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ABSTRACT 

Deep soil mixing (DSM) is a method that is commonly employed in the field of civil 

engineering construction in order to improve the physical and engineering properties 

of weak problematic soils. The process involves penetrating the rotary augers into the 

problematic soil and mixing it with different types of binder materials such as cement, 

lime-cement or some waste materials, resulting in an increase in the strength and 

reduction of compressibility of the soil. This study investigates the strength and 

stability of loose sand that has been modified with Portland cement alone and in 

combination with different waste replacement materials such as waste brick dust 

(WBD) and waste marble dust (WMD) through a series of laboratory tests. The study 

aims to develop a design procedure for assessing the highest strength and volume 

change in deep soil mixing (DSM) application, considering the factors such as the type 

of binder, binder-soil ratio (B/S), water-binder ratio (W/B) and curing time. The study 

consists of two parts. The first part includes the determination of the most effective 

soil-binder mixtures that will be used in the construction of the DSM columns. The 

experimental investigations include sitting time, bulk density, unconfined compression 

test, and microscopic image analysis using a stereoscopic microscope. In addition, 

stress-strain behavior and modulus of elasticity of the soil-binder mixtures are 

analyzed at different curing periods of 7 and 28 days. Second part of the study 

evaluates the performance of the DSM columns constructed in the model test tank with 

the loose sand placed in it. The behavior and performance of the DSM columns 

constructed with using different replacement binder materials (WBD and WMD) and 

with different binder-soil ratios (10, 15 and 20) are analyzed in the model test tank by 

using one dimensional loading frame. In the study, ex-situ deep soil mixing method is 
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used for the construction of the DSM columns. From the loading test, the load-

deformation curves are obtained for each binder-soil ratio and the failure modes of the 

DSM columns, bearing capacity and subgrade modulus values are obtained. The 

findings of the research indicate that utilization of 20% waste brick dust as a 

replacement material in a binder-soil ratio of 20% leads to better improvement due to 

strong interlocking between the sand particles and the binder materials and results in 

higher strength of the DSM columns. Similarly, the optimal replacement percentage 

of waste marble dust (WMD) is determined to be 10% at a binder-soil ratio of 20%. In 

DSM model reinforced sand, it is observed that the bearing capacity of sand soil is 

enhanced in all cases of DSM applications: single and group of ex-situ DSM column. 

The columns with WMD exhibit the greatest bearing capacity and subgrade modulus 

in both single and group of DSM columns and also in both end-bearing and floating 

column application. Overall, the incorporation of WBD and WMD as replacement 

materials in loose sand mitigation seems to be a promising technique for improving 

the geotechnical properties of such soils and has the potential to generate significant 

cost savings and environmental benefits. 

Keywords: bearing capacity, binder -soil ratio, brick dust, deep soil mixing (DSM), 

end-bearing, ex-situ mixing, floating column, group of columns, improvement, load-

deformation curve, loose sand, marble dust, model tank, settlement, waste, water-

binder ratio 

 



v 

 

ÖZ 

Derin zemin Derin zemin karıştırma (DSM), zayıf problemli zeminlerin fiziksel ve 

mühendislik özelliklerini iyileştirmek için inşaat mühendisliği inşaat alanında yaygın 

olarak kullanılan bir yöntemdir. Derin zemin karıştırma (DSM), döner burguların 

problemli zemine nüfuz etmesini ve çimento, kireç-çimento veya bazı atık maddeler 

gibi farklı bağlayıcı malzemelerle karıştırılmasını içerir, bu da toprağın mukavemetini 

arttırır ve sıkıştırılabilirliğini azaltır. Bu çalışma, tek başına Portland çimentosu ve atık 

tuğla tozu (WBD) ve atık mermer tozu (WMD) gibi farklı atık çimento ikame 

malzemeleri ile kombinasyon halinde modifiye edilmiş gevşek kumun mukavemetini 

ve stabilitesini bir dizi laboratuvar testiyle araştırmaktadır. Çalışma, bağlayıcı türü, 

bağlayıcı-zemin oranı (B/S), su-bağlayıcı oranı (W/B) ve kür süresi gibi faktörleri göz 

önünde bulundurarak derin zemin karıştırma (DSM) uygulamasında en yüksek 

dayanım ve hacim değişimini değerlendirmek için bir tasarım prosedürü geliştirmeyi 

amaçlamaktadır. Çalışma iki bölümden oluşmaktadır. Birinci bölüm, DSM 

kolonlarının yapımında kullanılacak en etkili toprak-bağlayıcı karışımlarının 

belirlenmesini içermektedir. Deneysel incelemeler arasında oturma süresi, kütle 

yoğunluğu, serbest basınç testi ve stereoskopik mikroskop kullanılarak mikroskobik 

görüntü analizi yer alır. Ayrıca, 7 ve 28 günlük farklı kür sürelerinde zemin-bağlayıcı 

karışımlarının gerilme-deformasyon davranışı ve elastisite modülü analiz edilmiştir. 

Çalışmanın ikinci bölümünde, model test tankı içerisine yerleştirilen gevşek kum 

içerisinde oluşturulan DSM kolonlarının performansı değerlendirilmektedir. Farklı 

ikame bağlayıcı malzemeleri (WBD ve WMD) kullanılarak ve farklı bağlayıcı-zemin 

oranlarına (10, 15 ve 20) sahip olarak inşa edilen DSM kolonlarının davranışı ve 

performansı, tek boyutlu yükleme çerçevesi kullanılarak model test tankında analiz 
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edilmiştir. Çalışmada DSM kolonlarının yapımında ex-situ derin zemin karıştırma 

yöntemi kullanılmıştır. Yükleme testinden, her bağlayıcı-zemin oranı için yük-

deformasyon eğrileri elde edilirek DSM kolonlarının göçme modları, taşıma gücü ve 

zemin yatak katsayısı değerleri elde edilmiştir. Araştırmanın bulguları, %20 atık tuğla 

tozunun %20'lik bir bağlayıcı-zemin oranında ikame malzeme olarak kullanılmasının, 

kum parçacıkları ile bağlayıcı malzemeler arasındaki güçlü kenetlenme nedeniyle 

DSM sütunlarında daha iyi bir iyileştirmeye yol açtığını ve daha yüksek mukavemetle 

sonuçlandığını göstermektedir. Benzer şekilde, atık mermer tozunun (WMD) optimum 

ikame yüzdesi, %20'lik bir bağlayıcı-zemin oranında %10 olarak belirlenmiştir. DSM 

model donatılı kumda, DSM uygulamalarının tüm durumlarında: tek ve grup ex-situ 

DSM kolonu, kum zeminin taşıma gücünün arttığı gözlemlenmiştir. WMD'li sütunlar, 

hem tekli hem de gurup DSM sütunlarında ve ayrıca hem uç taşıyıcı hem de yüzer 

sütun uygulamasında en yüksek taşıma kapasitesini ve yatak katsayısı değerlerini 

sergiler. Genel olarak, WBD ve WMD'nin gevşek kum iyileştirmesinde ikame 

malzemeler olarak kullanılmaları, bu tür zeminlerin geoteknik özelliklerini 

iyileştirmede umut verici bir teknik gibi görünmektedir ve önemli maliyet tasarrufları 

ve çevresel faydalar sağlama potansiyeline sahiptir. 

Anahtar kelimeler: taşıma gücü, bağlayıcı-zemin oranı, tuğla tozu, derin zemin 

karıştırma (DSM), uç-direnci, ex-situ karıştırma, yüzer kolon, kolon gurubu, 

iyileştirme, yük-deformasyon eğrisi, gevşek kum, mermer tozu, model tank, oturma, 

atık, su-bağlayıcı oranı. 
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Chapter 1 

INTRODUCTION 

1.1 General Introduction  

The primary goal of using binders in deep soil mixing is to improve the characteristics 

of problematic soils in such a way that the soils become similar to those of a soft rock, 

such as clay shale or lightly cemented sandstone (Kazemian & Huat, 2009; Majik & 

Savoikar, 2022). The strength properties of stabilized soil are affected by a range of 

factors, including the type of soil, the type and the quantity of binder, and the curing 

conditions under various stress conditions (Liu et al., 2022; Luo et al., 2022). 

Currently, different improvement techniques have been used to enhance the 

engineering properties of problematic soils such as loose sand and soft clays by 

increasing the strength and the compressibility of such soils.  Some of the techniques 

used in the field are preloading, deep compaction, stone columns, jet grouting, etc. 

(Caraşca, 2016). Deep soil mixing method is applicable for the improvement of most 

soil types (Kitazume & Terashi, 2013).  

In the present study, deep soil mixing (DSM) method will be applied for the 

improvement of the problematic soil; loose sand and different waste materials such as 

waste brick dust (WBD) and waste marble dust (WMD) will be used together with 

cement as a binder material in the construction of the DSM columns. Series of 

laboratory test will be performed and the findings of the test results will be analyzed 
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and compared in order to better understand the behavior of loose sand reinforced with 

DSM method.  

1.2 Aim of the Study 

The quality of the soil can significantly influence the stability and integrity of existing 

structures. In situations where the soil conditions are problematic, special soil 

improvement methods may be required before the construction of the foundations in 

order to mitigate any potential negative impacts on the structure and allow the project 

to proceed as planned. These soil improvement techniques can range from the 

incorporation of binders or reinforcement elements to more advance methods such as 

deep soil mixing (Ajorloo, 2010).  

Nowadays, researchers are currently looking for new waste materials that can be used 

to replace cement in various civil engineering projects. Some of these waste materials 

are waste brick dust (WBD), and waste marble dust (WMD), which are both a 

byproduct of industry and the usage of these wastes in civil engineering constructions 

is both environmentally friendly and cost-effective (Arel, 2016; Khan et al., 2018; 

Kinuthia & Nidzam, 2011; Li et al., 2018; S. Rogers, 2011; Tugrul Tunc, 2019).  

In the field of deep soil mixing, (DSM), various waste materials such as glass powder, 

fiber, fly ash, and blast furnace slag have been utilized as replacements for cement 

(Arulrajah et al., 2018; Chenari et al., 2018; Gullu et al., 2017; Guo et al., 2016; 

Mohammadinia et al., 2019). However, relatively little research has been conducted 

on the use of brick dust and marble dust as cement replacement material in DSM 

applications.  



3 

 

In the present study, unlike the materials used in the previous studies in the literature, 

WBD and WMD will be used in the construction of the DSM columns. The aim of the 

study is to evaluate the effect of these waste materials in DSM applications by studying 

their performance and comparing the findings from laboratory test.  The research aims 

to contribute to the understanding of the potential use of these materials in DSM 

applications and the potential benefits and limitations of their use in civil engineering 

application.  

Most of the researches on the use of DSM method has focused on the improvement of 

soft clays, while only a few studies have examined its use on loose sands.  (Esmaeili 

et al., 2014; Zakaria et al., 2020). Moreover, there is a need for further research on the 

use of DSM with different materials as additives. The current study has two parts: in 

the first part of the study, small specimens will be prepared by using different 

percentage of WBD and WMD together with cement and the most effective 

percentages of binder-soil mixture for the construction of DSM columns will be 

determined whereas in the second part of the study, according to the test results 

obtained in the first part, DSM columns will be constructed in loose sand placed in a 

model test tank and the  columns will be subjected to uniaxial loading to get the stress-

settlement behavior of the sand-DSM composite in the test tank.  The second part of 

the research work, following the completion of the small control specimens, aims to 

investigate the performance, bearing capacity, stability, and settlement behavior of 

deep soil mixing (DSM) column in model test tank under different conditions such as: 

single and group of DSM columns, as well as end-bearing and floating DSM columns. 

In order to achieve the purposes of the research work, a series of laboratory tests on 

control specimens were conducted, including measurements of sitting time, bulk 

density, unconfined compressive strength, and microscopic-image analysis using a 
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stereoscopic microscope. Additionally, the modulus of elasticity, stress-strain 

behavior, and deformation behavior after failure were analyzed.  Based on the results 

of these tests, DSM columns were constructed in loose sand placed in a model test tank 

using an ex-situ replacement method.  

1.3 Layout of the Thesis 

The dissertation is organized into five chapters that deals with various aspects of the 

deep soil mixing method. Following this general introduction, Chapter 2 presents a 

literature review that endeavors to provide a comprehensive analysis of the current 

state of research in ground improvement studies, with a specific focus on the deep soil 

mixing method. Chapter 3 focuses on the materials and testing methods employed in 

this study, including the descriptions of the sand taken from the field, cement binder 

properties, and waste replacement materials: WBD and WMD used, as well as a 

detailed explanation of the experimental procedures that will be followed. Chapter 3 

also discusses the preparation processes that will be implemented for the construction 

of DSM columns in the model test tank.  Chapter 4 presents the results and discussion 

of the experimental findings, including the experimental results for both small-scale 

quality control samples and large-scale model of deep soil mixing columns in the test 

tank. Finally, Chapter 5 provides a summary of the main findings of the study and 

offers recommendations for future studies.  
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Chapter 2 

LITERATURE REVIEW 

2.1 Introduction  

Chapter 2 presents some previous studies that describe the application of deep soil 

mixing, DSM including the theory and technology applied, the mechanisms and the 

advancements of DSM. By reviewing the previous studies, it was decided what other 

further studies could be done within the scope of this study on DSM applications. 

