torraca, 1988). There was a need for a large area for curing the clay in the 

adobe mixture, adobe brick production, and its storage area that should be protected 

from the direct sun and rain. The preparation process for adobe can be divided into 

three stages (Aşanlı, 2021): 

Preparation of adobe mixture: Soil, water, straw and some additives are put and 

mixed in a pit or a container and then let rest for about one day to improve the 

plasticity of clayey soil (Torraca, 1988) ( Figure 2.3). 

 

 
 

Figure 2.3 Preparation of adobe mixture (Aşanlı, 2021). 

 

Cutting of adobe: Adobe mixture is thrown into moisturized wooden moulds and 

compressed on a plain surface covered by straw or sand (Figure 2.4). Dimensions of 

mould should be greater in the ratio of 3-5% that of the brick due to shrinkage while 

it's drying out. Adobe brick is cut generally in periods between May and September 

and also between April and October. 
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Figure 2.4 Wooden (plywood or MDF or chipboard) moulds (Acun & Gürdal, 

2003). 

 

Drying of Adobe: Adobe bricks taken out from moulds are dried out in the shadow 

by protecting from direct sun and wind. While drying, the traditional adobe brick 

must be turned upside-down in the field. Drying methods are shown in Figure 2.5. 

Drying slowly provides the formation of fewer cracks. The stability of adobe brick 

is gained after 15-21 days. Afterwards, they are stacked under tents, branches or 

weeds to protect them from rain. 

 
 

Figure 2.5 Drying of adobe bricks for 2 or 4 days (at left); drying of adobe bricks 

on the fourth or fifth day (at right) (Aşanlı, 2021). 

 

. 

 

Figure 2.6 Stacking of dry adobe bricks (Aşanlı, 2021). 
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The common adobe dimensions that are general classifications of adobe brick as 

“ana” and “kuzu” are shown in Table 2.1. 

Table 2.1 Ranges of dimensions of adobe used in Turkey (Acun & Gürdal, 2003). 

 

Adobe type Kuzu –half 

brick, cm 

Ana-whole 

brick, cm 

Length 30-38 30-38 

Width 12-17 25-35 

Height 10-12 10-12 

 

The production process of adobe bricks requires time and intensive labour. On the 

other hand, mechanization of the manufacturing process allows obtaining adobe 

brick at a rate of 3000 bricks/day (Işik, 2010). The other adobe construction methods 

are cob, earth-filled bag (superadobe), rammed earth and 3D-printing adobe. Cob is 

one of the simplest forms of adobe construction as it is hand-formed into monolithic 

walls by stacking earth clumps/balls on top of one another, and lightly tamping them 

with the hands or feet, and no formwork, tamping or machinery (Figure 2.7) (Houben 

et al., 1994). Earth-filled bags, also called superadobe, are plastic and textile bags or 

long polypropylene tubes filled with sand, gravel or tamped solid (Figure 2.7) 

(Minke, 2009). Barbed wire can be placed between bags to hold them together. 

 

   
 

Figure 2.7 Cob (at left) (Houben et al., 1994) and earth-filled bag constructions (at 

right) (Calkins, 2008).  

 

In the rammed earth technique, moist earth is poured into formwork and compacted 

with a wood or metal rammer composed of a long handle and flat head (Calkins, 

2008) (Figure 2.8). The technique of pneumatically impacted stabilized earth (PISE) 
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where an earth mixture is sprayed onto one-sided formwork with high-pressure air 

was developed to reduce construction time and labour costs of rammed earth 

(Calkins, 2008) (Figure 2.8). That method is similar to dry mix shotcrete concrete. 

 

 
 

Figure 2.8 Rammed earth (at left)(Betonarme: Bir Asrı Aşan Evliliğin Hikayesi, 

2023) and PISE technique including spraying the rammed earth onto one-sided 

formwork (at right) (Minke, 2009). 

 

Robotic fabrication for architecture brings the opportunity for adobe construction in 

terms of increase in productivity and flexibility in the design. 3D-printed adobe 

construction by robots focused in some studies is a developing alternative method 

(Dubor et al., 2019; Khoshnevis, 2004) (Figure 2.9). 

 

 
 

Figure 2.9 3D-printed adobe constructions by robots (Arquitectura Viva, 2023). 
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Adobe is a biodegradable and reusable material and generates no hazardous waste 

and also minimal waste, either during its production or at the end of its useful life 

span (Pacheco-Torgal & Jalali, 2011). In addition, its drying process is performed by 

excluding firing (Thiebat et al., 2023). The environmental benefits of adobe material 

can be defined by the Life Cycle Assessment (LCA) of its production (Christoforou 

et al., 2016). LCA is a technique to assess all the potential environmental impacts, 

inputs, and outputs of materials during the whole life cycle (ISO, 2006). In the LCA, 

system boundary conditions define which material/building life-cycle stages are 

included in a study (Miller & Ip, 2013; Morton, 2006). Some common system 

boundary conditions are cradle-to-gate and cradle-to-site. Cradle-to-gate contains the 

extraction of raw materials and manufacturing of construction materials that define 

the production process. Cradle-to-site includes the production and construction 

stages that comprise the transportation of materials to the site and the construction 

of a building. The embodied energy (MJ/kg) refers to the amount of energy 

consumed within the system boundaries of the study (Miller, 2013). Embodied 

carbon also called carbon footprint (kg CO2eq/kg) is related to the amount of 

greenhouse gas emissions (GHGs) that are released within the system boundaries of 

the study (Miller & Ip, 2013).  

Embodied energy and embodied carbon values of adobe brick and some other 

construction materials for comparison were given in Table 2.2. The embodied energy 

of the adobe brick production system through a cradle-to-site life cycle analysis was 

indicated as between 0.03 and 0.17 MJ/kg and its embodied carbon was between 

0.0017 and 0.013 kg CO2eq/kg. The values of adobe are in the range of 1% and 9% 

of embodied energy and carbon values of fired brick, hollow clay brick and 

lightweight concrete block. Those materials' values are too much higher than adobe's 

cradle-to-site analysis although their values belong to cradle-to-gate life cycle 

analysis that does not include the construction and transportation process of the 

material. In addition, the embodied energy and carbon values of the construction of 

the exposed adobe masonry house approximately 7% of the exposed reinforced 

concrete structure with brick infill wall (Güğercin et al., 2018). 



 

 

19 

Table 2.2 Embodied energy and embodied carbon values of adobe brick, fired clay 

brick, hollow clay brick and lightweight concrete block. 

 
Material Embodied 

Energy, 

MJ/kg 

System 

boundary 

Embodied 

Carbon, kg 

CO2eq/kg 

Reference 

Adobe brick 0.03-0.08 

 

Cradle-to-site: 

on-site 

production 

0.0018-

0.0054 

(Christoforou et 

al., 2016) 

0.17 off-site 

production 

0.013 

Fired clay brick 3-3.1 Cradle-to-gate 0.24 (Christoforou et 

al., 2016; 

Morton, 2006) 

Hollow clay brick 1.76 Cradle-to-gate 0.20 (Morton, 2006; 

Thiebat et al., 

2023) 

Lightweight 

concrete block 

1.8 Cradle-to-gate 0.2 (Morton, 2006; 

Thiebat et al., 

2023) 

 

2.2 Stabilization of Adobe 

Additives/stabilizers improve the mechanical performance, water resistance and 

volume stability of the adobe material. While binding additives such as lime and 

gypsum generally enhance the durability and compressive strength of adobe, they 

decrease the thermal resistance performance of adobe (Bahobail, 2012; Ngowi, 1997; 

Vilane, 2010). Natural or polymer fibres such as straw, animal, human hair, 

coconuts, sisal, bamboo fibres, needles of trees and or synthetic fibres, depending on 

their dimensions, orientations, and quantities, reduce the shrinkage, bulk density, and 

thermal conductivity of adobe material while increasing its tensile strength and sound 

insulation performance (Berardi & Iannace, 2015; Calatan et al., 2016; Sharma et al., 

2016; Yetgin et al., 2008). On the other hand, the excessive use of the fibre reduces 

the binding force between the soil and fibre decreasing the tensile and compressive 

strength of the adobe (Houben & Guillaud, 1994; Olivier & Mesbah, 1970; Yetgin 

et al., 2008). 
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Straw has been widely used since Neolithic times to control the volumetric stability 

of adobe and to hinder cracking upon drying of the adobe mixture by the distribution 

of tension arising during the shrinkage of the adobe mixture (Abanto et al., 2017; 

Calatan et al., 2016; Schroeder, 2015). The amount of straw used in adobe is 

observed to be in the range of 0.15%-3% by weight in some studies, while the 

optimum ratio is in the range of 1%-2% by weight (Binici et al., 2005; Meriç et al., 

2017; Serrano et al., 2016; Turanli, 1985; Yüncü et al., 2014). The length of fibre 

varies in the range of 2 -5 cm (Berardi & Iannace, 2015; Güdücü, 2003; Yetgin et 

al., 2008). 

Lime (CaO or Ca(OH)2 is one of the oldest additives used in adobe mixtures in 

Anatolian territories, since ancient Greek and Roman times (for over 2000 years), to 

enhance mechanical strength such as compressive strength and shear strength and 

water impermeability of adobe materials (Al-Ajmi et al., 2016; Bell, 1996; Binici et 

al., 2007, 2009; Calkins, 2008; Love, 2012; Meriç et al., 2017; Norton, 1997; 

Pekmezci et al., 2012; Pekrioglu Balkis, 2017). In addition, calcium carbonate in clay 

content is detected in adobe samples belonging to Neolithic times (F. Erol et al., 

2022; Love, 2012). By the ion exchange, the Ca2+ ions of lime exchange with H+ and 

Na+ ions in the adobe mixture result in the flocculation of clay particles that lead to 

a reduction in the shrinkage ratio of and the plasticity of adobe soil (Kıvrak, 2007). 

The other additive generally used, gypsum, in adobe, causes the flocculation of clay 

particles by the ion exchange with the Ca2+ ions of gypsum in the same manner and 

decreases the curing time of adobe which gains its rigidity in a short time and controls 

the shrinkage (Gürfidan, 2006; Işık & Tulbentci, 2008; Kafescioğlu et al., 1980; 

Kafescioğlu, 2016; Pekmezci et al., 2012). 

Lime does not have a cement content, but it has a pozzolanic reaction with pozzolans 

or clay minerals in the presence of water or high humidity, and the stable and 

insoluble compounds possessing hydraulic cementitious properties are formed 

(Torraca, 1988). In addition, the carbonation of lime over time increases the 

compressive strength of adobe (Kıvrak, 2007). To sum up, the use of lime up to a 

certain limit in adobe provides to improves mechanical strength such as compressive 
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strength and shear strength, and water resistance and it decreases shrinkage (Al-Ajmi 

et al., 2016; Pekmezci et al., 2012). The lime has the pozzolanic reaction far more 

quickly with montmorillonite clays than with kaolinites (Bell, 1996). Some studies 

on adobe and soil stabilization with lime indicate that the optimum ratio for lime is 

4% and 5% to provide an improvement in compressive strength performance. The 

other optimum ratios are 3% and 5% to control the swelling problem (Bell, 1996; 

Dash & Hussain, 2012; Kafescioğlu, 2016; Kafescioğlu et al., 1980; 

Pashabavandpouri & Jahangiri, 2015). Nano-sized lime (Nano-CaO) is also used for 

the stabilization of soil. Some studies indicate that the adequate amount for the Nano-

CaO is determined as 1% for the improvement of compressive strength and plastic 

limit of soil samples (Choobbasti et al., 2019; Yazarloo et al., 2017).  

According to the ASTM C125-20:2020 standard (ASTM, 2020), a pozzolan is 

identified as "a siliceous and aluminous material which, in itself, possesses little or 

no cementitious value but which will, in finely divided form in the presence of 

moisture, react chemically with calcium hydroxide at ordinary temperature to form 

compounds possessing cementitious properties". Pozzolanic activity means that the 

reaction ability of those materials with calcium hydroxide (Ca(OH)2) leads to the 

form of a network of fibrous crystals or gelatinous amorphous materials of calcium–

silicate-hydrate (C-S-H) that increases the mechanical strength and reduce the 

susceptibility of adobe against to water. (Norton, 1997). In addition, high pozzolanic 

soil samples indicate their high bonding capacity and high durability performances. 

The pozzolanic activity enhances the straw cohesion to the adobe matrix and enough 

adhesion of the fibres slows down the water penetration (Ouedraogo et al., 2019; 

Sharma et al., 2016). The reaction of lime with the clay minerals is slow. Therefore, 

the presence of natural pozzolan sources such as volcanic (pumice and tuffs) and 

diatomaceous soils (opal A) and naturally fired clays (metakaolin) in the soil sources 

is critical for the enhancing the pozzolanic activity of the soil sources (Lea, 1976). 
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2.3 Clay 

Clay minerals consisting of a layered structure are formed by the chemical 

weathering of silicate minerals such as quartz, feldspar, and mica. The clay minerals, 

aluminosilicates, are generally termed phyllosilicates. The layered structure of clay 

minerals includes silicon-oxygen and aluminium-/magnesium-oxygen sheets 

(Tombácz, 2003). Those clay minerals are described based on their structures' 

configuration of tetrahedral and octahedral layers. Two sheets of silicate (tetrahedral 

sheet) and alumina/ magnesia (octahedral sheet) form a clay layer (Tombácz, 2003; 

Uddin, 2008) (Figure 2.10). The parallel clay layers are connected by the electrostatic 

force due to cations such as sodium (Na), calcium (Ca), potassium (K), magnesium 

(Mg) and iron (Fe), or Van der Waals force, or hydrogen bond (Houben & Guillaud, 

1994; Keefe, 2005; Uddin, 2008) (Figure 2.10). Clay minerals are classified into four 

main groups: kaolinite, illite, smectite and chlorite (Houben & Guillaud, 1994; 

Uddin, 2008) (Figure 2.10 and Table 2.3): 

 

⎯ Kaolinite group: The clay mineral includes one tetrahedral silica sheet and 

one octahedral alumina or magnesia sheet in each layer that is named a 1:1 

type. The clay layers are tightly bonded to each other by hydrogen bonding 

which constrains expansion (Barton & Karathanasis, 2002); therefore, that 

group is defined as non-expansive in contact with water. 

⎯ Smectite group: The clay mineral is composed of one octahedral alumina or 

magnesia sheet between two tetrahedral silicate sheets named a 2:1 type. 

Smectite layers contain exchangeable cations such as Ca, Na, Mg and K in 

the interlayer spaces (Velde & Meunier, 2008). Those inorganic cations can 

be exchanged by other inorganic and organic cations or water (Chen et al., 

2008; Yu et al., 2014). The swelling potential of that clay group is affected 

when water and those cations penetrate through interlayer gaps. While the 

layers of smectites are held together by van der Waals and cations bondings 

in a limited strength in a dry state of clay, the clay swells dramatically when 



 

 

23 

water enters into the interlayer space between sheets and breaks those bonds 

(Barton & Karathanasis, 2002). Therefore, that group is named as expansive 

clay type. 

⎯ Illite-mica group: The structure of the clay mineral is similar to the stacking 

sequence of the smectite group in terms of one octahedral alumina or 

magnesia sheet in between two tetrahedral silicate sheets. The presence of 

dominantly low exchangeable potassium cations (K) content as an interlayer 

limits the swelling of the clays (Jawaid et al., 2016); therefore, that group is 

less expansive compared to the smectite group when in contact with water. 

⎯ Chlorite group: The clay mineral is formed of one octahedral alumina or 

magnesia sheet between two tetrahedral silicate sheets similar to the 

illite/mica group. On the other hand, the chlorite clay layers are separated by 

an additional hydroxyl (OH) interlayer (brucite layer) as an octahedral layer 

(Gazzè et al., 2014). The chlorite group is named the 2:1:1 type, an alteration 

of the 2:1 group (Gazzè et al., 2014). The presence of the hydroxyl layer 

controls the swelling of the clay. The expansion of the chlorites is near to the 

illite-mica group but less than the smectite group (Jawaid et al., 2016). 
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Figure 2.10 Structures of clay minerals (Clay Minerals and Related Properties, 

2015; Tournassat et al., 2015). 
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Table 2.3 Classification of clay minerals and their major groups (Reeves et al., 

2006). 

 

Group Members Property 
Sheet 

type 

Tetrahedral-

octahedral 

sheet 

arrangement 

General formula 

Kaolinite-

serpentine 

Lizardite, 

berthierine, 

amesite, 

cronstedtite, 

nepouite, 

kellyite, 

fraipontite, 

brindleyite, 

kaolinite, dickite, 

nacrite, 

halloysite, odinite, 

serpentine 

Non-

expansive 
1:1 T:O Al2Si2O5(OH)4 

Illite-mica 

Biotite, 

phlogopite, 

lepidolite, 

muscovite, illite, 

glauconite, 

celadonite, 

paragonite, 

clintonite, 

kinoshitalite, 

bityite, anandite, 

margarite 

Non- 

expansive 
2:1 T:O: T 

(K, 

H)Al2(Si,Al)4O10(OH)2XH2O 

 

X represents varying 

level of water attached to the 

mineral 

Smectite 

Saponite, hetorite, 

sauconite, 

stevensite, 

swinefordite, 

montmorillonite, 

beidellite, 

nontronite, 

volkonskoite, 

bentonite, 

vermiculite, talc, 

pyrophyllite. 

Expansive 2:1 T:O:T 

(Ca,Na,H)(Al,Mg,Fe,Zn)2(Si,

Al)4O10(OH)2 XH2O 

 

X represents the various 

levels of water attached to the 

mineral. 

Chlorite 

Amesite, 

chamosite, 

cookeite, nimite, 

daphnite, 

Clinochlore 

Non- 

expansive 
2:1:1 T:O: T 

(Ni, Mg, Fe, Al)6(Al, 

Si)4O10(OH)8 

 

2.3.1 Clay Particles Associations 

The clay particles are controlled by electrostatic interactions ‘attractive or repulsive’ 

between particles due to their cation exchange capacities and the attractive Van der 

Waals forces on the particles (Hillier, 1995). Clay particles associate in dispersed, 



 

 

26 

flocculated and aggregated configurations by those interactions. According to Van 

Olphen (1964), different modes of clay particle contact may occur in those 

associations: no face-to-face, face-to-face (FF), edge-to-face (EF), and edge-to-edge 

(EE) (Table 2.4). 

− In the dispersed clay association, loose and easily disrupted clay particles move 

away from each other since the electrical forces between clay surfaces are 

repulsive (Du et al., 2009; Tuncan, 1992). 

− The flocculated clay association includes particles connected edge-to-edge (EE) 

or/and edge-to-face (EF). That association causes the formation of lower-density 

clay particles three-dimensional voluminous such as “house-of-cards” (Du et al., 

2009; Luckham & Rossi, 1999). Clay minerals have negatively charged surfaces 

whereas charges at the edge sites change depending on the broken bonds and pH 

properties of the medium (Hillier, 1995). The charges of the edges become 

mostly positive at the medium in low pH due to the adsorption of H+ ions that 

cause more EF configurations. of the clay particles. The charges of the edges are 

more negative probability at the medium in high pH due to the adsorption of OH- 

ions (Hillier, 1995). 

− Aggregated clay association is formed by collapsing parallel clay particles that 

are face-to-face (FF) connected and spaced 20 Å or less apart (Luckham & Rossi, 

1999). The highest van der Waals interaction energy is present between the FF-

connected clay particles (Hillier, 1995). Aggregated clay association results in 

thicker particles of higher density (Ravisangar et al., 2005). 

In short, the aggregated clay association provides particles having denser structures 

and higher bonding strength to each other; on the other hand, flocculated clay 

association leads to obtaining the less dense, and more porous structured clay 

particles having a weak connection between them. 
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Table 2.4 Modes of clay particles associations according to the terminology of Van 

Olphen (Van Olphen, 1964). 

 

Dispersed Flocculated Aggregated 

no face-to-face edge-to-edge 

contact (EE) 

edge-to-face contact 

(EF) 

face-to-face 

contact (FF) 

 

 

   

 

2.3.1 Cation Exchange Capacity (CEC) 

Clay minerals have negatively charged surfaces. Those clay minerals pull cations 

such as Ca2, Mg+ and H+ ions in the water. Cation Exchange Capacity (CEC) is the 

ability of the clay to adsorb those cations. CEC properties of clay minerals depend 

on the clay type, the specific surface area of the clays and interlayer spacings between 

their sheets (Figure 2.11 and Table 2.5). For instance, smectites have internal and 

external surface areas while kaolinites have no measurable internal surface area; 

therefore, smectites have a higher ratio of their surface area to volume than kaolinite 

minerals. That means smectites have higher CEC properties than kaolinite clays. 

 

 
 

Figure 2.11 Schematic illustration of basal surfaces and basal layer thicknesses of 

kaolinite, illite, and smectite clays (Tournassat et al., 2015). 
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Table 2.5 Some physical properties determining the cation exchange capacity 

(CEC) of clays and their CEC values (Grim, 1968; Reeves et al., 2006). 

 

Property Clay mineral 

Kaolinite Illite Smectite Chlorite 

Basal Surface 

(Planar) diameter 

(nm) 

100-4000 100-2000 10-2000 100-2000 

Basal layer thickness 

(nm) 

0.7 1 1 1.4 

Specific surface 

(m2/g) 

5-20 80-120 700-800 8 

Cation exchange 

capacity (meq/100g) 

3-15 

 

15-40 

10-40 

80-100 

80-150 

20-40 

10-40 

 

The larger the specific surface area of clay, the higher the internal cohesive forces of 

clays which are relevant for the binding force and the compressive and tensile 

strength of adobe (Minke, 2009). On the other hand, smectite's higher specific 

surface areas and cation exchange capacity lead to high water absorption capacity. 

Therefore, the presence of illite and kaolinite clay types dominantly in adobe soil 

provides to control swelling and shrinkage problems (Torraca, 1988). In addition, 

the smectite clay particles have the highest dispersion characteristics due to their 

highest cation exchange capacity. The dispersion degree of illite- and chlorite-type 

clays is intermediate between smectite- and kaolinite-type clays (Rolfe et al., 1960). 

2.3.1 Methylene Blue Test 

The methylene blue (MB) test is used to identify the cation exchange capacity (CEC) 

and specific surface area of clay minerals (Arab et al., 2015; Hang & Brindley, 1970; 

Petkovšek et al., 2010).  

The methylene blue (C16H18ClN3S) is an organic dye formed of a positively charged 

ion (MB+ cation) and a negatively charged ion (Cl- anion) (Verhoef et al., 1992). As 

methylene blue solution and diluted clay are mixed, the positive ion of MB replaces 

the cations on the external surface of the clay and then within interlayers of clay 
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silicate sheets. In other words, MB is adsorbed onto the negatively charged surfaces 

of clay silicates. Exchangeable cations replace methylene blue and clay as 

demonstrated below: 

Ca-Na Clay + MB hydrochloride              MB Clay + Ca-Na Chloride 

The process of cation replacement continues until all positive ions on and within clay 

silicates are replaced with MB cations.  

2.4 Nano-Clay 

The International Organization for Standardization (ISO) identifies the Nano-sized 

material as “material with any external dimension in the nanoscale or having an 

internal structure or surface structure in the nanoscale”. The nanoscale is accepted as 

nearly in the range of 1 nm to 100 nm (ISO/TR, 2017). As shown in Figure 2.11 and 

Table 2.5, the clay minerals have a basal surface diameter of the sheets between 

100nm and 4000nm, while the thickness of the sheets and their inter-layer spaces are 

between 0.7 and 2 nm within the nanoscale range. According to the ISO/TR 

18401:2017 (ISO/TR, 2017), clay minerals are nanomaterial; therefore, the terms 

‘clay minerals’ and ‘Nano-clay’ are interchangeable (Kertmen et al., 2020).  

Nano-particles gain different qualities of the material's performances by size and 

shape-dependent properties such as their high specific surface area and a higher 

number of atoms at the surface (Gieseler et al., 2014; Hunyadi Murph et al., 2017). 

Nanotechnology is in the science fields of chemistry, biology, physics, material 

science and engineering that deals with Nano-sized particles to create materials with 

novel properties and functions (Gieseler et al., 2014; Sanchez & Sobolev, 2010). In 

this respect, nanotechnology has been excessively used in construction materials 

such as some cementitious composites, corrosion-resistant steel, heat and sound 

insulation and fire retardant materials, self-cleaning and colour-changing surface 

coatings/films/paints/adhesives, improved mechanical properties of building 

materials, thermal resistance performance, water impermeability and surface wear 
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resistance; Nanosensors and devices used for health monitoring and damage 

detection in concrete structures to improve performance properties such as resistance 

and reduction of CO2 pollution (Khandve, 2014; Pacheco-Torgal & Jalali, 2011). 

 

In this regard, “Nano-clay” is one of the remarkable inorganic raw materials that can 

be used as Nano additives/binders/fillers within polymer matrix/components to 

produce nanocomposite construction materials (Pacheco-Torgal & Jalali, 2011). 

RILEM, the International Union of Laboratories and Experts in Construction 

Materials, Systems and Structures, is interested in the use of nanotechnology for 

building materials as well as, the production of qualified earth-based construction 

materials. To support the research and development of standards, two technical 

committees in RILEM were established and the report “TC 197-NCM: 

Nanotechnology in Construction Materials” and the book “RILEM TC 274-TCE: 

Testing and Characterisation of Earth-based Building Materials and Elements” were 

published in 2004 and 2016, respectively. Although there is an emphasis on the use 

of Nano-clay in the construction materials area, the studies on the use of Nano-clay 

for stabilization of adobe are very limited in number (Niroumand et al., 2013). 

The studies in a few numbers focused on two criteria, the type of clay and Nano-clay 

additive in the adobe mixture, and the amount of Nano-clay additive. In an 

experimental study, non-expansive clay, Nano-kaolinite was added to the adobe 

mixture as an additive, and five times higher compressive strength was provided by 

adding 5% Nano-sized kaolin to the reference adobe mixture (Niroumand et al., 

2013). The use of non-expansive Nano-clay type as an additive in soil mixtures 

improves the dimensional stability and mechanical properties of the clay-rich soil, 

and a small amount of Nano-sized kaolinite significantly improves the geotechnical 

properties of kaolinite clay. For instance, after the addition of 3% Nano-sized 

kaolinite (by weight) to the kaolinite clay content and its compaction, higher dry 

density and lower hydraulic conductivity are achieved which signalling a reduction 

in air voids (Zainuddin et al., 2015). A similar study shows that the plasticity value, 

optimum moisture content and hydraulic conductivity value decrease and liquid 
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limit, plastic limit and maximum dry density slightly increase, after the addition of 

3% Nano-sized kaolinite to the kaolinite clay content (Khalid et al., 2014). On the 

other hand, the plasticity and swelling behaviour of clay-rich soil increases with the 

addition of montmorillonite, expansive clay, which is not a preferable performance 

for adobe materials. Putting Nano-montmorillonite content exceeding 0.3% in 

residual soil including montmorillonite clay increases noticeably the total volume 

behaviour and; therefore, lowers the hydraulic conductivity of the soil (Azzam et al., 

2013; Taha, 2018). In another study, drying cracks and self-healing properties of 

these soils were investigated by the addition of Nano-montmorillonite to kaolinite-

rich soil and another soil containing clay in 60% (Tabassum & Bheemasetti, 2020). 

The threshold value for the montmorillonite additive was found as 5%. The self-

healing properties increased with that amount of additive in both soils; however, it 

was stated that crack formations increased significantly in soils containing 

montmorillonite additives above that ratio. 

2.5 Nano-Clay Production 

Nano-clay production can be achieved by clay dispersion using mechanical and 

chemical treatments in the literature on the development of Nano-clay production 

methods. Those treatments are: 

⎯ Ultrasonic treatment: Ultrasonic bath or ultrasonic horn/sonicator instruments 

convert the electrical energy into high-frequency vibrations and clay particles are 

separated from each other by these vibrations (Niu et al., 2021; Poli et al., 2008). 

⎯ Grinding treatment: The clay minerals are broken up by a grinding instrument 

with high energy impact and friction effect to make it Nano-sized (Pérez-

Maqueda et al., 2004). 

⎯ High shear mixer treatment: The device with high-speed rotors forms water 

turbulence at a level to create intense shear forces between clay phyllosilicates, 

thus ensuring the separation of clay layers (Janica et al., 2018; Li et al., 2015). 
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⎯ Chemical dispersion treatment: Adding chemical dispersants such as Calgon 

(sodium hexametaphosphate), ethyl alcohol or glycerine to the distilled water in 

which the clay is present provides the separation of the clay layers (Tan et al., 

2017). 

Within the scope of Nano-clay production, there are two prominent issues in 

determining which of those treatments is the most appropriate method. The first one 

is to enable the production of more Nano-clay with less energy, which can be called 

the efficiency of the method. The second one is not to change the properties of the 

clay particles during the Nano-clay production process. The chemical dispersion 

method based on the use of chemical dispersants can change the properties of clay 

particles. For example, the cation exchange capacity and swelling properties of clays 

can increase with positively charged ions in chemical dispersants (Tan et al., 2017). 

Using the grinding instrument or the high-shear mixer requires much more energy 

consumption to break up and disperse the clay particles than the ultrasonic treatment 

(Figure 2.12). With the ultrasonic process, vibrations at high frequencies are 

transmitted to the water, creating small bubbles in the water, causing "sonic 

cavitation" as these bubbles burst, which separates the flocculated Nano-clay 

particles. The ultrasonic process does not cause an effect that changes the original 

properties of the clay. For instance, while the clay retains its plate-like morphological 

shape in ultrasonic treatment, the grinding process results in structural damage and 

changes in the clay particles (Pérez-Maqueda et al., 2004). The "ultrasonic treatment" 

is understood to be superior to the performances of the others as it is the most 

efficient method in terms of preserving the original properties of the clay during 

Nano-clay production and production in higher amounts of Nano-clay with low 

energy (Garrison, 2003; Hoke et al., 2014; Lam et al., 2005; Pérez-Rodríguez et al., 

2006), as well as it provides to achieve Nano-clay with smaller particle size 

compared to the production of the other methods (Janica et al., 2018; Li et al., 2015; 

Pérez-Maqueda et al., 2004).  
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Figure 2.12 Flocculation and dispersion of clay particles by ultrasound (Adapted 

from Jamila & Zoukaghe, 2016). 

 

2.6 Particle Size Distribution  

Classification of the particle size distribution termed as clay, silt, sand, gravel and 

cobble are conducted regarding the standards and scales (Figure 2.13). Clay and silt 

content enhance compressive strength by improving the binding force between 

aggregates in adobe. The use of gravel size above 2mm in adobe contributes to its 

volume stability and, therefore, to the long-term durability of adobe material 

(Stefanidou & Papayianni, 2005). There is no universal consent for the scale or 

standard for the particle size due to the different acceptances by different scientific 

disciplines (Guggenheim et al., 1995). For instance, the clay is accepted below 4 µm 

in sedimentology and Udden and Wentworth scale (Tucker, 2001); in geology and 

soil science and TS EN ISO 14688-1:2018 Turkish standard (TS EN ISO, 2018), the 

size used is below 2 µm; and in colloid science, it is below 1 µm. 
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Figure 2.13 Soil classification by particle size (in millimetres) according to various 

standards and the scale. 

 

Soil texture is defined according to the soil texture triangle organised by the United 

States Department of Agriculture (USDA) (Figure 2.14). Here, the percentages of 

clay, silt and sand can be followed on the three axes of the triangle. The adobe is a 

field-dependent material, but the RILEM Technical Committee 274-TCE (Fabbri et 

al., 2021) indicates a proper region for the adobe mixture shown with the dotted line 

in the soil texture triangle. There is no one standard or optimisation for the particle 

size distribution and preparation of adobe mixture. Therefore, there are various data 

accepted as recommended ranges for clay, silt and sand-gravel contents for adobe 

soil, as seen in Table 2.6. 
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Figure 2.14 The soil texture triangle (United States Department of Agriculture -

USDA) showing the soil classification system and the proper region for the adobe 

soil shown in red dotted line (Fabbri et al., 2021). 

 

Table 2.6 Ranges of clay, silt and sand-gravel contents in soil mixture 

recommended to produce adobe masonry units. 

 

Reference 
Clay 

Ratio, % 

Silt Ratio, 

% 

Sand-

Gravel 

Ratio, %  

Arizona University (Schwalen, 1935 in 

Kafescioğlu et al., 1980)  
13 25 62 

Australia Standards (Walker, 2001)  10-40 10-30 30-75 

(Norton, 1997)  15-30 10-30 40-75 

 

Analyses on the particle size above 63 microns are conducted by the dry- and wet-

sieving methods while for the particle size distribution of silt and clay aggregates 

below 63µm, sedimentation methods such as pipette, hydrometer and centrifuge are 

used. The theory of sedimentation methods is based on Stokes Law. This law deals 

with the settling down of suspended fine particles such as the clay and silt minerals 

in a liquid due to gravity. By considering all forces affecting the particles during the 
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move of particles downward in the liquid, the Equation 1 was generated as follows 

(Garrison, 2016): 

𝑣 = 𝑔(𝜌𝑠−𝜌𝑖)𝑋2/18η     1 

Where v is the settling velocity of the particle in mm/s; ρS and ρi are densities of 

the particle and liquid, respectively, in kg/m3; X is the diameter of the particle in 

mm; η is the viscosity of the liquid in kg/s/m; g is the gravity accepted as 9.8 m/s2.  

The sedimentation methods of pipette and hydrometer are generally used; on the 

other hand, those methods consume significant time, especially for clay 

sedimentation (Rockwell, 2000). In centrifugal sedimentation, the centrifuge 

instrument operates centrifugal force to separate the particles in liquid by rotating 

the centrifuge tubes in containers at high speed around an axis. During the rotation, 

the denser particles act outward in the radial direction, while the less dense particles 

are relocated and go toward the centre. The settlement time of the particles depends 

on their size, density, liquid viscosity, radius of rotation and rotation speed which is 

termed as revolutions per minute (rpm). Centrifugal sedimentation is preferable to 

pipette and hydrometer methods in terms of more rapid method (Fredericks, & 

Poppe, n.d.; Jackson, 1969). 

In addition, the particle size distribution of soils including gypsum pre-treated with 

some chemicals such as barium chloride (BaCl2) to dissolve gypsum in the soil as a 

standard method because gypsum prevents the dispersion of the clay, and clay 

minerals are flocculated. On the other hand, by those standard methods, the particle 

size distribution of that pre-treated soil sample without gypsum demonstrates only 

insoluble minerals, and this causes deflection of real results. In a study, a method 

was developed, that is sonication of the sample in an ethanol solution to include the 

gypsum particles in the particle size distribution analyses (Pearson et al., 2015).  
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2.7 Consistency Limits and Linear Shrinkage Ratio 

The soil has various phases depending on its water content such as liquid, plastic, 

semisolid and solid. Consistency limits, namely the Atterberg limits are a measure 

of the critical water contents of soil to define the limits between those phases. The 

Atterberg limits involve liquid limit (LL), plastic limit (PL) and shrinkage limit (SL) 

(Figure 2.15). 

  

 
 

Figure 2.15 Atterberg limits at various phases of soil. 

 

Those limits are expressed as percentage values. The water content of LL describes 

the transfer of the soil from plastic to a liquid consistency. The moisture content of 

PL defines its alteration from plastic to semisolid consistency. The difference 

between LL and PL is the plasticity index (PI=LL-PL). PI defines the level of 

plasticity of soil, and plasticity is the ability of materials to keep a deformation 

without rupture. PI is directly related to the workability of adobe soil (Delgado & 

Cañas, 2007; Schroeder, 2015). The moisture contents of SL identify the change of 

soil from a semisolid to a solid consistency. Similarly, the linear shrinkage (LS) ratio 

is the decrease in the length of a soil sample while it is drying out from a semisolid 

to a solid consistency. SL indicates the volume decrease during this transition while 
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LS expresses the decrease in one length of the soil sample. Those two limits provide 

to quantify the amount of shrinkage that is experienced by clayey soil. Some 

classifications based on linear shrinkage ratio values are given in Table 2.7. The 

linear shrinkage above 8%, is defined as the critical level at which possible of a 

cracking problem can be observed (Dawson et al., 1956). 

 

Table 2.7 Some classifications based on linear shrinkage ratio values. 

 

LS ratio% Comment LS ratio% Comment 

<1.7 Too sandy ˂5 Non-critical 

3.3-6.6 Recommended 5-8 Marginal 

>10 Too clayey >8 Critical 

(Harries & Sharma, 2020) (Dawson et al., 1956) 

 

After achieving the LL and PI values, soil type can be classified in detail by the 

Casagrande plasticity chart (Figure 2.16). That chat was developed by Arthur 

Casagrande and then was adapted to a unified soil classification system (UCS) 

(ASTM, 2017a). Soil samples can be categorised by the position of the sample in 

reference to the A-line. Points plotted above the A-line in the chart are inorganic 

clays while points below the A-line indicate inorganic silt, organic silts or organic 

clays. That chart also shows the ranges of plasticity/compressibility and shrinkage 

potential of the soil samples.  
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Figure 2.16 Casagrande plasticity chart showing unified soil classification together 

with their symbols (CL: Inorganic clay (lean clay); ML: Inorganic silt; OL: Organic 

clay (on or above A-line )-Organic silt (below A-line); CH: Inorganic clay (fat 

clay); MH: Inorganic silt (elastic silt); OH: Organic clay (on or above A-line) – 

Organic silt (below A-line) (ASTM, 2017a; Fabbri et al., 2021). 

 

The acceptable range of LL values for the adobe brick is 31%–50% and its 

recommended range for the PI is 16%–33% (Delgado & Cañas, 2007; Houben & 

Guillaud, 1994). Soil having a low liquid limit or low plasticity signals its high water 

permeability characteristic and a high liquid limit or high plasticity means that it has 

little water permeability (Nwanosike et al., 2015). The PI values indicate the 

shrinkage potential of the soil sample. 

2.8 Water Vapour Permeability  

Water vapour permeability is the ability of the adobe material to allow water vapour 

to transfer through a route of interconnected pores. It is indicated if the pore sizes in 

the material are above 1 µm, water vapour can pass through their porous structure, 

but if they are below 1 µm, water vapour transmission has difficulty during the 
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moving through that structure (Lawrence, 1998). In addition, some studies remark 

that an increase in the clay content ratio in the adobe mixture decreases the vapour 

permeability (Dondi et al., 2003; Maillard & Aubert, 2014). 

The water vapour permeability characteristics of the adobe are defined with the 

parameters of “water vapour resistance factor (µ, unitless)” and “equivalent air 

thickness of water vapour permeability (SD, m)”. Those parameters in high values 

mean more water vapour resistive material. According to the TS EN 1062-1:2006 

standard, the SD values: if below 0.14 m shows high water vapour permeability of 

the material; above 1.4 m means low water vapour permeability; in the range between 

0.14m and 1.4m is defined as the medium vapour permeable (TS EN, 2006). The µ 

and SD values of some adobe samples are given in Table 2.8. It is observed that 

adobe materials have a wide range of water vapour resistance factors. Those adobe 

samples have high and medium water vapour permeability properties and also have 

sufficient water vapour permanence. 

 

Table 2.8 Literature data on water vapour permeability characteristics of adobe 

samples in terms of SD and μ values. 

 

Reference Sample/Working 

area 

µ value 

(unit less) 

SD value 

(m) 

Method 

(Akkuzugil, 

1997) 

Traditional adobe 

sample/Ankara  
2.09 0.03 

Wet cup 

(Ergin-Oruç, 

2004) 

Traditional adobe 

sample/Diyarbakır  
16-18 0.19-0.20 

Dry cup 

(Güdücü, 

2003) 

Adobe 

sample/Archaeological 

site in Çorum 

(Ortaköy) 

0.99-0.57 0.02 

Wet cup 

(Meric et al., 

2013) 

Traditional adobe 

sample/ Ankara  
1.4-1.6 0.04 

Wet cup 

(Maillard & 

Aubert, 

2014) 

Adobe sample 

produced in a 

laboratory 

19-44 0.19-0.44 Dry cup 

(Yüncü, 

2016) 

Traditional adobe 

sample/Kırıkkale 
3.30 – 3.80 0.59 – 0.69 

Wet cup 
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2.9 Mechanical Strength Properties 

Some mechanical properties of the adobe material are flexural strength and 

compressive strength. The flexural strength (σf) specified by the three-point bending 

test is the ability of the material to resist bending load applied perpendicular to its 

longitudinal axis. The compressive strength (σc) is the maximum compressive load 

that the sample can withstand until it fractures. Some literature data and 

requirements/codes belonging to the mechanical strengths of adobe were 

summarized in Table 2.9 and Table 2.10. In addition, the compressive strengths of 

fired brick and concrete bricks as alternative materials for adobe bricks are in the 

ranges between 3.5 MPa and 35 MPa and 21 MPa and 50 MPa, respectively (Hendry 

et al., 1997; Subedi, 2020). The accepted minimum value of the flexural strength for 

masonry fired and concrete brick is accepted as 0.65 MPa (BS, 1981; Ramakrishnan 

et al., 2023). 
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Table 2.9 Literature data on the mechanical strengths of the adobe sample 

including some additives. 

 

Reference 

 

Additives Results 

Fibre Binder Compressive 

strength, 

MPa 

Flexural 

strength, 

MPa 

(Baliga & 

Nayak, 2018) 
 

8% - 6% cement and 

2% -4% lime (by w.t) 
1.7- 3  

(Calatan et al., 

2016) 

3%-15% straw; 10%-

60% hemp fibre (by 

vol.)  

  0.7-2.6 1.7-3.1 

(Sharma et al., 

2016) 

0.5%-2% natural 

vernacular fibres: 

Grewia Optivia 

(Beul) and Pinus 

Roxburghii (Chir 

Pine) (by w.t) 

2% cement (by w.t) 0.95-3  

(Vilane, 2010) 

5%-20% sawdust (by 

vol.) 

 

5%-20% molasses, 

cow-dung, sawdust (by 

vol.)  

2.8-8.1 

 
 

5%-20% Portland 

cement (OPC) (by vol.) 
11.1  

(Ngowi, 1997) - 

10%-20% cow-dung; 

10%-20% bitumen;  

5%-15% lime (by vol.) 

1.25-5 

 
 

5%-15% Portland 

cement (by vol.) 
4.55-10.64  

(Pekrioglu 

Balkis, 2017) 

0.5% polymer fibre 

(by w.t) 

0.5%-2.0% waste 

marble dust; 10% 

gypsum;2% lime (by 

w.t) 

1.09-3.47 0.8-1.43 

(Pekmezci et 

al., 2012) 
 

8%-10% gypsum; 

2.5%-5% lime (by w.t) 
2.4-2.9  

(Costi de 

Castrillo et al., 

2021) 

30% -70% sawdust 

and straw (by vol.) 
 0.76-7.32 0.44-4.25 

(Limami et al., 

2021) 

1%-20% Typha fibre 

(by vol.) 
 3.55-6.28  

(Babé et al., 

2020) 

1%- 4 % millet waste 

(by w.t) 
 3.67-6.5 0.9-4.5 

(Millogo et al., 

2014) 

0.2%–0.8% 

Hibiscuscannabinus 

fibres (by w.t) 

 1.8-2.9 0.25-1.1 

(Binici et al., 

2005) 

0.1% plastic fibre (by 

w.t) 

15% pumice + 10 % 

cement + 2% lime +3% 

gypsum (by w.t) 

5.1  

(Pedergnana 

& Elias-

Ozkan, 2021) 

0.2 %-4.9% chaw, 

straw, pine needle, 

flax, cow hair, long 

wool and short wool 

(by w.t) 

 0.79-4.31 0.58-1.60 
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Table 2.10 The requirements of compressive and flexural strengths of adobe in 

some codes. 

 
Normative document Compressive strength, 

MPa 

Flexural strength, 

MPa 

Min. Avg. Min. 

(DIN, 2018) 

(Germany) 

C
o

m
p

re
ss

iv
e 

st
re

n
g

th
 c

la
ss

 2 2 2.5  

3 3 3.8  

4 4 5  

5 5 6.3  

6 6 7.5  

(IBC, 2018) (International Building 

Code) 

1.72 2.07 0.24 (average 

0.35) 

(NMAC, 2015) 1.73 2.07 0.34 

(Federal Republic of Nigeria, 2006)  1.60 1.70-2.75 - 

(NZS, 2020) (New Zeland) 1.3 - 0.25 

(NTE, 2000) (Peru) 1.18 - - 

(IBC, 2021)(Pakistan) 1.72 2.07  

(Walker, 2001) (International Standards 

Australia) 

1.15   

 

2.10 Capillary Water Absorption 

Capillary water absorption (sorptivity) is the moving up of water through 

interconnected micropores (effective porosity) in adobe soil, as the surface tension 

(capillary force) of the soil particles is stronger than the gravity force (Hall & Hoff, 

2002). The rise of water through micropores reduces the particles' surface tension 

and so the mechanical strength of adobe material (Fabbri et al., 2021). When the 

adobe is in contact with excess water, the clay completely disperses and it is eroded. 

Therefore, direct exposure to rain or the formation of running water in contact with 

the wall is the weathering agent for the adobe wall (Torraca, 1988). 

Capillary water absorption is directly related to the porosity of the adobe samples 

(Zhao et al., 2019). Another significant factor for capillary absorption is the 

pozzolanic activity making the less porous structure of the adobe sample more 

impermeable (Villagrán-Zaccardi et al., 2021).  
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The capillary water absorption test simulates the movement of the capillary water 

from the foundation to the adobe walls. By this test, the capillary water absorption 

value, one of the achieved parameters, is the maximum quantity of water absorbed 

by adobe material immersed in the water at a defined time (Hall & Hoff, 2002). The 

other parameter, the capillary water absorption coefficient, depends on the quantity 

of water that can be absorbed over a defined period (Hall & Hoff, 2002). The 

capillary water absorption coefficient values of some adobe samples in the literature 

are given in Table 2.11.  

 

Table 2.11 Literature data on capillary water absorption coefficient of adobe 

samples. 

 

Reference Additive 

Capillary 

water 

absorption 

coefficient 

Units 

(Lanzón & 

García-Ruiz, 

2009) 

Water repellents: stearates, 

oleates, silanes, silicone 

films 

0.1-1 kg/m2.min0.5 

(Türkmen et al., 

2017) 

Reference sample 1.8-2.3 kg/m2.min0.5 

Gypsum, slag 1.6-2.1 

(Baliga & Nayak, 

2018) 

Cement, lime, granite 

sludge 

0.39-1.20 kg/m2.min 

(Costi de 

Castrillo et al., 

2021) 

Reference sample 0.06-0.1 kg/m2.sec0.5 

Additive: sawdust, straw 0.007-0.1 

(Olubisi & 

Humphrey, 2022) 

Rice husk, lime 0.06-0.29 kg/m2.min 

(Ribeiro et al., 

2022) 

Water repellents: siloxane, 

linseed oil, beeswax 

0.23-0.46 g/cm2.sec.10-3 

 

In addition, according to the DIN 18945-12:2018 norms, the adobe samples are 

visually observed at intervals of 30 min, 3 h and 24 h to detect cracks and permanent 

deformations due to swelling during the capillary water test (DIN, 2018; Muguda et 

al., 2020), and the classifications of the adobe are conducted according to that 

evaluation (Table 2.12). 
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Table 2.12 Classification of compressed adobe bricks according to DIN 

18945:2018-12 norms (DIN, 2018). 

 

Class Application Capillary water absorption test 

(h) 

Ia External wall exposed to natural 

weathering 

≥24h 

Ib Coated external wall ≥3h 

II Internal Wall ≥0.5h 

III Dry applications No requirement 

 

In some studies on the addition of the Nano-clay into cement mortar mixtures, the 

water absorption coefficients and permeabilities of cement mortars were observed 

to be decreased by the blocking of the capillary pores with the Nano-clay particles 

expanded, which results in denser microstructure containing more stable bonding 

framework (Chang et al., 2007; Irshidat & Al-Saleh, 2018).  
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CHAPTER 3  

3 MATERIAL AND METHODS 

The overall research program is defined in Table 3.1. The research involves three 

main achievements. The first one is the enrichment of the Nano-sized clay content 

in the existing adobe soil and the development of a practical method for doing that. 

The second one is the performance assessment of Nano-clay enriched adobe soil, 

which has a particle size below 425 μm, and its comparison with the performance of 

natural adobe soil. The third one is the preparation of some adobe mixtures by using 

natural adobe soil and Nano-clay riched adobe soil with some additives of Nano-

CaO, Ca(OH)2 and straw. Their performance properties were tested to better 

understand the impact of Nano-clay as the binder and Nano-CaO, and Ca(OH)2 as 

additives. 

These three main studies were conducted in consecutive stages entitled below:  

− Identification of local adobe soil/clay resources in terms of compositional and 

raw materials properties, and consistency limits including practical field soil 

tests; 

− Determination of Nano-clay content in natural adobe soil resources; 

− Enrichment of Nano-clay content in natural adobe soil resources and Nano-

clay content assessment; 

− Performance assessment of Nano-clay riched adobe soil samples (Treated 

adobe soil samples) by consistency limits;  

− Preparation of Nano-clay riched adobe mixtures as adobe product samples 

(Treated adobe samples); 

− Performance assessment of Nano-clay riched adobe product samples 

(Treated adobe samples) in terms of basic physical and mechanical properties 

including vapour transmission and capillary water absorption features. 
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The data obtained at each stage are the basic guiding steps of the next, which are 

used to plan the next stage of the research. The analyses/tests conducted in those 

stages are listed in Table 3.1. 

 

Table 3.1 The analyses conducted in consecutive stages together with samples 

examined in each stage and the main achievements of the research and their 

outputs. 

 
The main 

expected 

achievements 

of the 

research 

Consecutive Stages of 

the Research 

Tests conducted in the 

Research Stage 

Samples 

examined in the 

Research stage 

Outputs 

guiding the 

next research 

stage 

Enrichment of 
the Nano-sized 

clay content in 

the existing 
adobe soil and 

the 

development 
of a practical 

method for 

doing that 

1 Identification of local 
adobe soil/clay 

resources 

Field soil test, pH value and 
organic, calcite and soluble 

salt contents tests, XRD 

analyses 

Konya_Küçükköy Selection of 
adobe soil 

samples 

according to 
Nano-clay 

enrichment 

performance 
properties 

Çorum_Karapınar  

Çorum_Kınık 

Çorum_Sarımbey  

Manisa_Kemer 

Eskişehir_Sorkun  

Eskişehir_Sazak 

2 Determination of 

Nano-clay content in 

natural adobe soil 
resources 

Particle size distribution 

including submicron by 

sieving and centrifuge 
methods 

Konya_Küçükköy 

Çorum_Karapınar  

Çorum_Kınık 

Çorum_Sarımbey  

Manisa_Kemer 

3 Enrichment of Nano-
clay content in natural 

adobe soil resources 

and Nano-Clay 
content assessment 

Nano-clay production from 
soil samples by laboratory 

mixer and ultrasonic bath and 

methylene blue (MB) tests 

Konya_Küçükköy 

Çorum_Karapınar 

Çorum_Kınık 

Çorum_Sarımbey 

Performance 
assessment of 

Nano-clay 

enriched adobe 
soil, and its 

comparison 

with the 
performance 

of natural 

adobe soil 

4 Performance 
assessment of Nano-

clay riched adobe soil 

samples (Treated 
adobe soil samples) 

Laser diffraction particle size 
distribution, scanning electron 

microscope (SEM), 

transmission electron 
microscopy (TEM), stereo 

microscope, simulation 

(MAUD) and 
spectrophotometry analyses, 

mineralogical (by XRD) and 

elemental (by XRF) 
composition tests and 

consistency limits and linear 

shrinkage ratio tests. 

Konya_Küçükköy Selection of the 
Nano-clay 

enriched adobe 

soil samples to 
be used for the 

preparation of 

the adobe 
samples 

Çorum_Karapınar 

Çorum_Kınık  

Çorum_Sarımbey 

Preparation 

and 
performance 

assessment of 

some adobe 
samples by 

using natural 

adobe soil and 
Nano-clay 

riched adobe 

soil with some 
additives of 

Nano-CaO, 

Ca(OH)2 and 
straw.  

5 Preparation of Nano-

clay riched adobe 
mixtures as adobe 

product samples 

(Treated adobe 
samples) 

Preparation of treated adobe 

samples 

Konya_Küçükköy  Discovering the 

impact of Nano-
clay enrichment 

to achieve the 

qualified adobe 
sample 

Çorum_Karapınar  

Çorum_Kınık 

6 Performance 

assessment of Nano-
clay riched adobe 

product samples 

(Treated adobe 
samples)  

Basic physical, water vapour 

permeability, mechanical and 
capillary water absorption 

tests. 

Konya_Küçükköy 

Çorum_Karapınar  

Çorum_Kınık 
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Scientific analysis methods, materials and sample preparation to be used within the 

scope of the research, are explained in the following subheadings. 

3.1 Materials – Soil Samples 

Soil samples were collected as adobe soil/clay resources from the Eskişehir, Manisa, 

Konya and Çorum cities (Figure 3.1). The soil resources were in the Sorkun and 

Sazak villages in Mihalıççık/Eskişehir, Kemer village in Salihli/Manisa, and 

Küçükköy village in Çumra/Konya that is near Çatalhöyük about 2 km, and villages 

of Karapınar, Kınık and Sarımbey in Çorum. The soil samples were designated with 

the full names of the city and village, as shown in Table 3.2. 

 

 

 
 

Figure 3.1 Cities and their villages/counties as soil resources and the coordinate 

data of places in Konya_Küçükköy (at left bottom), Manisa_Kemer (at middle 

bottom) and Eskişehir_Sazak (at right bottom). 
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Table 3.2 Designation and photos of the soil samples and where adobe soil/clay 

collected. 

 
Designation of soil 

sample 

Photos Where adobe soil/clay collected from 

Konya_Küçükköy 
 

The sample was taken from the area where villagers 

used it as an adobe soil resource. 

Çorum_Karapınar  

The samples were taken from the brick factory (Vesfa 

factory in Çorum) where soil resources were used for 

adobe brick and fired brick. 

Çorum_Kınık  

Çorum_Sarımbey  

Manisa_Kemer  The sample was taken from the area where villagers 

used it as an adobe soil resource. 

Eskişehir_Sorkun  The sample was from a pottery in Mihalıcçık, it is 

preferred because of its low shrinkage. 

Eskişehir_Sazak  The sample was taken from the area where villagers 

used it as an adobe soil resource, especially as a top 

layer on roofs. 

 

The selection criteria for those sites are as follows:  

⎯ Those cities have adobe constructions in a higher number of locations than 

the other cities which signals the presence of adobe/clay resources (State 

Institute of Statistics Prime Ministry Republic of Turkey, 2001); 

⎯ Those adobe soil/clay resources exist in the cities of Konya, Çorum and 

Manisa, especially near archaeological sites (Kıvrak, 2007; Koçu & 

Korkmaz, 2007); 

⎯ Non-expansive or limited expansive clay types such as kaolinite and illite can 

be found in those areas (Ralph, 2023); 

⎯ Lacustrine (lake) sediments appropriate as clay or adobe soil resources are 

found in those areas (Alkaç & Koral, 2022; de Ridder, 1965; Kadir & 

Karakas, 2002; Varol et al., 2002; Yeniyol, 2012). 
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3.2 Field Soil Tests 

Field tests were conducted on the soil samples of Konya_Küçükköy 

Çorum_Karapınar, Çorum_Kınık, Çorum_Sarımbey, Manisa_Kemer, 

Eskişehir_Sorkun and Eskişehir_Sazak by visual, smell, ribbon and feel tests (Food 

and Agriculture Organization, 2020; Houben & Guillaud, 1994) (Figure 3.2 and 

Table 3.3). By visual examination, the aggregate size of the soil was qualitatively 

and quickly observed. The presence of the organic content can be detected, in the 

case of smelling of soil musty in the smell test. Soil texture was detected with the 

ribbon and feel tests. Soil texture was mainly categorised as loam (soil containing 

clay silt, sand and gravel), clay loam and clay. In the ribbon test, the soil sample 

formed in a ball was pressed upward to form a ribbon up to breaking it by its weight. 