2.2 Overview in Deep Soil Mixing, DSM  

Deep soil mixing, DSM is a method of soil stabilization techniques that depends on 

using different types of stabilizing agents. This method was applied first in Japan and 

in the Scandinavian countries in the 1970s. Scandinavian countries used this method 

especially in the stabilization of very soft compressible clays. DSM was applied by 

creating lime or lime/cement columns in clays in order to control the settlement under 

embankment loads (Arulrajah et al., 2018). DSM was found to be cost-effective and 

economical method compared to conventional techniques such as; bioremediation 

techniques, jet grouting, etc. DSM method is used in stabilization of problematic soils 

such as; loose sandy soils, peats, liquefiable soils and soft compressible clays (Esmaeili 

et al., 2021; Jung et al., 2020). DSM is normally preferred especially in improving soil 

strength characteristics (Bhadriraju et al., 2008; M. Bruce et al., 2013; Porbaha et al., 

2015). 
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Due to its wide applicability and high efficiency in stabilizing problematic soils, the 

method has become popular in many countries. This method has been frequently 

applied for many improvement purposes in different construction projects (M. Bruce 

et al., 2013; Kitazume & Terashi, 2013). The engineering properties of the reinforced 

soils by DSM depend on the many factors including the binder type, original 

characteristics of soil, existing area that will be improved, mixing method, and curing 

conditions at a particular work site (Topolnicki, 2016). 

2.3 Deep Soil Mixing Technique  

Deep soil mixing, DSM is a soil improvement technique that can be applied for various 

engineering purposes such as; increasing foundation strength, stabilizing large field, 

constructing cut-off or retaining walls, and treating contaminated soils 

(Hasheminezhad & Bahadori, 2020; Rabbani et al., 2019). This method can be 

accomplished with constructing DSM columns in existing soil in the field. DSM 

column resulted from mixing the existing soil with binder materials such as cement, 

lime or lime-cement. Binder materials can be added and mechanically mixed into the 

existing soil (Tatarniuk, 20104). 

(C. D. F. Rogers & Glendinning, 1996) used cement with small amount of lime as 

binder materials. It has been observed that lime has presented significant mineralogical 

changes in clay soils and provided a better soil strength. In DSM application, the binder 

material is mixed with soil through ''mixing auger'' which contains shaft, nozzles, 

tipped blades and paddles for rotation. Different types of methods and mixing blades 

were designed to be suitable for different soil types existing on site. DSM column is 

formed from the rotational movement of blades along the shaft. Usually, DSM 

columns range from 0.6 m to 1.5 m in diameter and up to 40 m in depth (D. A. Bruce 
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& Bruce, 2003). The DSM technique is applied by injecting a high pressure binder-

slurry through nozzles, and mixing it with existing soil by cutting tools (blades and 

paddles) as shown in Figure 2.1 (Tatarniuk, 20104).  

In DSM application, generally cement is used in order to increase the soil strength, 

reduce the permeability and improve the compressibility characteristics of problematic 

soils. The properties of stabilized soil by DSM depend on nature of native soil, method 

of mixing, operational parameters (dimensions of auger) and the binder characteristics 

(D. A. Bruce & Bruce, 2003). The binder materials in DSM can be used in two forms: 

dry or slurry form. Both of them are injected and mixed with soils by auger machine 

to increase the efficiency of the mixing process. The shafts that are used in the auger 

machines can be either single shaft or more than one shaft. The shafts penetrate into 

the existing soil and rotate about the vertical axis and produce individual or 

overlapping soil-cement or soil-lime columns (Topolnicki, 2016). 

 
Figure 2.1:  Deep soil mixing technique (Filz, 2007) 

2.4 Classification of Deep Soil Mixing Methods  

Deep soil mixing, DSM method can be classified into different groups according to 

the type of mixing method used. The methods are: mechanical mixing, high pressure 
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injection and combination of mechanical and high-pressure injection (Kitazume, 

2020). Figure 2.2 shows the main classification groups of deep soil mixing methods.  

In the mechanical mixing, the binder materials can be injected into soft ground and 

mixed by blades. In this mixing, the binder materials can be dry or slurry. Dry form of 

the binder material usually is lime powder, while in slurry form, the binder material 

usually is cement mixed with water (Cement Deep Mixing Method Association, 1999).  

High pressure injection is classified into three methods as shown in Figure 2.2: the dry 

jet mixing (DJM) method, in which a powder binder material is usually applied on soil 

high water content. In the high-pressure injection method, the original soil is disturbed 

and softened by high pressure injection which contains the binder material: water 

and/or air that can be mixed with the existing soil at the same time. The third technique 

by which DSM columns are constructed is the combination of both mechanical mixing 

and high-pressure injection (Dry Jet Mixing Method Association, 2006).  

 
Figure 2.2: Classification of deep soil mixing method (Kitazume, 2020) 
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2.4.1 Dry Soil Mixing  

Dry mixing, DM method can be conducted with gentle procedures and less vibration. 

This method is considered as a clean method since it does not produce spoil for 

disposal. This method can be summarized as a powdery binder injected into soil with 

compressed air without any need for the binder to be slurry. DM method starts with 

rotating the auger and blades in order to make cavity in the soft ground and then the 

auger injects the powder with air to fill the voids in the soft ground (Mokrousova, 

2010).  

DM method can be used effectively in soils with high moisture content. The common 

equipment consists of station provided with compressed air which is used to transport 

the binder materials into the ground soil and mix them together. The process of 

injection of the binder materials start to take place when lifting up the auger. During 

this process, the auger is rotated in the reverse direction than the direction during the 

penetration of the blades. The diameter of dry deep soil mixing column vary from 60 

to 80 cm and with depth, extend up to 10 m. This method gives many advantages since 

it can be performed in low temperatures, lack of dredged material, ability to strengthen 

very weak soils and relatively low price compared to many other improvement 

techniques (Egorova et al., 2017). 

2.4.2 Wet Soil Mixing  

Wet mixing, WM method is a ground improvement technique that depends on mixing 

a problematic soil with binder slurry material in order to improve the characteristics of 

soils (Akrouch et al., 2018). WM is an in-situ technique where the weak soils with 

cementitious properties are mixed with the binder slurry. The slurry is injected 

through an augering shaft, which this is hollowed in order to flow the binder slurry 

inside it. WM method usually uses cement-based slurries to create cemented columns 
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inside the in-situ soil. The cemented elements can be shaped in many forms such as 

single column, continuous walls or blocks depending on number of shafts (Lee et al., 

2005). WM is used to increase the strength and the bearing resistance of soils and 

reduce the settlement in soft clays (A Rashid et al., 2017). 

Wet mixing equipment comprises a batch plant to supply slurry, mixing machine to 

prepare the slurry in the site and augering machine to mix the slurry into the ground 

soil (D. A. Bruce & Bruce, 2003; Ju et al., 2019) Wet mixing method can be used for 

dry soils, in arid environments or in case of deep water-table in the ground (A. Puppala 

et al., 2008). 

This method depends mainly on the quality of binder slurry, cement dosage, water 

content of the slurry and particle size of an in-situ soil (Kelly Costello et al., 2016).  

2.5 Installation of Deep Soil Mixing Column  

The installation method of DSM column is important, since the quality and capacity 

of DSM column depends mainly upon the method of installation (Egorova et al., 2017).  

Two different installation methods have been used in order to perform the DSM 

columns in soil: 

1. In-situ mixing (mechanical method). 

2. Ex-situ mixing (replacement method).  

In the in-situ mixing method, the soil is stabilized in-situ with a binder material by 

means of a mechanical mixing or high pressure injection as described in Section 2.4. 

While, in the ex-situ mixing method, the soil is excavated and mixed with the binder 

material in plant or during the transportation of the mixture of the soil-binder material 

to the construction site (Kitazume & Terashi, 2013). 
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In the in-situ mixing method, the installation of soil-cement columns causes 

movements of the surrounding ground, which affects the adjacent underground 

structures (Chen et al., 2013). Field observations indicated that significant excess pore 

pressure was generated during installation of soil-cement columns (Wang et al., 2014). 

The method of ex-situ has some advantages over the in-situ methods and it is intended 

to provide additional improvement for some soil problems such as liquefaction 

resistance, homogeneity to the improved ground, smaller volume compressibility and 

extremely high strength to the original soils (Ahmad et al., 2015; Shah et al., 2019; 

Zakaria et al., 2020). In the present study, because of the aforementioned advantages 

of the ex-situ method, it was decided to use ex-situ replacement method in order to 

construct the DSM columns with the less disturbance to the surrounding soil during 

the installation of DSM columns. 

2.6 Properties in Deep Soil Mixing 

The characteristics and properties of the stabilized soils are important in DSM mixing 

technique. The interaction between the binder material and soil (i.e., soft fine grained 

soil or loose coarse-grained soil) depends on many important factors that can affect 

the quality of DSM column.  The mechanical, physical and chemical aspects in soil 

mixing play an important role in improving the soil, starting from cementitious bonds 

in soil-binder mixture to the mechanical and physical properties of the stabilized soil 

such as bearing capacity, shrinkage/settlement, hydraulic conductivity and 

liquefaction susceptibility (Mohammadinia et al., 2019). 

The mechanical properties are considered as the most common engineering properties 

of the stabilized soil by DSM method. The mechanical properties of these soils should 
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be measured so that the shear and compressive strength, modulus of compressibility, 

unit density and permeability of the stabilized soil could be evaluated. In general, the 

DSM column has higher strength and it is stiffer than the surrounding soil and because 

of this, DSM column starts to control the design parameters of the foundation soil. The 

interaction and load transformation between the DSM columns and surrounding soil 

are described in Figure 2.3 (Topolnicki, 2009). The further details of the load transfer 

mechanism of DSM are given in Section 2.8. 

 
Figure 2.3: Mechanism of load carrying of DSM columns (EuroSoilStab, 2002) 

In order to understand the interaction between DSM columns and the surrounding soil, 

both the laboratory and field tests such as: cone penetration tests (CPT), laboratory 

unconfined compression tests, vane shear tests, undrained shear strength tests should 

be conducted so that the improved soil conditions by DSM method could be checked 

(Rashid et al., 2017; Shen et al., 2005; Shi et al., 2016).  

2.7 Patterns of Deep Soil Mixing Installations 

Soil mixing depends on many factors such as, binder material content, mixing method 

and the area to be treated. There are different types of installation-patterns of DSM 

 

 

  

DSM columns 

Surrounding soil 
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columns. Some of these are spaced or overlapping columns and single or combined 

columns as shown in Figure 2.4.  

 
  Figure 2.4: Examples of deep soil mixing patterns: (a), (b) square and triangular, (c) 

tangent wall, (d) overlapped wall, I trench/CSM wall, (f) tangent walls, (g) tangent 

grid, (h) overlapped wall with buttresses, (i) tangent cells, (j) ring, (k) lattice, (l-n) 

group 

The choice of installation pattern depends mainly on the purpose of DSM column 

Single or combined columns in square or triangle patterns are usually applied when 

the settlement beneath embankments is found to be a problem (Archeewa et al., 2011). 

While wall pattern can be applied in case of excavation to control the side from falling 

and to protect the structure from the horizontal sliding forces (Vervoorn & Barros, 

2021). Walls can be done in overlapping or tangential columns as a trench structure. 

The overlapping is essentially in case of cut-off walls and embankments in order to 
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increase the bearing capacity (Pan et al., 2019). Overlapping columns in U and circle 

shapes are usually used to improve the interaction with the treated soil (T. Muttuvel & 

S. Iyathurai, 1999). This form is considered as a cost-effective method since it 

combines between wall and block pattern. In case of making high stable structure or 

large volume of DSM, full blocks can be used to act as a gravity structure (Topolnicki, 

2016). 

2.8 The Load Transfer Mechanism of DSM   

The area around the diameter of DSM column which contributes to the improvement 

of the soil is very important. Some studies have been conducted in order to understand 

the behavior of DSM columns and surrounding soil (Khalili et al., 2020; Larsson et 

al., 2005; Oliaei et al., 2021). The area around the DSM column can be divided into 

three main zones. These zones are; expansion zone, transition zone and boundary 

layer. Figure 2.5 shows these three zones around the DSM column. The expansion 

zone is the external diameter of the existed DSM column which surrounds the 

enclosing boundary of DSM column. The expansion zone is the difference between 

the actual DSM column diameter and the diameter of the auger that used during the 

mixing process (Larsson et al., 2005). The expansion zone is important because it 

depends on the in-situ soil characteristics, stiffness and the process of the grouting. In 

soft soils, the expansion zone can be bigger when a high pressure applied during the 

grouting, while in case of soil with high stiffness, the effect of expansion zone could 

be lower or not existed. The biggest zone is the transition zone which can extends 

around of 1.5-2 times the diameter of DSM column considering the center of column. 

The transition zone is the place where the migration of calcium ions can take place in 

order to increase the undrained shear strength of the soil that surrounds the DSM 

column. The boundary layer is a very thin layer located around the transition zone with 
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10-20 mm thickness. At the boundary layer, strength characteristics of the soil starts 

to mitigate because ion migration cannot reach to the boundary layer (Shen et al., 2005; 

Tatarniuk, 20104).  

 
 Figure 2.5: Main zones around DSM columns (Larsson et al., 2005; Tatarniuk, 

2014) 

2.9 Grouping Effects of DSM Columns  

The performance of the group of DSM columns is a critical factor for improving the 

soil in order to support the foundations. From the field experiments and conducted 

projects, the efficiency of the group of DSM columns is related to the design of 

foundation and site specification parameters (Dehghanbanadaki et al., 2014). By 

installing the DSM columns into the soil, during the process of injection, the binder 

slurry forms the soil-binder columns. The volume of each column increases in the soil, 

which causes an increase in the lateral stress in the surrounding soil and results in 

confinement in the soil fabric and creating a series of zones of interaction (Foy, 2017). 

For DSM column design, usually triangle pattern is used for soil improvement and 

liquefaction mitigation (O’Sullivan et al., 2009). The group of DSM columns should 
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be placed in rows (single or double) regarding to the loads plan in order to increase the 

efficiency of the group of DSM column. In the case of group of DSM columns, row 

arrangement of DSM column can be used in order to increase the stability of soil, since 

the length of rows and the number of columns play an important role in controlling the 

stability of soil (Topolnicki, 2016).  

2.10 Parameters Affecting Deep Soil Mixing  

In DSM application, some factors were identified as effective factors on the behavior 

of DSM columns. These factors are listed below (Bagherinia & Lu, 2021; Bhadriraju 

et al., 2008; Frikha et al., 2017):  

• Soil type, 

• Type of binder material, 

• Proportions and percentages of binder material, 

• Amount of mixed water, 

• Preparations and mixing technique, and 

• Curing conditions. 

Other factors related to mixing specifications and equipment can also affect the 

behavior of treated soils such as; shape of blade of auger shaft, penetration type 

(forward and backward) and rate, speed of auger during the rotation (Chen et al., 2013; 

Jung et al., 2020; Pittaro, 2019). According to (Egorova et al., 2017), choosing the 

suitable method for DSM depends on some aspects which are considered as: 

• The moisture content of soil: in case of high water content, dry mixing method 

is required while at low water content, wet mixing method is preferred due to 

hydration. 
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• Multi-layered soils: due the difference of the strength and stiffness of each soil 

layer, wet mixing method in case of multi-layered gives opportunity to vertical 

movement of soils at the length of DSM column.     

• The quality of mixture: optimum homogeneous of soil-binder mixture can be 

obtained by wet mixing method due to the presence of water. 

2.10.1 Binder Content 

Soil stabilization by DSM is summarized as mixing the binder materials with other 

fillers and then mixing them together with the soil to form strengthened columns in 

the ground. Binder materials such as; Ordinary Portland Cement (OPC) and lime 

(CaO) have been used in treating soil by using DSM. Figure 2.6 describes some factors 

affecting binder materials in DSM (Wong et al., 2020).  

 
Figure 2.6: DSM binder methodology (Wong et al., 2020) 
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2.10.2 Effect of Water Content in Deep Soil Mixing  

Water is essential in mixing the cement with the soil. Water is required during 

hydration process of cement. It is also required for good and efficient mixing. Besides, 

water is a medium that enables the cementing ions to disperse within the voids of soil 

mass. In case of partially saturated soil, the presence of air space in the soil hinders the 

free dispersion of the cementing ions. While in oversaturated clay, due the high amount 

of water content, it requires more cement to bind the soil particles together that have 

been loosely dispersed by the presence of excess water. Figure 2.7 shows the effect of 

water content on the soil mixing (Bergado & Lorenzo, 2005).  

 
Figure 2.7: Effect of water content in soil mixing (Bergado & Lorenzo, 2005) 

2.10.3 DSM Column Installation  

DSM installation mainly involves mechanical mixing of existing soil with injected 

slurry of cement binder which sets-up after installation due to the pozzolanic reaction 

in binder (Jendrysik et al., 2018). The DSM method uses a relatively low injection 

pressure and the induced ground movements are generally related to the different 

lateral pressure between the wet mix and the surrounding soil (Dong & Whittle, 2018). 

During the installation of DSM columns, the unconfined compressive strength and the 
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tensile strength can be conducted in order to check the effectiveness of DSM column 

application (Kacar & Ho, 2019). 

Effectiveness of DSM column installation method depends mainly on the moisture 

content of the existing soil layer. Generally, dry mixing techniques achieve less 

strength for the same soil type than wet mixing, which is suitable for soft clays, silts, 

fine-grained sands with lower water content, and multiple interbedded soft and dense 

soil layers (Wong et al., 2020). 

In terms of binder injection, there are two basic execution procedures depending on 

the injection sequence of the binder: (a) injecting binder during the penetration of 

mixing shafts and (b) injecting binder during the withdrawal of the mixing shafts. Each 

injection sequence has its respective advantages and disadvantages. The penetration 

injection is beneficial for the homogeneity of strength of the stabilized soil column. 

However, it is possible to deadlock or cause serious damage to the machine if any 

trouble occurs in the mixing machine during the penetration (Kitazume & Terashi, 

2013).  

2.11 Quality Assurance and Quality Control  

In deep soil mixing process quality control QC and quality assurance QA procedures 

are required to ensure that the construction is performed according to the design 

requirements (Forsman et al., 2017; Spross et al., 2021). A flowchart showing the 

typical steps involved in executing a quality management program is shown in Figure 

2.8. Quality control, QC essentially comprises of evaluating the binder quality and 

quantity, mixing efficiency due to different penetration/withdrawal speeds of the 
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auger, the rate of rotation of mixing blade, and geometry length, diameter, and spacing 

of columns throughout the construction process (Madhyannapu et al., 2010).  

 
Figure 2.8: Typical QA/QC procedure for DSM method (Madhyannapu et al., 2010) 

Subsequent QA tests are also necessary to confirm the quality of the DSM columns 

installed in soil. QA can be carried out through laboratory tests on cores retrieved from 

the site or in-situ tests including penetration methods, geophysical methods, loading 

test methods, and nondestructive methods on installed columns (Porbaha et al., 2015).  

For the QA purpose, the laboratory testing on the performance of DSM columns has 

largely been focused on the columns themselves (Brasse et al., 2018; Dong & Whittle, 

2018; Jung et al., 2020). Laboratory testings on the soil surrounding DSM columns are 

performed in order to determine the soil engineering properties such as: unconfined 
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compressive strength (UCS) (Jendrysik et al., 2018; Prokopowicz, 2019; Yohannes & 

Daramalinggam, 2019), undrained shear strength (Bouassida et al., 2020; Tyagi et al., 

2019), and bearing capacity (Hasheminezhad & Bahadori, 2020; Youventharan et al., 

2020; Zaika et al., 2017). The shear strength or unconfined compressive strength of a 

soil cement column is a function of many factors, including soil type, binder content, 

construction method, time, and temperature (Liu & Hryciw, 2003).   

QA studies not only help in addressing the mixing process in the field, but also to 

assess the degree of improvement obtained by comparing the properties of treated and 

untreated sections. QC of the stabilized soil includes binder storage, binder slurry 

preparation, and control of the mixing process (Juha et al., 2018). Storage and 

proportioning of binder, additives and mixing water are normally controlled, 

monitored and recorded at the plant placed in the construction site (A. Puppala et al., 

2008; A. J. Puppala, 2005). 

2.12 Using Waste Materials in Ground Improvement 

In recent years, the increasing amount of waste materials in our environment resulted 

in environmental pollution and because of this, recycling of industrial waste materials 

in ground improvement application has become very significant. Ever-increasing 

waste production in nature has led researchers to use waste materials in different fields 

so that disposal of industrial wastes in nature would be greatly reduced (Bahraq et al., 

2020; El-Bondkly et al., 2021; Peixoto et al., 2021). There are many possibilities to 

use waste materials in civil engineering applications (Carvalho et al., 2018; Khurshid 

et al., 2019; Kishore & Gupta, 2020). Cement which is vastly used in almost in all civil 

engineering applications is manufactured from natural resources such as chalk or 

limestone heated at very high temperatures by using large amounts of energy from 
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natural resources. In recent years, industrial wastes have been used as aggregate or 

cement in concrete production (Borhan et al., 2020; Mohammadhosseini et al., 2019). 

Waste materials have also been used for soil improvement purposes in geotechnical 

engineering applications (Deshmukh et al., 2021; Khazaei & Moayedi, 2017; Thomas 

et al., 2018). Nowadays, finding new waste materials that can be used as cement 

replacement materials in different civil engineering applications is a significant 

challenge for the researchers. Due to the success of deep soil mixing techniques 

worldwide, there are many projects which are using different additives either in dry or 

wet forms in DSM application in order to stabilize subsoils at considerable depths 

(Venkatarama Reddy & Prasanna Kumar, 2011). 
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Chapter 3 

MATERIALS AND METHODS  

3.1 Introduction  

Deep soil mixing, DSM is an important improvement technique for the improvement 

of soft compressible clays and other problematic soils. Although, this application and 

the new installation methods have been used extensively in many projects (Abe et al., 

2022). There are still wide variety of methods and varying protocols used in deep soil 

mixing application. At the same time, standard laboratory test procedures have not yet 

been clearly developed for the improvement of different types of problematic soils by 

using DSM (Filz et al., 2005).  

This chapter provides the procedures and the standards that have been followed during 

the specimen’s preparation and mixing in the laboratory. This chapter also contains 

the material properties used in this study and the in-situ soil testing results of the soil 

investigated in this study.  This chapter is divided into four main parts as follow: 

• Soil properties used in this study, 

• Binder materials, 

• Mix proportion design, and 

• Specimens’ preparation. 

3.2 Problematic Soils in North Cyprus 

Cyprus island is considered as the largest island in the Mediterranean Sea. The 

northern part of Cyprus covers an area of approximately 3355 km2 (Ozbafli & Jenkins, 
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2016). Most of the soils that exist in North Cyprus contain alluvial soils and some clay 

types as shown in Figure 3.1. There are different types of problematic soils in North 

Cyprus such as fully saturated loose sand, soft compressible clays and expansive soils 

which are distributed over different parts of North Cyprus (Alnunu & Nalbantoglu, 

2020; Farah & Nalbantoglu, 2019; Golhashem & Uygar, 2019; Nalbantoglu & 

Gucbilmez, 2001). These types of problematic soils result in high compressibility and 

low resistance to settlement (soft clay), have liquefaction problem in loose sands 

(Abiodun & Nalbantoglu, 2015) and they have heave problems in shallow foundations 

(Nalbantoglu & Tawfiq, 2006). In the past history of Cyprus, because of the poor soil 

conditions of loose sands, these soils faced some serious liquefaction problems (Atalar 

& Das, 2009; Harrison et al., 2004). 

 
Figure 3.1: Cyprus soils (Geological Survey Department, 1995) 

3.3 Properties of Soil Used in this Study   

The problematic soil that is chosen to be studied in this study is poorly graded loose 

sand collected from Glapsides-Beach in Famagusta – North Cyprus. The sand is 
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composed of quarts, feldspar and silicon dioxide with some carbonate minerals. The 

soil site location is shown in Figure 3.2.  

 
Figure 3.2: Soil location studied in this study 

The soil was excavated in one meter below the ground surface and then the soil was 

extracted beneath this depth.  The extracted sand was classified as a poorly graded (SP) 

sand according to the Unified Soil Classification System (USCS). The particle size 

distribution was determined following ASTM D6913 standard. The particle size 

distribution of loose sand is shown in Figure 3.3, and the geotechnical properties of 

the sand are also given in Table 3.1. According to the in-situ relative density, Dr of the 

soil which was calculated to be 19.7%, the sand was found to be a loose sand.  

 

Glapsides Beach 

35.16 N, 33.91 E 
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Figure 3.3: Particle size distribution of the sand used in this study 

  Table 3.1: Geotechnical properties of the sand used in this study 

Soil properties values 

In situ bulk density, b (g/cm3) a 1.6 

In situ water content, w (%)  15.0 

Specific gravity, Gs 
b 2.67 

Effective size, D10 (mm) 0.16 

Median particle size, D50 (mm) 0.20 

Uniformity coefficient, Cu 1.37 

Coefficient of curvature, Cc 0.92 

Soil classification (USCS) c SP 

Maximum dry unit weight, dmax (kN/m3)d 16.4 

Minimum dry unit weight, dmin (kN/m3)e  13.4 

In situ relative density, Dr (%) 19.7 
a ASTM D1556 
b ASTM D854 

c ASTM D2487 

d ASTM D7382 

e ASTM D4254  

 

3.4 Binder Materials  

The primary function of binder materials is to provide the necessary strength and 

homogeneity between the soil particles (Kouakou & Morel, 2009a). Proper binder 

materials and mixture proportioning allow the adequate characteristics of treated soil 
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to be obtained. Different binder materials such as, cement, lime or cement-lime have 

been used in different studies in the literature (Alnunu & Nalbantoglu, 2022b; Dhar & 

Hussain, 2018; Jendrysik et al., 2018). Also, different methods of soil-binder mixture 

preparation have been used and followed by international standard such as Japanese 

Geotechnical Society (JGS) standard for soil mixing. In the present study, three 

different binder materials: cement and the waste materials brick dust, and marble dust 

have been used. The use of waste materials such as brick dust, marble dust and similar 

industrial by-products is economic as well as environmental advantages of using them 

to achieve sustainable infrastructure development with near zero industrial waste 

(Kinuthia & Nidzam, 2011; Tugrul Tunc, 2019). The main binder materials is cement 

and the two waste materials shown in Figure 3.4 were used as cement replacement in 

order to reduce the usage of cement which is very costly and environmental unfriendly. 