The length of the ribbon parts informed the soil texture If it does not form into a ball, 

then it is sand, and if it does not shape into a ribbon, the texture of the soil is sandy. 

After that examination, the feel test was conducted by rubbing the excessively wetted 

soil sample with a forefinger in the palm. The evaluation of the feeling on the finger 

while rubbing together with the ribbon test result concerning reference data given in 

Table 3.3 provided to determine the soil texture in detail. The procedures of ribbon 

and feel tests are given in Appendix A. 

 

    
 

Figure 3.2 Ribbon test (at left) and feel test (at right) in the field. 

 



 

 

52 

Table 3.3 Categorisations of soil texture according to ribbon and feel tests. 

 

Ribbon Test Feel Test 

Ribbon length Soil 

Texture 

Feeling Soil Texture 

x≤ 2.5 cm Loam 

Gritty Sandy loam 

Smooth Silty loam 

Neither gritty nor Smooth Loam 

2.5 cm <x<5 

cm 
Clay loam 

Gritty Sandy clay 

loam 

Smooth Silty clay 

loam 

Neither gritty nor Smooth Clay loam 

x≥5 cm Clay 

Gritty Sandy clay 

Smooth Silty clay 

Neither gritty nor Smooth Clay 

 

3.3 Raw Material Characteristics Tests 

Raw materials characteristics tests were conducted to specify the pH value, organic 

and calcium carbonate content, soluble salts, pozzolanic properties and the particle 

size distribution of the collected soil samples. 

3.3.1 pH Value and Organic, Calcite and Soluble Salt 

Contents 

The tests of pH value and organic, calcite and soluble salt contents were executed on 

the samples of Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık, 

Çorum_Sarımbey, Manisa_Kemer, Eskişehir_Sorkun and Eskişehir_Sazak. 

The pH analyses were conducted on the soil samples with a pH strip method. The 

pH values were detected by the changing colour on the paper strip after the submerge 

of the pH paper strip into the water of the diluted soil samples' sediment (Figure 3.3).  
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Figure 3.3 pH analyses with pH strip. 

 

Organic and calcite (CaCO3) contents of the soils were identified by loss on ignition (LOI) 

tests were conducted after soil samples in certain amounts (e.g. 20 g and 0.5 g) were dried 

out in an oven at 105°C for 24 hours to evaporate their all moisture content (Heiri et al., 

2001). Then, those samples were heated in the oven at 550 C̊ and 950 ̊C about 2 hours to 

decompose the organic and calcite matters, respectively (Heiri et al., 2001) (Figure 3.4). The 

percentages of organic and CaCO3 contents were found by the formulas (Equation 2 and 3) 

shown below: 

Organic content, % = [(W105−W550) × 100]/W105  2 

Where W105 is the weight of the sample after heating at 105 ºC; W550 is the weight 

of the sample after heating at 550 ºC. 

CaCO3 content, % = [(W550−W950) × 100]/W550  3 

Where W950 is the weight of the sample after heating at 950 ºC. 

 

  
 

Figure 3.4 The soil samples heated at 105 ̊C, 550 ̊C and 950 ̊C, respectively, in the 

oven and weighed after each heating. 
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The presence of soluble salts in adobe soil adversely affects the durability and 

mechanical performance of adobe (Clifton et al., 1979). Dissolved salts deposited 

in/on the adobe cause deterioration such as shrinkage cracks and crumbling on the 

adobe during wetting and drying cycles (United States National Park Service., 1997). 

Spot salt tests were conducted to detect the existence of phosphate (PO4
-2), sulphate 

(SO4
-), chloride (Cl-), carbonate (CO3

2-), nitrite (NO2
-) and nitrate (NO3

-) ions in soil 

samples (Teutonico et al., 1988)(Figure 3.5). The procedures of spot salt tests are 

represented in Appendix B.  

 

     

  
 

Figure 3.5 The spot tests of PO4
-2 SO4 Cl- CO3

2-, NO2 and NO3, respectively. 

3.3.2 Pozzolanic Activity 

The pozzolanic properties of Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık, 

Çorum_Sarımbey, Manisa_Kemer, Eskişehir_Sorkun and Eskişehir_Sazak samples 

were determined by testing the particle sizes below 125 µm with the EDTA titration 

method (chemical titration Method using Ethylenediaminetetraacetic acid) according 

to the TS EN 196-1:2016 standard (TS EN, 2016) (Figure 3.6). 0.2 g soil samples 

having an aggregate size below 125 μm were obtained by a standard sieve analysis. 
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Those samples were mixed with saturated Ca(OH)2 solution (30ml) in containers and 

were sealed. All sample solutions and a solution without any soil sample as a blank 

sample were left in laboratory conditions for 14 days. Then, the titration mechanism 

with EDTA was set up to determine the rest of the free Ca(OH)2 content in the 

solutions of samples after Ca2+ ions were consumed during the reaction with 

pozzolan particles. 10 ml of sample solutions in the container were diluted to 100 ml 

solution. After 1 ml NaOH (10%) solution to provide its alkalinity and 3-4 drops of 

Calgon indicator were put into the diluted solutions, those solutions were titrated 

with EDTA (0.01M) up to their colour change from pink to blue (Black, 1965). The 

consumed volume of EDTA was recorded for each solution. Calculations were 

conducted considering the differences in the consumed volume of EDTA between 

the sample solutions and the blank solution.  

 

  
 

Figure 3.6 Pozzolanic activity test with the EDTA titration method. 

3.3.3 Particle Size Distribution by Sieving and Centrifuge 

Methods 

Particle size distribution including the submicron particle size distribution and clay 

percentage of Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık, 

Çorum_Sarımbey and Manisa_Kemer samples were identified. Particle size 
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distribution analyses involve the dry-sieving, wet-sieving, sonication and centrifugal 

sedimentation methods (Figure 3.7). 

The wet-sieving and the alternative method including wet-sieving and sonication 

methods were conducted to separate aggregates above 63 microns (µm) such as sands 

and gravels from aggregates below 63 µm such as silts and clays. After separating 

those parts, the particle size distribution of sands and gravels was carried out by dry-

sieving, and centrifugal sedimentation was performed for silts and clays. 

 

 
 

Figure 3.7 Particle size distribution analyses conducted on the samples. 

 

Through the dry-sieving analyses conducted in two methods, the sieve sizes of 

16mm, 8mm, 4mm, 2mm, 1mm, 0.500mm, 0.250mm, 0.125mm and 0.063 mm were 

used and their particle size distribution of aggregates was evaluated according to the 

Udden and Wentworth scale (Figure 2.13) (Tucker, 2001). The scales for the clays 

were determined according to geology and soil science (acceptance of clay content 

as the size below 1 µm) and according to TS EN ISO 14688-1:2018 Turkish standard, 

and colloid science (acceptance of clay content as the size below 2 µm) (TS EN ISO, 
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2018). Their soil textures were specified according to the USDA soil texture triangle 

(Figure 2.14).  

3.3.3.1 Analyses of particle size above 63 microns 

Two types of methods were conducted to separate gravel and sand particles (above 

63 µm) from silt and clay (below 63 µm). The first method was applied with the wet-

sieving method adapted from the TS 1900-1/T3:2017 Turkish standard (TS, 2017) 

(Appendix C) (Figure 3.8). That sieving method was conducted on 

Konya_Küçükköy, Çorum_Kınık, Çorum_Karapınar, Çorum_Sarımbey and 

Manisa_Kemer without considering gypsum content in soil samples. On the other 

hand, the gypsum content was found to be in some soil samples of Konya_Küçükköy, 

Çorum_Kınık, Çorum_Karapınar, Çorum_Sarımbey through the spot salt tests. 

The second method referred to as an alternative method that includes the sonication 

method and wet-sieving was improved to analyse the particle size distribution of 

soils including gypsum (Pearson et al., 2015) (Appendix D) (Figure 3.9). The second 

method was applied to Konya_Küçükköy, Çorum_Kınık, Çorum_Karapınar samples 

Çorum_Sarımbey samples including gypsum. Some adaptations were made during 

the sonication method developed by Pearson et al. (2015). An ultrasonic bath at 37 

kHz and 200W (Elmasonic S120) (Figure 3.9) was used, instead of a sonicator with 

a horn to supply ultrasound energy. Soil samples diluted with ethanol solutions were 

put into beakers to disperse them in the ultrasonic bath instruments. The ethanol 

solution was determined in the 70% ratio (7:3 ethanol: water) by considering the 

insolubility of gypsum in ethanol (Pearson et al., 2015). The sonication time that 

ultrasound energy was given was determined by observing the flocculation of 

particles in the soil sample. Ultrasound energy was given for one minute a few times 

until flocculation disappeared (Figure 3.10). The supernatant-suspended particles in 

distilled water above the sediment were discharged by wet-sieving with the sieve of 

63 µm at each time to prevent the size of suspended particles in the water from 

making smaller. 
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Figure 3.8 Steps of the wet-sieving to separate the silt-clay content from the sand 

and gravel. 
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Figure 3.9 Steps of alternative method including sonication analyses (ultrasonic 

bath: Elmasonic S120 at 37 kHz, 200W) and wet-sieving to separate the silt-clay 

content from the sand and gravel. 

 

 
 

Figure 3.10 Sonication and wet-sieving processes are repeated until not observing 

the flocculation of particles on the sediment by the naked eye. 
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After the separation of the silt clay content from the sand and gravel parts, dry-

sieving analyses were conducted for the particle size distribution of sand and gravel 

(Figure 3.11). 

 

  
 

Figure 3.11 Determination of the particle size above 63 microns by dry-sieving. 

 

3.3.3.2 Analyses of particle sizes below 63 microns  

Centrifugal sedimentation method was carried out to determine the distribution of 

particle sizes below 63 microns by using a Hettich-Rotofix 32A centrifuge 

instrument (Cat. No. 1624 rotor, Swing-out-4-place) with 100-ml centrifuge tubes 

(Figure 3.12). 
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Figure 3.12 Hettich-Rotofix 32A centrifuge instrument. 

 

During the analyses, the data of revolutions per minute (rpm) (between 500-4000 

rpm) and time are entered into the instrument. The revolution per minute and time 

data were identified by the formula given in Equation 4 (Jackson, 1969) which is 

generated from the Stokes Law formula (Equation 1). A schematic drawing of the 

centrifuge to show the parameters of a radius of sediment (R) and a radius of 

supernatant (S) used in the formula was given in Figure 3.13. 

 

𝑇𝑚 =
63x108×η×log10[

𝑅

𝑆
]

𝑁2×𝐷2×∆𝑠
    4 

Where Tm is time for sedimentation in a minute; 63x108 is constant number; η is the 

viscosity of distilled water in poise at the ambient temperature; R is the radius in cm 

from the centre of rotation axis to the top of the sediment in the centrifuge tube; S is 

the radius in cm from the centre of rotation axis to the surface of the supernatant 

(distilled water including suspended particles); N is revolutions per minute (rpm); D 

is the diameter of a particle in micron; Δs is specific gravity (g/cm3) difference 

between the particles of silt and clay and the distilled water used to dilute them.  

 



 

 

62 

 
 

Figure 3.13 Schematic drawing of the centrifuge to show the parameters of 

Equation 4: R (radius of sediment) and S (radius of supernatant). 

 

The silt and clay contents are not able to separate from each other at only one time; 

therefore, the procedure of centrifugation sedimentation to separate below 4 µm from 

the content of 63 µm and then to separate below 2µm from the content of 4µm 

(separation of the clay from the silt content) were repeated until the supernatant 

became clear. The samples were separated into particle sizes, and they were put into 

the beaker to dry in the oven at 60 ºC, and then they were weighed. The procedure 

of centrifugal sedimentation and data used in the formula shown in Equation 4 for 

the Çorum_Karapınar sample was given in Appendix E as an example. 
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Figure 3.14 Determination of the particle size below 63 µm s by centrifugal 

sedimentation. 

 

Gypsum particles are generally present in the sand and silt sizes; therefore, the clay 

content without gypsum was assumed as the total clay content, and defined as only 

the clay percentage in total (Al-Barrak & Rowell, 2006; Aznar et al., 2013).  
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The percentage of clay content (below 2μ or 1μ) was found by the centrifuge method, 

and the ratios of gravel-sand content were uncovered by the alternative method and 

wet-sieving. The samples' silt (between 2 μ and 63μ or between 1μ and 63μ) ratios 

were estimated by subtracting the gravel-sand (above 63μ) and clay ratios from 100 

%.  

3.3.4 Laser Diffraction Particle Size Distribution, Scanning 

Electron Microscope and Transmission Electron 

Microscopy Analyses 

The laser diffraction particle size distribution, scanning electron microscope (SEM) 

and transmission electron microscopy (TEM) analyses were conducted on the 

untreated and treated Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey samples to validate the Nano-clay production by the ultrasonic 

treatment.  

The laser diffraction particle size distribution was conducted by the Zetasizer method 

(Malvern Mastersizer 2000-Wet analysis in METU Central Lab) working with 

dynamic light scattering, to determine the particle size distribution of the samples 

including the nanosized particles. The particle size distribution of aggregates was 

evaluated according to the Udden and Wentworth scale (Figure 2.13) (Tucker, 1981). 

The scales for the clays were determined according to geology and soil science 

(acceptance of clay content as the size below 1 µm) and according to TS EN ISO 

14688-1:2018 Turkish standard and colloid science (acceptance of clay content as 

the size below 2 µm) (TS EN ISO, 2018).  

The soil samples below 4 μm before and after treatment and adobe samples prepared 

for the performance analyses were analysed by the scanning electron microscope 

(SEM, Quanta 400F Field Emission in METU Central Lab) to detect the effect of the 

ultrasonic treatment on the morphology of clay particles. In addition, the dispersion 

of clay by the ultrasonic method in the treated and untreated Konya_Küçükköy clay 
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sample was confirmed by transmission electron microscopy (TEM, FEI Tecnai G2 

Spirit Biotwin in METU Central Lab). 

3.3.1 Stereo Microscope, Simulation (MAUD) and 

Spectrophotometry Analyses 

The untreated and treated Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey soil samples below 63 µm were examined by the stereo 

microscope (Leica Z16 APO A) to detect the presence of clay and silt in different 

particle size ranges. 

The simulation program MAUD is the general diffraction analysis program based on 

the Rietveld method. It provides the relative percentage value of the clay mineral to 

other minerals by fitting the defined minerals data to the diffraction data obtained by 

XRD analyses. The relative amounts of clay types of montmorillonite, kaolinite, illite 

and chlorite clay minerals in the untreated Konya_Küçükköy Çorum_Karapınar, 

Çorum_Kınık and Çorum_Sarımbey samples were approximately determined by 

MAUD software (version 2.99). The MAUD analyses were conducted on the 

untreated samples below 4 µm since the stereo microscope analyses showed the 

flocculated clay particles started to be observed at that particle size (Figure 4.32, 

Figure 4.33, Figure 4.34 and Figure 4.35). 

All minerals defined by XRD tests on samples below 63 μm were searched in 

simulation analyses. During the calculations of clay ratios, mainly calcite minerals’ 

percentages were taken into consideration.  

Colours of Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey samples were determined by using standard spectrophotometer 

handheld instrument (Konica Minolta CM-2600d ver.1.31). That instrument 

expresses colour as three values: L is for the lightness from black (0) to white (100), 

a is from green (− numbers) to red (+ numbers), and b is from blue (− numbers) to 

yellow (+numbers). The result data were evaluated in the SCI (Specular Component 
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Included) mode that excludes surface conditions of the sample to define the "true" 

colour of the soil sample. 

3.4 Mineralogical and Elemental Composition Tests 

The mineralogical composition of aggregates and clay was determined through X-

ray diffraction (XRD) analyses on particles below 63 µm of the soil samples of 

Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık, Çorum_Sarımbey, 

Manisa_Kemer, Eskişehir_Sorkun and Eskişehir_Sazak. XRD experiments were 

conducted by directly putting the cover glass on the sample holder. The analyses 

were conducted by Bruker D8 Advance XRD Instrument. XRD traces recorded at 2θ 

scale in the range of 5°-70° (0.002 increments, CuKα radiation) were evaluated by 

DIFFRACT.SUITE software.  

Silt and clay minerals below 63 microns of the soil samples oriented with water were 

air-dried on a cover glass. Glycol and heating treatments were conducted on those 

oriented samples to detect some minerals in the soil samples during XRD analyses. 

After analyses of oriented samples, those samples were saturated with ethylene 

glycol vapour to expand the swelling clays, thus swelling smectite-type clays such 

as montmorillonite were discriminated from non-swelling clays such as kaolinite, 

illite-mica and chlorite.  

The steps of the glycol treatment (Carroll, 1970; Mosser-Ruck et al., 2005; Poppe et 

al., 2001): 

− Put the oriented sample on the cover glass on the shelf of the desiccator 

including ethylene glycol on its base. 

− Put the desiccator in the oven at 60°C for overnight. 

Heating treatments were gradually conducted on the glycol-treated samples in the 

oven at defined degrees for about 2 hours to specify the minerals (Table 3.4). Firstly, 

samples were heated at 600°C to identify kaolinite minerals (Carroll, 1970; Ilic et 

al., 2010). That heating treatment causes the transition of kaolinite minerals from 
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crystalline to amorphous phase; therefore, the peaks of kaolinite disappear in the 

XRD pattern. The following heating treatments were conducted at degrees of 700°C 

and 800°C to specify minerals of illite-mica, chlorite and calcite. The peaks of illite-

mica and chlorite become less and disappear at 700°C, and 800°C respectively since 

the crystalline structure of those minerals cannot be stable anymore and collapses at 

those degrees (Carroll, 1970). The other clay mineral, sepiolite, keeps the mineral 

stable until about 850 ºC (Carroll, 1970). Calcite starts to decompose to calcium 

oxide about at 700°C (Lakshmi et al., 2013; Loy et al., 2016). After heat treatments, 

the peak intensities of those minerals decrease or disappear in the XRD pattern.  

In the Çorum_Karapınar sample, due to the dominancy of lime and gypsum peaks 

other minerals were not detected in the XRD patterns of the sample (Figure 4.2); 

therefore, this sample firstly was treated with 2N Hydrochloric acid (HCL) to 

dissolve the calcite and gypsum minerals (Loveday, 1974). After being washed away 

with distilled water, it was prepared as the oriented sample for analysis by XRD. 

In addition, asbestos clay minerals were suspected to be present in the 

Eskişehir_Sorkun sample. Asbestos clay minerals in the fibrous form are generally 

found in metamorphic and igneous rocks, including hydrated silicate minerals with 

varying portions of sodium, calcium, magnesium, and iron (Van Orden, 1964). Due 

to their crystalline minerals in fibre-like shape, significant health risks occur when 

their particles are inhaled (Mahltig & Pastore, 2018; Noonan & Pfau, 2011). Two 

main groups of asbestos are amphiboles and serpentine. The Amphibole group 

includes the minerals of crocidolite (blue asbestos), amosite, anthophyllite, tremolite, 

pargasite and actinolite, and the serpentine group covers only chrysotile mineral 

(white asbestos) (Van Orden, 1964). The thermal decomposition occurs at 

temperatures about 900°C, 950°C and 1000°C for the amphibole asbestos 

(Kusiorowski et al., 2012; Niida & Green, 1999) and temperatures about 700°C –

800°C for chrysotile (Kusiorowski et al., 2012). To validate the presence of asbestos 

minerals such as amphibole, pargasite and chrysotile, the scanning electron 

microscope (SEM-VEGA XMU) tests also be conducted on the Eskişehir_Sorkun 

sample.  
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The other minerals are gypsum (CaSO₄·2H₂O), calcite (CaCO3), quartz(SiO2), 

feldspar (KAlSi3O8–NaAlSi3O8–CaAl2Si2O8), albite (NaAlSi3O8 in plagioclase 

feldspar group), diopside (MgCaSi2O6 in pyroxene group) and goethite (FeO(OH)). 

After heat treatments, the peak intensities of quartz, feldspar, albite, diopside and 

goethite remain stable or increase in the XRD pattern. 

 

Table 3.4 Temperatures at which the crystalline structure of the mineral starts to 

decompose. 

 

Mineral 
The temperature at which the decomposition occurs 

600 °C 700 °C 800 °C 900 °C 950-1000 °C 

Kaolinite +     

Illite-mica  +    

Chlorite   +   

Calcite  +    

Sepiolite    + (850°C)   

Chrysotile  + +   

Amphibole    + + 

Pargasite 

(Amphibole) 

    + 

 

In addition, the samples’ particle sizes below 4 µm on the soil samples of 

Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey were 

also analysed by XRD analyses to search for the presence of calcite and Nano-calcite 

in the clay and silt content. The effects of the Nano-calcite and calcite on the clayey 

soil are stated as the decrement in the liquid limit (LL) and plastic index (PI) while 

the increment in the plastic limit (PL) (Choobbasti et al., 2019; Yazarloo et al., 2017). 

The presence of Nano-calcite and calcite is expected to control the shrinkage and 

swelling problems of the adobe soil. In addition, a study showed that the activity of 

Nano-calcite is higher than the calcite particle through the higher specific surface of 

calcite in the Nano-scale (Yazarloo et al., 2017). 

The elemental composition of the Konya_Küçükköy Çorum_Karapınar, 

Çorum_Kınık and Çorum_Sarımbey samples, including all particle sizes, was 

determined by the X-ray fluorescence (XRF) (by X-Ray Fluorescence Spectrometry, 

https://www.wikiwand.com/en/Potassium
https://www.wikiwand.com/en/Aluminium
https://www.wikiwand.com/en/Silicon
https://www.wikiwand.com/en/Oxygen
https://www.wikiwand.com/en/Sodium
https://www.wikiwand.com/en/Aluminium
https://www.wikiwand.com/en/Silicon
https://www.wikiwand.com/en/Oxygen
https://www.wikiwand.com/en/Calcium
https://www.wikiwand.com/en/Aluminium
https://www.wikiwand.com/en/Silicon
https://www.wikiwand.com/en/Oxygen
https://www.wikiwand.com/en/Sodium
https://www.wikiwand.com/en/Aluminum
https://www.wikiwand.com/en/Silicon
https://www.wikiwand.com/en/Oxygen
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Rigaku ZSX Primus II in METU Central Lab) technique to check and prove the 

samples' minerals defined by XRD analyses. 

3.5 Nano-Clay Production from Soil Samples-Methylene Blue (MB) Tests  

“Ultrasonic treatment” was selected as the most efficient method in terms of 

preserving the original properties of the clay during Nano-clay production and 

production in higher amounts of Nano-clay with low energy considering the 

evaluations mentioned about Nano-clay production methods in the literature review. 

In line with the aim of the study, a practical Nano-clay production method was 

developed to achieve adobe soil having enriched Nano-clay content in the laboratory.  

The Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey soil 

samples diluted with the distilled water were first mixed by a magnetic stirrer (IKA 

lab disc) to disperse coarser aggregates. The magnetic stirrer generates a rotating 

magnetic field that provides a magnetic bar submerged within the diluted sample to 

stir very fast. Through the stirring action, flocculation is dispersed in the water. Then 

they were treated by an ultrasonic bath (MEL at 22 kHz, 80 W) to provide Nano-clay 

by dispersion of clay minerals (Figure 3.15). During the ultrasonic treatment, 

stirrings by a spatula a few times were needed to disperse the flocculation of the soil 

particles. 
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Figure 3.15 Nano-clay production method including firstly mixing by Magnetic 

stirrer (IKA lab disc) (at top left), then dispersion of clay particles by Ultrasonic 

treatment-ultrasonic bath (MEL at 22 kHz, 80 W). 

 

The Methylene blue (MB) tests as a practical test method were conducted to control 

the Nano-clay production in adobe soil. The tests were proceeded step by step. At 

the first step of the Nano-clay production from the soil samples, the optimum times 

for magnetic stirring and ultrasonic treatment for the Nano-clay production were 

defined by Methylene blue (MB) tests, including a spot test and titration technique, 

regarding the cation exchange capacity (CEC) values (NF, 1998). The Methylene 

blue (MB) tests were conducted on the untreated samples having particle sizes below 

4 μm to find out the required time to disperse the whole clay content in the sample 

by the ultrasonic treatment since the presence of the clay is observed in the beginning 

from this part of the soil samples in the stereo microscope analyses.  

To identify the CEC properties of the samples by MB tests, the oven-dry samples of 

about 3.75 g were mixed with 25cc distilled water. The diluted samples were titrated 

with methylene blue (Methylene blue Gurr®) solution. The spot test was conducted 

on filter paper (Whatman 40) until a formation of a narrow light blue halo around the 

dark blue circle which means clay absorbs no more dye since the cation replacement 
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between clay and methylene blue stops (Figure 3.16). The sum of methylene blue 

solution adsorbed by a certain mass of the sample is used in the estimations of CEC. 

The detailed process of the test is given in Appendix F (NF, 1998).  

 

  

   
 

Figure 3.16 Process of the MB test. 

 

To determine the optimum times for the soil samples' mixing with the magnetic 

stirrer and treatment by ultrasonic bath during the MB tests, the selected 

Konya_Küçükköy sample was firstly stirred by the magnetic stirrer for 1 day, 2, and 

3 days, then it was treated by the ultrasonic bath from 1 hour to 6 hours (Caner, 

2011). After the determination of the optimum times for the Konya_Küçükköy 

sample, the other samples were stirred by the magnetic stirrer, and then they were 

treated with the ultrasonic bath between 4 and 6 hours. After the determination of the 

optimum times, the MB tests were executed on the Konya_Küçükköy sample to 

uncover the effects of ultrasonic treatment on the CEC value of the sample having 
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increased weight by doubling the weight of the sample, and the sample including all 

particles sizes. 

Some revisions were required to be conducted during the Nano-clay production 

process for the treatment process of the soils prepared as adobe samples. The first 

revision is about the amount of water used for mixing the soil sample. The MB tests 

were conducted by putting the soil sample into too much water (the soil-to-water 

ratio is 1:6 by w.t) to identify the effect of the ultrasonic treatment on the soil. On 

the other, there is a need for the water amount about the liquid limit of the soil (the 

soil-to-water ratio is about 1:1 by w.t for those samples) for the adobe preparation. 

It may require too much time to dry out of the diluted soil sample as the water amount 

used in MB tests until the water amount is of its liquid limit. Therefore, the MB tests 

were conducted to uncover the effect of decreasing the water amount in case the soil 

sample can be mixed by the magnetic stirrer and ultrasonic bath. The soil-to-water 

ratios of 1:4, 1:2 and 1:1 by w.t were tested on the Konya_Küçükköy sample, 

respectively, by MB tests. Then, the defined soil-to-water ratios for the 

Konya_Küçükköy sample were tested on Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey samples. 

The second revision concerns the mixing method of the soil sample in higher 

amounts. When the amount of soil increased, the magnetic stirrer remained incapable 

of mixing the sample. Instead of it, the laboratory mixer (Utest laboratory equipment) 

was preferred to use, although some differences were present between them. The 

mixer in the instrument has bidirectional rotation at the same time, one of them is a 

rotation of the mixer around its axis (62 rpm speed) and the other one planetary turn 

of the mixer (140 rpm speed). On the other hand, the magnetic stirrer (IKA lab disc) 

has only the rotation of the mixer around its axis (15 - 1500 rpm speed) (Figure 3.17).  

In addition, the stirrer of the mixer laboratory is much larger than the magnetic 

stirrers. Therefore, the time was decreased compared to the time required for the 

magnetic stirrer. The Konya_Küçükköy sample in a higher amount laboratory mixer 

was mixed with the laboratory mixer for one hour and three hours. Then, it was 
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treated with the ultrasonic bath and the MB tests were conducted on the treated 

sample to decide which one was the optimum time. 

 

 
 

Figure 3.17 Mixing the soil sample in a higher amount with the laboratory mixer 

(Utest laboratory equipment). 

 

3.6 Consistency Limits and Linear Shrinkage Ratio Tests 

Consistency limits and linear shrinkage ratio tests were conducted on the untreated 

and treated Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey samples to find out to observe the effect of the Nano-clay 

production on the performance of the soil sample. Soil samples were selected 

according to the compatibility of their values with the Atterberg limit values for 

adobe soil. Consistency (Atterberg) limits such as plastic limit (PL), liquid limit (LL) 

plasticity index (PI) values, and linear shrinkage (LS) ratio of the soil samples were 

defined through TS 1900-1/T3:201 Turkish standard (TS, 2017) (Figure 3.18). 

Their detailed procedures were given in Appendix G. Liquid limit tests were 

performed by the Casagrande apparatus, and moisture content corresponding to 

several blow numbers of the Casagrande apparatus was plotted in a flow chart. The 
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moisture content corresponding to 25 blow numbers in the flow chart indicates the 

liquid limit value of the soil sample. The plastic limit tests were executed by rolling 

a soil ball by hand on a glass surface. The moisture content at which the thread of 

soil crumbles, as it was rolled into a diameter of 3 mm indicates the plastic limit of 

the soil sample. The linear shrinkage tests were conducted on soil samples moulded 

in the shape having a length of 140 mm and a 12.5 mm radius. Those moulded soil 

samples were dried at various degrees defined by the standard. The linear shrinkage 

ratio was determined by the formula below: 

Linear shrinkage ratio, %= (1 −
L𝐷

𝐿𝑂
) 𝑥100     5 

 where Lo is the original length of the sample, and LD is the length of the oven-dry 

sample. 

 

 

 
 

Figure 3.18 Liquid limit test performed by Casagrande apparatus (at top left) 

plastic limit test (at top right) linear shrinkage test (at the bottom). 
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3.7 Preparation of Adobe Samples 

Adobe samples were prepared as the four sub-types from each Konya_Küçükköy, 

Çorum_Karapınar and Çorum_Kınık soil samples after Nano-clay production by 

ultrasonic treatments. Those sub-types are; untreated samples including straw as an 

additive, treated samples including straw as an additive, treated ones including 

additives of straw and of 1% by w.t Nano calcium oxide (Nano-CaO) (Aldrich 

particle size ˂160nm, BET 98%) and treated ones including additives of straw and 

4% by w.t calcium hydroxide (CaOH2) (Sigma Aldrich, Ph. Eur. ≥96%). According 

to previous studies as mentioned in the literature review, the optimum ratios were 

determined as 1% for Nano-CaO and 4% for Ca(OH)2 (Bell, 1996; Dash & Hussain, 

2012; Kafescioğlu, 2016; Kafescioğlu et al., 1980; Pashabavandpouri & Jahangiri, 

2015). The use of Nano-calcite or calcite as an additive can positively affect the 

pozzolanic characteristics of the Çorum_Karapınar sample, and they can control the 

swelling potential of their dominant montmorillonite clay mineral content of the 

Konya_Küçükköy and Çorum_Kınık soil samples.  

The straw type was selected as wheat in a length of between 0.5-3 cm. To decide the 

optimum straw ratio for those soil samples, the point load tests were conducted on 

the cubical samples, including straw 1% and 2 % by w.t, and crack formations were 

observed by eyes. The straw ratios of 1% and 2 % by w.t for the adobe samples were 

decided depending on prior knowledge. A study conducted in Çatalhöyük, very near 

Küçükköy village, indicates that the straw ratios in adobe used in the archaeological 

site are about 1% and 2 % by w.t (Tringham & Stevanović, 2012). Çorum_Karapınar 

and Çorum_Kınık soils are also used as soil sources by mixing them in a brick 

factory. The straw content is used as 1% in the mixture of those soils to produce the 

brick. The results of the point load tests indicate that the samples including 1% straw 

have higher strength in the range of 0.1 kN-0.5 kN than ones including 2% straw 

(Table 3.5). The difference observed in cracks on the sample is non-distinguishable 

As a result, the optimum ratio for all soil samples was determined as 1%. 
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Table 3.5 Point load test results and the photographs of soil samples including 1% 

and 2% straw. 

 

  

Straw content 

Maximum Point Load Kilonewton (kN) 

Konya_Küçüköy Çorum_Karapınar Çorum_Kınık 

1 % wheat 

1.6 1 0.6 

   

2 % wheat 

1.49 0.5 0.38 

   
 

The untreated adobe sample was designed in the traditional method. The soil was 

mixed with water and straw and moulded after keeping it for a day.  

The preparation of treated adobe samples started with the Nano clay production. The 

soil was diluted with water (1:2 the soil-to-water ratio) and mixed with a laboratory 

mixer and ultrasonic bath. Then the straw was added and mixed. While the diluted 

soil samples were waiting in the laboratory, treated samples including straw and 

untreated ones smelt bad, and it signalled the formation of microorganisms in them. 

For the samples including Nano-CaO and CaOH2, those additives were added and 

mixed by the laboratory mixer after the Nano-clay production, as well as straw, 

because the calcite causes the agglomeration of the clay. The soil samples were put 

into the oven at 60 °C to dry out the excess water in the diluted sample until the 

consistency of the sample became within its liquid limit.  

The basic steps for the preparation of the treated adobe samples are shown in Figure 

3.19. The treated and untreated adobe soil samples’ ingredients and preparation steps 

of the adobe mixtures are given in detail in Table 3.6. Three adobe samples were 

prepared for each four sub-types. 
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Production of Nano-clay from 
the soil samples:

1- Dilute  soil  with water  (1:2 

the soil-to-water ratio by w.t ) 

Addition of straw 
and  Nano-CaO/

Ca(OH)2into treated 
soil samples

Mixing the adobe mixture until 
it becomes homogeneous

Drying out  the excess water 
in the diluted sample until 

the consistency of the 
sample becomes in its liquid 

limit

2- Mix the diluted soil samples 
with a lab mixer

Putting  the samples into 
the moulds

Drying out and curing of 
the samples

3- Treat the stirred soil 
samples with an ultrasonic 
bath

+

 
 

Figure 3.19 The basic steps for the preparation of the adobe samples. 
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Table 3.6 The adobe mixtures’ types, ingredients and preparation steps for 

moulding. 

 
Type Ingredient Preparation steps of adobe mixtures  

U
n

tr
ea

te
d

 s
am

p
le

 +
S

tr
aw

 

 S
tr

aw
 

 

1-Mix the soil, the water in an 

amount at the liquid limit of the 

soil, and the straw by hand until it 

becomes homogenous. 

 

2- Keep the mixture for a day in 

laboratory conditions. 

T
re

at
ed

 s
am

p
le

 +
 S

tr
aw

 

 

1- Dilute the soil 

with water (1:2 

the soil-to-water 

ratio by w.t)  

 

2-Mix the 

diluted soil with 

a laboratory 

mixer for about 3 

hours. 

 

3-Put the diluted 

sample into the 

ultrasonic bath 

for 4 or 5 hours. 

 

4- Add straw 

into the mixture 

and mix by the 

glass rod until it 

becomes 

homogenous. 

5- Put the 

sample in the 

oven at 60 °C 

to dry out 

until its 

consistency 

becomes in its 

liquid limit. 

T
re

at
ed

 s
am

p
le

 +
 S

tr
aw

+
 

N
an

o
-C

aO
 

 

5- Put the 

Nano-CaO 

/CaOH2 into 

the mixture 

and mix in the 

laboratory 

mixer for 

about 1 hour. 

 

6- Put the 

sample in the 

oven at 60 °C 

to dry out 

until its 

consistency 

becomes in its 

liquid limit. T
re

at
ed

 s
am

p
le

+
 S

tr
aw

+
 C

a 

(O
H

) 2
 

 

 

Before the moulding of the adobe samples, the proper consistency for adobe soil was 

provided by achieving the water amount in the liquid limit of the soil. The 
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Casagrande apparatus was used to check the consistency of the samples if they were 

in the liquid limit or not (Figure 3.20). If the separated two parts of the soil come into 

contact when the number of bumps is about 25, the soil is accepted to have 

consistency in the liquid limit. Because, in the Atterberg limit tests, the water content 

of the soil corresponding to 25 bumps is referred to as the liquid limit. 

 

 
 

Figure 3.20 Casagrande apparatus to check the consistency of the samples. 

 

The adobe samples were moulded in 4x4x16 cm for the compressive and tensile 

strength and capillary water absorption tests (Figure 3.21). The moulds 10 cm in 

diameter and 2.5 cm in height were used for the bulk density, porosity and water 

vapour permeability analyses (Figure 3.21). The samples demoulded were kept in 

the laboratory using a data logger for 28 days of curing time (Figure 3.22). 

 

  
 

 
 

Figure 3.21 Moulded samples in 4x4x16 cm (at left) and in 10cm-diameter and 2.5 

cm-height (at right). 
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The treated adobe samples containing Nano-CaO and Ca(OH)2 were cured in a 

ventilated desiccator and chamber containing BaCl2 solution providing 88% ± 6% 

humidity at 20°C ± 0.5°C for a while to occur the pozzolanic activity in those 

samples. The curing of the samples was provided to control the crack formations in 

those samples. The curing times were determined by checking the pH values of those 

samples with pH strips. When pH values of the samples became acidic below 7, the 

samples were left drying out together with the other samples in laboratory conditions 

at a humidity of 43 % ± 5% and at a temperature of 26 °C± 8°C.  

 

  

   
 

Figure 3.22 Curing and drying of the samples. 

 

After 28 days involving the curing and drying times, before the tests, the surfaces of 

all samples were smoothened using sand papers to increase the accuracy of 

measurements. The adobe samples in prismatic and cylindric shapes were coded as 

shown in Table 3.7, Table 3.8 and Table 3.9. 
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Table 3.7 Codes and images belonging to 4 subtypes of Konya_Küçükköy samples 

in prismatic and cylindric shapes. 

 

KuU: Küçükköy- Untreated KuT: Küçükköy- Treated 

 
 

  

KuTN: Küçükköy-Treated+NanoCaO KuTC: Küçükköy-Treated+CaOH2 
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Table 3.8 Codes and images belonging to 4 subtypes of Çorum_Karapınar samples 

in prismatic and cylindric shapes. 

 

KaU: Karapınar- Untreated KaT: Karapınar- Treated 

 
 

  

KaTN: Karapınar-Treated+NanoCaO KaTC: Karapınar-Treated+CaOH2 
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Table 3.9 Codes and images belonging to 4 subtypes of Çorum_Kınık samples in 

prismatic and cylindric shapes. 

 

KıU: Kınık- Untreated KıT: Kınık - Treated 

  

  

KıTN: Kınık-Treated+NanoCaO KıTC: Kınık-Treated+CaOH2 

  

  

 

3.8 Basic Physical Tests 

The particle density, bulk density (dry density) and porosity values of the adobe 

samples were specified in terms of the physical tests. Those tests were conducted on 

the Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık samples by using 

ASTM D 854 – 02 and ASTM D7263 − 21 standards and equation given in RILEM, 
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respectively (ASTM, 2017b, 2021; RILEM, 1980). The weight of adobe and soil 

samples oven-dried at a temperature of 60°C, and their bulk density values were 

calculated through their volumes measured by Archimedes weights (Figure 3.23). 

The particle density was found in the pycnometer method on the oven-dry samples 

(Figure 3.23). Their porosity values were calculated by the following formula 

(Equation 6): 

P =
DParticle− DBulk

DParticle
 x100    6 

Where P is porosity, %; DParticle is particle density, g/cm3; DBulk is Bulk density, g/cm3. 

 

    
 

Figure 3.23 Pycnometer method to detect particle density (at left) and oven-dried 

weight (at middle) and Archimedes weights of the samples (at right) to find out 

their bulk densities. 

 

3.9 Water Vapour Permeability Test 

The water vapour permeability tests were conducted by periodically weighing the 

adobe sample placed between ambiences with two different relative humidity until 

equilibrium was performed through the dry cup method according to the Turkish 

standard of TS EN ISO 12572:2016 (TS EN ISO, 2016). The dry cup method is 

designed to measure the vapour drive moving into the dry sample. In this method, 

the cup on which the sample is placed by sealing the sides contains a desiccant, with 

a humidity of 0–5%. The Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık 
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adobe samples together with the cups containing desiccants are put into a test 

chamber (Figure 3.24 and Figure 3.25). In the test assembly, the vapour in the test 

chamber maintained at a constant temperature of 23 ± 1°C and a relative humidity of 

50 ± 5% is moving to desiccant under the samples.  

Three samples were prepared for each sample type and thirty-six samples in total. 

Thicknesses and the upper and lower surfaces (exposed areas) of the samples were 

recorded. Before testing, those samples were kept at 23 ± 5 °C and 50 ± 5 % relative 

humidity until a constant weight was obtained. Silica gel with a minimum depth of 

15 mm was put into the cup as desiccant leaving a small air gap (15 ± 5 mm) between 

it and the sample. By using melted wax, all sides of the cylindrical samples were 

sealed and tightly attached to the open side of the cup. The first weight was taken of 

the sample together with the cup and the weighing proceeded until the change in the 

mass was constant within ±5 % of the mean value for the sample in five successive 

measurements. 

 

 
 

Figure 3.24 Schema of the dry cup method in the test assembly. 
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Figure 3.25 The samples kept in the test chamber in the dry cup method. 

 

The parameters of “water vapour resistance factor (µ, unitless)” and “equivalent air 

thickness of water vapour permeability (SD, m)” were found by calculation of the 

measurement data by the following equations (Equation 7, Equation 8 and Equation 

9) (TS EN ISO, 2016).  

SD =  µ x d   7 

µ=dair/(W/d)  8 

W=Dm12/(Amean/Dp) 9 

Where d is the thickness of the sample, m; W is water vapour permanence, kg/m2sPa; 

dair is water vapour permeability of air (2.2 kg/msPa was accepted according to the 

standard); Dm12 is change in mass per time for a single determination, kg/s; Amean is 

mean of the upper and lower surface areas, m2; Dp is vapour pressure difference 

(1404 Pa was accepted according to the standard). 
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3.10 Mechanical Tests 

The mechanical analyses were conducted on the Konya_Küçükköy, 

Çorum_Karapınar and Çorum_Kınık adobe samples to determine flexural strength 

(σf) and compressive strength (σc) values. The manual testing machine, LOS 

(Losenhausen, Maschinenbau AG Dusseldorf), equipped with 2 kg loading per 

second was used for those mechanical tests (Figure 3.26). 

 

  
 

Figure 3.26 Flexural (at left) and compressive strength tests (at right) by the manual 

testing machine, LOS (Losenhausen, Maschinenbau AG Dusseldorf).  

 

For the flexural strength test, the test mechanism is composed of two supporting 

rollers at a distance of 9 cm under the sample and the third roller a loading roller, 

which is located above the sample and midway between the supporting rollers. The 

flexural strength was tested on three samples in dimensions of 4x4x16 cm for each 

type of sample (TS EN, 2020). Dimensions of the samples were recorded concerning 

the width and height of the sample according to the placement configuration in the 

test machine. Flexural strength is calculated by the formula presented in Equation 10 

and expressed in MPa.  
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σf = 1.5 ×
 F×L

b×d2 × 0.1Mpa    10 

Where σf is flexural strength, MPa; F is the maximum load applied to the sample, 

kg; L is the distance between the supports, 9 cm; b is the width of the sample, cm; d 

is the height of the sample, cm (Figure 3.27). 

 

.

F

 
 

Figure 3.27 Schematic representation of the flexural strength test on adobe sample. 

 

The compressive strength tests were conducted on the six broken half prisms 

obtained after the flexural strength of those samples was identified (TS EN, 2020). 

The adobe samples were placed between two square metal pads with dimensions of 

3cm x 3cm for the compressive load at the testing machine, as the samples have 

cross-section dimensions smaller than 4cm due to the shrinkage. Compressive 

strength is calculated by the formula shown in Equation 11 and expressed in MPa. 

σc =
F

A 
× 0.1Mpa   11 

Where σc is the compressive strength, MPa; F achieved as an output of the test is the 

maximum load applied to the sample, kg; A is the area of bed-face, cm2 (Figure 3.28). 
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F

3cm x 3cm square 
metal pads  

 
 

Figure 3.28 Schematic representation of the compressive strength test on broken 

half prisms of adobe sample. 

 

3.11 Capillary Water Absorption Test 

The capillary water absorption tests were conducted to find out capillary water 

absorption and capillary water absorption coefficient values of Konya_Küçükköy, 

Çorum_Karapınar and Çorum_Kınık adobe samples. The tests were performed by 

the partial immersion method according to the ASTM C1403-15:2015 standard 

(ASTM, 2015). Three prismatic adobe samples (4x4x16 cm3) for each type were 

dried in the oven at 60°C then left in laboratory conditions (ca. 18°C and 40% RH). 

The adobe samples were placed on the plastic supports in plastic containers filled 

with water at a certain level. The methodology of the standard test was adapted by 

placing 3 mm thick water-saturated absorbent tissue as a bedding layer under the 

adobe samples to prevent direct contact with the water, which would lead to 

excessive material loss (Costi de Castrillo et al., 2021; Ribeiro et al., 2022). The 

configuration of the experiment is shown in Figure 3.29 and Figure 3.30. Keeping 

the constant water level in the container and continuously wet absorbent paper under 

the adobe samples was ensured during the test. 
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Figure 3.29 The configuration of the capillary water absorption experiment. 

 

 
 

Figure 3.30 Schematic representation of the capillary water absorption test of adobe 

sample. 

 

The capillary water absorption of the samples was measured by weighing the 

samples at regular time intervals at 15 minutes, 60 minutes and 240 minutes, 

respectively (Table 3.10). The test could be conducted for up to 240 minutes, as some 

adobe samples lost their integrities after that time. In that time interval, negligible 

material loss was observed in all samples. The capillary water absorption (AT), 

cumulative water intake per unit of surface in kg/m2, was calculated at each time by 

the formula in Equation 12 (ASTM, 2015).  

 

A𝑇 =
W𝑇−W𝑂

𝑆
   12 
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Where WT is the wet weight of the sample at time T; W0 is the dry weight at the 

initial time, in kg; S is the surface area of the specimen’s cross-section, in m2.  

The capillary water absorption values were recorded as a function of the square root 

of each time (√t), and the capillary water absorption coefficient (A-value) was 

calculated by the following Equation 13 (Hall & Hoff, 2002).  

A − value =
W𝑇−W𝑂

𝑆√𝑡
  13 

 

Table 3.10 The adobe samples during the capillary water absorption test process. 

 

15 min 60 min 240min 
KuU KuT KuTN KuTC KuU KuT KuTN KuTC KuU KuT KuTN KuTC 

      
KaU KaT KaTN KaTC KaU KaT KaTN KaTC KaU KaT KaTN KaTC 

      
KıU  KıT KıTN KıTC KıU KıT KıTN KıTC KıU KıT KıTN KıTC 
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CHAPTER 4  

4 RESULTS  

In total, there are seven natural adobe samples to investigate, while the shortcomings 

related to the compositional and raw materials characteristics of these adobe 

resources identified during consecutive stages of the research allowed the 

elimination of the four ones for the comprehensive analyses. Table 4.1 summarizes 

the natural adobe soil types/samples which are more advantageous than the others 

for Nano-clay production in certain amounts and for adobe material production with 

the enriched Nano-clay content, considering their performance limitations. These 

limitations are listed below briefly: 

− presence of asbestos minerals in the composition of adobe soil that makes it 

unhealthy, 

− excessive swelling and shrinkage behaviour of the clay binder that makes it 

poor against the outside climate condition, in other words, no proper type of 

clay content is determined in the adobe soil, 

− less amount of clay content which makes its amount of clay insufficient for 

Nano-clay production. 
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Table 4.1 Summarizing the elimination reasons of four natural adobe soil samples 

by considering the performances of the total seven adobe soil samples during the 

consecutive stages of their examination. 

 

Soil Sample 

K
o

n
y

a
_

K
ü

çü
k

k
ö

y
 

Ç
o

ru
m

_
K

a
ra

p
ın

a
r
 

Ç
o

ru
m

_
K

ın
ık

 

Ç
o

ru
m

_
S

a
rı

m
b

ey
 

M
a

n
is

a
_

K
em

er
 

E
sk

iş
eh

ir
_

S
o

rk
u

n
 

E
sk

iş
eh

ir
_

S
a

za
k

 

Identification of 

Local Adobe/Clay 

Resources 
✔ ✔ ✔ ✔ ✔ ✔ ✔ 

Determination of 

Nano-clay content 

in natural adobe 

soil resources 

✔ ✔ ✔ ✔ ✔ 

 Presence of 

asbestos 

minerals  

 Excessive 

swelling and 

shrinkage 

problems 

and no 

proper clay 

content 

Enrichment of 

Nano-clay content 

in natural adobe 

soil resources and 

Nano-Clay 

content 

assessment 

✔ ✔ ✔ ✔ 

Too low clay 

content  Performance 

assessment of 

Nano-clay riched 

adobe soil 

samples (Treated 

adobe soil 

samples) 

✔ ✔ ✔ ✔ 

Performance 

assessment of 

Nano-clay riched 

adobe product 

samples (Treated 

adobe samples) 

✔ ✔ ✔ 
Not having proper 

consistency limits 

 

4.1  Identification of Local Adobe/Clay Resources 

The collected soil samples of Konya_Küçükköy Çorum_Karapınar, Çorum_Kınık, 

Çorum_Sarımbey, Manisa_Kemer, Eskişehir_Sorkun and Eskişehir_Sazak were 

firstly analysed by field tests then, their raw materials/composition characteristics 
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and their clay types were determined by laboratory analyses to find out whether they 

are proper as adobe soil or not. The results were given under the related subheadings. 

4.1.1 Field Soil Test 

The results of field soil tests including visual, smell ribbon and feel tests were 

indicated in Table 4.2. The samples of Konya_Küçükköy, Çorum_Karapınar and 

Çorum_Kınık were found to be silty clay loam; Çorum_Sarımbey was specified as 

silty loam; Manisa_Kemer and Eskişehir_Sorkun were detected as sandy loam; 

Eskişehir_Sazak was identified as clay loam.  

 

Table 4.2 The results of field tests conducted on soil samples and soil types. 

 
 

Sample 

Field Tests  

Soil Type Visual Smell Ribbon 

length, 

cm 

Feel 

Konya_Küçükköy Fine 

aggregates  

No mould 

smell 

3.5-4 Smooth Silty clay 

loam 

Çorum_Karapınar Fine 

aggregates  

No mould 

smell 

4  Smooth Silty clay 

loam 

Çorum_Kınık Fine 

aggregates 

No mould 

smell 

3  Smooth Silty clay 

loam 

Çorum_Sarımbey Fine 

aggregates  

No mould 

smell 

2  Smooth Silty loam 

Manisa_Kemer Coarse 

aggregates  

No mould 

smell 

1-1.5  Gritty Sandy loam 

Eskişehir_Sorkun Fine 

aggregates  

No mould 

smell 

1-1.5  Gritty Sandy loam 

Eskişehir_Sazak Flocculated 

coarse 

aggregates 

No mould 

smell 

3.5-4.5 Sticky Clay loam 
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4.1.2 Raw Material Characteristics Tests 

The raw materials characteristics tests on the pH value, organic and calcium 

carbonate content, soluble salts and pozzolanic properties of the soil samples were 

given under related subheadings. 

4.1.2.1 pH values 

The results of the pH strip are shown in Table 4.3. The pH of Eskişehir_Sorkun 

samples was found to be neutral. The basic (alkaline) soil samples of Çorum_Kınık 

and Eskişehir_Sazak signal the presence of the minerals of calcium, magnesium 

and/or potassium, while in the acidic soil samples of Konya_Küçükköy, 

Çorum_Karapınar, Çorum_Sarımbey and Manisa_Kemer, sulphur and/or organic 

content may be found (Parnes, 2013). 

 

Table 4.3 Acidity and alkalinity of soil samples by pH test results. 

 
Sample  pH Scale 

5.5-9 range Result 

Konya_Küçükköy 6.5 Asidic 

Çorum_Karapınar 5.5 Asidic 

Çorum_Kınık 7.5 Basic 

Çorum_Sarımbey 6.5 Asidic 

Manisa_Kemer 5.5 Asidic 

Eskişehir_Sorkun 7 Nötr 

Eskişehir_Sazak 7.5 Basic 

 

4.1.2.2 Organic and Calcite Contents 

The organic and calcite (CaCO3) contents achieved by loss on ignition analyses on 

all soil samples are indicated in Table 4.4. The organic and CaCO3 contents of the 

samples are in the range of 0 %-4.3 % and 2 %-12 %, respectively.  
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Table 4.4 Organic and CaCO3 content percentages of soil samples. 

 

 

 

 

 

 

4.1.2.3 Soluble Salts 

Results of the spot salt tests of phosphate (PO4
-2), sulphate (SO4

-), chloride (Cl-), 

nitrite (NO2
-), nitrate (NO3

-) and carbonate (CO3
2-) ions in soil samples were 

indicated in Table 4.5. 

 

Table 4.5 The results of spot salt tests conducted on samples. 

 
SPOT SALT TESTS 

 Sample 
Sulphate 

(SO4
-) 

Carbonate 

(CO3
2-) 

Phosphate 

(PO4
-2) 

Nitrite 

(NO2
-) 

Nitrate 

(NO3
-) 

Chloride 

(Cl-) 

Konya_Küçükköy + + + + + + 

Çorum_Karapınar + + + + + + 

Çorum_Kınık + +  + + +  + 

Çorum_Sarımbey + + + + + +  

Manisa_Kemer - + - + + - 

Eskişehir_Sorkun + + - - - + 

Eskişehir_Sazak + + + + + + 

 

Sulphate (SO4
-): The SO4

- ion was detected in all samples except the Manisa_Kemer 

sample. This ion generally signals the existence of a hydrated form of calcium 

sulphate/gypsum (CaSO4.2H2O).  

Carbonate (CO3
2-): The CO3

2- ion was detected in all soil samples that support the 

sample's XRD analysis results showing the presence of calcite/calcium carbonate 

(CaCO3) mineral in all samples.  

Sample Organic 

Content, % 

CaCO3 

Content, % 

Konya_Küçükköy 4.3 9.2 

Çorum_Karapınar 2.4 6.8 

Çorum_Kınık 2.4 6.8 

Çorum_Sarımbey 2.6 5.1 

Manisa_Kemer 2 2 

Eskişehir_Sorkun 0 10 

Eskişehir_Sazak 2 12 
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Phosphate (PO4
-2): The ion of PO4

-2 was found in all samples except the 

Manisa_Kemer and Eskişehir_Sorkun samples.  

Nitrite (NO2
-)-Nitrate (NO3

-): The ions of NO2
- and NO3

- were detected in all 

samples except the Eskişehir_Sorkun sample. The initial form is NO2
-, which turns 

into NO3
- form when it is oxidised.  

Chloride (Cl-): The ion of Cl- was found in all samples except the Manisa_Kemer 

sample. This ion is commonly found in halite (NaCl) and sylvite (KCl) minerals. 