 
Figure 3.4: Binder materials used in the study 

Brick dust 

Marble dust 

Cement 
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3.4.1 Cement  

Cement is a hydraulic binder which can be used in different soil stabilization 

applications. Cement does not dependent on minerals to react with, it reacts by itself 

with the presence of water (Alnunu & Nalbantoglu, 2022a; Knapen & van Gemert, 

2009). Type I or Type II Portland cement have been successfully used in DSM 

applications (Chen et al., 2013; Tremblay et al., 2011).  In general, ordinary Portland 

cement is used for stabilization purposes because of its extreme fine particles which 

make it more reactive (McLaughlin, 2017). The addition of cement to soil produces 

cementitious components in the soil–cement matrix. The primary cementation 

compound is formed by hydration reactions and comprises hydrated calcium silicates 

(C3S, C2S), calcium aluminates (C3A, C4AF) and hydrated lime Ca(OH)2 (Saeed et al., 

2014).  

In the present study, Portland cement Type I, CEM 142.5 R is used for DSM 

application. Table 3.2 describes the physical and chemical properties of the cement 

used in this study.   

  Table 3.2: Physical and chemical properties of cement used in this study 

Properties  Value  

SiO2 (%) 19.95 

Al2O3 (%) 5.06 

Fe2O3 (%) 3.04 

CaO (%) 63.09 

MgO (%) 2.34 

SO3 (%) 3.32 

Na2O (%) 0.80 

Loss on ignition (%) 2.27 

Specific gravity  3.13 

Specific surface area (cm²/gr) 3810 

Clinker mineralogical composition 

                  C3S ˃ 60 

                  C2S ˂ 15 
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                  C3A ˂ 10 

                  C4AF ˃ 8 

 

3.4.2 Waste Marble Dust, WMD  

The waste marble dust, WMD used in the present study was taken from the 

construction waste materials that was located in the industrial zone in Famagusta, 

North Cyprus. In this industrial zone, many factories produced marble blocks in 

different forms and during the cutting and polishing operation of these marble blocks, 

marble dust was generated as waste material. In recent years, using marble dust in 

concrete production is very common (Arel, 2016; Ruiz-Sanchez et al., 2019; Singh et 

al., 2019). Marble dust can be used as a mineral admixture to replace Portland cement 

to enhance the early compressive and the flexural strength of mortar (Demirel, 2010; 

Li et al., 2018; Nadu, 2015). The addition of calcium carbonate which exists in marble 

dust in the cement mixture provides better particle packing (Ali et al., 2015). Marble 

dust can also be used for improving the shear strength and reducing the swelling 

potential of clayey soils (A. K. Jain et al., 2020; Saygili, 2015; Zorluer & Gucek, 

2014). The performance of problematic soils can also be improved by using WMD, 

due to its high calcium content which can help in cation exchange reaction (A. K. Jain 

et al., 2021) and alter the soil plasticity. The high amount of calcium carbonate that 

exists in MWD react with tricalcium aluminate (C3A) that is available in cement and 

accelerate the hydration reactions, which contribute to the improvement of 

compressive strength of soil-cement mixtures (Arel, 2016; N. Jain & Garg, 2008). In 

the present study, the WMD particles passing from 75 µm sieve was utilized as a partial 

cement replacement material in soil-cement mixtures. The physical and chemical 

properties of the WMD used in this study are presented in Table 3.3. The particle size 

distribution curve of the WMD is also shown in Figure 3.5. 
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  Table 3.3: Physical and chemical properties of WMD 

Properties Value 

Na2O (%) 0.19  

MgO (%) 1.13  

Al2O3 (%) 0.88  

SiO2 (%) 3.24  

CaO (%) 92.24  

SO3 (%) 0.13  

Fe2O3 (%) 1.43 

Silt content (%) 87  

Clay content (%) 13  

Specific gravity  2.68 

 

 
Figure 3.5: Particle size distribution of WMD used in this study 

3.4.3 Waste Brick Dust, WBD  

In brick industry, the demolition of brick masonry structures due to large-scale 

urbanization produces huge amount of construction waste, including large quantities 

of clay brick which is normally ended in landfills. However, the landfilling of waste 

clay brick occupies the rare land resources, especially for cities with limited disposal 

sites (Ge et al., 2015). Therefore, using recycled bricks as a part of cementitious 

0

10

20

30

40

50

60

70

80

90

100

0.0010.010.1

P
er

ce
n

et
 p

a
ss

in
g

Particle size (mm)



31 

 

material could simultaneously help to settle the environmental impacts caused by 

cement production and waste clay brick disposal. Brick dust is considered to be an 

eco-friendly alternative material when it is used in DSM application. Brick dust 

contains sand and clay particles which consist of chemical compounds such as silica, 

alumina, carbonates and oxides which are needed for pozzolanic reaction (Khan et al., 

2018). Because of its constituents, clay gains pozzolanic activity when it reacts with 

lime in the presence of water (S. Rogers, 2011). Brick dust exhibited high strength in 

concrete and mortar due to its pozzolanic activity (Demir et al., 2011; Ge et al., 2015). 

The substitution of cement with ground brick in mortar increases compressive strength 

in proportion with increasing curing period (Zhao et al., 2021). The strength 

enhancement is attributed to pronounced C–S–H gel formation, resulting from the 

pozzolanic reactions between the ground brick and free lime from the hydrating 

cement (Kinuthia & Nidzam, 2011). In the present study, the WBD particles passing 

from 75 µm sieve was utilized as a partial cement replacement material in soil-cement 

mixtures. The physical and chemical properties of the WBD used in this study are 

presented in Table 3.4. The particle size distribution curve of the WBD is also shown 

in Figure 3.6. 

  Table 3.4: Physical and chemical properties of WBD 

Index properties  Value  

SiO2 (%) 38.64  

Al2O3 (%) 12.2  

Fe2O3 (%) 8.53  

MgO (%) 6.18  

CaO (%) 14.49  

Na2O (%) 1.21  

K2O(%) 1.89  

Silt content (%) 86  

Clay content (%) 14  

Specific gravity  2.78 
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Figure 3.6: Particle size distribution of WBD used in this study. 

3.5 Mix Proportion Design 

Due to the success of deep mixing (DM) techniques worldwide, there have been 

various improved, novel construction and installation technologies that use different 

additives either in dry or wet forms to stabilize subsoils at considerable depths 

(Bhadriraju et al., 2008). 

Based on the findings of previous researchers, the following factors were found to be 

effective on the characteristics of soil mixture (Al-Tabba et al., 2000; Kitazume & 

Terashi, 2013; Shen et al., 2005): 

• Soil type 

• Binder type 

• Binder dosage rates and proportions 

• Binder-water ratio 

• Soil-binder mixing and specimen preparation techniques 

• Curing conditions. 
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Table 3.5 illustrates the mix proportions that have been used in this study. Each mix 

proportion was coded according to binder soil (B/S) ratios and percentage of waste 

material replacement (WMR). Herein, 10/WMR0, 15/WMR0 and 20/WMR0 

demonstrate the treated specimens with cement only. 

 Table 3.5: Mix proportions used in this study 

Mix 

designation  

B/S 

ratio (%) 

W/B 

ratio 

Replacement 

percentage 

of waste 

material, 

WMR 

Cement 

percentage 

as binder 

material 

 

Density 

of the 

mix 

g/cm3 

10/WMR0 10 

1.2 

0 100  

 

1.7 
10/WMR10 10 10 90 

10/WMR20 10 20 80 

10/WMR30 10 30 70 

15/WMR0 15 

1.2 

0 100  

 

1.85 
15/WMR10 15 10 90 

15/WMR20 15 20 80 

15/WMR30 15 30 70 

20/WMR0 20 

1.2 

0 100  

 

2.0 
20/WMR10 20 10 90 

20/WMR20 20 20 80 

20/WMR30 20 30 70 

   B/S: Binder-soil ratio 

   W/B: Water-binder ratio 

   WMR: Percentage of waste material replacement  

3.5.1 Binder-Soil Ratio (B/S) 

The strength characteristics of any soil mixed with binder material is a function of 

many factors, including soil type, binder content, construction method, time, and the 

ambient environment, specifically temperature (Chenari et al., 2018; Kouakou & 

Morel, 2009b). The binder material in DSM application is typically cement, but 

occasionally a lime-cement mixture is used as a binder in soil mixing and the binder 

material content is usually 10% to 15% of the soil by dry weight (Liu & Hryciw, 2003).  
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Some studies in the literature (Gullu et al., 2017; Lorenzo & Bergado, 2006) stated 

that for more effective and economic soil improvement, the binder–soil ratio, B/S 

should not be greater than 20% of the total weight of the untreated soil. In the present 

study, three binder-soil ratios, B/S: 10%, 15% and 20%, were used to form the soil-

binder mixtures. For the replacement of cement with waste material (WMR), 12 

different mix proportions were used as indicated in Figure 3.7. Soil–cement–waste 

material mixtures were prepared for investigating the effect of different replacement 

percentages of WM on the properties of the binder–soil mixtures. The replacement 

percentages, WMR which have been used in the present study were 10%, 20% and 

30% by the weight of cement. Figure 3.7 illustrates the binder-soil ratios (B/S) and the 

replacement percentage of waste material (WMR) used in this study.  
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Figure 3.7: Binder-soil ratio, B//S and replacement percentage of waste material, 

WMR used in this study 

3.5.2 Water-Binder Ratio (W/B) 

The water-binder ratio, W/B is an important factor in the improvement aspect in DSM 

during the field implementation phase. This factor should be carefully accounted in 

laboratory investigations for easy handling of binders and for getting better degree of 

improvement for the soil/binder mixtures (Bergado & Lorenzo, 2005; Horpibulsuk et 

al., 2005). 
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Figure 3.8: Specimens prepared with different water–binder ratios, W/B 

In the previous studies in the literature, in order to determine the best water–binder 

ratio (W/B) for achieving better homogeneity and optimum workability in soil–cement 

mixtures, different trail of W/B ratios, such as 1.0, 1.2 and 1.5 were tested (M. Bruce 

et al., 2013; Farouk & Shahien, 2013). In the present study, after a series of numerous 

preliminary test, the W/B ratios were decided to be in a range of 1.0–1.5. Figure 3.8 

shows the trial specimens prepared for the preliminary tests with different W/B ratios. 

After trying various ratios it was detected that, W/B ratio of 1.0 was not enough to 

obtain a uniform mixture in the specimens. Due to insufficient W/B ratio, a structure 

with large pore spaces was formed and the workability of the specimens was very poor 

and it was difficult to mix the soil–binder materials together. With 1.5 W/B ratio, 

visible voids and bleeding problem were observed during the mixing of the specimens. 

Whereas with 1.2 W/B ratio, the best uniform and homogenous mixtures with less pore 

spaces were obtained. Moreover, during testing, it was observed that the workability 

of the mixture became better with W/B ratio of 1.2, since the mixture was poured easily 

and smoothly in the mold without bleeding or segregation and the void space generated 

after mixing was almost nothing. Therefore, in the present study, the W/B ratio of 1.2 
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was adopted for all mix proportions with different percentages of waste material 

replacement. 

3.6 Sample Preparation Methods for Small Soil-Binder Specimens for 

DSM Application 

3.6.1 Preparation of Soil-Binder Mixtures 

Approximate quantity of the dry soil sample was obtained for the preparation of 

different batches. Batch is defined as sufficient numbers of treated soil sample for 

performing tests and obtaining the best soil/binder mixtures by considering the 

variables such as curing conditions and mixing method. For each mix proportion of 

waste material replacement, (WMR 10%, 15% and 20%) six batches were prepared 

for the two different curing periods 7 and 28 days. Three samples were tested after 7 

days of curing and the other three samples were tested after 28 days of curing.  

The soil-binder specimens preparation process was stared with the calculation of the 

exact amount of binder materials based on the binder-soil ratio that described in Figure 

3.7. Subsequently, the amount of water content was determined according to the water-

binder ratio (W/B of 1.2) that was needed to prepare the soil-binder mixture as 

explained in Section 3.5.2. In the soil mixing process, an electronic mixer with a hook 

was used in this study. The mixing rate of the outer spindle was preset at 50 r/min. The 

quantities of soil and binder material were mixed in dry conditions in a separate bowl 

prior to the addition of water as shown in Figure 3.9 (a). This stage was important to 

ensure that dry particles of soil and binder materials are mixed together. Then, the soil-

binder mixture was mixed with water at the calculated water content value for 

approximately 10 min as shown in Figure 3.9 (b) to ensure a uniform soil-binder 

mixture without lumps.  
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3.6.2 Mold Used in the Preparation of Specimens 

A split type steel mold shown in Figure 3.10 with 50 mm in inner diameter and 100 

mm in length, with 10-mm thickness containing three cylindrical holes was used in the 

preparation of the cylindrical specimens. First, a thin layer of grease was smeared onto 

the inner surface of the mold to avoid any disturbance in the specimens during the 

extraction process as shown in Figure 3.10 (a). The details of the mold used in this 

study is shown in Figure 3.10 (b).  