4.1.2.4 Pozzolanic Activity 

The results of the pozzolanic activity test conducted by the method titration with 

EDTA on the soil samples are shown in Table 4.6. Pozzolanic activity values were 

found to be in the range of 227.9-16.1 mg Ca(OH)2 /1g pozzolan.  

 

Table 4.6 Pozzolanic activity values achieved by the method titration with EDTA. 

 

Samples 
Weight 

(g) 

EDTA 

(ml) 

MOL 

EDTA 

Ca (OH)2 

(g) 

mg Ca 

(OH)2/1 g 

Pozzolan  

Konya_Küçükköy 0.2 66.5 0.000665 0.008892 44.5 

Çorum_Karapınar 0.2 50 0.0005 0.0455715 227.9 

Çorum_Kınık 0.2 65 0.00065 0.0122265 61.1 

Çorum_Sarımbey 0.2 52 0.00052 0.0411255 205.6 

Manisa_Kemer 0.2 19.3 0.000193 0.0093366 45.2 

Eskişehir_Sorkun 0.2 22 0.00022 0.0033345 16.1 

Eskişehir_Sazak 0.2 17 0.00017 0.0144495 71.5 

 

4.1.3  Composition (Mineralogical) Tests 

The mineralogical composition of aggregates below 63 µm and clay types of 

Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık, Çorum_Sarımbey, 
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Manisa_Kemer, Eskişehir_Sorkun and Eskişehir_Sazak soil samples were 

determined through X-ray diffraction (XRD) analyses and the results were given 

under the heading of each sample.  

4.1.3.1 Konya_Küçükköy Sample 

The minerals of montmorillonite, illite-mica, kaolinite, feldspar, calcite, goethite and 

quartz were found in the Konya_Küçükköy sample (Figure 4.1). After glycol 

treatment, expansions seemed at about 14 Å peak at the basal d spacing. That 

signalled the existence of montmorillonite. The peaks of kaolinite about 7 Å, and 3.5 

Å were sighted to decrease in case of heating at 600°C significantly. Intensities of 

calcite and illite-mica peaks were observed to decrease or disappear after heating the 

sample at 700°C. Intensities of peaks belonging to quartz, goethite and feldspar 

thought to exist remained stable or increased. 
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Figure 4.1 XRD patterns of Konya_Küçükköy sample (M: Montmorillonite; I-MI: 

Illite-Mica; K: Kaolinite C: Calcite; F: Feldspar; G: Goethite; Q: Quartz).  
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4.1.3.2 Çorum_Karapınar Sample 

In the first XRD analysis on the Çorum_Karapınar sample, only lime and gypsum 

minerals’ peaks were observed (Figure 4.2); therefore, the HCL treatment was 

applied to remove the calcite and gypsum to be able to detect other minerals in the 

XRD pattern. After that treatment, the minerals of montmorillonite, chlorite, illite-

mica, kaolinite, albite, diopside and quartz were found in the sample (Figure 4.3). 

After glycol treatment, the peak of 15.49 Å at the basal d spacing seemed to expand 

towards 17 Å. That signalled the existence of montmorillonite. The intensity of 

kaolinite peaks, 7 Å, 4.45 Å, 3.5 Å 3 Å and 2.38 Å at the basal d spacing, were 

observed to decrease in case of heating at 600°C significantly. The peaks of 7 Å at 

the basal d spacing were also thought to refer to chlorite mineral together with the 

peak of 14 Å. The illite-mica peaks at about 10 Å, 5 Å and 2.2 Å of in the sample 

heated at 800°C seemed to have lower intensity compared to the sample heated at 

600°C, or they disappeared. Intensities of peaks belonging to quartz, feldspar, 

diopside and goethite thought to exist remained stable or increased. 

 

 
 

Figure 4.2 Before HCL treatment, XRD patterns of Çorum_Karapınar sample (G: 

Gypsum; C: Calcite). 
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Figure 4.3 After HCL treatment, XRD patterns of Çorum_Karapınar sample (M: 

Montmorillonite; CH: Chlorite; I-MI: Illite-Mica; K: Kaolinite; F: Feldspar; D: 

Diopside; Q: Quartz; GO: Goethite).  
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4.1.3.3 Çorum_Kınık Sample 

The minerals of montmorillonite, chloride, illite-mica, kaolinite, goethite, albite, 

calcite, diopside and quartz were found in the sample of Çorum_Kınık (Figure 4.4). 

After glycol treatment, expansion and a noticeable decrease of peaks of 11.89 Å and 

14.33 Å were observed to be at the basal d spacing, respectively. That signalled the 

existence of montmorillonite. The peaks of 14.33 Å, 7 Å and 3.5 Å at the basal d 

spacing were anticipated to refer to chlorite mineral. Those peaks also belonging to 

montmorillonite and kaolinite did not disappear until heating at 800°C. The peaks of 

kaolinite about 7 Å, 3.5 Å, 3 Å, 1.9 Å and 1.8 Å were sighted to decrease in case of 

heating at 600°C. Peaks of calcite and illite-mica minerals heated at 800°C seemed 

to have lower intensity compared to ones heated at 600°C, or they disappeared. 

Intensities of peaks belonging to quartz, feldspar, diopside and goethite thought to 

exist remained stable or increased. 
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Figure 4.4. XRD patterns of Çorum_Kınık sample (M: Montmorillonite; CH: 

Chlorite; I-MI: Illite-Mica; K: Kaolinite; F: Feldspar; C: Calcite, D: Diopside; Q: 

Quartz; GO: Goethite).  
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4.1.3.4 Çorum_Sarımbey Sample 

The minerals of montmorillonite, kaolinite, chlorite, goethite, calcite, albite, diopside 

and quartz were found in the sample of Çorum_Sarımbey (Figure 4.5). After glycol 

treatment, expansions seemed at 14.09 Å, 9.8 Å, 4.94 Å and 4.69 Å peaks at the basal 

d spacing. That signalled the existence of montmorillonite. The peaks of kaolinite at 

7 Å and 3.52 Å were observed to decrease in case of heating at 600°C significantly. 

Peaks of illite-mica and calcite in the sample heated at 700°C seemed to have lower 

intensity compared to the sample heated at 600°C, or they disappeared. Intensities of 

peaks belonging to quartz, feldspar, diopside and goethite thought to exist remained 

stable or increased throughout heating treatments. 
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Figure 4.5 XRD patterns of Çorum_Sarımbey sample (M: Montmorillonite; K: 

Kaolinite; I-MI: Illite-Mica; C: Calcite; F: Feldspar; D: Diopside; Q: Quartz; GO: 

Goethite).  
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4.1.3.5 Manisa_Kemer Sample 

The minerals of halloysite, montmorillonite, illite-mica, calcite and quartz were 

found in the Manisa_Kemer sample (Figure 4.6). After glycol treatment, the 

expansion and decrease were observed in the XRD pattern at about a peak of 15 Å 

at the basal d spacing. That signalled the existence of montmorillonite. The halloysite 

(in the kaolin group) mineral peaks of 10 Å, 7 Å, 3.5 Å and 3.1 Å at the basal d 

spacing disappeared or decreased at 600°C (Carroll, 1970). Intensities of peaks 

belonging to quartz and calcite thought to exist remained stable or increased 

throughout heating treatments. 
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Figure 4.6 XRD patterns of Manisa_Kemer sample (M: Montmorillonite; H: 

Halloysite; I-MI: Illite-Mica; C: Calcite; Q: Quartz). 

 



 

 

109 

4.1.3.6 Eskişehir_Sorkun Sample 

The minerals of sepiolite, amphibole, chrysotile, pargasite, illite-mica, calcite and 

quartz were found in the Eskişehir_Sorkun sample (Figure 4.7). The significant 

decrease seemed at peaks of 13.8 Å and 3.3 Å belonging to sepiolite after treatment 

of glycation, and they did not disappear up to 950°C, since the decomposition 

temperature of sepiolite is about 850°C (Carroll, 1970). The existence of sepiolite in 

this region is also supported by a study (Kadir et al., 2002). The amphibole mineral 

was determined at the 9 Å peak that decreased only after heating at 950°C. The 

chrysotile mineral was identified at 8.1 Å and 6.9 Å peaks, which significantly 

decreased after heating at 700°C. The illite-mica mineral peaks of 4.6 Å and 3.5 Å 

at the basal d spacing in the sample heated at 700°C seemed to have significantly 

lower intensity compared to the sample heated at 600°C. The pargasite mineral was 

identified at the 8.1 Å and 3 Å peaks that decreased after heating at 950°C since that 

mineral starts to decompose at the temperatures of 950°C-1000°C (Niida & Green, 

1999). The presence of pargasite in this region is also supported by a study (Uysal et 

al., 2009). Intensities of calcite peaks of 3 Å and 2.8 Å were observed to decrease 

after heating at 950°C. Intensities of peaks belonging to quartz minerals were 

observed to be more visible by increasing the temperature during the heating 

treatments. 
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Figure 4.7 XRD patterns of Eskişehir_Sorkun (SEP: Sepiolite; AMP: Amphibole; 

PA: Pargasite; CHR: Chrysotile; I-MI: Illite-Mica; C: Calcite; Q: Quartz).  



 

 

111 

The Eskişehir_Sorkun sample was also analysed by scanning electron microscope 

(VEGA XMU SEM) to prove the presence of the asbestos clay minerals such as 

amphibole, pargasite and chrysotile. Asbestos clay minerals in the fibrous form were 

observed in SEM images in the Eskişehir_Sorkun sample (Figure 4.8). 

 

  
 

Figure 4.8 Fibrous asbestos clay minerals in the SEM images of Eskişehir_Sorkun 

sample. 
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4.1.3.7 Eskişehir_Sazak Sample 

The minerals of sepiolite, montmorillonite, dolomite and quartz were found in the 

Eskişehir_Sazak sample supports a study on that area (Karakaş, 2006) (Figure 4.9). 

Sepiolite is frequently found to be together with dolomite (Carroll, 1970). The 

significant decrease and expansion seemed at peaks of 15 Å 10.7 Å, 4.5 Å and 3.2 

Å, 2.5 Å, 2 Å and 1.5 Å belonging to sepiolite and montmorillonite after treatment 

of glycation. The intensities of peaks belonging to quartz and dolomite minerals 

remained the same after the glycol treatment.  

 

 
 

Figure 4.9 XRD patterns of Eskişehir_Sazak sample (M: Montmorillonite; SEP: 

Sepiolite; D: Dolomite; Q: Quartz). 
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Serious crack and excessive shrinkage problems resulted in serious difficulty during 

the preparation of the diluted Eskişehir_Sazak sample for the XRD analyses (Figure 

4.10). 

 

  
 

Figure 4.10 Excessive crack and shrinkage problems on the diluted sample of 

Eskişehir_Sazak. 

 

In brief, due to the detection of asbestos materials causing lung cancer disease in 

Eskişehir_Sorkun (Atabey, 2015; Demir et al., 2018; Kadir & Erkoyun, 2015; 

Mahltig & Pastore, 2018; Noonan & Pfau, 2011; Uysal et al., 2009), and due to the 

presence of inappropriate clay contents sepiolite resulting in excessive shrinkage and 

cracks problem in Eskişehir_Sazak sample, those samples were eliminated at that 

stage. The Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık, Çorum_Sarımbey 

and Manisa_Kemer were found to be more appropriate for further analyses. 

 

4.2 Determination of Nano-clay Content in Natural Adobe Soil Resources 

The Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık, Çorum_Sarımbey and 

Manisa_Kemer soil samples were analysed in terms of particle size distribution 

including “submicron” particle sizes to determine whether they are proper for Nano-

clay production and as adobe soil or not. 

The aggregates above 63 microns (µm) such as sands and gravels were separated 

from the silts and clay contents by two sieving methods. The first one is the wet-
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sieving and the other one is the alternative method including the wet-sieving and 

sonication methods. After separating those parts from each other, the particle size 

distribution of sands and gravels was carried out by dry-sieving. Centrifugal 

sedimentation was performed for silts and clays. The evaluations were made for the 

particles above 63 µm according to the scale of Udden and Wentworth (Tucker, 

2001), and for particles below 63 µm according to the scales defined at TS EN ISO 

14688-1:2018 and the colloid, geology and soil sciences (TS EN ISO, 2018). The 

results were given under the related subheadings. 

4.2.1 Analyses of particle size above 63 microns 

The alternative method was conducted on Konya_Küçükköy, Çorum_Karapınar, 

Çorum Kınık and Çorum Sarımbey samples to separate above and below 63 µm 

while the only method of wet-sieving was applied to Manisa_Kemer sample since it 

has no gypsum content, according to the spot salt tests. The dry-sieving was executed 

on all samples’ particle sizes above 63 µm. According to particle size distribution 

results by the alternative method, the soil samples had higher gravel-sand ratios but 

lower silt-clay ratios compared to wet-sieving analyses (Figure 4.11). The higher silt-

clay percentage obtained by wet and dry-sieving is due to the dissolution of gypsum 

during wet-sieving which causes the formation of fine particles in silt-clay sizes 

(Pearson et al., 2015; Sulieman & Sallam, 2016). Therefore, the results obtained from 

the alternative method were taken care of in the samples including gypsum content. 
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Figure 4.11 The soil samples' silt-clay and gravel-sand ratios achieved by the wet-

sieving, alternative method and dry-sieving.  

 

The gravel and sand ratios were found to be in the range of 15%,7.5%, 22%, 39% 

and 82% for the samples of Konya_Küçükköy, Çorum_Karapınar, Çorum Kınık, 

Çorum Sarımbey and Manisa_Kemer, respectively. Their silt and clay ratios are the 

other remaining parts in the 100%. Konya_Küçükköy, Çorum_Karapınar, Çorum 

Kınık, and Çorum Sarımbey samples have considerably high silt-clay content in the 

range of 61%-93% (Figure 4.12). Particles above 63 µm of those samples were 

substantially composed of fine and medium sands, while they have coarse and very 

coarse sands, granules and pebbles about or below 1% and 2%. Those contents are 

present in dominantly high amounts in the range of 6% and 13% in the 

Manisa_Kemer sample which has 63 % sand content and 17% gravel content 

(granules and pebbles). 
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Figure 4.12 Particle size analyses of sands and gravels above 63 µm by the 

alternative method, wet-sieving and dry-sieving. 

 

4.2.2 Analyses of particle size below 63 microns 

The centrifuge sedimentation method was conducted on the separated particles 

below 63 µm for the particle size distribution analyses. The stereo microscope 

analyses indicated that the samples’ particle size below 1 µm is totally clay, and their 

particles between 1 µm and 2 µm consist of main clay and fine silt content in a small 

amount (Figure 4.32, Figure 4.33, Figure 4.34 and Figure 4.35). Therefore, the 

amount of clay content in the sample was considered to be found in particle sizes 

below 1 µm as a lower limit and below 2 µm as an upper limit. That is consistent 

with accepted levels at TS EN ISO 14688-1:2018 Turkish standard and the colloid, 

geology and soil sciences (TS EN ISO, 2018). 

The clay content below 1 µm and 2 µm were found to be in the range of 4.2%-13.5%, 

4.9%-9.7%, 2.1%-5.5% and 0.3%-0.6 % for the samples of Konya_Küçükköy, 



 

 

117 

Çorum_Karapınar, Çorum Kınık, Çorum Sarımbey and Manisa_Kemer, respectively 

(Figure 4.13 and Figure 4.14). Their silt ratios are between 71.5%-81%, 83%-88%, 

70.1%-75% and17.6%-18%, respectively. The highest clay content was present in 

all samples especially particle sizes between 1µm and 2 µm. The Konya_Küçükköy 

and Çorum_Karapınar samples had higher clay/Nano-clay content than the other 

samples as well and the highest silt content was found to be in the Çorum_Karapınar 

sample. On the other hand, the Manisa_Kemer sample had very limited clay content 

and it also had the lowest silt content. 

 

 
 

Figure 4.13 Analyses of particle size distribution below 63 µm by the centrifuge 

method. 
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Figure 4.14 Silt ratios for both between 1 µm and 63 µm and between 2 µm and 63 

µm; and clay ratios for both below 1 µm and 2 µm of the samples. 

 

As a result, the Manisa_Kemer sample was not appropriate for Nano-clay production 

from the adobe soil due to its too-low clay content of about 0.3% and 0.6%; therefore, 

it was eliminated. Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey were selected for the Nano-clay production due to their clay 

content in the range of 2.1%-13.5%. 

4.3 Enrichment of Nano-clay content in Natural Adobe Soil Resources and 

Nano-clay Content Assessment 

The Methylene blue (MB) tests were conducted to determine effective times for the 

mixing and ultrasonic treatments for the Nano-clay production. The CEC results of 

the Konya_Küçükköy soil sample indicated that the increment of the days to mix by 

the magnetic stirrer did not provide a noticeable increase (Figure 4.15). On the other 

hand, ultrasonic analyses increased the CEC values up to 4 hours for the 

Konya_Küçükköy sample having particle sizes below 4 μm. After determination of 
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effective times for the Konya_Küçükköy sample, the Çorum_Karapınar 

Çorum_Kınık and Çorum_Sarımbey samples having particle sizes below 4 μm were 

stirred by the magnetic stirrer during 1 day. They were treated with sonication 

analyses between 4 and 6 hours. 4 hours for the Çorum_Kınık and Çorum_Sarımbey 

samples and 5 hours for the Çorum_Karapınar sample provided to gain maximum 

CEC values in the ultrasonic bath (Figure 4.16). The difference between samples 

may be due to the higher gypsum presence in the Çorum_Karapınar sample that 

causes the flocculation of clay particles. As a result, the efficient time for the 

magnetic stirrer was found 1-day for all samples, and 4 hours was determined as the 

optimum time for ultrasonic treatment of Konya_Küçükköy, Çorum_Kınık and 

Çorum_Sarımbey samples, while 5 hours for the Çorum_Karapınar sample. 

 

 
 

Figure 4.15 CEC values of Konya_Küçükköy sample having particle sizes below 4 

μm. 
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Figure 4.16 CEC values of Konya_Küçükköy, Çorum_Karapınar, 

Çorum_Sarımbey and Çorum_Kınık samples having particle sizes below 4 μm. 

 

The CEC values of 5.2, 6, 9.5 and 10.7 meq/100 g were found for the untreated 

Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey 

samples, respectively, but after the treatment, those CEC values increased up to 38.8, 

35.3,31.6 and 31.3 meq/100 g, respectively (Figure 4.16). That treatment was 

provided to increase the CEC values of the samples up to 7.4, 5.9, 3.3 and 2.9 times. 

Among the untreated samples, the lower CEC values of Konya_Küçükköy having 

the highest montmorillonite content than Çorum_Karapınar Çorum_Kınık and 

Çorum_Sarımbey samples was due to the higher flocculation of clay particles in that 

samples. Together with the ultrasonic treatment, the dispersion of clay was provided, 

and the amount of clay in the samples was observed to be the most effective factor 

for their CEC values. After the treatment, the highest CEC value belonged to the 

Konya_Küçükköy sample having the highest clay amount in the range of between 

24.2 % and 37.6 %. The Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey 

samples had lower CEC values having direct relation to their clay amount in ranges 

of % 18.3 %-28.1 %, 7.9 %-21.2 % and 8.6 %-17.4 %, respectively. 
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The MB tests were executed on the Konya_Küçükköy sample to uncover the effects 

of ultrasonic treatment on the CEC value of the sample having increased weight and 

the sample including all particle sizes (Figure 4.17). Doubling the weight of the 

sample was observed to cause no change in CEC values for 4 hours. That result 

indicated that the change in the weight of the sample did not affect the optimum 

duration. The other MB tests were conducted to find out the effect of the use of 

samples including all particle sizes during the ultrasonic treatment. Those CEC 

values increased up to 7.5 times in the treated one in reference to the untreated one, 

as seen in between the treated and untreated samples having particle sizes below 4 

μm (Figure 4.17). In addition, the finding of lower value in the case of the 5-hour-

ultrasonic treatment showed that 4 hours was still valid as the optimum time. 

 

 
 

Figure 4.17 CEC values of Konya_Küçükköy sample having increased weight and 

the sample including all particle sizes. 

 

The optimum times specified for the soil samples below 4 µm by the methylene blue 

(MB) tests were found to be valid during the mixing and the ultrasonic treatment of 

adobe samples having all particle sizes and in higher amounts. The revisions on the 

test method of the Nano-clay production process of the samples prepared as adobe 
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soil were checked by the MB tests. Firstly, the effect of decreasing the amount of 

water till the ability to mix the soil sample in water by the magnetic stirrer and 

ultrasonic bath was uncovered by MB tests. The soil-to-water ratios of 1:4, 1:2 and 

1:1 by w.t were tested on the Konya_Küçükköy sample, respectively. In the case of 

the 1:1 ratio, the soil mixture could not be mixed due to its viscosity; therefore, it 

could not be tested. The CEC value of the soil sample having particles below 4 µm 

had a non-critical decrease from 38.8 meq/100g to 37.6 meq/100g in the case of the 

use of 1:2 for the soil-to-water ratio. Using the 1:4 ratio also results in a value of 38 

meq/100g (Figure 4.18). A little difference was found between the outcomes of the 

tests in 1:2 and 1:4 ratios. Then, the soil-to-water ratio of 1:2 was tested on 

Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey samples. The CEC values in 

the case of the use 1:2 ratio were found to be very similar to previously treated 

samples’ CEC values (the soil-to-water ratio 1:6). As a result, the use of 1:2 is 

selected as the optimum ratio for the production of the Nano-clay in the samples. 

 

 
 

Figure 4.18 CEC values of the Konya_Küçükköy, Çorum_Karapınar, 

Çorum_Kınuk and Çorum_Sarımbeysamples (particle sizes ˂4 µm) in cases of the 

sample having decreased water amount.  
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In the other revision, the optimum time for the laboratory mixer was determined by 

mixing the Konya_Küçükköy sample for one hour and three hours. Mixing in one 

hour resulted in 30.9 meq/100g in the MB test; on the other hand, mixing for three 

hours provided to achieve 37.7 meq/100g, which is very near to the CEC value 

achieved by mixing with the magnetic stirrer the whole day (Figure 4.19). Therefore, 

three hours was selected as the optimum time for mixing the samples. 

 

 
 

Figure 4.19 CEC values of the Konya_Küçükköy sample treated by laboratory 

mixer at different hours instead of the magnetic stirrer in cases of the sample 

including all particle sizes and particles below 4 µm. 

 

4.4 Performance assessment of Nano-clay riched adobe soil samples 

(Treated adobe soil samples) 

The evaluation of analyses on Nano-clay production by ultrasonic treatment in the 

Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey soil 

samples were given under the related sub-headings. 
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4.4.1 Laser Diffraction Particle Size Distribution Analyses 

Particle size distribution (PSD) analyses of treated and untreated samples were 

conducted by laser diffraction method to quantitively observe the change in Nano-

clay content in the soil samples. By the ultrasonic treatment, the increase in the 

number of particle sizes below 1 µm, namely clay content in all the samples, was 

proved by laser diffractometry analyses (Figure 4.20, Figure 4.21, Figure 4.22 and 

Figure 4.23). There were rises in clay and fine silts’ particles between 1 and 15 µm 

in the samples of Konya_ Küçükköy, Çorum_Kınık and Çorum_Sarımbey, while the 

particles between 1 and 5 µm remain same number in the Çorum_Karapınar sample. 

After those levels, sharp decreases seem in the graphs, namely particle size of 

medium and coarse sands and gravels were no longer observable in the treated 

samples. These results indicated that flocculated/agglomerated clay particles, and 

fine silts stuck to each other by clay particles and clay particles stuck to coarser 

aggregates were dispersed by ultrasonic treatment. 

 

 
 

Figure 4.20 PSD by laser diffractometry analyses conducted on treated and 

untreated Konya_Küçükköy samples. 
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Figure 4.21 PSD by laser diffractometry analyses conducted on treated and 

untreated Çorum_Karapınar samples. 

 

 
 

Figure 4.22 PSD by laser diffractometry analyses conducted on treated and 

untreated Çorum_Kınık samples. 
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Figure 4.23 PSD by laser diffractometry analyses conducted on treated and 

untreated Çorum_Sarımbey samples. 

 

The stereo microscope analyses demonstrated that the samples’ particle size below 

1 µm was totally clay, and their particles between 1 µm and 2 µm consisted of mainly 

clay and a little fine silt content. Therefore, the amount of clay content in the sample 

was considered to be found in particle sizes below 1 µm as a lower limit and below 

2 µm as an upper limit. By considering those limits, before the ultrasonic treatment, 

the amounts of clay contents were found to be in the ranges of 9.5%-15.6 %, 12.5 %-

19, 0 %-5 % and 4.3 %-9.9 % in the samples of Konya_Küçükköy, 

Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey, respectively (Figure 4.24). 

After the ultrasonic treatment, their clay contents rose to the ranges of 24.2 %-37.6 

%, 18.3 %-28.1 %, 7.9 %-21.2 % and 8.6 %-17.4 % (Figure 4.24). Those results 

showed that the soil samples had a clay content sufficient for, or very close to, the 

amount of clay required for adobe bricks, between 10% and 40% (Brown et al., 1979; 

Houben & Guillaud, 1994; Norton, 1997; Schwalen, 1935; Walker, 2001). 
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Figure 4.24 Clay ratios (particles below 1 µm and 2 µm) achieved by the laser 

diffractometry method. 

 

4.4.1.1 Comparison of Particle Size Distribution Methods 

The results of particle size distribution (PSD) analyses conducted on the untreated 

samples by three methods were compared. The first one was composed of the wet 

and dry-sieving and centrifuge method (W+D+C), the other one included the 

alternative method, the dry-sieving and centrifuge method (A+D+C), and the last one 

was the laser diffractometry method. The results of those methods were observed to 

have generally similar trends in the graphs in (Figure 4.25, Figure 4.26, Figure 4.27 

and Figure 4.28). Laser diffractometry is the most reliable method, and the results 

signalled the other two methods could be useable to get an overall idea about PSD. 

The results of the A+D+C and W+D+C methods were observed to be very near to 

each other in samples except for Çorum_Karapınar. On the other hand, the results of 

the A+D+C were more similar results to the ones achieved by laser diffractometry 

by comparison to the W+D+C method. The average difference between the results 

of the A+D+C method and the laser diffractometry method was found to be between 
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5.1 ± 5.2 % and 1.6 ± 2.24% in all samples. On the other hand, the difference between 

W+D+C and laser diffractometry methods was in the average difference range of 6.3 

± 5.1 % and 3.4 ± 4.3 %, higher differences were seen between them. 

The maximum variation was observed in the particle size range between 4 μm and 

63 μm between 13 % and 22 % in all samples in comparisons of those three methods. 

The maximum difference of 22 % in that particle size range was observed in the 

Çorum_Karapınar sample between the laser diffractometry and the W+D+C method. 

On the other hand, this difference was about 0.2 % when the analysis was conducted 

on this sample the A+D+C method. That extreme difference was due to the presence 

of the 3.4 % gypsum in the Çorum_Karapınar sample. Those results support that the 

A+D+C is more reliable for the sample including gypsum content (Pearson et al., 

2015).  
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Figure 4.25 PSD analyses conducted by the alternative method + dry- 

sieving+centrifuge, the wet and dry-sieving+centrifuge and the laser diffractometry 

methods on the Konya_Küçükköy sample. 
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Figure 4.26 PSD analyses conducted by the alternative method + dry-

sieving+centrifuge, wet and dry-sieving+centrifuge and laser diffractometry 

methods on the Çorum_Karapınar sample. 
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Figure 4.27 PSD analyses conducted by the alternative method + dry- 

sieving+centrifuge, the wet and dry-sieving+centrifuge and the laser diffractometry 

methods on the Çorum_Kınık sample. 
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Figure 4.28 PSD analyses conducted by the alternative method + dry- 

sieving+centrifuge, wet and dry-sieving+centrifuge and laser diffractometry 

methods on the Çorum_Sarımbey sample. 
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4.4.2 Scanning Electron Microscope (SEM) and Transmission Electron 

Microscopy (TEM) Analyses 

The treated and untreated Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey samples below 4 μm were analysed by the scanning electron 

microscope (SEM) to detect the effect of the ultrasonic treatment on the morphology 

of clay particles (Figure 4.29). Before the ultrasonic treatment, agglomerations of 

clay flakes forming larger particles were generally observed while after the 

treatment, as morphological change, a greater number of smaller aggregates of clay 

flakes seemed on their surface texture. 
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Figure 4.29 SEM images of the treated and untreated samples below 4 μm. 
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The treated and untreated clay particles in the Konya_Küçükköy sample were 

analysed by transmission electron microscopy (TEM) to confirm the dispersion of 

clay through the ultrasonic method. Before and after treatments, visible clay particles 

were marked with number codes (Figure 4.30 and Figure 4.31) on the TEM images, 

and approximate dimension measurements of the clay particles were conducted on 

those images. Coarser particles, clay-flocculants, were observed in the untreated 

sample, while the finer clay particles were in the treated one (Figure 4.30 and Figure 

4.31). The dimensions of clay particles in circle-shaped decreased from Ø140nm to 

Ø35nm, and the particles in square or rectangle-shaped diminished from 152x293 

nm to 28x70 nm on average. The results indicated that the surface area clay particle 

sizes became smaller between 1/16 and 1/20 of the untreated clay particles after the 

ultrasonic treatment. 

 

   

 

Figure 4.30 TEM images (METU Central Lab) of the untreated Konya_Küçükköy 

clay particles marked with number codes and their dimension table given below. 

Code  1 2 3 4 5 6 7 8 9 10 11 

Dimensions 
nm 

375x 
515  

211x 
877 

67x 
102 

413x 
441 

107x 
228 

32x35 
66x 
162 

Ø160 
127x 
142 

Ø143 
65x 
381 

Code  12 13 14 15 16 17 18 19 20 21 22 

Dimensions 
nm 

143x 
153 

Ø154 Ø163 Ø182 Ø80 
103x 
143 

Ø39 Ø198 Ø225 
92x 
194 

Ø56 
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Figure 4.31 TEM images (METU Central Lab) of the treated Konya_Küçükköy 

clay particles marked with number codes and their dimension table given below. 

 

4.4.3 Stereo Microscope Analyses 

Before and after the Nano-clay production by the ultrasonic treatment, the soil 

samples below 63 µm were examined by the stereo microscope (Leica Z16 APO A) 

to detect the presence of clay and silt in different particle size ranges (Figure 4.32, 

Figure 4.33, Figure 4.34 and Figure 4.35). While the silt minerals have shapes like 

spherical granules clay minerals have flake shapes due to their sheet-shaped mineral 

structures. The dispersed silt granules seemed in particles between 63 µm and 4 µm 

on the other hand, flocculated clay in compacted form started to be observed in 

particles below 4 µm. It was observed that particle sizes of samples in the range 

between 63 µm and 4 µm consist of silt; in the ranges between 4 µm and 2 µm and 

between 2 µm and 1 µm comprise of fine silt and clay; in the range between 1 µm 

Code  1 2 3 4 5 6 7 8 9 10 11 

Dimensions, 
nm 

Ø36 
43x 
70 

17x31 
21x 
43 

Ø11 Ø21 Ø35 Ø37 Ø38 60x61 Ø22 

Code  12 13 14 15 16 17 18 19 20 21 22 

Dimensions, 
nm 

Ø8 11x13 Ø106 Ø11 16x23 Ø58 Ø33 Ø61 
30x 
290 

29x34 Ø13 
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and 0.5 µm compose of clay. The only clay content can be observed in the particle 

size below 1 µm.  

After the treatment, the silt content was found to seriously increase in particles 

between 2 μm and 4 μm compared to the content before the ultrasonic treatment. As 

in the samples before treatment, the presence of mixed fine silt and clay in the particle 

sizes between 2 µm and 1 µm, and the clay-only contents present in the particle sizes 

below 1 μm were observed to be in those samples after the treatment. The results 

indicated the clay particles stuck on the fine silts that are between 1 μm and 4 μm 

were dispersed by ultrasonic energy. As a result, the clay content of the treated 

samples whose particle size distribution conducted by laser diffraction and centrifuge 

methods was accepted according to two scales; one including particles below 2 µm 

(in geology and soil science and Turkish standards) and the other one comprising the 

sizes below 1 µm (colloid science). 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

138 

 

Figure 4.32 Photographs of the untreated Konya_Küçükköy and Çorum_Karapınar 

samples in the particle size range below 63 µm were taken by stereo microscope 

(Leica Z16 APO A).  
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Figure 4.33 Photographs of the untreated Çorum_Kınık and Çorum_Sarımbey 

samples in the particle size range below 63 µm were taken by stereo microscope 

(Leica Z16 APO A).  
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Figure 4.34 Photographs of the treated Konya_Küçükköy and Çorum_Karapınar 

samples in the particle size range below 63 µm were taken by stereo microscope 

(Leica Z16 APO A).   
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Figure 4.35 Photographs of the treated Çorum_Kınık and Çorum_Sarımbey 

samples in the particle size range below 4 µm were taken by stereo microscope 

(Leica Z16 APO A).  
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4.4.4 Simulation Analyses: MAUD  

The relative ratios of montmorillonite, kaolinite, illite and chlorite clay minerals to 

each other and the other minerals in untreated soil samples below 4 µm were 

approximately determined by MAUD software (version 2.99) (Figure 4.36). All 

minerals found by XRD tests on the soil samples below 63μm were defined in 

MAUD simulation analyses. During the clay ratio calculation by the simulation 

analyses, some acceptations were conducted: 

⎯ The percentages of calcite (CaCO3) of 6.2 %, 5.9 %, 6.9 % and 5% (Table 

4.9) in the Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey soil samples, respectively, were studied to achieve during 

the calculations. Those percentages were defined by LOI tests conducted on 

the untreated soil samples below 4 µm.  

⎯ The main peak heights of clay minerals achieved in XRD analyses were taken 

into consideration to find a clue about which clay type has a higher amount 

than the others. That comparison was used to check the simulation analysis 

results.  

The Konya_Küçükköy sample had mainly montmorillonite, swelling clay type, 

about 26.1%. On the other hand, in the Çorum_Karapınar sample, kaolinite and 

chlorite, non-swelling clays of about 24.3% and 20.8 % were predominantly found 

and its montmorillonite content was 0.7%, too little. The Çorum_Sarımbey sample 

also had a limited amount of montmorillonite, 2.6%, which was lower than the 

kaolinite, illite and chlorite clay which are each about 11%. Çorum_Kınık has higher 

montmorillonite and kaolinite clay contents, 7.9 % and 8.4%, respectively than the 

other types of clays. 
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Figure 4.36 Clay ratios in the untreated soil samples having a particle size below 4 

µm achieved by the simulation analyses. 

 

4.4.5 Supportive Analyses on Composition of Soil Samples 

The X-ray fluorescence (XRF), spectrophotometry test and X-ray diffraction (XRD) 

analyses were conducted to achieve detailed data about the composition of adobe soil 

to determine its effect on the Nano-clay production from the soil. 

4.4.5.1 X-ray fluorescence (XRF) Analyses 

The elemental composition of the samples, including all particle sizes, was 

determined by X-ray fluorescence (XRF) to check the samples' minerals previously 

defined by XRD analyses. (Table 4.7).  
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Table 4.7 Elements found by XRFs instrument and minerals determined by XRD. 

 

 

 

The elements mainly found by XRF are silicon dioxide (SO2), alumina oxide 

(Al2O3), magnesium oxide (MgO), calcium oxide (CaO), iron oxide (Fe2O3) and 

carbon dioxide (CO2). The other minerals detected are sulphide (SO3), potassium 

Kaolinite Illite Chlorite Montmorillonite Goethite Feldspar Quartz Diopside Gypsum Calcite

Al2Si2O5(OH)4 

(K,H)Al2(Si,A

l)4O10(OH)2X

H2O

(Mg, Fe, 

Al)6(Al, 

Si)4O10(OH)8 

(Ca,Na,H)(Al,Mg,

Fe,Zn)2(Si,Al)4O10

(OH)2 XH2O

FeO(OH)

(KAlSi3O8,  

NaAlSi3O8, 

CaAl2Si2O8)

SiO2 MgCaSi CaSO4·2H2O CaCO₃

SiO2 42.5 + + +

Fe2O3 6.5 + +

Al2O3 16.1 + +

CaO 10.7 + + +

MgO 2.82 +

SO3 0.19

K2O 2.2 +

Na2O 0.43 + +

P2O5 0.155

TiO2 0.75

CO2 17.2

Cl 0.049

SiO2 39.2 + + + + + + +

Fe2O3 7.79 + + +

Al2O3 15.1 + + + + +

CaO 10.1 + + + + +

MgO 4.67 + + + +

SO3 3.36 +

K2O 2.56 +

Na2O 1.12 +

P2O5 0.19

TiO2 1.07

CO2 14.1

Cl 0.43

SiO2 44.4 + + + + + + +

Fe2O3 8.34 + + +

Al2O3 15.2 + + + + +

CaO 8.31 + + + + +

MgO 5.19 + + +

SO3 0.11

K2O 2.28 +

Na2O 0.85 +

P2O5 0.19

TiO2 1.09

CO2 13.7

Cl 0.05

SiO2 45.9 + + + + + +

Fe2O3 8.2 + +

Al2O3 15.3 + + + +

CaO 7.91 + + + + +

MgO 5.19 + +

SO3 0.29

K2O 2.27 +

P2O5 0.29

Na2O 1.06 +

TiO2 1.13

CO2 12.1

Cl 0.049

Minerals found  in the samples by XRD
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oxide (K2O), sodium oxide (Na2O), phosphor pentoxide (P2O5), titanium oxide 

(TiO2) and chloride (Cl). The elements determined by XRF supported the minerals 

found by XRD in the samples below 63 µm (Figure 4.1, Figure 4.3, Figure 4.4 and 

Figure 4.5). The presence of calcite in all samples was proved by XRD and XRF 

measurements. The samples have CaO content between 6% and 10%. The highest 

CaO content was found in the Konya_Küçükköy sample. Gypsum content in the 

Çorum_Karapınar sample detected by XRD was supported with the element SO3 in 

3.36 % found by XRF analyses. The SO3 element in the other samples was found in 

a limited amount between 0.11% and 0.29 %. In addition, the presence of Cl and 

P2O5 found by XRF was also supported by the salt spot test detecting the phosphate 

chloride salts. 

4.4.5.1 Spectrophotometry Test 

The soil samples were found to be in dark brown and yellowish-dark brown colours 

by the spectrophotometer (Table 4.8). The presence and proportion of goethite in the 

samples can be determined by the yellowish hue in their colours (Scheinost & 

Schwertmann, 1999). The more yellowish hue was observed in the Çorum_Kınık 

and Çorum_Sarımbey samples in comparison to other samples that are supported by 

the XRF results including the highest ratio of iron/goethite minerals.  

 

Table 4.8 Colour properties of the samples determined by the spectrophotometer. 
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4.4.5.2 X-ray diffraction (XRD) Analyses  

The samples’ particle sizes below 4 µm were analysed by XRD analyses to search 

for the presence of calcite, Nano-calcite and pozzolanic amorphous minerals in the 

clay and silt content. The samples’ particles below 63 µm had been analysed by XRD 

analyses to specify their clay minerals. The predetermined clay types were observed 

in the samples’ different particle size ranges below 4 µm. The calcite and the Nano- 

calcite (CaCO3) peaks were detected in all samples below 4 µm particle sizes (Figure 

4.37, Figure 4.38, Figure 4.39 and Figure 4.40). The most dominant calcite peaks 

were in the Çorum_Kınık samples' particle size between 0.05 µm and 0.25 µm. That 

signalled the presence of the highest amount of Nano-calcite in the Çorum_Kınık 

sample among all samples. The Çorum_Karapınar and Çorum_Sarımbey samples 

also were observed to have very high calcite peaks at that particle size range. The 

amounts of calcite and Nano-calcite contents in the samples’ particle sizes below 

4µm were found to be between 5 % and -6.9 % by the loss on the ignition (LOI) test 

(Table 4.9). The highest Nano-calcite content in particle sizes below 4 µm was also 

determined to be in the Çorum_Kınık sample. 

The results of XRD analyses showed that the pozzolanic amorphous mineral of Opal 

A was found in the Çorum_Karapınar and Çorum_Sarımbey samples. That is 

consistent with the pozzolanic activity test results (Table 4.6). The broad bands of 

Opal A in the XRD patterns of the samples were observed in particle sizes below 

0.25 µm. The literature data also indicates that Opal A in the soil is present mainly 

at the sizes of particles below 0.5 µm (Drees et al., 2018).  
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Figure 4.37 XRD patterns of Konya_Küçükköy sample below 4µm (M: 

Montmorillonite; I-MI: Illite-Mica; C: Calcite).  
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Figure 4.38 XRD patterns of Çorum_Karapınar sample below 4µm (M: 

Montmorillonite; CH: Chlorite; I-MI: Illite-Mica; K: Kaolinite; C: Calcite).  
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Figure 4.39 XRD patterns of Çorum_Kınık sample below 4µm (M: 

Montmorillonite; CH: Chlorite; I-MI: Illite-Mica; K: Kaolinite; C: Calcite). 
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Figure 4.40 XRD patterns of Çorum_Sarımbey sample below 4µm (M: 

Montmorillonite; I-MI: Illite-Mica; K: Kaolinite; C: Calcite).  
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Table 4.9 The CaCO3 content achieved by the loss on ignition (LOI) test in the 

samples below 4µm. 

 

Sample CaCO3, % 

Konya_Küçükköy 6.2 

Çorum_Karapınar 5.9 

Çorum_Kınık 6.9 

Çorum_Sarımbey 5.0 

 

4.4.6 Consistency Limits and Linear Shrinkage Ratio Analyses 

Consistency (Atterberg) limits and linear shrinkage ratios of treated and untreated 

Konya_Küçükköy, Çorum_Kınık, Çorum_Karapınar and Çorum_Sarımbey samples 

were shown in Casagrande plasticity chart and the tables to observe the effect of the 

produced Nano-clay on the performance of the soil sample (Figure 4.41, Table 4.10, 

Table 4.11 and Table 4.12 ).  

 

 
 

Figure 4.41 Atterberg limit values of untreated and treated Konya_Küçükköy, 

Çorum_Kınık, Çorum_Karapınar and Çorum_Sarımbey samples in Casagrande 

plasticity chart, and the proper range for the adobe soil shown in yellow colour. 
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Table 4.10 Atterberg limit values and types of untreated soil samples. 

 

Sample LL, % PL, % PI, % Type of soil 

Konya_Küçükköy 39.8 23.4 15.4 

Inorganic clays 

(CL) with medium 

plasticity 

Çorum_Karapınar 37.8 20.31 17.4 

Inorganic clays 

(CL) with medium 

plasticity 

Çorum_Kınık 26.6 13.6 13 

Inorganic clays 

(CL) with medium 

plasticity 

Çorum_Sarımbey 23 17.02 5.98 

Inorganic clays 

(CL) or Inorganic 

silts (ML) with 

low plasticity 

 

Table 4.11 Atterberg limit values of treated Konya_Küçükköy, Çorum_Karapınar 

Çorum_Kınık and Çorum_Sarımbey samples. 

 

Sample  LL, %  PL, % PI, % Type of soil 

Konya_Küçükköy 42.6 26.4 16.2 

Inorganic silt; 

(ML) or Organic 

clay/ Organic silt 

(OL) with medium 

plasticity 

Çorum_Karapınar 41.1 24.1 19.1 

Inorganic clays 

(CL) with medium 

plasticity 

Çorum_Kınık 31.5 15.9 15.6 

Inorganic clays 

(CL) with medium 

plasticity 

Çorum_Sarımbey 25.8 17.2 8.6 

Inorganic silts 

(CL) with low 

plasticity 
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Table 4.12 Linear shrinkage ratios of the soil samples. 

 

Sample 

Linear Shrinkage ratio, % 

Before 

Treatment 

After 

Treatment    

Konya_Küçükköy 17.1 21 

 

Çorum_Karapınar 10.7 14.3 

 

Çorum_Kınık 8.6 11.4 

 

Çorum_Sarımbey 5 8.6 

 
 

The results of the Atterberg limit and linear shrinkage (LS) ratios of the untreated 

samples were summarised below: 

• The samples of Çorum_Karapınar and Konya_Küçükköy were positioned in 

the proper ranges for the adobe soil in the Casagrande chart, and they had the 

classification of the inorganic clays having medium plasticity, while the 

Çorum_Kınık and Çorum_Sarımbey samples were not found to be proper as 

adobe soil. 

• The LL values of the samples ranged from 23 % to 39.8 %, which indicated 

low and medium plasticity. The LL values of Çorum_Karapınar and 

Konya_Küçükköy samples were found 37.8 % and 39.8%, respectively, 

which are in acceptable ranges of 31%–50% (Delgado & Cañas, 2007; 

Houben & Guillaud, 1994). 

• The PI values of the samples ranged from 5.98 % to 17.4 %, which indicated 

low and medium shrinkage potential. The achieved PI values signalled that 

those soil samples could have volumetric shrinkage and swelling at low to 

medium levels when they get wet and dry. 
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• In the LS ratio test, the Konya_Küçükköy-only sample was observed to 

break. 

• The LS ratios of the samples of Çorum_Karapınar and Konya_Küçükköy 

were found to be higher than the other ones, while the Çorum_Sarımbey 

sample has the lowest ratio. That shows the higher plasticity properties of 

Konya_Küçükköy and Çorum_Karapınar result in having higher linear 

shrinkage potential. Those data are compatible with the shrinkage potential 

of the samples in the Casagrande plasticity chart. 

• The LS ratios of Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık 

samples were determined to be above the critical level of 8% (Dawson et al., 

1956). 

 

The results of the Atterberg limits and LS ratios of the treated samples were 

summarised below: 

• The Atterberg limits and LS ratios of all samples increased since the specific 

surface area of the clay contents in all samples increased by the treatment for 

the Nano-clay production. 

• The Atterberg limits and LS ratios of the samples from the highest to lowest 

are Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey, respectively, directly related to the amount of clay 

contents.  

• The Atterberg limits of Konya_Küçükköy, Çorum_Karapınar and 

Çorum_Kınık samples fell into the proper region for the adobe in the 

plasticity chart, but the Çorum_Sarımbey sample was still found not to be 

proper as adobe soil. 

• The LL values of Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık 

samples were found in the range of 31.5% and 42.6% which are in acceptable 

ranges of 31%–50% for the adobe and were determined to have medium 

plasticity (Delgado & Cañas, 2007; Houben & Guillaud, 1994). In addition, 
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the LL value of the Çorum_Sarımbey sample was determined as 25.8% 

indicating low plasticity property. 

• The PI values of the Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık 

samples ranged from 11.7% to 19.1 %, which indicated medium shrinkage 

potential, while the PI values of the Çorum_Sarımbey sample was found to 

be as 8.6%. The achieved plastic index values signalled that the 

Çorum_Sarımbey sample had a higher potential to tolerate excessive 

swelling and shrinkage when they got wet and dry compared to 

Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık soil samples.  

• The LS ratios of the samples were found to be in the range of 8.6%-21% 

which was above the critical level of 8% (Dawson et al., 1956); therefore, 

cracking problems may occur in adobe samples. The LS ratios of the samples 

from the highest to lowest were compatible with the shrinkage potential of 

the samples in the Casagrande plasticity chart. 

In brief, after the Nano-clay production by the ultrasonic treatment, the proper 

soil samples of Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık were 

selected for advanced laboratory analyses since they had adequate Atterberg limit 

values for adobe soil despite of their higher linear shrinkage ratios than the 

acceptable values. On the other hand, the Çorum_Sarımbey sample still did not 

have proper characteristics in terms of its Atterberg limit even after the treatment; 

therefore, it was eliminated, despite its high pozzolanic properties. 

4.5 Performance assessment of Nano-clay riched adobe product samples 

(Treated adobe samples) 

The performance results of adobe samples produced from treated and untreated 

Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık soils were given under the 

related sub-headings. 
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4.5.1 Basic Physical Tests 

The bulk density (dry density) values were found to be in the ranges of 1.51-2.06 

g/cm3, 1.45-2.25 g/cm3 and 1.26-1.92 g/cm3 for the Konya_Küçükköy, 

Çorum_Karapınar and Çorum_Kınık samples, respectively. The particle density 

values are in the ranges of 2.63-2.70 g/cm3, 2.57-2.61 g/cm3, 2.59-2.69 g/cm3, and 

their porosity values are between 22.2-42.4 %, 12.4-43.4 % and 25.6-51.3%, 

respectively (Figure 4.42).  

 

 
 

Figure 4.42 Particle density, bulk density (dry density) and porosity values of the 

adobe samples. 

 

4.5.2 Water Vapour Permeability Tests 

The water vapour resistance factor (µ, unitless) values of Konya_Küçükköy, 

Çorum_Karapınar and Çorum_Kınık samples were found to be in the ranges of 

14.35-21.85, 11.48-33.80 and 7-17.48, respectively (Figure 4.43). Their equivalent 
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air thickness of water vapour permeability (SD, m) values are between 0.29-0.41m, 

0.26-0.78m and 0.15-0.35m, respectively.  

 

 
 

Figure 4.43 The water vapour resistance factor (μ, unitless) and water vapour 

diffusion equivalent air layer thickness (SD, m) values of the adobe samples. 

 

4.5.3 Mechanical Tests 

All data on the compressive and flexural strengths of the samples were given in Table 

4.13 and their mean values were shown in Figure 4.44 and Figure 4.45. The mean 

values of compressive strengths found for untreated, treated, treated ones including 

Nano-CaO and treated ones including CaOH2 were in the ranges of 2.81-6.94 MPa, 

5.17-8.18 MPa, 2.92-8.72 MPa and 0.49-1.44 MPa, respectively, for the 

Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık samples. The mean values 

of flexural strengths for those samples were determined in the ranges of 0.14-0.31 

MPa, 0.3-0.53 MPa, 0.16-0.43 MPa, and 0.03-0.08 MPa, respectively.  
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Table 4.13 All data on the compressive and flexural strengths of the samples.  

 

Sample 
Compressive strength, MPa Flexural Strength, MPa 

A B C STD A B C STD 

KuU 6.65 6.94 6.88 0.15 0.27 0.23 0.26 0.02 

KuT 7.33 9.52 7.68 1.18 0.30 0.30 0.16 0.08 

KuTN 8.38 9.17 8.61 0.40 0.16 0.18 0.14 0.02 

KuTC 1.44 1.56 1.46 0.07 0.12 0.06 0.05 0.04 

KaU 6.18 7.93 6.69 0.90 0.33 0.30 0.28 0.02 

KaT 8.31 7.06 7.61 0.63 0.57 0.53 0.48 0.05 

KaTN 5.83 5.92 7.22 0.78 0.46 0.43 0.41 0.03 

KaTC 1.03 1.11 1.19 0.08 0.06 0.07 0.06 0.01 

KıU 2.63 2.72 3.09 0.24 0.14 0.17 0.13 0.02 

KıT 5.03 6.34 4.14 1.11 0.36 0.39 0.33 0.03 

KıTN 2.33 3.78 2.64 0.76 0.20 0.21 0.18 0.02 

KıTC 0.47 0.53 0.47 0.03 0.03 0.03 0.02 0.01 

 

 
 

Figure 4.44 The mean values of compressive strength found for the samples. 
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Figure 4.45 The mean values of flexural strength values found for the samples. 

 

4.5.4 Capillary Water Absorption Tests 

The cumulative capillary water absorption values as a function of the square root of 

time were plotted in Figure 4.46 and the mean capillary water absorption coefficient 

values (A-value) are shown in Figure 4.47. The mean A-values in various units of 

the samples were also given in Table 4.14 to be able to evaluate the literature data 

on the capillary water absorption coefficient of adobe samples (Table 2.11). 

The mean capillary water absorption values were found to be for Konya_Küçükköy 

samples’ untreated, treated, treated one including Nano-CaO and treated one 

including CaOH2 as 26.8±12 kg/m2, 28.5±15.7 kg/m2, 36.2±18.5 kg/m2 and 

38.7±16.1 kg/m2, respectively. The values were determined as; 21.5±15.2 kg/m2, 

22.4 ±16.3 kg/m2, 22.5 ±13.7 kg/m2 and 23.9±12.8 kg/m2, respectively, for 

Çorum_Karapınar sample, and 22±12.1 kg/m2, 21.5 ±10.2 kg/m2, 23.7±9.9 kg/m2 

and 34.4±14.7 kg/m2, respectively, for the Çorum_Kınık sample. The A-values are 
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in the ranges of 0.39-0.59 kg/m2.sec, 0.28-0.34 kg/m2.sec, 0.28-0.52 kg/m2.sec for 

the Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık samples, respectively.  

 

 

 

 
 

Figure 4.46 Capillary water absorption values of Konya_Küçükköy (at the top), 

Çorum_Karapınar (at the middle), and Çorum_Kınık samples (at the bottom). 
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Figure 4.47 Mean capillary water absorption coefficient values (A-value) of the 

Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık samples. 

 

Table 4.14 The capillary water absorption coefficient values (A-values) in various 

units of the samples. 

 

Sample 
Capillary water absorption coefficient values (A-value) 

kg/m2.min 0.5 g/cm2.sec.100-3 kg/m2.min 

KuU 3.09 0.79 0.47 

KuT 3.05 0.72 0.43 

KuTN 4.04 1.02 0.61 

KuTC 4.56 1.21 0.73 

KaU 2.15 0.49 0.29 

KaT 2.19 0.48 0.29 

KaTN 2.39 0.58 0.35 

KaTC 2.66 0.67 0.40 

KıU 2.39 1.18 0.71 

KıT 2.42 1.19 0.72 

KıTN 2.82 1.22 0.73 

KıTC 4.06 1.78 1.07 
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4.5.5 Scanning Electron Microscope (SEM) Analyses 

The SEM analyses were conducted on Konya_Küçükköy and Çorum_Karapınar 

adobe samples (Figure 4.48 and Figure 4.49 as a supportive test for their 

morphological and raw material characteristics. Larger pores were observed in the 

untreated Konya_Küçükköy adobe sample while the ones in smaller sizes were seen 

in the treated and treated one including the Nano-CaO adobe sample which was 

consistent with the result of the bulk density values of that adobe sample. The 

presence of the flocculated clay association having edge-to-edge and edge-to-face 

connections and aggregated clay particles having face-to-face connections could be 

observed together in untreated Konya_Küçükköy sample and treated 

Çorum_Karapınar adobe sample including Nano-CaO. The aggregated clay particles 

could be seen in Konya_Küçükköy adobe samples treated one and treated one 

including Nano-CaO as well as in the treated Çorum_Karapınar adobe sample. In 

addition, opal A, a natural pozzolan mineral, was detected in the untreated 

Çorum_Karapınar sample. That visually proved the results of XRD and pozzolanic 

activity tests.  
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Konya_Küçükköy-Untreated A: Clay Particles 

  

Konya_Küçükköy-Treated B: Clay Particles 

   

Konya_Küçükköy-Treated+Nano CaO  C: Clay Particles 

   

 

Figure 4.48 The SEM analyses conducted on Konya_Küçükköy adobe samples. 
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Çorum_Karapınar-Untreated A:Opal A 

   

Çorum_Karapınar-Treated B: Clay Particles 

   

Çorum_Karapınar-Treated+Nano CaO  C: Clay Particles 

  

 

Figure 4.49 The SEM analyses conducted on Çorum_Karapınar adobe samples. 
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CHAPTER 5  

5 DISCUSSION 

In this section, the overall data of conducted analyses and literature knowledge are 

interpreted together in detail under respective subheadings. Firstly, the properties of 

soil/clay samples were evaluated in terms of their sufficiency to be used for the Nano-

clay production and adobe sample. Then, during the Nano-clay production by 

ultrasonic treatment, the criteria affecting Nano-clay production were uncovered. 