 

 

 

 

 

 

 

 a b 

WMD 

Sand 

Cement 

After adding water 

Figure 3. 9: Preparation of soil-binder mixture: (a) binder materials with sand 

(b) soil-binder mixture with water 
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3.6.3 Compaction and Extraction of Soil-Binder Mixtures from the Mold  

Because the soil-binder mixture was not in a consistency to be poured into the molds, 

the soil-binder mixture was transferred into the mold by using a spoon. The soil-binder 

mixture was placed in the split mold in five equal layers. Each layer was compacted 

gently by wooden rod with rubber head in order to achieve the required densities: 1.70, 

1.85 and 2.0 g/cm3 for B/S ratios: 10%, 15% and 20%, respectively, as given in Table 

3.5. Then, after compacting the top layer, the surface of the mold was trimmed and 

flattened by a spatula Figure 3.11 shows all these processes followed in sample 

preparation. 

 

 

 

 

 

 

 

 

 

 a b

b 
Figure 3.10: A split steel mold used in specimens’ preparation: (a) greasing stage (b) 

details of the split mold used in this study 
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After extracting the specimens from the mold, the specimens were left overnight in the 

air to dry in order to gain the initial strength as shown in Figure 3.12 (a). Then, the 

specimens were reserved in temperature-controlled room in electronic water bath that 

can keep the temperature of the specimens constant during the curing period as shown 

in Figure 3.12 (b). The specimens were cured at approximately 20 °C for durations: 7 

and 28 days.  

 

 

 

 

 

 

 

 a  b 

 c  d 

Figure 3.11: Specimens compaction and extraction processes in the mold: 

(a) compacting the mixture, (b) trimmed surface of the specimens, (c) 

splitting the mold, (d) extracting the specimens 
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3.7 Tests Performed on Small Soil-Binder Specimens 

In the study, Vicat test was performed according to ASTM C191 standard at room 

temperature in order to evaluate the effect of WMR on the setting time of cement paste. 

The bulk density of the specimens was determined after 28 days of curing in water 

treatment bath. The unconfined compressive strength (UCS) of the specimens were 

determined according to ASTM D1633 standard. The specimens’ dimensions were 

100 mm in height and 50 mm in diameter. After 28 days of curing, the specimens were 

left in the air until they became fully dry and then they were tested under uniaxial 

compression machine in order to investigate the effect of WMR on the deformation 

behaviour and cracking propagation after failure. A microscopic study was performed 

and the specimens were examined under a stereoscopic microscope at 300X 

magnification and the obtained microscopic images were analyzed and discussed. 

3.8 Experiments in a Large-Scale Model Test Tank 

3.8.1 Introduction  

In DSM application, two different installation methods can be used in order to form 

the DSM columns in problematic soils. These are: 

 

a b 

Figure 3.12: Curing process: (a) extracted specimens from the split mold left 

to air drying, and (b) extracted specimens left in the water tank 
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• In-situ mixing (mechanical method) (discussed in Section 2.5) and 

• Ex-situ mixing (replacement method).  

In the ex-situ mixing method, the soil is excavated and mixed with binder in plant or 

during the transportation to the construction site.  This method is intended to provide 

additional characteristics such as liquefaction resistance, smaller volume 

compressibility and extremely high strength to the original soils as mentioned in the 

studies: Shah et al. (2019) and Zakaria et al. (2020). 

In the present study, ex-situ replacement method is used for the construction of the 

DSM columns with which the disturbance to the surrounding soil during the 

installation process is thought to be minimized.  

This section describes the materials and methods used to study the behaviour of single 

and group of DSM columns formed by the deep ex-situ mixing method. DSM column 

with and without waste materials are presented and the procedure used to form these 

columns in the model test tank is described. 

3.8.2 Details of Test Performed in the Model Test Tank  

3.8.2.1 Preparation of the Model Test Tank 

The dimensions of the test tank used in this study are 40 cm in depth and 40 cm in 

diameter. The inner surface of the test tank wall is cleaned and smooth. The sand is 

placed in the test tank in three layers. In order to obtain a levelled surface of the sand 

in the test tank, the depth of each layer where the sand will be placed is marked on the 

inner wall of the test tank as shown in Figure 3.13 (a).  Before placing the sand in the 

test tank, a bed of aggregates 10-20 mm in size and 10 cm high is placed at the bottom 

of the test tank as shown in Figure 3.13 (b). 

 



43 

 

 

 

 

 

 

 

 

 

 

3.8.2.2 Placement of the Sand in the Test Tank     

In the study, the loose sand was placed in the test tank at the in-situ dry density of 1.39 

g/cm3. Before placing the sand in the test tank, lubricating oil was applied on the inner 

walls of the test tank.  In all the tests, in order to achieve identical sand samples in the 

test tank, the required amount of sand required to fill each layer in the test tank was 

calculated and placed in the tank in three equal layers.  Each layer was placed and 

compacted gently in the test tank by using a rubber head to achieve the required density 

as shown in in Figure 3. 14 (a). After placing the loose sand in the test tank, the surface 

of sand was trimmed and levelled as shown in Figure 3.14 (b).  

 

a b 

Figure 3.13: Testing tank preparation: (a) marking the sand layers in the test tank (b) 

aggregates placed at the bottom of the test tank 
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Figure 3.14: Placement of the sand in the test tank: (a) compacting sand in the test 

tank (b) levelling the surface of the sand 

3.8.3 Installation of DSM Columns in the Test Tank   

In order to install the DSM column in the test tank, a PVC pipe with 2 mm thickness 

and 50 mm diameter was used to open a cylindrical hole at the required diameter in 

the center of loose sand in the test tank.  First, the center of the test tank was marked 

and then PVC pipe was placed and pushed vertically into the loose sand until the 

required vertical depth of DSM column was attained (Figure 3.15). The verticality of 

the pipe was checked by a spirit level. Before placing the PVC pipe into the loose sand, 

the PVC pipe was coated internally and externally with oil in order to avoid the friction 

between the pipe and the surrounding soil. Then the sand filling the PVC pipe was 

vacuumed out and the pipe was emptied so that the soil-binder mixture could be poured 

inside the PVC pipe.  

 

a b 
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Figure 3.15: DSM column preparation in the test tank: (a) locating the center of test 

tank (b) placing the PVC pipe for forming DSM column 

 

 

The soil-binder mixture to be placed inside the PVC pipe was prepared according to 

the optimum percentages of soil-binder mixture obtained from the small size 

specimens for quality control discussed in chapter 4. The required amount of the soil-

binder mixture was partitioned into three equal batches, and each batch was poured 

into the hole with a height around of 6.6 cm through the pipe. The same procedure was 

applied by the researchers Zakaria et al. (2020). The pipe was then pulled out and 

compaction was applied each batch to attain the total height of 20 cm. Before 

compacting the soil-binder mixture into the PVC pipe, in order avoid the segregation 

problem and to achieve a uniform compaction, three soil-binder mixtures were 

compacted in three different pipes and for each layer of soil-binder mixture in the pipe, 

three different number of blows: 5, 10, and 15 were tried. The first soil-binder mixture 

was compacted with 5 number of blows for each layer, the second soil-binder mixture 

was compacted with 10 number of blows whereas the third mixture was compacted 

with 15 number of blows for each layer.  Figure 3.16 shows the final shape of soil-

binder mixtures compacted at three different number of blows.  

Center point 

a b 

PVC pipe 
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It was observed that the best compaction was achieved with 10 number of blows. With 

this number of blows applied for each layer, uniform compaction was achieved 

throughout the soil-binder mixture whereas with 5 number of blows, less compaction 

was achieved and resulted in some pore spaces in the mixture. On the other hand, 15 

number of blows was over compaction and resulted in lateral distortion of the soil-

binder mixture and did not provide proper compaction. As Figure 3.16 indicates, the 

optimum compaction was achieved with 10 number of blows for each layer.  

 
Figure 3.16: Different number of blows applied for the compaction of each layer of 

soil-binder mixture in the PVC pipe 

Therefore, for avoiding the lateral distortion of the surrounding soil during the 

construction of DSM column and for achieving proper compaction, each layer in the 

PVC pipe was compacted with 10 number of blows by using a rod with rubber head 

as shown in Figure 3.17.  The same procedure was applied for the construction of the 

group of DSM columns in the model test tank. The compacted single and group of 

DSM columns in the model test tank are presented in Figure 3.18. 

 

Less compacted (5 

blows) 

Gently compacted (10 

blows) 

Over compacted (15 

blows) 

Mold 
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Figure 3.17: Preparation of DSM column in the test tank: (a) checking the 

verticality of PVC pipe (b) compacting the soil-binder mixture in the PVC pipe 

 

 

 
Figure 3.18: DSM column constructed in the test   tank (a) single DSM column (b) 

group of DSM columns 

3.9 Deep Soil Mixing Models: Single and Group of DSM Columns  

Two different test models were studied in this study: single and group of DSM 

columns. The dimensions of DSM columns in both single and group columns were 5 

cm in diameter and 20 cm in length.  In real field applications, the diameter of DSM 

column varies from 0.5 to 2.1 m and center to center spacing ranges from 1 to 1.5 m 

a b 

a b 

Group of DSM 

columns Single DSM 

column 
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(Nissa Mat Said et al., 2019).  The dimensions of the DSM columns used in the present 

study simulate a prototype laboratory model with a scale of 1:20. Whereas, the length 

of DSM column: 20 cm presents a length/diameter ratio of 4 which was the similar 

ratio used by Shah et al., (2019) who stated that the optimum L/D ratio was nearly 4 

in DSM column simulation.    

3.9.1 Single End-Bearing DSM Column Model   

The first model performed in this study was the single DSM column. As 

aforementioned, DSM column with 5 cm diameter and 20 cm length was constructed 

in the sand bed sitting completely over a coarse aggregate (base layer) with thickness 

of 10 cm. Table 3.6 describes the cases of single end-bearing DSM column that were 

performed in this study.    

 Table 3.6: Model of single end-bearing DSM column 

Sample Depth of 

sand bed, 
(h) cm 

DSM column 

diameter,  
(d) cm 

DSM column 

length,  
(l) cm 

WMR 
  

1 20 -- -- No 

2 20 5 20 No 

3 20 5 20 Yes 

DSM: Deep soil mixing 

WMR: Waste material replacement 

Yes: WBD and WMD are used 

No: No waste materials were used  

3.9.2 Single Floating DSM Column Model 

To study the effect of soil depth on the bearing capacity and settlement behaviour of 

DSM column three different cases were chosen to be studied. As mentioned by 

(Dehghanbanadaki et al., 2014) the bearing capacity and settlement performance are 

considerably affected by the depth of soil bed in DSM application. Therefore, in the 
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study, three different soil depths were chosen to be investigated. The ratio of length of 

DSM to the soil depth is expressed as (l/h) ratio. The (l/h) ratios that have been studied 

in this study are shown in Table 3.7.   

Table 3.7: Model of single floating DSM column model 

Sample Depth of 

sand bed, 
(h) cm 

DSM 

column 

diameter, 

(d) cm 

DSM 

column 

length,  
(l) cm 

l/h 
ratio 

WMR 
  

1 20 -- -- -- No 

2 20 5 20 1 No 

3 25 5 20 0.8 Yes 

4 33 5 20 0.6 No 

5 50 5 20 0.4 No 

DSM: Deep soil mixing  

WMR: Waste material replacement 

Yes: WBD and WMD are used 

No: No waste materials were used  

3.9.3 Group of DSM Columns Model 

Based on the results obtained from the first model (single DSM column), some cases 

of group of DSM columns were chosen to be studied in order to investigate the 

performance of group of DSM columns in the model tank. Table 3.8 shows the cases 

of group of DSM columns studied in this study.    

 

Table 3.8: Model of group of DSM columns 

Sample Thickness 

of sand 

bed, 
(h) cm 

DSM 

column 

diameter, 

(d) cm 

DSM 

column 

length,  
(l) cm 

l/h 
ratio 

WMR 

1 20 -- -- -- No 
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2 20 5 20 1 No 

3 20 5 20 1 Yes 

4 25 5 20 0.8 No 

5 20 5 20 0.8 Yes 

DSM: Deep soil mixing  

WMR: Waste material replacement 

Yes: WBD and WMD are used 

No: No waste materials were used  

3.10 Model Test Set-up and Load Application  

After the preparation process of the sand bed and the construction of the DSM columns 

in the model test tank, the DSM columns were loaded by using the loading frame given 

in Figure 3.19. The load application was chosen to be applied over a circular rigid steel 

footing resting on the DSM columns in the test tank. The load was vertically applied 

at a constant rate of 1 mm/min up to 25 mm vertical settlement of the footing. The 

loading process and settlement limit were designed according to the specification 

suggested by (Farouk & Shahien, 2013). During the load application, two dial gauges 

which were fixed on the footing were used for recording the settlement of the footing 

sitting on the DSM columns. Those two dial gauges were connected to the data logger 

for recording the settlement.  Figure 3.19 presents the loading frame and its parts. The 

footing was designed to simulate a circular rigid footing resting over the DSM columns 

with an area improvement ratio of 25%.  The area improvement ratio was defined as 

the ratio of the area of the DSM columns to the total area of footing. As stated in the 

study of Bruce & Bruce, (2003), the most effective range of area improvement ratio 

for most soils was proposed to be between 10–30 %.  Therefore, the area improvement 

ratio in this study was chosen to be 25% which was similar to the area improvement 

ratio used by Dehghanbanadaki et al., (2014). 
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Figure 3.19: Schematic diagram of the loading 
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Chapter 4 

RESULTS AND DISCUSSIONS  

4.1 Introduction  

The results of all the experiments conducted in this study are thoroughly examined and 

discussed in this chapter. These results are divided into two distinct sections for ease 

of understanding and analysis of the findings. The first section focuses on the behavior 

and quality of small specimens of the soil-binder mixtures, while the second section 

deals with the behavior of the soil-binder mixtures used in the construction of the DSM 

single and group of columns in the model test tank. The results obtained from these 

experiments provide valuable insight into the performance and effectiveness of the 

soil-binder mixture under different conditions and configurations. By thoroughly 

analyzing and discussing these results, a comprehensive understanding of the 

capabilities and limitations of the soil-binder mixtures as a DSM material will be 

obtained.  