Later on, the treated adobe soils having the enriched Nano-clay contents were 

evaluated if they were proper for the adobe material or not. In the last part, the 

performance results of prepared some adobe mixtures by using natural adobe soil 

and Nano-clay riched adobe soil with some additives of Nano-CaO and Ca(OH)2 

were discussed combined and comparatively according to recommended levels and 

related literature data. 

5.1 Performance Assessment of Adobe Soil Resources  

The adobe soil samples were collected from Çorum, Eskişehir, Konya and Manisa 

which represent the adobe soil/clay resources used in their regions for long periods 

in adobe building material production. According to field test results, the soil 

samples’ compositions include high or low amounts of clay contents but they are not 

in the proper region for the adobe in the soil texture triangle which the RILEM 

defines. On the other hand, that is not taken as a criterion for the selection of soil 

samples for the stage of Nano-clay production from the soil since the adobe soil is a 

field-dependent material and there is no one standard or optimisation in the particle 

size distribution. Therefore, all collected soil samples continued to be analysed 

through laboratory analyses. 
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All soil resources are located where lake basins existed during the Neogene period 

(Alkaç & Koral, 2022; de Ridder, 1965; Kadir & Karakas, 2002; Varol et al., 2002; 

Yeniyol, 2012). The salts of carbonate (present in e.g. limestone), sulphate (present 

in e.g. gypsum) and chloride (present in e.g. sodium chloride or potassium chloride) 

generally found in lake deposits are observed in the collected samples. Those soluble 

salts decrease the durability and mechanical performance of adobe since they cause 

deterioration such as shrinkage cracks and crumbling of the adobe soil (Clifton et al., 

1979). On the other hand, the presence of calcite and gypsum up to a certain limit in 

adobe improves the mechanical strength such as compressive strength and shear 

strength, water resistance and control the volume stability. The presence of carbonate 

in all samples supports the finding of calcium carbonate/calcite (CaCO3) and 

dolomite (CaMg (CO₃)₂) by the LOI and XRD analyses. The highest calcite contents 

are found in Eskişehir_Sazak and Eskişehir_Sorkun samples. The following one, the 

Konya_Küçükköy sample, has about 9.2% calcite content which falls into the range 

of 9-27% detected in the adobe samples used in Çatalhöyük (Love, 2012). The 

phosphate, nitrate and nitrate salts pointing out the existence of decomposed organic 

materials (Dar et al., 2017) are found in all samples except the Eskişehir_Sorkun 

sample which is consistent with the LOI test results. The only Konya_Küçükköy 

sample was found to be higher than the 2% recommended level of organic content 

for the adobe material (Uğuryol & Kulakoglu, 2013). The Manisa_Kemer and the 

Eskişehir_Sorkun samples have the advantage in terms of the having least types of 

soluble salt and organic content.  

Pozzolanic properties that contribute to the mechanical strengths and water 

impermeability of the adobe are considerably higher in the Çorum_Karapınar and 

Çorum_Sarınmbey samples than the others and the natural pozzolan such as Opal A 

is also detected in only those two samples. As well as the Eskişehir_Sorkun has the 

lowest pozzolanic activity value. 

At the starting stage of the study, the presence of kaolinite and illite minerals was 

searched in the clay content of the soil samples for the adobe material by XRD 

analyses. Those clay types having non or limited-swelling and -shrinkage potentials 
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are in Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık, Çorum_Sarınmbey and 

Manisa_Kemer samples. On the other hand, the asbestos minerals causing lung 

cancer disease are detected in the Eskişehir_Sorkun sample. The Eskişehir_Sazak 

sample has sepiolite clay as a main content resulting in excessive swelling and 

shrinkage problems. That causes serious crack problems inappropriate for the adobe 

construction materials. The Eskişehir_Sorkun and Eskişehir_Sazak samples were 

eliminated due to their inappropriate clay types, although they have properties such 

as high calcite contents and soluble salts and organic content in the least amount. 

According to the particle size distribution analyses conducted in the laboratory to get 

an overall idea about the collected samples, the Konya_Küçükköy, 

Çorum_Karapınar and Çorum Kınık samples have higher ratios in the range of 79% 

and 97% silt-clay content than the recommended ranges in between 25% and 70%. 

In addition, they have lower gravel-sand content in the range of 7.5% and 22% lower 

than recommended levels of between 30% and 75% (Table 2.6). On the other hand, 

Çorum_Sarımbey has clay-silt and gravel-sand ratios in the proper range. The 

Manisa_Kemer sample having inadequate clay-sit content includes too high a ratio 

of gravel-sand at 82 % than the recommended ranges. According to the soil texture 

triangle, Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık samples have the 

soil texture of silty-clay loam, while the Çorum_Sarımbey sample has the texture of 

silt loam, and the Manisa_Kemer sample has loamy sand that refers considerable 

high gravel-sand content (Figure 2.14). Those results are consistent with the field 

soil test results for the Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık, and 

Çorum_Sarımbey samples, as well as a similar result for Manisa_Kemer sample 

found as the sandy loam. In addition, some studies have consistent results belonging 

to the soil samples collected from Çumra and Çatalhöyük near sites of Küçükköy, 

indicating that they have silty-clay texture (A. Erol et al., 2015; Love, 2012).  

The study focused on the clay type and amount of clay content to evaluate the 

potential of Nano-clay production to be able to reach the defined range between 10% 

and 40% for the clay content (Table 2.6). The Konya_Küçükköy, and 

Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey samples with the ranges of 
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4.2%-13.5%, 4.9%-9.7%, 2.7%-7.6% and 2.4%-5.5%, respectively, include 

montmorillonite clay type having high dispersion characteristics together with the 

other types of, illite-mica, kaolinite and chlorite clays; therefore, they have reached 

or have potential to reach the recommended level for the clay content. On the other 

hand, the Manisa_Kemer sample has too low clay content of about 0.3%-0.6 % and 

has the halloysite (kaolinite) and illite clay types that have less dispersion potential. 

Therefore, The Manisa_Kemer sample was eliminated since it has insufficient clay 

content to be able to catch the recommended level for the clay content even after 

Nano-clay production. 

The Eskişehir_Sorkun soil sample absolutely should not be used as adobe material 

or direct usage as a construction material. The Eskişehir_Sazak sample including 

mainly sepiolite clay can be used as an additive in cement-based construction 

materials to improve their binding and fire resistance characteristics and it can also 

be used as a layer at roof or foundation components to control water leakage by its 

high adsorption capacity and low permeability (Abbaslou et al., 2023; Gure, 2016). 

In addition, there is a need for clay additive to use the Manisa_Kemer sample for the 

adobe construction material. 

The Konya_Küçükköy and Çorum_Karapınar, Çorum_Kınık and Çorum_Sarımbey 

samples were selected for the Nano-clay enrichment from the adobe soil. On the 

other hand, for the advanced laboratory analyses on adobe samples, the 

Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık soil samples were selected 

since they have adequate Atterberg limits of LL and PI values for adobe soil, after 

the Nano-clay enrichment by the ultrasonic treatment. The Konya_Küçükköy and 

Çorum_Karapınar samples have adequate LL and PI values before the treatment, 

while Çorum_Kınık is only found to have sufficient for those values after the 

treatment. The Çorum_Sarımbey sample did not achieve those values even after the 

treatment; therefore, it was eliminated, despite its high pozzolanic properties. The 

improvement achieved by the Nano-clay enrichment by the treatment in the 

Çorum_Kınık sample points to the way that some improper soil samples can be used 

as adobe soil after that treatment. That provides the local adobe soil resources to be 
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used more efficiently and increases the interest of the construction industry in 

qualified adobe production technology. 

The last selected three samples have different combinations of clay contents. The 

effect of the enrichment in different Nano-clay types on adobe performance is 

observed in this way.  

The Konya_Küçükköy sample has the main montmorillonite clay type together with 

the kaolinite and illite. That sample has the highest produced Nano-clay through its 

high amount of montmorillonite. The Çorum_Karapınar sample has the highest 

pozzolanic characteristics among the collected samples, and its main clay content is 

kaolinite beside chlorite, illite and very limited montmorillonite resulting in the least 

Nano-clay production among the three samples. The results of the enrichment in the 

Nano-clay of the non-swelling or limited swelling clay types of kaolinite, chlorite 

and illite provide volume stability and crack control. The Çorum_Kınık sample has 

mainly montmorillonite and kaolinite clay types, as well as illite and chlorite. The 

near amounts of montmorillonite and kaolinite can contribute to balancing the adobe 

sample performance. Although the Nano-clay amount seriously increases in the 

sample after the treatment, volume stability of the adobe can be also provided. 

5.2 Potentials and Limitations of the Examined Adobe Soil Resources for 

Nano-clay Production 

The data achieved on the representative samples of local adobe soil resources 

collected from Konya_Küçükköy and Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey adobe soil resources is discussed here. The joint interpretation of 

the data focuses on uncovering whether the adobe soil samples are suitable for the 

Nano-clay content enrichment process, and how effective is the soil resource in this 

regard. For that purpose, the potentials and limitations of the adobe soil resources 

were assessed in terms of clay content and Nano CaCO3 content in the composition 

of adobe soil resources, pozzolanic activity, consistency limit (plastic and liquid 
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limits and plastic index) and linear shrinkage ratio. The discussions based on these 

selection criteria are summarized under respective subheadings. 

5.2.1 The Effects of Pozzolanic Activity and CaCO3 Content on Nano-

clay Production  

The data of the pozzolanic activity, CaCO3 content and clay contents (existing clay 

and produced Nano-clay) in the soil samples is shown in Figure 5.1. The pozzolanic 

activity values of the Çorum_Karapınar and Çorum_Sarımbey samples are 

significantly higher than the other samples. On the other hand, the calcite (CaCO3) 

content below 4 µm of the Çorum_Kınık sample is slightly higher than the other 

samples. The pozzolanic characteristics and CaCO3 content of the samples are 

observed not to be directly proportional to the Nano-clay production.  

 

 
 

Figure 5.1 The graph showing the relation between the existing and produced 

Nano-clay/clay content below 1 µm and 2 µm and their pozzolanic activity values 

and CaCO3 contents below 4 µm. 
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5.2.2 The Effects of Atterberg Limits on Nano-clay Production  

The data of Atterberg limits-linear shrinkage ratio and the ratios of clay contents 

(existing clay and produced Nano-clay) in the soil samples are shown in Figure 5.2 

and Figure 5.3. The relationship is not observed between the Nano-clay production 

and Atterberg limits of the untreated and treated samples. On the other hand, the total 

clay content composed of the existing clay content and produced Nano-clay (particle 

size below 2 µm) of the samples are observed to be generally directly proportional 

to LS (linear shrinkage ratio) and the PL (plastic limit) values of the untreated and 

treated samples. 

 

 
 

Figure 5.2 The percentages of the existing clay contents, the produced Nano-clay, 

and the Atterberg limits of the untreated samples. 
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Figure 5.3 The percentages of the existing clay contents, the produced Nano-clay, 

and the Atterberg limits of the treated samples. 

 

5.2.3 The Effects of Clay Content on Nano-clay Production 

The data of the clay types and their amounts in the existing clay content and Nano-

clay production is shown in Figure 5.4 and Figure 5.5. The percentages of each clay 

type defined by MAUD analyses (Figure 4.36) in the untreated sample were 

distributed in the clay proportions (below 1 µm and 2 µm) found by the laser 

diffraction particle size distribution analyses (Figure 4.20, Figure 4.21, Figure 4.22 

and Figure 4.23). The correlations between the produced Nano-clay content to clay 

types, existing clay content and total clay content are indicated in Figure 5.6, Figure 

5.7 and Figure 5.8. The highest correlation is observed between the produced Nano-

clay content and the montmorillonite and then illite clay type (Figure 5.6). The Nano-

clay production is mainly related to the amount of montmorillonite content having 

the highest dispersion characteristics among the other clay types in the soil samples. 

The maximum increase is observed, proportionally to their montmorillonite amount 
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together with the highest existing clay content in the Konya_Küçükköy sample, and 

the following rise seems in the Çorum_Kınık sample. Those two samples have 

montmorillonite clay type about half of the existing clay contents. The ratios of 

produced Nano-clay content to the existing clay content for the particle sizes below 

2 µm of the Konya_Küçükköy, Çorum_Karapınar, Çorum_Kınık and 

Çorum_Sarımbey samples are 1.41, 0.78, 3.76 and 1.10, respectively. Those rates 

for the particle sizes below 1 µm are 1.55, 0.73, - and 1.45, respectively. After the 

treatment, while the highest total clay content is found in Konya_Küçükköy, the 

highest ratio of produced Nano-clay is present in the Çorum_Kınık sample despite 

its existing clay content in the least amount. In addition, although the 

Çorum_Karapınar sample is the second one having the highest existing clay amount 

and total clay amount after the treatment, it has the least increase rate. Here, the 

existing clay content and the total clay amount after the treatment are observed not 

to have a direct correlation for the potential of Nano-clay production (Figure 5.7 and 

Figure 5.8). 

 

 
 

Figure 5.4 Percentages of clay types in the untreated samples, and produced Nano 

clay below 1 µm in the samples. 
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Figure 5.5 Percentages of clay types in the untreated samples, and produced Nano 

clay below 2 µm in the samples. 

 

 
 

Figure 5.6 The correlation between produced Nano-clay content and the clay types. 
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Figure 5.7 The correlation between the ratio of the produced Nano-clay content to 

existing clay content and the existing clay content. 

 

 
 

Figure 5.8 The correlation between the ratio of the produced Nano-clay content to 

existing clay content and the total clay content after treatment. 
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5.2.4 Soil Sample Selection Criteria for Production of Nano-

clay enriched adobe sample 

The study has shown that any adobe soil or clay resource can be assessed for its 

potential and whether it is efficient for the Nano-clay enrichment process. The adobe 

soil/clay resources used to produce qualified adobe building materials and the issues 

that need to be taken into consideration in terms of the composition and raw material 

properties of these resources are as follows: 

⎯ use of adobe soil/clay resources containing kaolin or mica-illite group clays 

(Torraca, 1988), 

⎯ the presence of calcium carbonate content in the clay size (F. Erol et al., 2022) 

⎯ the presence of coarse aggregates larger than 2 mm grain size in the adobe 

soil source or adobe mixture in a proportion more or less relevant to the 

performance of the adobe product (Stefanidou & Papayianni, 2005), 

⎯ the adobe/clay resource exhibits a plasticity index value in the range of 16%–

33% corresponding to a liquid limit range of 31%-50% (Delgado & Cañas, 

2007; Houben & Guillaud, 1994), 

⎯ the adobe mixture has high pozzolanic activity (Lea, 1976). 

The above-mentioned parameters, which are important for the production of 

qualified adobe, showed differences when evaluated in terms of Nano-clay 

production. The assessment of the Nano-clay production can be done by taking into 

consideration the parameters explained below: 

⎯ The presence of MONTMORILLONITE CONTENT in the adobe soil/clay 

resource 

⎯ The inherent content of Nano-clay in the adobe soil/clay resource designates 

the inherent potential of the adobe soil/clay resource. 

The remarks of the study are: 



 

 

177 

− CLAY TYPE is a crucial parameter for the ENRICHMENT of NANO-

CLAY by the ULTRASONIC TREATMENT. Ultrasonic treatment is more 

effective in enhancing the Nano-clay content, particularly for 

montmorillonite and then illite clay types. The treatment is less 

effective/successful for the kaolinite and chlorite clay types compared to the 

montmorillonite and illite clay types.  

− EFFECTIVE USE OF CLAY-RICH SOIL RESOURCES, which are not 

appropriate for adobe material production can be provided by Nano-clay 

enrichment in the soil resource. 

In addition, the Nano-CaO additive in an optimum ratio can be used in adobe soil 

including montmorillonite as the main clay content and not including Nano-calcite 

content in the adobe soil. 

5.3 Assessing the Impact of Nano-Clay as binder and Nano-CaO as 

additive on adobe sample  

Here, the performance of the treated adobe samples is assessed in comparison to 

the untreated ones. The comparison is done based on the basic physical, water 

vapour permeability, mechanical and capillary water absorption properties of the 

treated adobe samples composed of-: 

− the Nano-clay enriched binder and Nano-CaO and Ca(OH)2 additive and 

− the untreated ones keeping the natural soil compositions of 

Konya_Küçükköy, Çorum_Karapınar and Çorum_Kınık adobe soil 

resources.  

In this regard, the impact of Nano-clay as a binder with or without Nano-CaO and 

Ca(OH)2 additives on the performance properties of adobe building material 

samples was discussed under respective subheadings. 
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5.3.1 Basic Physical Properties 

The bulk densities of the treated samples (KuT, KaT and KıT) are observed to 

increase compared to the untreated samples (KuT, KaT and KıT). They become 

lower porous material by integrating nanoparticles in the interparticle. Among those 

samples, the highest bulk density is found in the Çorum_Karapınar adobe sample, 

while the least dense one is the Çorum_Kınık sample. The reason for the highest 

density of the Çorum_Karapınar sample may be due to its highest pozzolanic activity 

together with the high clay content decreasing the porosity of the adobe material 

(Meddah & Tagnit-Hamou, 2009). The inverse correlation between bulk density and 

porosity values can be observed clearly in all results (Figure 4.42). The particle 

density of treated samples is slightly lower than untreated samples due to the increase 

in Nano-sized particles. The particle density of untreated samples from the highest 

to the least values are samples of the Konya_Küçükköy, Çorum_Kınık and 

Çorum_Karapınar respectively, which have a direct relation with their course 

aggregate contents.  

The addition of the Nano-CaO into the treated samples results in a higher bulk 

density and less porous treated Konya_Küçükköy adobe sample (KuTN). On the 

other hand, the additive of the Nano-CaO makes an opposite effect that causes more 

porous and less dense Çorum_Karapınar (KaTN) and Çorum_Kınık (KıTN) samples. 

In comparison to the treated sample, the more aggregated clay association (face-to-

face (FF) connection) which provides clay particles having dense structures and high 

bonding strength to each other is observed in the KuTN (Figure 4.48). On the other 

hand, the flocculated clay association (edge-to-edge (EE) or/and edge-to-face (EF) 

connection) which leads to obtaining the less dense, and more porous structured clay 

particles having a weak connection seems in the KaTN and KıTN samples than the 

treated ones (Figure 4.49). In addition, that additive causes to achieve the highest 

particle density values in all samples. 

The addition of CaOH2 into the treated samples (KuTC, KaTC and KıTC) results in 

the range of one and a half and three times more porous and less dense adobe 
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materials compared to the untreated and treated ones. In addition, the least particle 

density values are found in those samples. The presence of excessive calcium cations 

results in flocculated clay associations (edge-to-edge (EE) or/and edge-to-face (EF) 

connection). 

5.3.2 Water Vapour Permeability Properties 

The water vapour resistance factor (µ, unitless) and equivalent air thickness of water 

vapour permeability (SD, m) values of the treated samples (KuT, KaT and KıT) are 

higher in ranges of 1-10.3 and 0.2-0.17m, respectively compared to the untreated 

samples (KuU, KaU and KıU) (Figure 4.43). Because they became lower porous 

material by integrating nanoparticles in the interparticle. The highest changes are 

present in the Çorum_Kınık sample since the highest difference in porosity about 5.2 

% between treated and untreated samples is observed in that sample. 

The addition of the Nano-CaO into the treated samples results in higher water 

resistance values in the Konya_Küçükköy adobe sample (KuTN) while lower water 

resistance values seem in the Çorum_Karapınar (KaTN) and Çorum_Kınık (KıTN) 

samples compared to the treated samples (KuT, KaT and KıT). The Nano-CaO 

decreases the pore size due to the aggregated clay association (face-to-face (FF) 

connection) in the KuTN sample by its interaction with clay minerals (Figure 4.48).  

On the other hand, the KaTN and KıTN samples become more permeable compared 

to treated samples due to the more flocculated clay association (edge-to-edge (EE) 

or/and edge-to-face (EF) connection) (Figure 4.49). 

The addition of CaOH2 into the treated samples (KuTC, KaTC and KıTC) is 

observed to make the samples the most water vapour permeable. The excessive 

flocculated clay association made the sample the most porous and permeable. The 

treated Çorum_Kınık sample including CaOH2 (KıTC) has a higher porosity of about 

10% and lower density than the Çorum_Karapınar sample (KaTC); on the other 

hand, the SD and µ values of KıTC is slightly lower than the µ value of KaTC. The 

CaOH2 additive in the treated Çorum_Kınık sample may result in more unconnected 
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pores or/and pores lower than 1 µm in clay fabrics of those samples compared to the 

Konya_Küçükköy sample. 

The water vapour permeability and the porosity values are consistently observed to 

be directly proportional in all samples (Figure 4.42 and Figure 4.43). Among the 

three samples, the densest, the lowest porous, and the highest pozzolanic one 

Çorum_Karapınar sample has the highest SD and µ values. In addition, the 

Çorum_Kınık sample having the lowest SD and µ values possesses the highest 

porosity values. 

The samples’ µ values between 7 and 33.8 achieved from the analyses are consistent 

with the range of the values between 19-44 in literature data on the adobe samples 

produced in the laboratory while those µ values are too higher than the values 

between 0.6- 3.8 of adobe samples belonging to traditional and archaeological sites 

(Table 2.8). According to the TS EN 1062-1:2006 standard, the SD values of all 

samples are in the range between 0.14m and 1.4m which is defined as the medium 

vapour permeable (TS EN, 2006).  

5.3.3 Mechanical Strengths 

The compressive and flexural strengths of treated samples are observed to increase 

compared to the untreated ones since their higher density values than untreated 

samples. The use of Nano-CaO and CaOH2 additives in treated Çorum_Karapınar 

and Çorum_Kınık samples decreases the compressive strengths of the treated 

samples, while the use of Nano-CaO additive improves the performance of the 

treated Konya_Küçükköy sample. The addition of those additives in the treated 

samples causes the flexural strength performances of those samples to decline 

compared to treated samples. 

Compressive strengths of the Konya_Küçükköy (KuT), Çorum_Karapınar (KaT) 

and Çorum_Kınık (KıT) samples increase from 6.82 MPa to 8. 18 MPa, from 6.94 

MPa to 7.66 MPa and from 2.81 MPa to 5.17 MPa by the treatment, respectively. 
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Those increases in the treated adobe samples correspond to 19.9 %, 10.4 % and 84%, 

respectively, in comparison to their untreated samples. The ratios of increases in 

compressive strengths are observed to be similar to 22.1% and 9.1% ratios, which 

are the amount of the produced Nano-clay below 2 µm, in the KuU and KaU samples, 

respectively. On the other hand, that similarity is not observed in the KıU sample 

since Nano-clay production is within the range of 7.9%-16.2% in that sample. That 

signals the substantial relation between the Nano-clay amount and compressive 

strength, especially in adobe samples having a certain strength. On the other hand, 

the compressive strength is observed to have an inconsistent relationship with the 

density and porosity physical properties among the three samples, contrary to 

expectations (Figure 4.42 and Figure 4.44). For instance, while the treated 

Çorum_Karapınar sample has the highest density, the treated Konya_Küçükköy 

sample indicates the maximum compressive strength performance. Those results also 

show that the main effect on the compressive strength is the total amount of Nano-

clay in the adobe material.  

Flexural strengths of Konya_Küçükköy (KuT), Çorum_Karapınar (KaT) and 

Çorum_Kınık sample (KıT) samples increase from 0.26 MPa to 0.30 MPa, from 0.31 

MPa to 0.53 MPa and from 0.14 MPa to 0.36 MPa by the treatment, respectively. 

Those increases in the treated adobe samples correspond to 15.4%, 54.8 % and 

157.1%, respectively, in comparison to their untreated samples. The highest flexural 

strength performance belongs to the KaT whose soil has the highest density and 

pozzolanic activity values. The highest increase in the flexural strength is observed 

in the KıT sample whose soil has the second highest pozzolanic activity value. It 

seems the pozzolanic activity increased after the dispersion of the montmorillonite 

by the ultrasonic treatment in that sample. The bonding of straw fibres to soil 

particles is one of the weakest parts of the adobe sample but the increase of the Nano-

clay amount and the pozzolanic activity in the adobe samples improve the adhesion 

of straw fibres to adobe soil, which contributes to the flexural strength (Table 4.6 and 

Figure 4.45). The pozzolanic activity decreasing the porosity enhances the straw 

cohesion to the adobe matrix (Ouedraogo et al., 2019; Sharma et al., 2016). 
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The addition of the Nano-CaO in the treated Konya_Küçükköy sample (KuTN) 

provides to achieve the maximum value of compressive strength of 8.72 MPa. On 

the other hand, the Nano-CaO additive makes Çorum_Karapınar (KaTN) and 

Çorum_Kınık (KıTN) samples more brittle. With the Nano-CaO additive, there is a 

reduction of about 1.34 MPa and 2.25 MPa, respectively in their compressive 

strengths, which are close to the values of improvement achieved by the treated 

samples compared to untreated samples. In addition, the flexural strengths of the 

samples decrease in the range of 0.10-0.16 MPa in the treated ones’ performances. 

The excessive calcium cations adsorption caused the formation of more flocculated 

clay association in the KıTN and the KaTN samples than in the KuT sample (Figure 

4.49). The reason for the flocculation in the Çorum_Karapınar sample may be due to 

the presence of kaolinite and chlorite dominantly (Figure 4.36). The results show that 

there is no need for the addition of Nano-CaO in the case of the existing Nano-calcite 

content in the soil, and/or the presence of clay types having too low cation exchange 

capacity (CEC) values such as kaolinite and chlorite. The Çorum_Kınık sample’s 

clay content is composed of mainly kaolinite and montmorillonite (Figure 4.36). 

On the other hand, the total clay content of the untreated sample is in the range of 0 

-5% (Figure 4.24) which is lower than the other samples. In addition, it has a high 

CaCO3 content (below 4 µm) of 6.9%, especially the presence of the Nano-calcite 

under 0.25 µm was detected by XRD analyses (Figure 4.39). The results also indicate 

that there is no need for Nano-CaO as an additive in the Çorum_Karapınar sample 

including kaolinite and chlorite. The addition of Nano-CaO leads to the formation of 

excessive calcium cations, as a result, an increase in the flocculation of clay causes 

a decrease in the compressive and flexural strengths of those samples. On the other 

hand, the untreated Konya_Küçükköy soil sample has the highest clay content in the 

range of 9.5-15.6% (Figure 4.24) including dominantly montmorillonite clay type 

(Figure 4.36). The calcium cations found in the soil itself and ones coming from 

Nano-CaO did not increase the formation of clay flocculation as seen in the other 

samples, instead the further aggregated clay association (face-to-face (FF)) formed 

(Figure 4.48). 
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The addition of CaOH2 in all treated samples leads to a dramatic decrease in the 

compressive and flexural strength performances of the samples. The presence of 

excessive calcium cations results in excessive flocculated clay association (edge-to-

edge (EE) or/and edge-to-face (EF) connection) that causes crumbling in the 

samples. 