4.2 Effect of WMR on Setting Time 

Determination of the setting time was first performed on the control sample (cement 

paste only) and then the cement paste was replaced by different percentages of waste 

brick dust, WBD and waste marble dust, WMD with the percentage of 10, 20 and 30. 

Figure 4.1 shows the effect of different percentages of WBD on the final setting time 

of cement paste. According to the WBD, it was observed that a reduction in the final 

setting time of cement-waste brick dust mixtures was obtained due to the increase in 

the waste brick dust content. The increasing replacement percentages: 10, 20 and 30% 
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of waste brick dust in cement paste decreased the final setting time of control sample 

by 4.8, 9.3 and 13.9%, respectively. The replacement of cement with waste brick dust 

in cement paste caused the cement-waste brick dust mixtures to absorb more water 

compared with the mixture of cement paste only and resulted in faster rate of 

hardening. This could be explained due to the faster rate of release of silica and 

alumina present in the waste brick dust which resulted in reduction in the final setting 

time of cement-waste brick dust mixtures. Moreover, the high-water absorption of 

waste brick dust in the cement-waste brick dust mixture was attained and this led to 

faster rate of hardening of cement-waste brick dust mixture. This finding was in good 

agreement with the findings of Rakhimova and Rakhimov (2015) who stated that the 

increase in the rate of geopolymerization reaction in cement paste replaced by brick 

dust resulted in the shortening of the final setting time of the mixture. 

 
Figure 4.1: Effect of replacement percentages of waste marble dust on the setting 

time 
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11, 23 and 35%, respectively. Test results indicated that due to the observed higher 

consistency of cement-WMD mixtures, higher water absorption compared with the 

mixture of cement paste only was attained and this led to faster rate of hardening of 

cement-WMD mixtures. The high calcium oxide, CaO content in WMD as presented 

in Table 3.3 influenced the setting time of cement and caused an increase in the 

acceleration of setting times which resulted in reduction in the final setting time of 

cement–WMD mixtures. Figure 4.2 shows the effect of different percentages of WMD 

on the initial and final setting time of cement. 

 
Figure 4.2: Effect of replacement percentages of waste marble dust on the setting 

time of cement 

4.3 Effect of WMR on the Bulk Density 

Figure 4.3 shows the bulk density of the soil cement mixture with the waste brick dust 

mixture at 28 curing days. The figure indicates that the B/S ratio: 10, 15 and 20% has 

a direct effect on the bulk density. The B/S ratio is directly proportional to the bulk 

densities. As the B/S ratio increases, there is a continuous increase in the bulk 

densities. The bulk density values were in the range of 2022 – 2113 kg/m3. 
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Considering the effect of only waste brick dust on the bulk density, it has been 

observed that there was no significant effect on the bulk densities. Due to the light 

weight of waste brick dust and lower density, waste brick dust does not show any 

considerable effect on the density of the mixtures at the same B/S ratios which is 

considered to be an advantage in terms of obtaining a constant density without 

degradation in the structure of mixture.  

 
Figure 4.3: Effect of replacement percentages of waste brick dust on the bulk density 

Considering only the effect of WMD on the bulk density, it was observed that the 

effect of WMD on the bulk density was significant. An increase of 0.3% and 0.17% in 

the bulk density of the soil–cement–WMD mixtures was achieved at B/S ratio of 20 

with 10 and 20% WMD content, respectively. This enabled producing more dense 

specimens with strong strength characteristics, while at 30% of WMD, a reduction of 

0.54% in the bulk density of the mixture was observed compared to the specimens 

with cement only. The reduction obtained with 30% of WMD could be explained due 

to the high amount of WMD which was more than needed for filling the pore space in 

soil–cement mixture. Increasing the percentage of WMD above 20% did not contribute 
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to the improvement of the density of soil-cement mixtures. Instead, reduction in the 

density of the specimens was observed as shown in Figure 4.4. 

Figure 4.4: Effect of replacement percentages of waste marble dust on the bulk 

density 

4.4 The Effect of WMR on the Unconfined Compressive Strength, 

UCS 
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there was no further increase in UCS. This indicates that the presence of silicon 

dioxide, SiO2 in waste brick dust with a replacement percentage of 20 is sufficient for 

the completion of the pozzolanic reaction that will take place in the soil-cement-waste 

brick dust mixtures. Beyond this percentage, the waste brick dust acts as a filler and 

does not contribute to the strength. 

 
Figure 4.5: UCS of treated specimens with different replacement percentages of 

WBD 
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values of the specimens were increased to 3103.31, 4722.66 and 6852.29 kPa, in mix 

designations: 10/WMD10, 15/WMD10 and 20/WMD10, respectively. The figure 

indicated that at all B/S ratios, the obtained UCS values of the mixtures were below 

the value obtained at 10% WMD. The optimum percentage of WMD required to 

improve the compressive strength of the mixtures was 10% at 20% B/S ratio. This 

indicated that the optimum percentage of WMD needed for filling the pore space 

completely and generating effective soil–binder reactions is 10 at 20% B/S ratio. At 

the percentage above this value, the WMD fills all the pore spaces and the excess 

WMD accumulates on the grains in the soil–binder mixtures. Which resulted in 

reduction in the contact surface area needed for chemical reaction. 

 
Figure 4.6: UCS of treated specimens with different replacement percentages of 

WMD 
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4.5 Stress–Strain Response Curves of Specimens Treated with WBD 

and WMD  

Considering only the B/S ratio, it can be seen that, the strain values of the specimens 

obtained at failure increased with an increase in B/S ratio. This shows that at higher 

B/S ratios, the ability of the specimens to deform before failure increased and resulted 

in ductile behavior. Figure 4.7 indicates that the specimens with WBD exhibited a 

considerable ductility than the control specimen (cement only). All the specimens 

treated with WBD changed the behaviour of the specimens from brittle to ductile 

behavior. 

 
Figure 4.7: Stress–strain response curves of specimens with WBD at 20 % of B/S 

ratios 
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Figure 4.8 shows the stress–strain curves of the specimens with 20% of B/S ratios and 

different replacement percentages of WMD at curing time 28 days. For the specimens 

treated with cement only (20/WMD0) the failure of the specimens occurred suddenly 

at smaller strain levels indicating a brittle behavior. It was found that increased 

replacement percentage of WMD in the mixtures was effective in changing the soil’s 

brittle behavior. Figure 4.8 indicates that the specimens with WMD exhibited much 

better ductility than the control specimen (cement only). All the specimens treated with 

WMD had a transitional response from the brittle to ductile behavior better than the 

specimens treated with WBD. The specimens with WMD absorbed more energy 

before failure and reached the peak stress without failure. 

 
Figure 4.8: Stress–strain response curves of specimens with WMD at 20 % of B/S 

ratios 

  

0

1000

2000

3000

4000

5000

6000

7000

0 0.01 0.02 0.03

U
n

co
n

fi
n

ed
 C

o
m

p
re

ss
iv

e 
S

tr
es

s 
(k

P
a

)

Axial strain, ε

20/WMD0

20/WMD10

20/WMD20

20/WMD30



61 

 

4.6 Effect of WMR on the Modulus of Elasticity, Es  

The modulus of elasticity, Es of the specimens with different WMR is shown in Figure 

4.9. The Es values were determined from the slope of the stress–strain curves given in 

Figure 4.9. The Es value is a measure of stiffness of a given material. Greater values 

of modulus of elasticity means stronger resistance of the material to the applied loads 

before failure in which greater force is required to produce strain before failure. As 

shown in Figure 4.9, at (20) B/S ratios, the highest modulus of elasticity value was 

obtained with a 20% waste brick dust replacement. As Rosato (2003) stated, the 

increase in the modulus of elasticity of the mixtures is a good indication for the strength 

and the stiffness of the mixtures. On the other hand, the specimens that treated with 

WMD, the best improvement in Es of the specimens was obtained for the specimens 

with 10% WMD replacement. The same trend of increment in both Es and UCS values 

were obtained in the study. In addition, the increase in the Es values of the specimens 

with WMD substantiated the previous findings that the ductility of the specimens 

increased with the inclusion of WMD in the mixtures.  
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Figure 4.9: The effect of replacement percentages of WMR on the modulus of 

elasticity 

 
Figure 4.10: The effect of WMR on the modulus of elasticity and UCS 
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4.7 Microscopic Study of the Binder-Soil Mixture 

To better understand the behaviour of the binder-soil mixtures, the specimens were 

examined under a stereoscopic microscope and the resulting microscope images were 

analyzed. Figure 4.11 presents the microscope images of four specimens with 20% 

B/S ratio and 10%, 20%, and 30% replacement of waste brick dust after 28 curing 

days. Upon the comparison of the image of the specimen with cement only (20/WBD0) 

in Figure 4.11(a) with the other images obtained for the specimens with different 

percentages of waste brick dust replacement, it was observed that the specimens 

treated with 20% waste brick dust in Figure 4.11(c) had less pore spaces than the other 

specimens. The microscope images of the specimens with 10% and 30% waste brick 

dust showed larger sizes of pore spaces. The image of the optimal percentage of waste 

brick dust (20/WBD20) in Figure 4.11(c) demonstrated that this percentage of waste 

brick dust used in the sand-cement mixture filled all the pore spaces of the sand 

particles and lead to enhanced interlocking resulting in denser structures. The 

cementitious compounds formed in the optimal percentage of waste brick dust 

(20/WBD20) were found to contribute to the strength and stiffness of the specimens. 

However, in the specimens with 10% and 30% replacement of waste brick dust, the 

visible pore spaces and weak bonding between sand particles were observed as shown 

in Figures 4.11(b) and 4.11(d), and resulted in insufficient formation of cementitious 

compounds and reduced stiffness. 
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From the microscopic image of the specimens with WMD given in Figure 4.12, it 

could be seen that the microscopic structure of the specimen with 10% WMD 

replacement had less pore spaces and better interlocking between the surface grains 

compared to the other replacement percentages of WMD. Figure 4.12 (c), and (d) show 

the microscopic images of the mixtures with 20% and 30% WMD, respectively. The 

WMD replacement above 10% resulted in the accumulation of the excess WMD on 

the surface of the mixtures [Figures 4.12(c) and (d)] and weakened the homogeneity 

a  b 

c d 

Pores 

Better bonding  

Pores 

Figure 4.11: Microscopic images of the specimens with cement and waste brick dust 

 (a) 20/WBD0; (b) 20/WBD10; (c) 20/WBD20; (d) 20/WBD30 

 

https://www.google.com/search?sxsrf=ALeKk00_eUUkO4hid3uvT-D_GDAwq_d66Q:1596979550651&q=Cementitious&spell=1&sa=X&ved=2ahUKEwi6zNG2nI7rAhUS3xoKHazKA4AQBSgAegQIChAl
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of the mixtures compared to the microscopic image of the specimen with 10% WMD 

as shown in Figure 4.12(b). Increase in the replacement percentage of WMD above 

10% resulted in more porous mixtures in Figures 4.12(c) and (d). The specimen with 

30% WMD replacement [Figure 4.12(d)] resulted in larger pore spaces than the 

specimen with 20% as shown in Figure 4.12(c). The larger pore spaces of the specimen 

generated with 30% WMD replacement are highlighted in circles in Figure 4.12(d). 

As aforementioned, 10% WMD replacement with a B/S ratio of 20 formed the best 

structure of the mixture. 

 

a b 

c 

Pores 

c d 

Figure 4.12: Microscopic images of the specimens with cement and waste marble 

dust (a) 20/WMD0; (b) 20/WMD10; (c) 20/WMD20; (d) 20/WMD30 
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4.8 Failure Modes in Binder-Soil Mixtures During UCS Tests 

The deformation behaviour of the soil-cement mixture with different percentage of 

WMR was investigated by using the unconfined compression test specimens after 

failure. The unconfined compression test specimens were tested under uniaxial 

compression testing and the effect of WMR on the deformed shapes of the specimens 

and the cracking propagation of the specimens after failure were investigated. Figure 

4.13 and Figure 4.14 illustrate the deformation behaviour of soil-cement mixture with 

different percentage of WBD and WMD, respectively. The figures illustrate the 

deformed shapes of the specimens at failure. Figure 4.13(a) and Figure 4.14(a) show 

the failure deformation of the specimen with 0% of WMR in mix designations 

20/WBD0 and 20/WMD0, respectively. The obtained deformation type is a typical 

shear failure pattern obtained in UCS test. Whereases at 10% of waste brick dust in 

mix designation 20/WBD10 and 30% of waste marble dust in mix designation 

20/WMD30, a fracture surface with small cracks were observed as shown in Figure 

4.13(b) and Figure 4.14(c), respectively. At 20% replacement of waste brick dust in 

mix designation 20/WBD20 and at 10% of waste marble dust in mix designation 

20/WMD10, it was found that the crack path was along the vertical direction of the 

axial stress, which was typically axial splitting tensile failure as shown in Figure 

4.13(c) and Figure 4.14(b). On the other hand, at 30% replacement of waste brick dust 

in mix designation 20/WBD30, the deformation resulted in fracture surfaces with lots 

of cracks as shown in Figure 4.13(d). The increasing amount of WMR altered the 

deformation and cracking pattern of the binder-soil specimens as shown in Figure 

4.13(d) and Figure 4.14(d). All the binder-soil specimens with different percentage of 

WMR yielded more crack surfaces than the only cement mixed specimen: 20/WBD0 

and 20/WMD0. As previously reported by Yadav et al. (2019), the cracks formed on 
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the surface of the specimens cause sudden failure of the specimens with less energy 

absorption before failure. The deformation and cracking pattern of the specimens with 

10 and 30% WBD and with 30% WMD resulted in lower unconfined compressive 

strength and poorer strength and stiffness development. These findings are in harmony 

with the observations of Li et al. (2005), who linked the decrease in unconfined 

compressive strength of marble dust treated samples to cracks formed in the 

specimens. 
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Figure 4.13: Deformation behaviour of binder-soil mixture with waste brick dust (a) 

20/WBD0, (b) 20/WBD10, (c) 20/WBD20 and (d) 20/WBD30 

 

 



69 

 

 
Figure 4.14: Deformation behaviour of binder-soil mixture with waste marble dust 

(a) 20/WMD0, (b) 20/WMD10, (c) 20/WMD20 and (d) 20/WMD30 
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4.9 DSM Columns Constructed in The Model Test Tank: Single End-

Bearing, Single Floating, Group of End-Bearing and Group of 

Floating 

4.9.1 Introduction 

Based on the optimal results of the control small binder-soil specimens discussed in 

the previous sections in this chapter, WBD at 20% replacement and WMD at 10% 

replacement, with 20% binder-soil were chosen to be utilized in the soil-cement 

mixtures in the construction of the DSM columns in the model test tank. 

The vertical stress-settlement behavior of a soil refers to the relationship between the 

vertical stress applied to the soil and the amount of settlement that occurs under that 

stress. Modulus of subgrade reaction or also named as subgrade modulus, k is defined 

as the stress per unit deformation of the subgrade. It is the ratio of the stress applied to 

the soil to the deformation under that stress. The subgrade modulus of a soil is a 

measure of the stiffness parameter of the soil. It is often used to predict the amount of 

settlement that will occur when a load is applied to the soil. In some studies, the degree 

of improvement of a soil was measured in terms of how much the subgrade modulus 

of a soil has been increased by some forms of treatment applied onto the soil (Alonso 

et al., 2015; Dash et al., 2008; Moghaddas Tafreshi et al., 2016). 

Some studies in the literature indicated that understanding the vertical stress-

settlement behavior of a soil, subgrade modulus and the improvement ratio which was 

defined as the ratio between the bearing capacity of the treated soil to the bearing 

capacity of the untreated soil is important parameters in the design of structures (Jenck 

et al., 2007; Massarsch, 2004; Rui et al., 2020; Sakr et al., 2019; Youssef & Moftah, 

2007). 
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In DSM studies, in the literature (Dehghanbanadaki et al., 2014; Esmaeili & Khajehei, 

2016), various displacement percentages were used to determine the ultimate vertical 

stress of DSM columns. In the present study, for comparison purpose according to 

(Sakr et al., 2019). The vertical stress value corresponding to 10 mm settlement was 

taken to be the ultimate bearing capacity of the DSM columns. The normalized stress-

settlement curves were drawn and the subgrade modulus values were calculated. For 

normalizing the stress-settlement curves, the obtained settlement values, S were 

divided by the width of the footing, D (100 mm) and the applied vertical stress vertical 

stress values were plotted against S/D ratio as shown in Figures 4.15-4.19. 

4.9.2 Behaviour of Single End-bearing DSM Column  

The vertical stress-settlement behaviour, the ultimate bearing capacity, the percent of 

improvement achieved and also the subgrade modulus (k) of single end-bearing DSM 

column with different waste replacement materials are investigated in this section. 

Figure 4.5 shows the normalized vertical stress-settlement curves of the untreated soil 

and the soil treated with single end-bearing DSM column constructed with cement, 

WBD and WMD.  
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    Figure 4.15: Normalized vertical stress-settlement behaviour of single end-bearing 

DSM columns 

The stress-settlement response of loose sand reinforced with a single end-bearing DSM 

column with and without the use of waste materials as a replacement of cement is 

shown in Figure 4.15. From this figure, it can be seen that the presence of DSM column 

in loose sand significantly improves and modifies the stress-settlement response. The 

ultimate bearing capacity of the loose sand without the DSM column was found to be 

18 kPa, while the ultimate bearing capacity of the reinforced sand with an end-bearing 

DSM column using cement only (End-B/cement) was 410 kPa. The ultimate bearing 

capacity of DSM columns with WBD (End-B/WBD) and WMD (End-B/WMD) was 

found to be 480 and 570, respectively. The obtained stress-settlement curves confirm 

that the construction of the DSM columns in loose sand increase the load carrying 

capacity, and enable the sand to experience more settlement under the same loading 
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before failure. In the obtained normalized stress-settlement curves of the sand with 

end-bearing DSM columns, the stress-settlement relationship before failure was 

almost linear. It can be seen that beyond the peak points, where the entire composite 

failed around 10% vertical displacement, the surrounding soil around the DSM column 

began to take part in load carrying until failure.  

Using the test results obtained in Figure 4.15, the subgrade modulus, (k) of the soils 

were calculated at 0.01 mm settlement. Table 4.2 gives the subgrade modulus, k of the 

untreated and treated sand with single end-bear DSM column.  

 

Table 4.1: Subgrade modulus of single end-bearing DSM column at S/D ratio of 10 

Model type Settlement,  

(m) 
 

Ultimate vertical 

stress, (kPa) 
Subgrade modulus, 

k (kN/m3) 

Untreated soil  
 
 

0.01 

18 1800 

End-B/cement 395 39500 

End-B/WBD 480 48000 
 

End-B/WMD 559.4 55940 

 

From Table 4.2, it can be seen that in all single end-bearing DSM column application, 

a markable amendment of the subgrade modulus values was achieved. In the case of 

(End-B/WBD), the obtained subgrade modulus was 4800 kN/m3. Whereas, the (End-

B/WMD) case had the most significant improvement of subgrade modulus (55940 

kN/m³) among all the other DSM columns. This is attributed to the results obtained 

from the small control specimens which was discussed in the previous chapter 3. The 

existence of waste marble dust in the soil-cement mixture at 10 percent replacement 

in DSM column significantly modify the stress-settlement behaviour and result in an 

increase in the subgrade modulus. Compared to End-B/cement application, the 
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ultimate bearing capacity, UBC of sand-DSM column composite increased up to 21.5 

and 41.6 % in case of (End-B/WBD) and (End-B/WMD), respectively. 

4.9.3 Behaviour of Single Floating DSM Column with Cement Only  

In section, the vertical stress-settlement behaviour of single floating DSM column and 

the subgrade modulus (k) will be discussed. First, the behaviour of single end-bearing 

DSM column (with cement only) at different length/depth, (l/d) ratio: 0.4, 0.6 and 0.8 

will be studied. In the length/depth ratio, l is the length of DSM column and d is the 

total depth of soil in the model test tank (Dehghanbanadaki et al., 2014). With these 

l/d ratios, the behaviour of DSM column with different waste replacement materials 

(WBD and WMD) is investigated and the ultimate bearing capacity and the subgrade 

modulus of the sand-DSM column composites are discussed. Figure 4.16 shows the 

normalized stress-settlement curves of single floating DSM column with cement only. 
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Figure 4.16: Normalized vertical stress-settlement behaviour of single floating DSM 

column with cement only and with different (l/d) ratio 

The figure shows the comparison between the stress–strain responses of the sand 

reinforced with/without single floating DSM column at different length/depth ratios. 

As it can be seen from the figure, the sand reinforced with single floating DSM column 

with cement only, showed a ductile behavior unlike the behaviour obtained in the case 

of end-bearing DSM column in Section 4.9.2. In the case of end-bearing DSM column, 

the relationship between the normalized vertical stress and displacement before failure 

was almost linear. But this behaviour was completely different in the case of the 

floating DSM columns.  

Considering only the l/d ratio, it was found that by increasing the l/d ratio, the obtained 

ultimate vertical stress of the sand-DSM columns became greater as shown in Table 

4.3. Compared to the untreated sand, the improvement of the ultimate vertical stress 
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of sand with single floating DSM column increased 230.5, 430 and 752.7% for 

length/depth, l/d ratios: 0.4, 0.6 and 0.8, respectively. In the following section, the 

maximum l/d ratio: 0.8 was selected to be used in the case of single DSM column with 

waste replacement materials. 

Table 4.2: Subgrade modulus of single floating DSM model at S/D ratio of 10 

Model type (l/d),  
ratio 

Settlement,  
(m) 

 

Ultimate 

vertical 

stress, (kPa) 

Subgrade 

modulus, 
k (kN/m3) 

Untreated soil -- 0.01 18 1800 

DSMc/cement 0.4 0.01 59.5 5950 

DSMc/cement 0.6 0.01 95.4 9540 
 

DSMc/cement 0.8 0.01 153.5 15350 

 

4.9.4 Behaviour of Single Floating DSM Column with Waste Replacement 

Material at l/d ratio of 0.8 

Figure 4.17 shows the normalized vertical stress-settlement behaviour of single 

floating DSM column with waste replacement materials. This figure shows the 

behaviour of single floating DSM column with and without waste materials as a 

substitute for cement in the construction of DSM columns. 
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Figure 4.18: The normalized vertical stress-settlement behaviour of single floating 

DSM column with different waste replacement materials at l/d ratio of 0.8 

It can be observed that the inclusion of the floating DSM column in loose sand 

significantly enhanced the stress-settlement response behavior. From the figure, it can 

be seen that, using WBD and WMD in the single floating DSM column resulted in 

more ductile behaviour in the stress-settlement curves compared to the floating DSM 

column with cement only. Compared to F-DSMc/cement and F-DSMc/WBD cases, 

the WMD in the floating DSM column was able to carry the highest vertical loads at 

25 S/D ratio. However, the DSM columns with F-DSMc/WBD and F-DSMc/WMD 

tended to fail at 25 S/D ratio; earlier than the DSM column with F-DSMc/cement. The 

ultimate vertical stress of the DSM column with F-DSMc/cement was obtained at a 

higher value of S/D ratio (approximately S/D ratio of 40). The ultimate bearing 

capacity of F-DSMc/WBD and F-DSMc/WMD at 25 S/D ratio was obtained to be 519 

and 558 kPa, respectively. It can be observed that the used WBD and WMD in DSM 
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columns enhanced the load bearing capacity and resulted in an increase in the bearing 

capacity of the sand-DSM column. Table 4.4 gives the subgrade modulus, k of the 

DSM columns with F-DSMc/WBD and F-DSMc/WMD. The higher value of k 

indicates a stiffer soil, with less settlement of the DSM columns. When a single 

floating DSM column with cement only was compared to a single floating DSM 

column with WBD or WMD, it was found that the ultimate bearing capacity of a single 

floating DSM column with WBD or WMD increased by 42.8% and 55.9%, 

respectively, at the length/depth ratio of 0.8. Again, this finding indicates that using 

WBD or WMD as replacement materials in DSM columns results in a significant 

increase in bearing capacity. 

 

Table 4.3: Subgrade modulus (k) of single floating DSM column at S/D ratio of 10 

Model type (l/d), 
ratio 

Settlement,  
(m) 

 

Ultimate 

vertical stress, 

(kPa) 

Subgrade 

modulus, 
k (kN/m3) 

Untreated soil  
 

0.8 

0.01 18 1800 

F-DSMc/cement 0.01 153.5 15350 

F-DSMc /WBD 0.01 219.3 21930 
 

F-DSMc /WMD  0.01 239.4 23940 

 

4.9.5 Behaviour of Group of End-bearing DSM Columns  

In this section, the vertical stress-settlement behavior of a group of end-bearing DSM 

columns and subgrade modulus of these columns will be studied. The behavior of the 

group of columns will be examined using cement and different waste replacement 

materials: WBD and WMD, and the ultimate bearing capacity of the columns will be 

determined. 
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Figure 4.18 gives the normalized vertical stress-settlement behaviour of group of end-

bearing DSM columns constructed with cement only and with WBD and WMD. From 

the figure, it can be seen that the incorporation of these group of end-bearing DSM 

columns in loose sand significantly modifies the stress-settlement response of the sand. 