Some literature data on the stabilization of the adobe sample with various additives 

(Table 2.9) indicates the results of compressive strength are in the range of 0.7-8.1 

MPa. As well as with the cement additives the performance of the adobe can be 

achieved up to 11.1MPa. The results for the flexural strength of those adobe samples 

are in the range of 0.25-4.5 MPa. The requirements of compressive and flexural 

strengths in some codes are in the ranges of 1.15-2.75MPa and 0.24-0.35 MPa (Table 

2.10). In this study, the compressive and flexural strengths of the treated samples are 

in the ranges of 5.17-8.18 MPa and 0.30-0.36 MPa, respectively. Those required 

performance levels, especially for compressive strength values, seem to be too low 

compared to the achieved data in the study. On the other hand, the higher 

compressive strength values of the adobe sample are classified by DIN 18945-

12:2018 norms (DIN, 2018) regarding the minimum and mean values of the 

measurement data (Table 2.10). That classification (from the two to six) is conducted 

on the adobe sample including no additives such as gypsum and lime; therefore, only 

treated and untreated samples were categorised (Figure 5.9). The performance of the 

Çorum_Kınık sample increases from the second class to the fourth class by the 

treatment. In addition, the untreated Konya_Küçükköy and the Çorum_Karapınar 

samples don’t meet the sixth class highest one but their treated samples exceed that 

highest class. 
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Figure 5.9 The classification according to DIN norms on the treated and untreated 

adobe samples (DIN, 2018). 

 

In addition, the compressive strengths of the treated adobe samples despite having 

no binding additive exceed the performances of adobe samples including some that 

kind of additives such as gypsum lime, marble dust or cow dung. Both compressive 

and flexural strength performances of all treated samples are sufficient required 

levels in the codes. In addition, the performances of untreated Konya_Küçükköy and 

Çorum_Karapınar samples and treated Çorum_Karapınar samples including Nano-

CaO achieve the both required levels. In comparison with fired brick as an alternative 

material to adobe brick, all types of the Konya_Küçükköy sample(KuU, KuT, KuTN 

and KuTC) and Çorum_Karapınar sample's untreated one (KaU), treated one (KaT) 

and treated one including Nano-CaO ((KaTN) and treated Çorum_Kınık sample 

(KıT) achieve the required level between 3.5 MPa and 35 MPa values expected from 

the fired brick's compressive strength performance (BS, 1981; Ramakrishnan et al., 

2023). 
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5.3.4 Capillary Water Absorption Properties 

The capillary water absorption values of untreated and treated samples are near in 

general while those values are predominantly lower than treated ones including 

Nano-CaO and treated ones including CaOH2 (Figure 4.46). The alteration in the 

speed of the treated and untreated samples' water absorption is observed at the 60th 

minute. The treated Konya_Küçükköy sample has lower capillary water absorption 

values up to an initial 60 minutes than the untreated one. After that time, the capillary 

absorption performance of the treated samples becomes to be higher than in the 

untreated sample. A similar trend is also seen in the Çorum_Karapınar sample but 

the difference between treated and untreated ones is very slight. On the contrary, the 

treated sample of Çorum_Kınık is observed to have lower values of capillary 

absorption compared to its untreated one after 60 minutes.  

The water absorption characteristics of treated Konya_Küçükköy and 

Çorum_Karapınar samples compared to their untreated ones in the first 60th minutes 

are observed to have a direct relation with their enriched Nano-clay contents (Figure 

4.24 and Figure 4.46). The increase in Nano-clay content seems to slow down the 

speed of the capillary absorption up to a certain time. This reduction is due to the 

swelled Nano-clay particles by the water which stop the suction up to a certain time 

by closing the capillary pores. But after that time, the bonding between the clay 

particles may have broken, and thus the water absorption and swelling could have 

been increased due to high clay content. During the test, their treated samples were 

also observed to have more swelling compared to untreated ones after that time. 

Those results are consistent with the literature data (Irshidat & Al-Saleh, 2018). The 

difference between the treated Çorum_Kınık sample and other samples may be due 

to the high Nano-calcite in the soil itself. During the ultrasonic treatment, the Nano-

calcite included in the soil is also dispersed, beside the Nano-clay. That dispersed 

Nano-calcite control the swelling of the clay with water, which prevents the blocking 

of the capillary pores. But after about 60 minutes, while the treated one keeps its 
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speed of water absorption, the water absorption of the untreated one is controlled by 

the adsorption of clays and its speed increases.  

The capillary water absorption coefficient values (A-value) of treated samples are 

similar to the untreated ones (Figure 4.47). The reason why the change does not occur 

is that on the one hand, the porosity of the treated samples decreases by 

approximately 2.5-5% due to the Nano-sized clay particles produced filling the 

capillary pores; on the other hand, the Nano-clay content in the adobe samples 

increases by about 4.3%-22.1% that increase the water adsorption capacity. 

A close relation between clay type, pozzolanic properties and capillary absorption 

coefficient values (A-value) is observed in the three samples. The lowest A-value is 

0.28 kg/m2.sec0.5 belonging to the untreated and treated Çorum_Karapınar sample, 

the reason is its main clay content non-expansive kaolinite and its highest pozzolanic 

characteristics (Ouedraogo et al., 2019; Sharma et al., 2016). On the other hand, the 

Konya_Küçükköy sample including mostly montmorillonite clay and the least 

pozzolans has the highest capillary absorption coefficient values in the range of 0.39-

0.59 kg/m2.sec0.5.  

The addition of the CaOH2 and Nano-CaO increases the A-values of all samples. The 

treated samples including CaOH2 have the highest A-values due to their highest 

porosities. Those samples have the minimum volume change and no crack since the 

Ca+2 ions control the clay minerals. On the other hand, those ions cause highly porous 

adobe samples having flocculated clay minerals in low bonding to each other in the 

manner of the edge-to-face (EF) or edge-to-edge connection (EF). By the Nano-

calcite additive, the highest increase in the A-values seems to be in the 

Konya_Küçükköy sample among the three samples. The reason may be that the 

amount of the Nano-calcite fell short in the control of montmorillonite clay content 

in high amounts, as well as its low pozzolanic characteristics. On the other hand, the 

amount of the Nano-calcite is too much for the Çorum_Karapınar and the 

Çorum_Kınık samples since those samples become more porous than their treated 

samples due to the flocculation. The requirement of the smaller amount for those 
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samples is due to the presence of the mainly non-expansive clay types and high 

Nano-calcite in the soil itself, respectively.  

The capillary water absorption coefficient (A-values) values of the untreated and 

treated Çoum_Karapınar (KaU and KaT) samples (2.15 kg/m2.min0.5 and 2.19 

kg/m2.min0.5 in Table 4.14) fall into the range of values in literature data belonging 

to the adobe samples including additives of the gypsum and slag (1.6-2.1 

kg/m2.min0.5), rice husk and lime (0.06-0.29 kg/m2.min in Table 2.11). The A-values 

range of 0.28-0.59 kg/m2.sec0.5 (0.29-1.07 kg/m2.min) of the adobe samples can be 

similar to the case of the values of adobe material having the addition of cement, 

lime and granite sludge (0.39-1.2 kg/m2.min). 

The swelling, cracks and detachments were visually observed in the samples of 

untreated (KuU, KaU and KıU), treated (KuT, KaT and KıT) and treated ones 

including Nano-CaO (KuTN, KaTN and KıTN) one hour after the start of the test. 

The minimum volume change and crack were observed in the treated samples 

including CaOH2 (KuTC, KaTC and KıTC) (Table 3.10). According to the DIN 

18945:2018-12 norms; therefore, those adobe samples were classified as internal 

walls (DIN, 2018) (Table 2.12). 

5.4 Evaluation of the research outputs contributing to adobe technology in 

rural areas 

The rural areas where adobe housing is common and archaeological settlements of 

adobe constructions are present are the regions reflecting the adobe technological 

culture of the past. Adobe craft in those lands signals the presence of clay and/or 

adobe soil resources of the region proper for construction. By the discovery of these 

resources and technological features of adobe in construction, the transfer of the 

knowledge achieved in the past to the new generations and technologies is possible. 

This means that adobe as a healthy and natural construction material is possible to 

survive in these regions. 
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Proper adobe soil resources have been used since the Neolithic times in Anatolia, 

where adobe emerged; therefore, many adobe archaeological sites have survived to 

the present day. However, many proper adobe soil resources have been forgotten or 

consumed/decreased in time. Therefore, it is observed that necessary attention is not 

paid to the choices of soil resources used in adobe production in rural areas and 

improper soil resources are used. Also, there is a lack of standards and regulations 

on the content and preparation of adobe materials and construction of adobe 

structures. Those reasons that weaken traditional adobe construction technology lead 

to less durable adobe constructions that increase their susceptibility to precipitation 

and earthquakes and their maintenance requirements. On the other hand, the Nano-

clay enrichment process in adobe soil that increases the strength and durability of 

adobe structures will contribute to continuing to exist as an alternative construction 

method in the future through the development of adobe construction technology and 

its widespread use. 

The existing and other environmental proper soil resources to be used for the Nano-

clay enrichment process can be determined by critical analyses such as X-ray 

diffraction, particle size distribution and consistency limits analyses. Knowledge of 

proper soil resources and the production process of Nano-clay using industrial 

resources such as ultrasonic baths or other dispersion devices/methods available to 

the local community can be transferred to the community. Teaching/gaining the local 

people in terms of providing soil resource selection in the region and the enrichment 

of Nano-clay with the practical method by providing industrial resources has the 

potential for the continuation of traditional construction technology and the 

development of the rural area. In addition, the fortification of adobe constructions in 

archaeological settlements conducted by the Nano-clay enrichment provides 

interventions by keeping the authentical features of adobe materials. 
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CHAPTER 6  

6 CONCLUSION 

In the study, the practical method of Nano-clay enrichment in adobe soil was first 

developed using ultrasonic treatment in the laboratory and qualified adobe materials 

were produced from the adobe soils with increased Nano-clay content. Achievements 

of the study provided are: 

• Enrichment of Nano-sized clay content in the existing adobe soil by the 

ultrasonic treatment;  

• Verification of the improved performance of Nano-clay enriched adobe soil 

compared to the performance of natural adobe soils; 

• Production of qualified adobe construction materials by using the adobe soils 

enriched in Nano-clay content by ultrasonic treatment. 

The collected soil samples are evaluated and selected according to their potential for 

the Nano-clay enrichment and production of the adobe products. Adobe soil/clay 

resources rich in montmorillonite are more suitable for Nano-clay enrichment by 

ultrasonic treatment than those rich in illite, kaolinite and chlorite. Nano-clay 

enrichment by ultrasonic treatment is promising for the effective use of clay-rich soil 

resources which are not appropriate for adobe material production which can 

contribute to adobe production and the Nano-clay industry. Qualified adobe 

construction material produced by Nano-clay enriched adobe soil has an increase in 

compressive and flexural strength while still keeping its inherent breathable and 

capillary water absorption features. The treatment for the Nano-clay enrichment 

provides the obtaining of denser and lower porous adobe materials that lead to an 

increase in the compressive and flexural strengths which is higher than the 

requirements of the regulations/codes. The main factors are found to be total Nano-
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clay content and pozzolanic characteristics of the treated adobe samples for the 

compressive and flexural strengths, respectively. 

The CaOH2 additive dramatically decreases mechanical performance and resistance 

to capillary water absorption performances of the Nano-clay enriched adobe samples. 

The impact of Nano-CaO additive on the performance properties of Nano-clay 

enriched adobe samples are summarized below: 

• Increase in compressive strength of Nano-clay enriched adobe soil rich in 

montmorillonite 

• Increase in capillary water absorption of adobe soil resources, while high 

pozzolanic activity characteristics of the adobe soil can control that adverse 

impact of Nano-CaO additive. 

The study focused on the clay content of the selected soil samples for the Nano-clay 

enrichment process and the performance of produced adobe samples including 

additives in pre-defined amounts. In further studies, the effects of silt and coarser 

aggregate contents on the Nano-clay-enriched adobe sample and the optimum 

amount of the Nano-CaO additive in the Nano-clay-enriched adobe sample needs to 

be investigated for higher mechanical strength and less capillary absorption features. 

Performance analyses of Nano-clay enriched various soil resources should be 

continued to investigate the potential of the soil resources. 

The Nano-clay enrichment in adobe soil can be applied in practical life by 

teaching/gaining the local people the soil resource selection in rural areas and the 

enrichment process of Nano-clay through industrial resources. The Nano-clay 

enrichment method also provides interventions by keeping the authentical features 

of adobe materials during the fortification of adobe constructions in archaeological 

settlements. In short, the effective use of soil resources and the production of Nano-

clay-enriched adobe samples are expected to contribute to innovation fields of the 

adobe construction industry and the continuation of traditional adobe construction 

technology especially in rural areas and archaeological sites.  
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APPENDICES 

A. The procedures of ribbon and feel tests 

Ribbon Test 

⎯ Wet a piece of soil in the palm until turning it into a humid paste. 

⎯ Form the paste into the ball (If it does not form into a ball, then it is sand). 

⎯ Put the ball between the thumb and forefinger. 

⎯ Press it upward to form a ribbon (If it is not able to form a ribbon, then it is 

loamy sand). 

⎯ Let the ribbon rupture by its weight. 

⎯ Measure the ribbon's length, if it is: ≤ 2.5 cm, it is loam; between 2.5 cm 

and 5 cm, it is clay loam; ≥5 cm, it is clay. 

Feel Test 

⎯ Put a piece of soil in the palm. 

⎯ Wet the soil excessively.  

⎯ Rub it with a forefinger in the palm. 

⎯ Feel if it is gritty (like sugar), smooth (like flour), or neither gritty nor 

smooth/sticky. 

⎯ Combine ribbon and feel test results and determine the soil texture 

according to reference data given in Table 3.3. 
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B. The procedure of salt spot test 

Sulphates 

⎯ Put a few drops of the soil sample solution in a test tube. 

⎯ Add 1-2 drops of dilute hydrochloric acid (HCl 2N) into the sample 

solution. 

⎯ Add 1-2 drops of barium chloride solution (BaCl2 10%) into the sample 

solution. 

⎯ The formation of a white precipitate indicates the presence of sulphate ions in 

the sample. 

 Chemical reaction: SO4
2
 + BaCl2 → BaSO4 +2Cl 

Carbonates 

⎯ Put a few drops of the soil sample solution in a test tube. 

⎯ Add 1-2 drops of hydrochloric acid solution (4M HCl) into the sample 

solution. 

⎯ The formation of gas (CO2) bubbles indicates the presence of carbonate ions 

in the sample. 

 Chemical reaction: CO3
2
 + 2 HCl → CO2 + Cl + H2O 

 

Phosphates 

⎯ Put a drop of the soil sample solution on filter paper 

⎯ Add a drop of ammonium molybdate into the sample solution. 

⎯ Put the filter paper on heated wire gauze to accelerate the reaction. 

⎯ Add a drop of benzidine reagent into the sample solution. 

⎯ Hold the filter paper over the ammonia. 

⎯ The formation of a blue fleck or ring on the filter paper indicates the 

presence of phosphate ions in the sample. 
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Chlorides 

⎯ Put a few drops of the soil sample solution in a test tube. 

⎯ Add 1-2 drops of dilute nitric acid (HNO3) solution into the sample 

solution. 

⎯ Add 1-2 drops of silver nitrate solution (AgNO3 0.1 N) into the sample 

solution 

⎯ The formation of a white precipitate indicates the presence of chloride ions in 

the sample. 

            Chemical reaction: Cl + AgNO3 →AgCl + N 

Nitrites 

⎯ Put a few drops of the soil sample solution on a spot plate. 

⎯ Add 1 drop of sulfanilic acid (4-aminobenzenesulfonic acid) solution into 

the sample solution. 

⎯ Add 1 drop of α-naphthylamine solution into the sample solution. 

⎯ Turning the solution into pink indicates the presence of nitrite ions in the 

sample. 

 

Nitrates 

⎯ Put a few drops of the soil sample solution on a spot plate. 

⎯ Add 1 drop of acetic acid solution (2N) into the sample solution. 

⎯ Add 1 drop of sulfanilic acid (4-aminobenzenesulfonic acid) solution into 

the sample solution. 

⎯ Add 1 drop of α-naphthylamine solution into the sample solution. 

⎯ Add a few mg of zinc dust into the sample solution.  

⎯ Turning the solution into pink indicates the presence of nitrate ions in the 

sample. 
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C. The procedure of the wet and dry-sieving analyses on particles above 63 

microns sized (without taking care of gypsum content)  

− Add about 50 g soil sample.  

− Place the sample in a drying oven at 105 ̊C for 24 hours.  

− Note the weight of the oven-dry sample. 

− Separate the silt clay content by dry-sieving with a 63µm sieve and note the 

weight of the silt and clay content (Because the soil samples generally have 

high silt and clay content, the dry sieve was conducted before the wet 

sieve). 

− Conduct wet-sieving on the sample having particles above 63 µm:  

− Put the sieve of 63 µm in a large container.  

− Put the separated sample on the sieve.  

− Pour the distilled water into the sample.  

− Rub the sample on the sieve by hand to separate clay adherent on 

gravel and sand particles by caring not to crumble the aggregates 

while adding the distilled water. 

− Collect the silt and clay content passing through the sieve with water 

in a large container.  

− Repeat the process until the water passing through the sieve 

becomes clean. 

− Put the particles on the sieve and collect them in the container in 

different beakers.  

− Place those beakers in the drying oven at 105 ̊C for about a few days 

to provide oven-dryness of the samples.  

− Weigh the oven-dried particles. 

− Sump up the whole silt and clay achieved by dry and wet sieve analyses.  

− Conduct particle size distribution analysis on aggregates above 63 µm by 

dry-sieving. 
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D. The procedure of the alternative method composed of the sonication 

analyses and wet-sieving and dry-sieving analyses on particles above 63 

microns sized (with taking care of gypsum content)  

− Take about 10 g soil sample. 

− Place the sample in a drying oven at 35 ̊ C (That temperature was preferred 

to prevent the dehydration of gypsum).  

− Note the weight of the oven-dry sample. 

− Put the sample into the 50 ml of 7:3 ethanol: water solution in a 50-mm 

diameter beaker. 

− Put the sample in the beaker into the ultrasonic bath, including water for 

one minute. 

− Sieve the suspended particles in the solution with the sieve of 63 µm. 

− Add 50 ml of 7:3 ethanol: water solution on the particles in the beaker 

−  Repeat the sonication and wet-sieving processes until the flocculation of 

particles on the sediment is not observed by the naked eye anymore. 

−  Place particles above 63 µm in beakers in the drying oven at 35 ̊C about a 

few days up to provide oven-dry samples.  

− Weigh the oven-dried particles. 

− Conduct particle size distribution analysis on aggregates above 63 µm by 

dry-sieving. 
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E. The procedure of centrifugal sedimentation 

− Add the distilled water to dilute the separated silt and clay content in a large 

container and keep waiting for the dissolution of the gypsum particles 

below 63 µm, especially in silts. 

− Check the presence of gypsum by using hydrochloric acid (HCl 2N) barium 

chloride solution (BaCl2 10%) as explained in spot salt tests. 

− Discharge and add the distilled water to dissolve the gypsum and repeat it 

until to are sure about the absence of gypsum in the water solution. 

− Put the diluted sample in a beaker with a magnetic stirrer to disperse the 

flocculated clay particles formed during waiting. The stirring duration 

continued until flocculation disappeared.  

− Put the diluted silt and clay content into 100 ml of centrifuge tubes. 

− Determine the ambient temperature. 

− Determine the specific gravity (s) and viscosity (η) values of distilled water 

according to ambient temperature (Anton Paar -Viscosity of Water, 2021). 

−  Determine the specific gravity (s) of clay and silt particles to estimate the 

specific gravity difference between the particles and the suspension liquid 

Δs. (s value of clay and silt particles was determined as 2.65 g/cm3 (Meric 

et al., 2013). 

− Measure the maximum height for the supernatant and the sediment (if it 

presents) in the centrifuge tube to determine R and S values. 

− Calculate the required time (Tm) for sedimentation according to the formula 

given in Equation 4. 

− Put the tubes in the centrifuge and assign the required time and revolutions 

per minute (N) to run the instrument. 
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− Decant the supernatant in a beaker for the next centrifuge sedimentation.  

− Put the sediment in another beaker. 

− Repeat the process till the achieving of particles is defined. 

− Put the beakers including clay and silt particles separated into defined sizes 

in the oven at 105ºC. 

− Weigh the oven-dried particles. 

 

Table A.1 Data used in the formula shown in Equation 4 for the centrifugal 

sedimentation of Çorum_Karapınar sample. 

 

T ̊C constant η, poise R, cm S, cm logR/S N2, rpm D2, micron 
Δs, 

g/cm3 
Tm, 

minute 

27 6300000000 0.008509 13.1 6.8 0.2847624 640000 16 1.6535 0.9 

27 6300000000 0.008509 13.5 6.7 0.304259 640000 16 1.6535 1.0 

27 6300000000 0.008509 13.5 6.5 0.3174204 640000 16 1.6535 1.0 

27 6300000000 0.008509 13.6 6.2 0.3411472 360000 16 1.6535 1.9 

27 6300000000 0.008509 13.5 5.5 0.3899711 810000 16 1.6535 1.0 

27 6300000000 0.008509 13.2 6.2 0.3281822 640000 16 1.6535 1.0 

27 6300000000 0.008509 13.5 6 0.3521825 810000 16 1.6535 0.9 

27 6300000000 0.008509 14.5 6.4 0.355188 490000 4 1.6535 5.9 

27 6300000000 0.008509 14.5 6.3 0.3620275 490000 4 1.6535 6.0 

27 6300000000 0.008509 14.5 7.3 0.2980451 810000 4 1.6535 3.0 

27 6300000000 0.008509 14.5 6.3 0.3620275 1960000 1 1.6535 6.0 

27 6300000000 0.008509 14.5 6 0.3832168 4000000 1 1.6535 3.1 

27 6300000000 0.008509 14.5 7.8 0.2692734 2890000 1 1.6535 3.0 

27 6300000000 0.008509 14.5 6.3 0.3620275 3610000 0.25 1.6535 13.0 

27 6300000000 0.008509 14.5 6.5 0.3484546 3240000 0.25 1.6535 13.9 

27 6300000000 0.008509 14.5 7.4 0.2921363 2560000 0.25 1.6535 14.8 

27 6300000000 0.008509 14.5 7.4 0.2921363 8410000 0.0625 1.6535 18.0 

27 6300000000 0.008509 14.5 7.7 0.2748773 8410000 0.0625 1.6535 17.0 

27 6300000000 0.008509 14.5 7.3 0.2980451 14440000 0.015625 1.6535 42.8 

27 6300000000 0.008509 14.5 7.2 0.3040355 13690000 0.015625 1.6535 46.1 

27 6300000000 0.008509 14.5 9.3 0.1928851 16000000 0.01 1.6535 39.1 

27 6300000000 0.008509 14.5 9.4 0.1882401 16000000 0.0025 1.6535 152.6 

27 6300000000 0.008509 14.5 9.9 0.1657328 14440000 0.0025 1.6535 148.8 
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F. The procedure of methylene blue test (NF, 1998) 

⎯ Determine the normality of methylene blue (NMB) dye by the following 

formula (Equation 14): 

𝑁𝑀𝐵 =
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑀𝐵

320
+

100−𝑋

100
  14 

Where X is the moisture content of methylene blue dye; MB is methylene blue dye 

in g. 

⎯ Put the 10 g methylene blue whose normality is known in 1 litre distilled 

water and mix them with a magnetic stirrer very well 

⎯ Put the 3.75 g (30 g in the standard) oven-dry clay sample in 25 cc (200 cc 

in the standard) distilled water and mix it with the magnetic stirrer 

⎯ Put the methylene blue solution into the burette 

⎯ Start titration by putting 1 cc or 2 cc methylene blue solution from the 

burette into the diluted clay 

⎯ Stir the mixture for about 1 minute 

⎯ Drop the mixture on the filter paper with a glass rod. 

⎯ A circle dark blue spot is formed in apparent shape and is surrounded by a 

clear water hoop. 

⎯ Repeat the process until it is observed that the dark blue spot has a fuzzy 

edge or/and it is surrounded by a narrow light blue halo 

⎯ Do another test after 1 minute, if it disappears, more ethylene blue is 

added, but if it does not disappear, the spot test is repeated 4 more times 

without the addition of methylene blue solution. It is the end-point. 

⎯  Record the total volume of methylene blue dye added. 

⎯ Calculate the cation exchange capacity (CEC) by the following formula: 

CEC =
100

𝑓′
𝑥 𝑉𝐶𝐶  𝑥 𝑁𝑀𝐵  15 

Where f’ dry weight of the sample in g; VCC is the volume of methylene blue 

solution added in the clay solution. 
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G. Procedures of Liquid Limit, Plastic Limit and Linear Shrinkage Limit  

Liquid limit test 

⎯ Weigh about 150 g soil sample which passes the 425 μm test sieve by dry 

sieving. 

⎯ Place the soil sample on a glass plate.  

⎯ Add distilled water to the sample and mix thoroughly with a spatula until 

the bulk becomes a homogeneous paste. 

⎯ Put the paste in a desiccator and stand for about 24 hours to enable the 

water to permeate through the soil paste. 

⎯ Calibrate the Casagrande apparatus for liquid limit test  

⎯ Put the soil paste in a cup of the apparatus without entrapping air.  

⎯ Use the grooving tool to divide the soil paste into two equal parts. 

⎯ Lift and drop the cup, count the number of bumps.  

⎯ Continue until the two parts of the soil come into contact at the bottom of 

the groove along with a distance of 13 mm. Record the number of bumps at 

which this occurs. 

⎯ Take about 10 g of soil with a spatula.  

⎯ Put in an airtight container and determine the moisture content. 

⎯ Do it a minimum of five times for each sample. 

⎯ To determine the moisture contents of samples, put samples in the oven at 

105 ̊C or 60 ̊C (If the soil contains gypsum) for about 24 hours. 

⎯  Plot the values of moisture content of the sample and the corresponding 

number of bumps on a chart.  

⎯ Draw the flow curve fitting the plotted values. 

⎯ Record the moisture content at the flow curve corresponding to 25 blows 

that are referred to as liquid limit  
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Plastic limit test 

⎯ Take about 20 g of sample from the soil paste prepared for the liquid 

limit test. 

⎯ Shape the soil sample as a ball between the hands until slight cracks 

appear on its surface. 

⎯ Split the sample into about two subsamples of 10 g. 

⎯ Roll the subsamples as a thread between the fingers on the glass plate, 

respectively, until the thread's diameter is about 3 mm. 

⎯ Pick up the disaggregated pieces in a sample container. 

⎯ To determine the moisture contents of samples, put samples in the oven 

at 105 ̊C or 60 ̊C (If the soil contains gypsum) for about 24 hours. 

 

Linear shrinkage ratio test 

⎯ Prepare the soil paste as prepared in the liquid limit test 

⎯ Carry out the liquid limit test to achieve the required soil consistency 

that is essential for about 25 bumps of the Casagrande apparatus. 

⎯ Put the soil paste in the mould defined in TS 1900-1/T3:2017  in three 

phases to prevent entrapped air and smooth the surface of the soil. 

⎯ Keep the moulded soil sample in the laboratory having conditions at 

25°C at which the soil can air dry slowly until the soil sample shrinks 

away from the sides of the mould. 

⎯ Put the moulded sample in the oven at 60°C until shrinkage 

substantially remains stable. 

⎯ Put the moulded sample in the oven at 105°C to 110°C to achieve the 

oven-dry soil sample. 

⎯ Measure the length of the oven-dry soil sample. 

⎯ Calculate the shrinkage ratio in comparison with the initial length of the 

moulded soil sample. 
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⎯ If the moulded sample becomes curved after heating treatments, the upper 

side and lower side of the sample lengths are measured, and the average 

value is taken. 

 

Liquid limit values achieved by the Casagrande test method  

 

 
 

Figure A.1 Casagrande test results of the Konya_Küçükköy sample.  

 

 
 

Figure A.2 Casagrande test results of the Çorum_Karapınar sample.  
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Figure A.3 Casagrande test results of the Çorum_Kınık sample.  

 

 
 

Figure A.4 Casagrande test results of the Çorum_Sarımbey sample.  

 

 
 

Figure A.5 Casagrande test results of the Manisa_Kemer sample.  
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