The ultimate bearing capacity of the reinforced sand with a group of end-bearing DSM 

columns made with cement alone (E-G/cement) was found to be 1280 kPa. The 

ultimate bearing capacity of DSM columns with WBD (E-G/WBD) and WMD (E-

G/WMD) was found to be 1535 and 1840, respectively. 

 
Figure 4.19: Normalized vertical stress-settlement behaviour of group of end-bearing 

DSM columns with different waste replacement materials 

The stress-settlement curves obtained in Figure 4.18 indicates that the existence of the 

group of end-bearing DSM columns in loose sand increased the load carrying capacity, 
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and enabled the sand to experience more settlement before failure. Each stress-

settlement curve obtained in Figure 4.18 can be evaluated in two different stages. In 

the first stage, the relationship between the applied vertical stress and the settlement 

was relatively linear up to a S/D value of 10. Beyond this point, the load currying 

transferred from the DSM column to the surrounding soil around the DSM column and 

this resulted in a decrease in the load carrying capacity to the applied vertical stress 

and resulted in a more rapid increase in settlement up to a S/D value of 20. This 

behavior was observed just before the occurrence of failure as shown in Figure 4.18. 

At the first stage of the loading of the footing, the loads were first transferred to DSM 

columns and this was accompanied by a sharp increase in the vertical stress and a small 

amount of settlement up to a S/D value of 10. As the loading continued, the soil 

surrounding the DSM column weas gradually densified and its capability to resist the 

applied vertical loads was increased.  

The UBC of the group of end-bearing DSM columns in case of (E-G/cement) was 

around 1280 kPa, while the UBC of the single end-bearing DSM column (End-

B/cement) was around 410 kPa. The group of end-bearing DSM columns demonstrated 

better performance compared to a single end-bearing DSM column, potentially due to 

the confinement of the surrounding soil between the central DSM column and the other 

DSM columns, which resulted in an increase in the ultimate bearing capacity of the 

DSM reinforced sand.  

In comparison to the soil reinforced with E-G/cement, the soil reinforced with E-

G/WBD and E-G/WMD had higher ultimate bearing capacities of 1535 and 1840 kPa, 

respectively. However, the (E-G/cement), (E-G/WBD) and (E-G/WMD) cases had 
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similar responses in the stress-settlement curves, The WBD and WMD had ability to 

absorb more energy during loading and attained higher peak stress before failure.   

Table 4.4 gives the subgrade modulus, k of the end-bearing DSM columns. Overall, 

the addition of WBD and WMD to the soil-cement mixture in DSM columns 

significantly strengthens the DSM columns and the surrounding soil and improves the 

subgrade modulus of the reinforced sand as shown in Table 4.5.  

When compared to the End-B/cement case, it was found that the ultimate bearing 

capacity of sand with group of end-bearing DSM columns increased by 23.2% and 

44.9% in the E-G/WBD and E-G/WMD cases, respectively. 

Table 4.4: Subgrade modulus (k) of group of end-bearing DSM columns at S/D ratio 

of 10 

Model type Settlement,  
(m) 

 

Ultimate vertical 

stress, (kPa) 
Subgrade modulus, 

k (kN/m3) 

Untreated soil 0.01 18 1800 

E-G/cement 0.01 810.5 81050 

E-G/WBD 0.01 
 

998.6 99860 

E-G/WMD 0.01 1175 117500 

 

4.9.6 Behaviour of Group of Floating DSM Columns  

Figure 4.19 gives the normalized vertical stress-settlement behaviour of group of 

floating DSM columns. The figure shows the effect of a group of floating DSM 

columns with and without waste replacement materials for cement on the stress-

settlement behavior of loose sand. 
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Figure 4.20: Normalized vertical stress-settlement behaviour of group of floating 

DSM columns with different waste replacement materials at l/d of 0.8 

The figure indicates that the inclusion of the group of floating DSM columns can 

significantly modify and enhance the stress-settlement response of loose sand. Using 

WBD and WMD in the group of floating DSM columns results in better stress-

settlement curves in comparison to the case of group of floating DSM columns with 

cement only (F-G/cement). It should be noticed that the stress-settlement curves of F-

G/WBD and F-G/WMD exhibited a tendency towards failure at around 25 S/D ratio, 

but simultaneously reached higher ultimate vertical stress values at this value. The 

ultimate bearing capacities of F-G/WBD and F-G/WMD were found to be 1300 and 

1650, respectively. These findings suggest that the incorporation of WBD and WMD 

in the group of floating DSM columns enhances the surrounding soil and leads to an 

increase in soil strength. This increase in soil strength and the improvement in bearing 

capacity can be attributed to the support and densification of DSM columns and also 

0

5

10

15

20

25

30

35

40

45

0 500 1000 1500 2000 2500

S
et

tl
em

en
t/

fo
o
ti

n
g
 w

id
th

, 
S

/D
 (

 %
)

Vertical stress (kPa)

F-G/cement

F-G/WBD

F-G/WMD



83 

 

the densification of the surrounding soil around the DSM columns. The densification 

of the surrounding soil leads to an increase in the frictional resistance along the surface 

of the DSM columns and results in higher bearing capacity value. Furthermore, the 

subgrade modulus, k values of F-DSMc/WBD and F-DSMc/WMD, are presented in 

Table 4.6. The values in the table indicates that the subgrade modulus of the DSM 

columns increase with waste material replacement and result in the highest subgrade 

modulus of 60500 kN/m3 with WMD replacement, leading to lesser settlement of the 

DSM columns.  

A comparison of a group of floating DSM columns with WBD or WMD reveals that 

the ultimate bearing capacity of the soil increases by 42.8% and 55.9%, respectively. 

This demonstrates that the use of WBD or WMD as a replacement material in DSM 

columns can significantly enhance the bearing capacity of loose sand. The UBC of 

sand with group of floating DSM columns increased up to 25% and 44 % in case of F-

G/WBD and F-G/WMD, respectively. 

 

Table 4.5: Subgrade modulus (k) of group of floating DSM columns at S/D ratio of 

10 

Model type (l/d), 
ratio 

Settlement,  
(m) 

 

Ultimate 

vertical stress, 

(kPa) 

Subgrade 

modulus, 
k (kN/m3) 

Untreated 

soil 
 
 
 

0.8 

0.01 18 1800 

F-G/cement 0.01 420 42000 

F-G/WBD 0.01 525 
 

52500 

F-G/WMD 0.01 605 60500 
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Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

A laboratory study was conducted to evaluate the effectiveness of using waste 

materials WBD and WMD in deep soil mixing (DSM) in order to improve the strength 

and the bearing capacity of loose sand.   According to the results obtained from the 

preliminary experiments performed on the small size specimens, the DSM columns 

were modeled in a test tank by using an ex-situ replacement method.  The following 

conclusions were drawn based on the results obtained: 

• In terms of recycling materials, it was found that waste replacement materials 

WBD and WMD have good potential to be used as a cement replacement 

material in deep soil mixing (DSM).  

• In terms of setting time, it was found that increasing the percentage of waste 

brick dust (WBD) replacement in the mixture, reduction in the final setting 

time due to the high water absorption of WBD was obtained. However, the 

final setting time decreased continuously with an increase in the percentage of 

waste marble dust (WMD) due to the high calcium oxide (CaO) content present 

in WMD, which influenced the setting time of cement and accelerated the 

setting process, resulting in a reduction in the final setting time. 

• I Increasing the B/S ratio in the binder-soil mixtures resulted in an increase in 

the bulk density of all mixtures and resulted in more dense specimens.  
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Increasing the replacement percentage of waste brick dust (WBD) alone did 

not significantly affect the bulk density. However, an increase in the bulk 

density of the specimens was observed with 10% and 20% replacement of 

WMD in the mixture.  

• The effective silicon dioxide content required for the pozzolanic reaction in 

soil-cement-WBD mixtures was achieved at a brick dust replacement of 20%. 

This percentage of WBD also resulted in the highest unconfined compressive 

strength among all the other mixtures.  

• The optimal percentage of waste marble dust (WMD) replacement for 

improving the unconfined compressive strength and toughness of the 

specimens was 10% at a B/S ratio of 20%.  

• The highest modulus of elasticity of soil-cement with waste brick dust (WBD) 

mixtures was observed at a WBD replacement of 20%. The obtained trend in 

the modulus of elasticity values was consistent with the values obtained for 

unconfined compressive strength. This finding suggests that increasing the 

WBD replacement to 20% in the DSM columns, can effectively enhance the 

stability and strength of the loose sand. 

•  The inclusion of both waste marble dust (WMD) and waste brick dust (WBD) 

in the binder-soil mixtures resulted in a transition from brittle to ductile 

behavior, which enabled the specimens to absorb more energy during loading 

and reach peak stress without failure.  

• The cementitious compounds produced in the soil-cement with waste brick 

dust (WBD) mixtures at an optimal percentage of 20% contributed to the 

development of strength and stiffness in the specimens. However, in the 

specimens with 10% and 30% WBD replacement, the presence of visible pore 
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spaces and weak bonding between the sand particles resulted in insufficient 

cementitious compounds, leading to lower strength.  

• The microscopic images of the specimens showed that the specimen with 10% 

waste marble dust (WMD) replacement at a B/S ratio of 20% had less porous 

structures and better contact surface areas. These characteristics are important 

for facilitating the chemical reactions between the grains and contributing to 

the stability and strength of the specimen. 

• When the deformation behaviour of the soil-cement mixture with waste 

material replacement was investigated, it was found that at 10% and 30% of 

waste brick dust and also at 30% of waste marble dust replacement in UCS test 

specimens, some fractures and cracks were generated on the surface of the UCS 

specimens and resulted in lower strength.  

• The vertical stress-settlement curves of the single end-bearing DSM columns 

in model test tank indicated that the failure of the entire composite took place 

around 10% vertical displacement value and the relationship between the 

vertical stress and settlement before failure was almost linear.   

• Compared to (End-B/cement), it was observed that the ultimate bearing 

capacity of sand with single end-bearing DSM column increased up to 21.5 

and 41.6 % in case of (End-B/WBD) and (End-B/WMD), respectively. 

• Compared to untreated loose sand case, it was found that the UBC of sand with 

single floating DSM column increased up to 230.5, 430.0 and 752.7% for 

length/depth, (l/d) ratios of 0.4, 0.6 and 0.8, respectively. 

• Using WBD and WMD in the group of floating DSM columns results in better 

stress-settlement curves in comparison to the case of group of floating DSM 

columns with cement only (F-G/cement). 
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• The ultimate bearing capacity of the reinforced sand with a group of end-

bearing DSM columns made with cement alone (E-G/cement) was found to be 

1280 kPa whereas the ultimate bearing capacity of DSM columns with WBD 

(E-G/WBD) and WMD (E-G/WMD) was 1535 and 1840 kPa, respectively. 

• The findings indicated that the group of end-bearing DSM columns resulted in 

better performance compared to a single end-bearing DSM columns, due to 

more reinforcement and confinement generated in the loose sand   surrounding 

the DSM columns resulting in higher ultimate bearing capacity and strength.    

• Using WBD and WMD in the group of floating DSM columns resulted in better 

stress-settlement curves in comparison to the case of group of floating DSM 

columns with cement alone (F-G/cement). 

 

The overall findings in the study indicate that waste material replacement such as 

WBD and WMD in the construction of DSM columns could be a promising option 

for obtaining better performance and strength in loose sand stabilization.  

Deep soil mixing is a promising application for improving the mechanical and 

engineering properties of problematic loose sands, however, it has some 

limitations. Firstly, it is a time-consuming and labor-intensive process that requires 

specialized equipment and trained personnel. This may result in higher costs 

compared to other soil improvement techniques such as stone columns, etc. 

Secondly, the method may not be suitable for all areas where there is limited access 

to that area. Due to the dense population in that area and the building foundations 

which are very sensitive to ground shaking, may make the excavation needed for 

DSM application not possible.  Furthermore, the effectiveness of the deep soil 

mixing technique can be affected by the existing soil type, the ground water level, 
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and the presence of obstacles such as rocks or utility lines in that area. Furthermore, 

in the literature, there is limited data on the long-term performance and durability 

of deep soil mixing, and further research is needed to fully understand its 

limitations and performance of DSM. Despite these limitations, deep soil mixing 

can still be a valuable tool for improving the stability and safety of problematic 

soils, and it may be useful in certain situations where other methods are not feasible 

or effective. 

5.2 Recommendations 

• In the present study, WBD and WMD were used as cement replacement 

material in DSM columns but there are other types of waste materials that can 

be utilized in the DSM application. In the construction of the DSM columns, 

some other waste materials can be tested.  

• Some microscopic studies using the scanning electron micrographs can be 

performed in order to follow the changes in the particle interaction with the 

addition of the waste materials. 

• In this study, only one type of soil layering system was tested to evaluate the 

performance of single and group of DSM columns. However, for more 

comprehensive research, it would be beneficial to test different soil layering 

conditions with varying layer thicknesses. This would allow for a more 

thorough understanding of how the soil layering affects the performance of the 

DSM columns, and could provide insight into the optimal layering conditions 

for achieving desired outcomes. 

• In the current study, a single diameter and length were selected to investigate 

the performance of a single DSM column in single-layered soil. However, to 

further expand on these findings, it would be useful to examine the effect of 
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varying DSM column diameter and length on the performance of DSM 

columns. Such research would provide a more comprehensive understanding 

of how column size affects the performance of DSM columns. 
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